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A B S T R A C T   

Transition metal dichalcogenides (TMDCs) encapsulation is an essential technology for improving electron transport and preventing external contamination in 
practical applications. Nevertheless, Ohmic contacts in TMDCs continue to pose many problems. A laser was irradiated along with MoTe2 encapsulated in h-BN and 
edge contact electrodes. We studied the properties of the edge contact resistance, in which the crystal structure of MoTe2 changes from a semiconductor hexagonal 
phase (2H) to a metallic monoclinic phase (1T′). The contact between TMDCs and the metal electrode, Fermi-level pinning, contact resistance, and Schottky barrier 
height (SBH) can be calculated. Laser irradiation of the edge contact confirmed that, due to the change in the crystal structure of MoTe2, a reduction in contact 
resistance by over a factor of three resulted in the development of the electrical properties of the device. Field-effect transistors (FETs) with indium (In) edge contact 
exhibit high performance, with the highest electron mobility reaching 7.9 cm2V− 1s− 1 at 300 K. Furthermore, the barrier heights for In with a MoTe2 junction were 
10.3 meV after laser irradiation, which is more than ten times the low SBH. This study confirms the improved electrical properties of the two-dimensional material 
and metal were confirmed using a laser.   

1. Introduction 

The flexibility to engineer band gap in transition metal dichalcoge-
nide (TMDC) along with its thickness-dependent electrical [1–3], ther-
mal [4], mechanical [5], and optical properties [6–8] makes it one of the 
most interesting material systems till date. Additionally, TMDC shows 
polymorphism with diverse structural and electronic phases with 
metallic, semi metallic, and semiconducting characteristics. In partic-
ular, molybdenum ditelluride (MoTe2) exists in all four electronic phases 
with hexagonal (2H), octahedral (1T), monoclinic (1T′), and ortho-
rhombic (Td) [9–14]. The 2H and 1T structures are predominantly 
semiconductors, whereas 1T’ and Td structures are semimetals. 

Achieving Ohmic electrical contact with TMDCs is highly chal-
lenging. Contact problems have been highlighted as a central challenge 
in applications and basic studies. For instance, to reduce the Schottky 
barrier height (SBH) [15–18], studies conducted to identify metals with 
appropriate work functions based on the electron affinity of MoTe2 have 
not been effective because of the strong Fermi-level pinning effect [19, 
20]. The presence of an abundant metal electrode near the conduction 

band has been shown to improve device performance due to effective 
carrier injection, thereby reducing contact resistance [21]. Various ap-
proaches have been explored to overcome this problem, including mo-
lecular doping, tunnel-barrier insertion, fabrication of graphene 
contacts, crystal damage, thermal annealing, and phase changes 
[22–25]. 

The contact resistance of MoTe2 field-effect transistors (FETs) can be 
reduced by converting the MoTe2 crystalline phase locally (source and 
drain) from 2H into 1T′ through laser irradiation [26–28]. Laser irra-
diation causes Te vacancies to produce unidirectional phases from 2H to 
1T′, and a junction structure free of oxides or other elements [25]. This 
phase change reduces the SBH between MoTe2 (laser irradiated source 
and drain) and the metal electrode, thereby solving the Schottky contact 
problem and improving device performance [29,30]. The low contact 
resistance of MoTe2 through phase tuning by laser irradiation has been 
recently reported [31]. The ultra-thin semiconductor MoTe2 nanosheet 
synthesized through chemical vapor deposition was locally irradiated 
with a laser to show improved electrical performance due to charge 
injection and demonstrated lower contact resistance, demonstrating the 
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superior performance of the 1T’ MoTe2 device compared to 2H MoTe2. 
In addition to laser irradiation, we have demonstrated that indium could 
be an excellent metal option (similar to the work function of MoTe2) for 
making low Schottky barrier height electrical contact on irradiated 
MoTe2 [32]. And one-dimensional (1D) contact, one of the methods to 
obtain low contact resistance, is used. The laser is irradiated locally only 
to the electrode in contact with the material so that 2H and 1T′ phases 
can coexist in the MoTe2 FET. 

Recently, 1D contact with graphene and other TMDCs was demon-
strated by evaporating a metal contact to an exposed edge of the channel 
material encapsulated between hexagonal boron nitride flakes [33–35]. 
This innovative approach achieves a low contact resistance in an ar-
chitecture that minimizes extrinsic scattering in the channel. However, 
this architecture is not well studied and has not been tested or proven 
effective for MoTe2. 

