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Bandgap opening in MoTe; thin flakes induced by surface oxidation
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Recently, the layered transition metal dichalcogenide 1T-MoTey has generated considerable interest
due to their superconducting and non-trivial topological properties. Here, we present a systematic
study on 1T’-MoTey single-crystal and exfoliated thin-flakes by means of electrical transport, scan-
ning tunnelling microscope (STM) measurements and band structure calculations. For a bulk sample,
it exhibits large magneto-resistance (MR) and Shubnikov-de Hass oscillations in p., and a series of
Hall plateaus in pg, at low temperatures. Meanwhile, the MoTe; thin films were intensively inves-
tigated with thickness dependence. For samples, without encapsulation, an apparent transition from
the intrinsic metallic to insulating state is observed by reducing thickness. In such thin films, we also
observed a suppression of the MR and weak anti-localization (WAL) effects. We attributed these ef-
fects to disorders originated from the extrinsic surface chemical reaction, which is consistent with the
density functional theory (DFT) calculations and in-situ STM results. In contrast to samples without
encapsulated protection, we discovered an interesting superconducting transition for those samples
with hexagonal Boron Nitride (h-BN) film protection. Our results indicate that the metallic or su-
perconducting behavior is its intrinsic state, and the insulating behavior is likely caused by surface
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oxidation in few layer 1T'-MoTes flakes.

Keywords two-dimensional materials, metal-insulator transition, layered transition metal

dichalcogenides (TMDs), surface oxidation

1 Introduction

Layered transition metal dichalcogenides (TMDs) have at-
tracted considerable attention due to their unusual elec-
tronic, structural chemistry properties, and potential ap-
plication in two-dimensional (2D) devices [1-7]. Recently,
the monolayer of 1T'-TMDs MX; (e.g., M = W, Mo and
X = Te, Se) are proposed as a large gap 2D Topological In-
sulator (TT) [6, 8], which is also tunable by the application
of strain [9] or electronic field [10]. Furthermore, the lay-
ered nature of TMD greatly facilitates in nano-fabrication
[4], making them an ideal platform to build their hetero-
structures [11].

Among various TMD materials, 1T'-phase MoTes is
of particular interest due to its non-trivial characteristics
such as non-saturating magneto-resistance (MR) [12-16],

unconventional superconductivity in bulk and thin-flakes
[12] and the predicted topological phase transition induced
by temperature or strain [17, 18]. Unlike bulk system, the
thin film of 1T'-MoTey exhibits contradictory results, for
instance, an insulating behavior owing to bandgap open-
ing [14], or anisotropic Ising superconductivity [19, 20],
and so on.

To understand all these different properties, we further
investigated 1T'-MoTes films with and without protect-
ing h-BN flakes. One critical issue for free standing 1T’-
MoTe; films is the chemical instability at the surfaces due
to weak Mo-Te bond energy. Amorphous oxide layer is eas-
ily formed in ambient environment [21]. It is believed that
the electrical transport properties are affected significantly
by these surface effects [21-25]. Thus, the understanding
of the surface oxidation effect is an essential step for fu-
ture applications. Although it is highly desired, the direct
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control studies have not been rarely performed experimen-
tally. In this work, we carried out a systematic study of the
thickness-dependent properties of 1T/-MoTe, thin films as
well as bulk single crystals. For bulk samples, surface ef-
fects are negligible and Shubnikov—de Hass(SdH) oscilla-
tions are clearly seen at high magnetic fields. However,
bare films without protection become insulating when the
thickness is tailored below ~ 6 nm. Whereas, signatures
of superconductivity are found for films with h-BN pro-
tection. Our findings suggest that the metallic and super-
conducting states are intrinsic in MoTey films, and that
the insulating behavior for bare films is induced by surface
degradation. It is further confirmed by the obervation of
weak anti-localization effect (WAL), STM measurements,
and DFT calculations.

2 Experimental details

Single crystals of 1T/-MoTe, were synthesized via a flux
method with NaCl (see Methods in Ref. [14]). The 1T’-
MoTe, devices without encapsulation are fabricated with
the traditional electron beam lithography (EBL) method.
We first performed mechanic exfoliation of flakes using
scotch tape method from the bulk samples in glove box
filled with argon. Then thin flakes of MoTe,; were de-
posited onto silicon substrate with 300 nm SiO, on top
and immediately spun polymethyl methacrylate (PMMA)
on them. Devices were designed as a conventional Hall-
bar configuration via standard EBL with Cr(5 nm)/Au(50
nm) electrodes deposited by thermal evaporation. After
lift off, we re-spun PMMA on them to protect these sam-
ples. The exposure time was limited to ten minutes in
the whole process. As for the devices encapsulated by
h-BN film, the samples are processed with dry transfer
method. Initially, we exfoliated the h-BN and 1T'-MoTe,
thin flakes on a thickness of SiO2 (300 nm)/Si substrates.
Next, we used thin h-BN film to pick up the MoTe, flake,
and transferred them to the predefined Hall-bar configura-
tions leads [Cr(5 nm)/Au(50 nm)]. Both the mechanic ex-
foliation and transfer processes are performed in argon gas
glove box, which can avoid any exposure to ambient con-
ditions. Magneto-transport measurements of MoTes sam-
ples were carried out with the four-probe technique with
an alternating current of 0.1-1 mA amplitude and a fre-
quency of 10-20 Hz using a Keithley 6221 AC/DC cur-
rent source. The voltage signal was obtained by a Stan-
ford Research S830 lock-in amplifier. The thickness of the
films were measured by the Atomic Force Microscopy after
transport measurements.

