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Charge Density Depinning in Defective MoTe2 Transistor by 
Oxygen Intercalation
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Molybdenum ditelluride is prone to various defects. Among them, tellurium 
vacancies lead to the significant reduction of band gap as revealed by density 
functional theory (DFT) calculations. They are responsible for inducing spatial 
band structure variation and localized charge puddles in MoTe2. As a result, 
undesirable charge density pinning is anticipated in the channel-dominated 
MoTe2 field-effect transistors (FETs) even with much improved ohmic 
contacts, resulting in poor device characteristics, for example, conductivity 
minimum point (CMP) pinning and weak gate tunability. DFT simulations 
suggest occupying tellurium vacancies with oxygen can effectively restore 
MoTe2 to its intrinsic properties and therefore remove charge density 
pinning. Experimentally, this can be realized by oxygen intercalation during 
low-pressure annealing without bringing in additional defects to MoTe2. 
The CMP is unpinned in the FETs made of annealed MoTe2, which can be 
tuned by changing the contact metals with varied work functions. Moreover, 
much improved device characteristics, for example, a high hole current 
density exceeding 20 μAμm−1, a record high hole mobility of 77 cm2 V−1 s−1, 
are obtained.
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field effect transistors (FETs) because of 
their atomic thickness and sizable elec-
trical band gaps.[1,2] So far, most of the 
efforts have been dedicated to enhance 
the device performance of the TMD-
based FETs by reducing contact resistance 
between metals and TMDs. Among the 
very diverse family of 2D TMDs, few-layer 
2H-MoTe2 with a band gap (≈ 1.0 eV) close 
to that of silicon, has attracted great atten-
tion recently.[3–5] The most exciting aspect 
of MoTe2 is the reversible phase transition 
between semiconducting 2H phase and 
metallic 1T phase, which can be employed 
to realize high quality Ohmic contact for 
MoTe2 FETs.[6–9] Albeit this merit, a large 
variation in the performance of pristine 
MoTe2 FETs is noticed in the previously 
reported MoTe2 FETs. For instance, uni-
polar n-type, p-type, as well as ambipolar 
characteristics were measured in the 
MoTe2 FETs, which are irrelevant to the 
work functions of the contact metals.[8–12] 

Furthermore, a study reported a weak Fermi level pinning at 
the metal–MoTe2 interface,[13] whereas others argued a strong 
pinning with a factor as small as 0.07.[14] These inconsistencies 
are not well understood and set obstacles to the practical appli-
cations of this material in electronics.

Interestingly, we notice that Cho et  al. demonstrated an 
extremely low contact resistivity of 0.1 kΩ · μm in a MoTe2 
FET with the phase engineered fine Ohmic contacts; even so, 
the desired high current has not been realized.[9] This implies 
that the total performance of the device is probably limited by 
the MoTe2 channel instead of the contacts, reminding us that 
MoTe2 is a material which likely possesses defects. High con-
centration of both point defects and line defects have been 
observed using scanning transmission electron microscopy 
in the intrinsic MoTe2 encapsulated between two graphene 
layers.[15] Processes such as electron irradiations can aggravate 
the formation of defects. The most possible defects in MoTe2 
as well as their influences on electronic structures under dif-
ferent growth conditions have been predicted using DFT calcu-
lations.[16] The results showed that tellurium (Te) vacancies and 
interstitials require the lowest formation energy under either 
Te-rich or Mo-rich conditions, and therefore are most likely 
the defects. More interestingly, Te monovacancy and divacancy 
are found to be able to induce extra mid-gap charged states 
near the conduction band minimum (CBM) in the monolayer 

1. Introduction

2D transition metal dichalcogenides (TMDs) have been being 
investigated intensively as promising channel materials for 
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MoTe2. To the best of our knowledge, these defect-induced 
charged states have been rarely investigated experimentally for 
MoTe2. Only a few works reported the observation of hopping 
transport in the defective MoTe2.[12,17] It is still not clear how 
these charged states degrade the performance of MoTe2 FETs, 
especially their polar transition.