In this study, we prepared 1D edge contacts between indium (In) and 
hexagonal boron nitride (h-BN) encapsulated MoTe2. To understand the 
properties of 1D In junctions in MoTe2, we performed temperature- 
dependent transfer measurements between 77 and 420 K. We found 
that 1D In contacts can effectively fabricate suitable Ohmic contacts 
with low contact resistance in MoTe2 [36,37]. The contact resistance of 
the laser-irradiated device was 0.7 kΩ μm and decreased by a factor of 
approximately three from 2.2 kΩ μm before laser irradiation. This in-
dicates that this technique is suitable for producing appropriate elec-
trical contacts in MoTe2. 

2. Experimental section 

Using an adhesive tape method, a ulk n-type MoTe2 crystal (HQ 
graphene Inc.) was used for exfoliation on highly doped p-type Si with a 
285 nm-thick SiO2 layer. The suitable few-layer flakes were identified 
via optical microscopy. A suitable h-BN and few-layer MoTe2 was con-
structed through the dry transfer technique using a polycarbonate (PC) 
film with PDMS. Then etched with CF4/O2 (1/10 sccm) gas using reac-
tive ion etching plasma equipment after the electrode pattern for edge 
contact was fabricated using electron-beam lithography. The edge 
contact electrodes were deposited with In (20 nm)/Au (30 nm) depo-
sition for In contact. Then, using Raman spectroscopy irradiated laser at 
the edge where MoTe2 and electrode contact at 2.4 mW, with a wave-
length of 532 nm, for 20 s. 

3. Results and discussion 

We exfoliated a few-layer MoTe2 on a heavily doped p-type silicon 
wafer with a 285 nm thick SiO2 using adhesive tape. Then, a suitable 
flake was identified via optical microscopy image. To encapsulate 
MoTe2, suitable top and bottom h-BN flakes were exfoliated and iden-
tified. The h-BN/MoTe2/h-BN heterostructure was constructed through 
the dry transfer technique using polydimethylsiloxane with a thin film of 
polycarbonate stamp [34]. The encapsulated five-layer MoTe2 was 
annealed in a 10− 6 Torr for 3 h at 200 ◦C to reduce the organic residues, 
impurities and remove the air bubbles formed at the interface of the 
h-BN/MoTe2/h-BN heterostructure during dry transfer [36]. The elec-
trode pattern for edge contact was fabricated using electron-beam 
lithography. The edge electrode part was subsequently etched with 
CF4/O2 (1/10 sccm) gas using reactive ion etching plasma equipment. 
The electrodes were deposited in an electron-beam evaporator at 1–2 
Å/s, with a deposition pressure of 2 × 10− 7 Torr. To understand the 
effect of laser irradiation, we exposed the 2H MoTe2 to a laser at 2.4 mW, 
with a wavelength of 532 nm, for 20 s with a spatial of less than 1 μm. 
The laser was intensively irradiated to the electrode part in contact with 
MoTe2 by edge contact. In this process, Te vacancies in MoTe2 were 
formed, which led to a phase transition to the 1T′ phase. The reason for 
not irradiating directly on MoTe2 was to check the effect of laser irra-
diation between the semiconductor material and the electrode by uni-
formly affecting only the element in direct contact with the electrode. 

Fig. 1(a) shows a schematic diagram of the encapsulated MoTe2 with 
1D contact In/Au (20/30 nm) deposited by the electron-beam evapo-
rator technique. After deposition, the sample was annealed with 1000 
sccm argon gas at 150 ◦C for 2 h to ensure adequate adhesion of the 
electrodes. Laser irradiation of the contact region of the electrode with 
MoTe2 induced the phase change from 2H to 1T′ in MoTe2. Fig. 1(b)–(d) 
present the optical microscopy image of the h-BN encapsulated MoTe2 
device, atomic force microscopy (AFM) image of a five-layer MoTe2 
flake (thickness of 4.46 nm) [38], and Raman spectra of five-layer 
MoTe2 obtained using a 532 nm laser at room temperature. In the 2H 
MoTe2 Raman spectrum, the presence of the signature peaks of the 
out-of-plane mode Ag (~174 cm− 1), in-plane mode E1

2g (~235 cm− 1), 
and bulk-inactive mode B2g (~290 cm− 1) confirms that the flake used in 
this experiment is MoTe2 [36,37]. The after laser-irradiated showed new 
peaks near 124 and 138 cm− 1, corresponding to the Ag mode on the 1T’ 
phase as shown in Fig. 1(d) [3,25]. 