3 Results and discussion

Figure 1(a) displays the temperature dependence of resis-
tivity for a bulk MoTes. For our single-crystal MoTes sam-
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ple, we observe that a residual resistivity ratio [RRR =
(300 K)/p(1.5 K)] ~ 260 and AMR = [p..(12T) —
P22(0T)]/prz(0 T) ~ 7.6 x 10® % [Fig. 1(b)], both quanti-
ties indicate a high-quality crystalline MoTes. A hysteresis
during the warm-up and the cool-down curves caused by
the first-order structural transition can be seen around 240
K [13, 14]. The difference of two curves is getting smaller
and eventually varnishes below 40 K, which might be due
to nearly perfect compensation of electron and hole. In
Fig. 1(b), we plot the magnetic field dependence of p,,
and p,, at 1.5 K. The applied current flows along the
crystalline a-axis and the magnetic field is applied to the
c-axis. p;, shows a nearly quadratic dependence on the
magnetic field and no signs of saturation is found up to
13 T. Whereas, pg, more or less scales linearly with the
magnetic field. SAH oscillations can be found both in p,,
and pg, above 7 T. In Fig. 1(c), the SdH signal extracted
from p,, is revealed as a function of inverse field of B.
In earlier studies, two distinct frequencies at 231 T and
242 T [13, 26] are reported, while only one peak at 251 T
is seen by fast Fourier transform in our result within ex-
perimental resolution limit [Fig. 1(c) inset]. In Fig. 1(d),
we plot the Landau level index n against 1/B. The Lan-
dau level index n is evaluated as the oscillation frequency
[see Fig. 1(c) inset] divided by the minima value of mag-
netic field in p,,. The corresponding 1/B values are taken
from the minima of SAH signal. Linear fitting of the data
yields a finite non-zero intercept of 0.5226, which indicates
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Fig. 1 (a) Temperature dependence of resistivity for bulk
MoTez. Red lines and blue line respectively represent temper-
ature sweeping up and down. The atomic structural images
denote the monoclinic 1T" (right-down side) and orthorhom-
bic Ty phase (left-up side), respectively. (b) pze (blue line)
and pzy (red line) for currents flowing along the a-axis as a
function of a magnetic field at 7= 1.5 K. (¢) SdH oscillations
as extracted from the pz,. Inset: Fast Fourier Transform of
the oscillatory signal. (d) Landau-level fan diagram for SdH
oscillation in Apg,. Linear fitting of the Landau level index
n as a function of periodic minima gives a nonzero intersects
around 0.5, corresponding to a nontrivial Berry phase of ¢.
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the existence of non-trivial topological states. All the bulk
MoTes data is in well agreement with previous results re-
ported in Ref. [13].

Figures 2(a) and (b) show the sheet resistance Rgpeet(=
%) as a function of temperature for 1T/-MoTey devices
with different thicknesses, where R, W and L are the lon-
gitudinal resistance, width and length of the devices, re-
spectively. As we reduce the thickness down to 10 nm
scale, the first-order structure phase transition occurred
in bulk crystals is no longer visible. This implies that thin
film form of MoTey favors the Ty stacking rather than
the intrinsic 1T’ phase at room temperature as reported
Ref. [19]. In detail, one can classify these samples into
three types based on their different transport properties
[Fig. 2(b)]. The first type (11.1 nm to 6.7 nm) carries a
metallic characteristic, which is similar to the bulk MoTes.
Then, by further exfoliating MoTe, down to 4.5 nm, a
metal-insulator transition (MIT) appears ~ 20 K for the
second type, which is accompanied by a bandgap opening
[14]. The bandgap increases gradually as we keep reduc-
ing the thickness. Eventually below ~ 4 nm, the samples
becomes insulating for the third type. On the contrary,
films with h-BN protection remain metallic down to 5.2
nm and even become superconducting below 3 K [see or-
ange line in Fig. 2(a)]. We will discuss the occurrence of
superconductivity in detail in a separate work [20]. Figure
2(c) shows a set of typical dI/dV spectra taken at T' = 300
K. No signature of bandgap is found for pristine sample
and to be a metallic system. Once the sample surface is
exposed to oxygen within few minutes (3, 6 mins), it de-

grades rapidly with a bandgap opening up to 100 meV.
Figures 2(d) and (e) show the atomically resolved STM
topographic images of 1T’-MoTey before and after expo-
sure to oxygen. The bright spots showed in Fig. 2(e) imply
the surface oxidation of 1T/-MoTes after exposure to oxy-
gen. This finding further supports our argument that the
insulating transport property of thin MoTe, flakes is ac-
tually attributed to be surface oxidation.