In this work, we first study the properties of FET devices 
made of defective MoTe2 with considerable Te vacancies. Con-
ductivity minimum point (CMP) is found pinned at a certain 
gate voltage, even with various metals of distinct work func-
tions, making the low-voltage p-type polar transition impos-
sible, and current density cannot be effectively tuned to a high 
value despite the application of gate biases. DFT calculations 
reveal the reduced band gap at Te vacancies, resulting in local-
ized charged puddles over the defective MoTe2. We reveal 
variable range hopping as the transport mechanism at low tem-
peratures, as the evidence to support the formation of severe 
charged localizations. We propose that these charged localiza-
tions can be removed from MoTe2 by filling all Te vacancies 
with the reactive oxygen, realized by oxygen intercalation under 
low pressure annealing. In the FETs with annealed MoTe2, 
charge density is unpinned, giving significantly improved 
device characteristics, for example, unpinned CMP, massively 
enhanced current density with gate tuning, and a record high 
hole mobility of 77 cm2 V−1 s−1.

2. Results and Discussion

First, to verify that the device performance of the defective 
MoTe2 FET is not limited by the metal contacts, we fabricate 
a set of MoTe2 FETs with similar channel thicknesses ranging 
from 6  to 10 nm (see Experimental Section for the detailed 
device fabrication processes). As the number of layers exceeds 
five, electronic property variations in these MoTe2 with slightly 
varied thickness are negligible.[18,19] X-ray photoemission spec-
troscopy measurement reveals a Mo:Te composition ratio 
of 1 : 1.94 for the crystal used in this work (see Experimental 

Section), indicating a defective MoTe2 with considerable Te 
vacancies as the dominant defects. Metals with varied work 
functions Φ are employed as contacts, for example, titanium 
(4.33 eV), chrome (4.5 eV), palladium (5.12 eV), and platinum 
(5.9 eV). The optical microscopic images of these devices are 
shown in Figure S1, Supporting Information. The transfer 
characteristics of these MoTe2 FETs at a constant drain bias VD 
of 1 V are plotted in Figure 1a. Despite the obvious differences 
between the work functions of contact metals (Figure  1b), all 
FETs exhibit n-type dominated ambipolar characteristics with 
their CMP locating at the similar gate voltage VG of −40 V. 
This pinned CMP is analogous to the manifestation of Fermi-
level pinning.[20] In general, for the contact-dominated device, 
as most cases of TMDs-based FETs, the CMP is determined 
by the Schottky barrier formed at the metal–TMD interface. 
Higher Schottky barrier height (SBH) is expected for the elec-
tron branch of MoTe2 when high work function metals are con-
tacted. This results in the positive shift of CMP. Under such 
circumstance, Fermi level pinning at the metal–MoTe2 inter-
face fixes the CMP of the MoTe2 FETs regardless of the contact 
metals. Specifically, the metal Fermi levels are aligned close to 
the MoTe2 conduction band, thereby reducing the SBH for elec-
tron transport. The hole transport barrier is correspondingly 
high, as shown schematically in Figure 1b.

Next, we characterize a device with degenerately doped 
MoTe2 as contacts, with which the contribution from the con-
tacts as well as the Fermi level pinning at the contact inter-
faces can be neglected. Degenerate p-doping is induced by 
oxygen plasma treatment, which oxidizes the surface into MoOx 
(x  < 3) as an efficient p-type dopant to the underlying MoTe2 
layers.[21] Our previous study indicates high p-doping concen-
tration over 1013 cm−2 achieved by a 300-second-long plasma 
treatment, which exceeds the limit of degenerate doping for 
2D TMDs.[22] Here, an h-BN mask is dry-transferred on the 
center of the MoTe2 channel and leaves only the areas near 
palladium contacts exposed to the plasma as illustrated in the 
inset of Figure  1c.[23] The optical microscopic image is shown 
in Figure  S2, Supporting Information. When the device is 