Fig. 2(a) shows the room temperature output characteristics of 
MoTe2 FETs before laser irradiation, measured at different back-gate 
voltages from − 40 to +40 V. During the transport measurements, the 
sample was kept under vacuum (20 mTorr). The output characteristic 
graphs are shown in Fig. 2(a) indicating the formation of Ohmic-like 
contacts. Fig. 2(b) shows the transfer characteristics of h-BN encapsu-
lated MoTe2 on both linear and logarithmic scales at a fixed drain 
voltage (VD) of 1 V and a back-gate voltage (VG) from − 40 to +40 V. The 
transfer characteristics indicate that the h-BN encapsulated MoTe2 
exhibited ambipolar characteristics with the dominant n-type region. 
The on/off ratios of the n-type and hole regions were 105 and 104, 
respectively. Fig. S1 presents the properties of the MoTe2 edge contact 
device not encapsulated with h-BN. Unprotected devices have shorter 
operating times and are more susceptible to contamination than pro-
tected devices. To understand the impact of laser irradiation, h-BN 
encapsulated MoTe2 was irradiated with a laser. Laser irradiation was 
conducted at the edges of the contact electrodes, as shown in Fig. 1(a). 
For laser irradiation, the same laser parameters were followed as used 
for Raman spectra characterization. Fig. 2(c) and (d) show the laser- 
irradiated h-BN encapsulated MoTe2 transistor properties. Fig. 2(c) 
shows the output characteristics of different values of VG ranging from 
− 60 to +60 V. After irradiation, the current improved significantly at a 
given drain voltage. Fig. 2(d) shows the transfer characteristics of h-BN 
encapsulated MoTe2 in linear and logarithmic scales, with back gate VG 
from − 60 to +60 V, at a fixed VD of 1 V. After laser irradiation, the hole 
region of the sample disappeared and became completely n-type. 
Moreover, a dramatic change in the on/off ratio was observed; the on/ 
off ratio of the laser-irradiated (n-type region) device changed from 105 

to 101. The decrease in the on/off ratio could be attributed to the phase 
transition of MoTe2 in the active channel of the device (along with the 
phase transition at the edge contacts) due to the unintentional irradia-
tion of the laser. Previous studies on laser-induced phase transition in 
MoTe2 flakes have clearly explained how laser irradiation on the 
channel could dramatically change the on/off ratio in MoTe2 [1]. It is 
suggested that the laser irradiation creates Te vacancy in MoTe2 flakes in 
large numbers resulting in the alteration in the stoichiometry of the Mo 
atoms [38–40]. This leads to a reconstruction of its atomic structure and 
the phase transition of the 2H phase to the 1T′ phase (the appearance of 
Ag modes in Raman spectra (Fig. 1(c)) at ~127 and ~141 cm− 1 are the 
direct evidence for 2H to 1T′ phase formation in MoTe2). It is to be 
pointed out that during the laser irradiation at the metal contacts, it was 
difficult to control the position of the laser spot only at contact. We 
believe that it could have unintentionally affected the part of the 
channel, resulting in the low on/off ratio. However, we have observed 
more improved contact resistance in the laser irradiated device which is 
discussed with the temperature-dependent transport measurements in 
the later part of the manuscript (Fig. 4(b)). Currently, we are working on 
the various parameters in understanding the laser irradiation (laser 
power and position of the laser spot) of encapsulated MoTe2 devices to 
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improve further both on/off ratio and contact resistances. Our initial 
results are promising and believe it can create new opportunities in this 
direction to further understand the effect of laser irradiation and the 
resulting electrical characteristics. 

The temperature-dependent transport characteristics of h-BN 
encapsulated MoTe2 were investigated at different temperatures in the 
range of 77–420 K. First, the sample was cooled to 77 K using liquid 
nitrogen. Then, all measurements were conducted by increasing the 
temperature at various intervals. The aforementioned procedure was 
performed both before and after laser irradiation to understand the 
modulation of contact resistances before and after laser irradiation for 
gate voltages from − 9 to 0 V. Fig. 3(a) shows the temperature-dependent 
(77–420 K) transport characteristics of h-BN encapsulated MoTe2 before 
laser irradiation. As the temperature increased from 77 to 420 K, the 
hole current also increased. Fig. 3(b) shows the transfer characteristics 
of the laser-irradiated device in the same temperature range. To calcu-
late the SBH at the MoTe2-metal interface, Arrhenius plots were plotted 
before and after laser irradiation. Fig. 3(c) and (d) show the Arrhenius 
plot of the h-BN encapsulated MoTe2 device before and after laser 
irradiation [41,42]. Before irradiation, the graphs were plotted for a 
temperature range of 77–420 K for gate voltages from − 9 to 0 V; the 
voltage range used after irradiation was − 30 to − 10 V. The change in 
slope can be observed by the Arrhenius plot of the irradiated laser device 
for an applied gate voltage VG of − 30 to − 10 V (Fig. 3(d)). The transfer 
curve was used to plot ln(ID /T3/2) as a function of 1000/T. The slope of 
the linear fit yielded the SBH for a specific VG, as shown in Fig. 3(e) and 
(f). The SBH for the electron transport is 175 meV at flat-band voltage 