Figure 1. Charge density pinning in the defective MoTe2 transistors. a) Transfer characteristics of the MoTe2 FETs with various metal contacts. b) Band 
alignment between various metals and MoTe2. c) Evolution of the transfer characteristics of a MoTe2 FET subjected to selective contact doping with 
various oxygen plasma treatment durations. The schematic diagram of selective contact doping is shown in the inset.
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subjected to the plasma treatment at relatively high pressure, 
the exposed areas are selectively p-doped and the in-negligible 
lateral effect also leads to the oxidation of MoTe2 beneath 
the metal contacts. Consequently, palladium contacts have 
the direct touch to the plasma-induced degenerately doped 
MoTe2. A low contact resistance of ≈ 1 kΩ · μm known from 
previous report is anticipated between metal and MoTe2,[22] 
therefore implying a strongly channel-dominated MoTe2 FET. 
Hence, the electrical measurements of the device mainly 
reflect the transport in the MoTe2 channel. Figure 1c shows the 
transfer characteristics of a MoTe2 FET at varied plasma treat-
ment durations. As treatment duration increases, in general, 
the hole current increases, whereas the electron-branch exhibits 
the opposite trend. The contact resistance for hole-branch (elec-
tron-branch) in the treated device therefore is lowered (raised) 
compared to the intrinsic one. The hole current is enhanced by 
≈ two orders of magnitude after a 500 s treatment, while the 
electron current decreases by three orders. Enhancing doping 
with elongated treatment moves the Fermi energy EF of the 
doped MoTe2 toward valence band, which theoretically should 

also move the CMP of the MoTe2 channel to the larger positive 
gate voltages. On contrary, the CMP is almost fixed at VG of 
−30 V regardless of treatment duration. Moreover, a low hole cur-
rent density of 0.06 μA μm–1 at VD = −1 V and a high gate voltage 
of −60 V are noticed, which probably suggest a weak electrostatic 
tuning over the carrier density of MoTe2 channel by gate biasing.

First-principles calculations within the DFT+U scheme are 
carried out to investigate the electronic structure of the defec-
tive MoTe2 with Te vacancies. The top and side views of the 
atomic configurations for an ideal and a defective tri-layer 
MoTe2 model are illustrated in the left panels of Figures 2a and 2b,  
respectively. The Te vacancies are indicated by the dashed 
circles. Three Te monovacancies are induced in the tri-layer  
4 × 4 supercell reproducing a defective MoTe2 with a Mo:Te 
ratio of 1: 1.94. Considering the exposure of top surface to 
ambient and device processes in reality, higher vacancy number 
is assigned to the surface. The right panels of Figures 2a and 
2b are the calculated energy band structures of a tri-layer MoTe2 
without and with Te vacancies, respectively. Intrinsic MoTe2 
is a semiconductor with an indirect band gap of ≈1 eV, which 

Figure 2. Atomic crystal structures and density functional theory calculated electronic band structures of intrinsic and defective MoTe2. a) Top view and 
side view of the atomic crystal structure of tri-layer intrinsic MoTe2 and its electronic band structure. b) Atomic crystal structure and electronic band 
structure of defective MoTe2 with three Te monovacancies highlighted by blue circles.
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is consistent with the previously reported values.[24] In the 
defective MoTe2, additional bands emerge near the CBM. The 
similar phenomenon is also presented in a monolayer MoTe2 
using DFT calculations.[25] Additionally, the bottom (top) of the 
conduction (valence) band of the defective MoTe2 is disturbed 
and moves relatively compared to that of pristine one. Subse-
quently, it results in the relative changes of CBM and VBM by 
−0.294 eV and −0.018 eV, respectively. Overall, band gap reduces 
to ≈ 0.72 eV. When considering a microscopic defective MoTe2 
channel, the defects induce band gap variation locally inside the 
channel, similar to that in a defective graphene nanoribbon.[26]

The defective MoTe2 with spatially fluctuated band gap results 
in the formation of localized charge puddles in the energy band 
landscape as illustrated in Figure 3a. Ideally, the puddle depths 
are 0.294  and 0.018  eV for electron and hole, respectively. It 
is known that low-temperature conduction in disordered sys-
tems with localized charged states is described by a variable 

range hopping model. Conductance G obeys the ∝
−





γ
0

G e
T

T  

rule with respect to the temperature T, with a constant T0 and 
γ ranging from 1/4 to 1 determined by the dimensionality of the 
systems.[26] To verify the formation of localized charge puddles 
inside the defective MoTe2 FET channel, temperature depend-
ence of the transfer characteristics is measured in a MoTe2 
FET with palladium contacts at temperatures varied from  
75 to 275 K. Figure 3b plots the transfer curves measured with 
a constant bias VD of 1 V at varied temperatures. To use these 
data confidently for investigating the transport for the MoTe2 
channel requires the channel to be dominant. Considering the 
high work function of palladium, Schottky contact to MoTe2 
forms for electrons, which is pointed out by the slight non-
linear Schottky-like output curves measured at low temperature 
of 75 K (Figure S3, Supporting Information). Meanwhile, these 
quasi-linear output curves imply the dominance of channel 
in the transport. Figure  3c shows the Arrhenius plot with 
minimum G read from Figure  3b plotted with respect to 1/T 
in a semi-logarithmic scale. Two distinct behaviors are noted 
at low and high temperature regimes with their transition 

Figure 3. Hopping transport in the defective MoTe2. a) Illustration of the transport in the MoTe2 FET with a defective channel. EF denotes the location 
of Fermi level with which hopping transport happens between charged puddles in the channel at low temperatures. EF

I  and EF
II  indicate the locations of 

Fermi level, with which the screening of charged puddles vanishes and conductivity minimum point appears, respectively. b) Temperature-dependence 
of the transfer characteristics of a MoTe2 FET with palladium contacts. The channel length and with are 2  and 2.4 μm respectively. c) Plot of the min-
imum channel conductance with respect to 1/T. The solid black line and dashed red line are fits to the thermally activated NNH and VRH, respectively. 
d) Activation energies plotted with respect to the gate voltages.
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temperature around 175 K. At high temperatures, carrier in 
an occupied localized state below EF receives the energy from 
phonons and hops to a nearby state above EF. The conduction 
can be descried by the thermally activated nearest-neighbour 

hopping (NNH) model, ∝
−



BG e

E

k T
a

 with Ea and kB being the 
activation energy and Boltzmann’s constant, respectively.[27] 
Figure  3d plots the extracted Ea as a function of gate voltage 
by fitting the G data at varied VG to thermal activation model 
(see Figure S4, Supporting Information, for the data fitting). 
It is tuned from 0.07 eV at VG = 60 V to 0.24 eV at VG = −50 V, 
which approximately reflects the depth of charge puddle, or the 
relative reduction of CBM at Te vacancies. At lower tempera-
tures, the reduction of G with temperature deviates from the 
thermally activated NNH behavior and follows a much slower 
trend. Here, hopping over longer distance with closer energy 
spacing are more favorable, which can be described using the 
aforementioned variable range hopping model. Fitting gives 
γ ≈ 0.36 very close to 1/3, consistent with the 2D feature of the 

nanometer-thick MoTe2. Furthermore, we are allowed to esti-
mate the localization length ξ and optimal hopping distance 
L in the defective MoTe2 from the fitted parameter T0.[28] The 
correlation between localization length ξ and T0 is expressed 

as 
πεε ξ

=
2.8

4
0

2

0 B
T

e

K
, with e being the electron charge, ε being 

the dielectric constant of MoTe2, ε0 being the vacuum permit-
tivity, and kB being the Boltzmann constant. With T0 = 10520 K 
obtained from fitting, the localization length is therefore esti-
mated as 4.87 nm. The optimal hopping distance L depends 
on the temperature and is calculated to be 9.74  and 7.49 nm 

at 75  and 155 K, respectively, using the equation 
ξ

= γ

3
( )0L
T

T
. 

Considering the average distance of ≈3.1 nm between vacancy 
sites in MoTe2 estimated using a Mo:Te ratio of 1: 1.94 which 
is obtained from XPS measurements, these numbers all fall in 
the reasonable range to accommodate hopping.