VFB = − 8.8 V, as depicted in Fig. 3(e). The blue line indicates that the 
SBH for the hole transport at VFB = − 10.4 V is 311 meV. Fig. 3(f) shows 
that the SBH of the irradiated laser device for the electron transport is 
10.3 meV at flat-band voltage VFB = − 29 V. The temperature ranges 
from 300 to 420 K, and carrier transfer curves were used to extract the 
SBH, which can be described via the thermionic emission equations in 
Schottky contact devices [45–47]. In these equations, Wis the channel 
width, A∗

2D is the modified Richardson constant, q is the electron charge, 
∅B is the SBH, k is the Boltzmann constant, VD is the drain voltage, and 
m∗ is the effective mass. We applied VD = 1 V to MoTe2 with an In 1D 
contact device. The MoTe2 device showed ambipolar behavior in a 
strong n-branch with a small bandgap. 

The contact resistance of the edge-contacted MoTe2 before and after 
laser irradiation was calculated by conducting a four-terminal mea-
surement. Fig. 4 shows the contact resistance (Rcontact) and channel 
resistance (Rchannel) of the edge contacted MoTe2, measured at room 
temperature. The channel resistance was measured using four-point 
probe techniques, and the total resistance (Rtotal) was measured from 
the transfer characteristics between the same contacts. The contact 
resistance is extracted from the relation Rtotal = 2Rcontact + Rchannel. 
Fig. 4(a) and (b) show the channel, contact, and total resistances before 
and after laser irradiation, respectively. When the gate voltage VG 
increased positively, the contact resistance decreased significantly in the 
before laser-irradiated sample. Generally, the contact resistance reduces 
by increasing the applied voltage; particularly, it decreases from 30.5 to 
2.2 kΩ μm by increasing the gate voltage from 0 to 30 V. Accordingly, we 
observed the contact resistance of the laser-irradiated sample to 

Fig. 1. (a) Schematic diagram of the laser irradiation process on the electrode edge of a MoTe2 In/Au edge contact device encapsulated with h-BN. (b) Optical image 
of the device with In/Au contacts patterned by electron-beam lithography. (c) The height profile of the five-layer MoTe2 flake is shown in (b). Inset shows the AFM 
image and line scan (dashed white line) of the MoTe2 in the unencapsulated part. (d) Raman spectrum of five-layer 2H MoTe2 before laser irradiation. 
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decrease to 0.7 kΩ μm at VG = 30 V, indicating the tendency of the 
contact resistance to further decrease due to laser irradiation. 

The field-effect mobility (μ) can be calculated by μ = [L / (W • Ci)] ×

(dID /dVG)× (1 /VD), where a fixed VD = 1 V slope (dID /dVG) is deter-
mined by the linear slope extracted from the experimental data [47–50]. 
L = 15 × 10− 4 cm and W = 3 × 10− 4 cm represents the length and width 
of the channel, respectively. Ci represents the capacitance, which is 
1.21 × 10− 8 F/cm2. As shown in Fig. 5(a), the initial values (before laser 
irradiation) of electron mobility increased from 1.4 to 8.4 cm2V− 1s− 1 as 
the temperature increased from 77 to 380 K. Therefore, the method of 
process the device for the method of irradiating the laser only to the 
electrode so as not to affect the channel is shown in Fig. S3. The elec-
trical characteristics and mobility after irradiating the laser only on the 
electrode were shown in Fig. S4. In addition, the threshold voltages are 
plotted in Fig. 3(a) and (b). As the temperature increased from 77 to 420 
K, the devices exhibited a similar temperature dependence before and 
after laser irradiation, and we observed a negative shift in threshold 
voltages, as shown in Fig. 5(b). We also analysed our transport mea-
surements using direct tunnelling (DT) and Fowler–Nordheim tunnel-
ling (FNT). Tunnelling behavior can be classified as DT or FNT, 
according to the characteristics of the interfacial barrier; DT occurs 
when the barrier is trapezoidal, and FNT occurs when the barrier is 
triangular. DT and FNT can be expressed by the equations, IDT∝ 