After confirming the formation of charged states inside 
MoTe2 channel, we can now interpret the aforementioned 

Figure 4. Atomic crystal structures and density functional theory calculated electronic band structures of MoTe2 with Te vacancies occupied by oxygen. 
a) Top view and side view of the atomic crystal structure of a defective tri-layer MoTe2 with two surface Te vacancies occupied by oxygen and one Te 
vacancy remaining in the middle layer. Te vacancy is highlighted by the blue circle. Right panel shows its electronic band structure. b) Atomic crystal 
structure and the electronics band structure of a defective tri-layer MoTe2 with three Te vacancies occupied by oxygen. The cartoon illustrates the oxygen 
intercalation which causes oxygen molecules enter between MoTe2 layers.
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CMP pinning phenomenon and the weak gate modulation 
observed for the MoTe2 FET. Contact-dominated device has its 
CMP defined by Schottky barrier formed at the metal-TMD 
interface, that is, CMP corresponds to highest Schottky barrier. 
On the contrary, in the channel-dominated device such as the 
one of defective MoTe2, CMP no longer reflects the fact of the 
contacts, but is exclusively determined by the energy band of 
channel. Initially, Fermi level locates near CBM of the intrinsic 
MoTe2, that is, inside the charge puddles as illustrated as EF in 
Figure 3a. The lowest conductance appears when Fermi level is 
tuned almost to the middle of the band gap, as denoted by F

IIE  
in Figure 3a. However, due to the presence of localized charged 
states, extra gate voltage is required in the defective MoTe2 to 
completely deplete the carriers accumulated inside the charge 
puddles, therefore making the gate tunability less efficient 
between EF and F

IE . Phenomenally, this causes charge density 
pinned inside a certain gate voltage range, regardless of which 
metal serves as the contact. As a conclusion, tuning the charac-
teristics from n-type to p-type characteristics in the FET with a 
defective MoTe2 channel is hard to achieve by using both con-
tact engineering and gate modulation.

Removing charge density pinning originated from Te vacan-
cies is a prerequisite for realizing fairly good device perfor-
mance in MoTe2 FETs. Thanks to the saturation effect from the 
formation of Mo-O bonds, terminating the dangling bonds at 
Te vacancies with oxygen atoms can eliminate the undesired 
mid-gap states. This strategy has been used to heal the sur-
face charged states for MoS2 and WSe2 by filling the chalcogen 
vacancies on the topmost layer with oxygen using mild plasma 
and laser irradiation, respectively.[29,30] However, our DFT calcu-
lations show that filling Te vacancies with oxygen only on the 
surface of MoTe2 is not enough to fully get rid of the mid-gap 
states. Two mid-gap bands are noted with even one Te vacancy 
in the layer below the surface as shown in Figure 4a. Complete 
elimination of mid-gap states needs all vacancies occupied by 
oxygen. Figure 4b shows the energy band diagram of the defec-
tive MoTe2 with all of Te vacancies filled with oxygen. Although 
the valence and conduction bands are disturbed to some extent 
compared to the pristine MoTe2, band gap returns to the pris-
tine value (0.993 eV) with all mid-gap states cured.

Experimentally, intercalation of oxygen in MoTe2 is plausible, 
considering its small molecule size and the microscopic device 
dimension. Subsequently, oxygen can react at the vacancy sites 
with Mo and occupy all vacancies in the inner layers. Thermal 
annealing in gas ambient at low pressure are frequently 
employed to facilitate intercalation of small gas molecules such 
as oxygen[31] and hydrogen[32] in 2D materials. Importantly, it 
should be very cautious that annealing only causes intercalation 
of oxygen in MoTe2 without oxidizing it. We thermally anneal 
the thin MoTe2 in pure oxygen ambient at 0.5 Pa. XPS spectra of 
Mo3p peaks are measured to evaluate the oxidation level of the 
sample before and after annealing (Figure  5). In the pristine 
MoTe2, in addition to the Mo3p peaks of the intrinsic MoTe2 
(Mo3p3/2 at 394.0 eV, Mo3p1/2 at 411.5 eV), a tiny peak of 3p1/2 at 
415.3 eV associated with the oxidation state 6 + is analyzed likely 
due to the weak natural oxide.[33] Noted Mo6 + 3p3/2 peak is not 
observed probably because its intensity is lower than the noise 
level. After annealing at 0.5 Pa, the spectrum almost resembles 
that of the pristine one with only a slightly increased Mo6 + 

3p1/2 peak, indicating that negligible oxidation occurs during 
annealing. As a comparison, another annealing at 2.5 Pa is also 
carried out. Its XPS spectra show an obvious Mo6+ 3p3/2 peak 
at 397.7 eV and an evidently enhanced Mo6+ 3p1/2 peak, as the 
signature of degraded MoTe2 with heavier oxidation.

In the end, we demonstrate the much improved device per-
formance using the MoTe2 annealed at 0.5 Pa. Two FET devices 
are made on the annealed MoTe2 with both chrome and pal-
ladium contacts. To avoid the complexity from the possible 
change of contact conditions caused by thermal annealing, 
the MoTe2 flake is annealed before making the contacts. The 
measurements show their CMP at 10  and 40 V, respectively 
(Figure 6a). The CMP pinning observed in the pristine MoTe2 
is cleared. Since the mid-gap states are eliminated by the 
oxygen intercalation as anticipated, the devices are turned from 
channel-dominated back into contact-dominated. Hence, by 
changing the contact metals with varied work functions, the 
location of CMP can be manipulated. In addition, significant 
enhancement of the hole branches is observed in the devices 
with both chrome and palladium contacts. The output curves 
of the annealed MoTe2 FET with palladium contact are plotted 
in Figure 6b, with the thickness, length and width of channel 
being 6 -nm-thick, with a length and width of 1.5  and 2 μm, 
respectively. A high hole current density over 20 μA μm–1 is 
obtained with VD = 1 V at a gate voltage of −60 V, indicating an 
efficient gate tuning over the conductance of the device. We 
extract the field effect mobility using Y-function model (see 
Supporting Information and Figure S5, Supporting Informa-
tion),[34] which could effectively eliminate the influence of the 
contact resistance and therefore avoid underestimation.[35,36] 
The extraction gives a field effect hole mobility of 109 cm2 V−1 s−1. 
To the best of our knowledge, this is the record high mobility 

Figure 5. X-ray photoemission spectra. XPS core-level spectra of the 
Mo3p modes measured in a bulk MoTe2 sample before and after oxygen 
annealing at pressures of 0.5  and 2.5 Pa, respectively. The grey curves are 
the measured data. The blue and red lines are the fit peaks of the Mo3p 
of MoTe2 and MoOx, respectively.
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value so far achieved for MoTe2. The elimination of mid-gap 
states and their induced charge puddles with the oxygen inter-
calation excludes the severe coulomb scattering in MoTe2. Sub-
sequently, this significantly improved mobility is attributed to a 
channel free of charged localization. We then show the transfer 
characteristics measured in the palladium contacted MoTe2 
FET at varied temperatures (Figure 6c). Weakened temperature 
dependence is observed in the annealed MoTe2 compared to that 
of the pristine one. Thermionic emission and tunneling at the 
metal-MoTe2 interface dominate the carrier transport even at low 
temperature. Hopping is therefore excluded from the possible 
transport mechanism, which supports the fact that charged pud-
dles are eliminated by annealing induced oxygen intercalation. 
The effective SBH is extracted for various gate voltages by fitting 
the temperature dependence of ID using thermionic emission 
model (Supplementary Information Figure S6).[37] The zero flat 
band SBH is achieved at the negative gate voltages lower than 
−12 V (Figure  6d), implying that the Ohmic contact is realized 
for holes using the high work function palladium contacts.

3. Conclusion

In conclusion, we investigate the impacts of Te vacancies in 
MoTe2 on the electronic properties and performance of MoTe2-
based FET devices. Our results imply that contact engineering 
is not enough to improve device performance for these 2D 
TMDs that are prone to defects. Locally reduced band gap 
caused by the vacancies leads to the charge puddles along the 
MoTe2 channel. Consequently, channel dominates the transport 
in the FET device instead of contacts. Charge density is pinned 
due to the weak gate tunability screened by the charged locali-
zations. This impedes the low voltage transition of the device 
polarity, that is, from n-type to p-type. Eliminating vacancy-
induced charged localizations is necessary to remove Charge 
density pinning. Low pressure thermal annealing is utilized 
to induce oxygen intercalation in MoTe2, subsequently fill Te 
vacancies. This can restore the electronic properties in the 
defective MoTe2 and remove charged puddles as predicted by 
DFT calculations. Consequently, we successfully demonstrate 