V exp (− 4πd
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2m∗∅B

√
/h) and IFNT∝V2 exp ( − 8πd

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2m∗∅3
B

√

/3ehV), 

respectively [43,44]. Here, d is tunnelling barrier thickness, m∗ is carrier 
effective mass, ∅B is barrier height, and h is the Planck’s constant. Fig. 5 
(c) and (d) present a plot of ln(ID /V2

D) versus 1/VD at a temperature 
ranging from 100 to 300 K and at zero gate voltage. FNT can be observed 
when the interfacial barrier is triangular, as mentioned earlier, and 
biased with a high drain voltage. This increases the probability that the 
carrier will pass through due to tunnelling [51–53]. Fig. 5(c) demon-
strates the change in the transport mechanism from DT at low drain bias 
to FNT at high drain bias at the interface of the In edge contact MoTe2 
device. FNT can be observed at relatively low temperatures because of 
its mechanism of operation, which does not require thermal energy. DT 
was observed at a relatively lower electric field than the FNT. As shown 
in Fig. 5(d), DT was the dominant mechanism at various temperatures in 
the laser-irradiated device. After laser irradiation, no FNT was observed 
at the applied bias owing to a decrease in the SBH. 

4. Conclusions 

In conclusion, we demonstrated the use of In as a metal electrode for 
MoTe2 1D edge-contact devices encapsulated in h-BN. The van der 
Waals heterostructure using a high-vacuum thermal annealing process 
reduces interfacial impurities and improves contact with the electrode. 
Various temperature-dependent electrical transport measurements 
facilitate the implementation of highly mobile two-dimensional devices. 

Fig. 2. Encapsulated MoTe2 transistor properties at room temperature under vacuum. (a) Output characteristics of a before irradiated laser device at different gate 
voltages ranging from − 40 to +40 V. (b) Transfer characteristics of pristine MoTe2 with In contact a drain voltage of 1 V device. (c) Output characteristics of an after 
irradiated laser device for gate voltage ranging from − 60 to +60 V. (d) Transfer characteristics of irradiated laser MoTe2 at a drain voltage of 1 V. 
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Fig. 3. (a) Temperature-dependent (77–420 K) transfer characteristics when the drain voltage is 1 V. (b) Temperature-dependent (77–420 K) transfer characteristics 
after laser irradiation. (c) Arrhenius plot, ln(ID/T3/2), as a function of temperature based on the gate voltage from − 8 to 0 V. (d) Arrhenius plot of irradiated laser 
device from − 30 to − 10 V. (e) SBH of 1D edge contact FET device plotted as a function of gate voltage. (f) SBH was obtained from a laser-irradiated device. 

Fig. 4. Contact resistance at room temperature. (a) 
Total, channel, and contact resistances of h-BN 
encapsulated MoTe2 device as a function of gate 
voltage VG. Inset: The sketch of the measurement set- 
up used in the four-terminal measurement. (b) The 
contact resistance of the device after laser-irradiated 
device using the same electrode as that used in the 
device before laser irradiation. Variation in total, 
channel, and contact resistances of the laser- 
irradiated h-BN encapsulated MoTe2 device as a 
function of gate voltage.   
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The SBH of the irradiated laser device for the electron transport is 10.3 
meV at flat-band voltage VFB = − 29 V. The contact resistance of the 
laser-irradiated sample to decrease to 0.7 kΩ μm at VG = 30 V, indicating 
the tendency of the contact resistance to further decrease due to laser 
irradiation. The laser-irradiated edge contact of the encapsulated ma-
terial simultaneously solves the problem of contamination and improves 
contact resistance. The laser-irradiated MoTe2 1D edge contact exhibi-
ted better contact resistance compared to that without laser irradiation. 
Furthermore, similar to the work function of MoTe2, In can also provide 
a low SBH. In this study, we presented a method for designing contacts 
to enhance charge transport performance and expand the applications of 
2D materials and TMDCs in future devices. 
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Fig. 5. (a) Variation in the mobility of h-BN encapsulated MoTe2 device at temperatures ranging from 77 to 380 K. (b) Variation of the threshold voltage of h-BN 
encapsulated MoTe2 device before and after laser irradiation at the same temperature range as in (a). (c) ln(ID /V2

D) as a function of 1/VD at zero gate voltage at 
temperatures ranging from 100 to 300 K for the h-BN encapsulated MoTe2 device. (d) ln(ID /V2

D) as a function of 1/VD at zero gate voltage for the same temperature 
range as in (c) for a laser-irradiated h-BN encapsulated MoTe2 device. 
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