Figure 6. Charge density depinning and improved device performance in the MoTe2 after oxygen intercalation. a) Transfer characteristics of the MoTe2 
FETs contacted with chrome and palladium, respectively. The MoTe2 sheet is annealed in low-pressure oxygen atmosphere before the metal deposition. 
b) Output curves of the MoTe2 FET in (a) with palladium contacts. c) Evolution of the transfer characteristics of the MoTe2 FET prepared with palladium 
electrodes under varied temperatures. d) Effective Schottky barrier height plotted with respect to gate voltages.
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the improved MoTe2 FETs without CMP pinning and with the 
significantly enhanced hole current density over 20 μA μm–1 
and hole mobility of 77 cm2 V−1 s−1. We envisage that oxygen 
intercalation induced in low pressure annealing can be applied 
to other 2D TMDs for charge density depinning and improving 
their electronic characteristics.

4. Experimental Section
Device Fabrication and Characterization: Few-layer MoTe2 flakes were 

mechanically exfoliated from a single crystal (HQ Graphene) onto 
heavily p-doped Si substrates capped with 285 nm thermally oxidized 
SiO2. The used flake thicknesses ranging from 6  to 10 nm were 
measured using atomic force microscopy. Metal contacts were defined 
via electron beam lithography, electron beam evaporation, and lift-off. 
The electrical properties of all devices were measured in a vacuum probe 
station at 0.1 Pa.

X-ray Photoemission Spectroscopy: XPS was measured in an X-ray 
photoelectron spectrometer with a monochromatic KR Al X-ray line 
(ESCALAB 250 Xi, Thermo Scientific). Core level spectra were collected 
with a pass energy of 30 eV and a dwell time of 50 ms. All spectra were 
calibrated using the C1s peak at 284.6 eV as a reference.

DFT Calculations: DFT calculations were performed using the plane-
wave pseudo potential approach as implemented in the Vienna Ab initio 
Simulation Package (VASP).[38–40] The electron–electron interaction 
in the calculations was described by the Perdew–Burke–Ernzerhof 
functional under the generalized gradient approximation.[41] Due to the 
on-site Coulomb interaction of Mo 4d electrons, which was recently 
reported to be crucial in determining the electronic structure of MoTe2 
near the Fermi-level, the first-principles calculations were performed 
within the DFT+U scheme.[42,43] It was set that U = 2.8  eV and J = 0.4  eV. 
These values were reported to correctly describe the topological phase 
transitions and bulk electronic band structure of MoTe2 near the Fermi-
level and could remedy the problem of over-delocalization of electrons 
introduced by the semi-local DFT methods.[44,45] The van der Waals 
weak interaction between adjacent layers was corrected by the Grimme 
method (DFT-D2).[46] For the electron wave function, the plane wave 
with an energy cutoff of 500 eV was used. A vacuum region of 20 Å was 
applied in the z-direction to avoid interactions between adjacent images. 
The convergence threshold parameters were set to be 10−6 eV (energy) 
and 10−2 eV Å-1  (force), respectively. K-point meshes of 3 × 3 × 1 were 
used in sampling the Brillouin zone for the 4 × 4 × 3 supercell of the IGP 
membrane.[47]

Plasma Treatment: Plasma treatment was carried out at room 
temperature in an inductively coupled plasma system with a 13.56 MHz 
microwave source (Miniplasma-Station, Plasmart) at a pressure of 
20 Pa, an oxygen flow rate of 30 sccm, and a power of 20 W.

Oxygen Annealing: Thermal annealing was conducted in a thermal 
annealing system (KVPTA-3004, Korea Vacuum Tech) at 250 °C in pure 
oxygen ambient at a pressure of 0.5 Pa for 3 hours. Prior to the process, 
the chamber was purged three times with oxygen.
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