The surface oxide layer developed in TMDs induces dis-
orders that manifest themselves as a 2D impurity band
with low mobility, which leads to the suppression of MR
for thin flakes [25]. Moreover, disorders are known to cause
weak-localization (WL) in graphene [27], and WAL in
other systems [28, 29]. Figure 3(a) shows MR defined as

MR = % for devices with different thicknesses at
1.5 K. Compared with bulk 1T’-MoTes, MR of these thin
films is largely suppressed [refer to Fig. 1(b)], which is
caused by disorders induced by surface oxidation. For the
samples with the thicknesses of 9.5 nm and 8.1 nm, MR
scales as B? as at various temperatures [see Fig. 3(d)],
which is similar to that of bulk MoTes. Such an uncon-
ventional non-saturating MR behavior can be ascribed to
the charge compensation of electron and hole pockets [30].
Meanwhile, for insulating thin films (below ~ 4 nm), clear
WAL cusp appears at a low temperatures [Figs. 3(b) and
(¢)], which arises from disorders by surface contaminations
[28, 29].

To further study the effect of surface oxidation in thin
MoTe, flakes, we systematically analyzed the MR of the
4.2 nm and 3.3 nm MoTe; flakes. WAL can usually be
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Fig. 2 (a) Temperature dependence of sheet resistance MoTey films with various thickness. (b) Thickness dependence of

the sheet resistance for thin films at various temperatures. (c)

The influence on dI/dV spectrum taken on MoTe; sample with

varied exposure duration to oxygen at room temperature. (d, €) Atomically resolved STM topographic images of MoTez before

and after exposure duration to oxygen several minutes.
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Fig. 3 (a) MR data with various thickness (3.3, 4.2, 4.5,
8.1, and 9.5 nm) at 1.5 K. (b—d) Each MR result at different
temperatures at a certain thicknesses. A clear cusp-like feature
can be seen at 3.2 nm MoTe, thin film device, while it appears
a trivial quadratic magnetic field dependence at 9.5 nm.

described by the Hikami-Larkin-Nagaoka (HLM) quan-
tum interference model [31, 32]. In 2D systems, the HLM
equation is simplified as

+AB?,

ae? h 1 h
AG(B)=——7 lw (46L§,B +2> ~In <4eL%¢B>
(1)

where « is a WAL coefficient associated with the 2D bulk
effects, e is the electronic charge, & is the reduced Plank’s
constant, v is the digamma function, Ly is the phase co-
herence length and § is the quadratic coefficient arising
from additional scattering terms (spin—orbit and elastic
scattering). The value of « given by the WAL should be
—0.5 for perfect 2D case [33-36].

Figures 4(a) and (c) present the magneto-conductance
AG = G(B) — G(0) evaluated using data shown in Fig. 3
for 3.3 nm and 4.2 nm devices. The WAL cusps at low
temperatures and low-fields region are clearly seen. The
WAL cusps fade away at higher temperature as the phase
coherence length becomes shorter and a quadratic B-
dependence is recovered eventually.

In fact, our data can be well described by the modi-
fied HLN equation [Eq. (1)] as shown in red solid lines
in Figs. 4(a) and (c). The fitting results of o and Ly of
4.2 nm and 3.3 nm samples are shown in Figs. 4(c) and
(d). The obtained L4 points fall onto a power-law scaling
Ly oc T7%5 [red curves in Figs. 4(c) and (d)] for both de-
vices over wide temperature range, which confirms the 2D
nature of WAL in our system. The coefficient o takes a
value of a = 1/2 for a traditional 2D electron system with
strong spin-orbit coupling and one helical surface with a
single Dirac cone. For 4.2 nm sample, « takes a value of
—0.8 at 1.5 K. It grows in magnitude upon warming. This
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may be interpreted as a coherent impurity-to-bulk scatter-
ing channel switching. Below 10 K, the impurity-to-bulk
scattering length is smaller than coherence length whereas
it becomes larger than coherence length above 10 K [37].
As for the 3.3 nm device with a larger bandgap, the fitting
parameters « is apparently smaller than that of 4.2 nm
sample [Fig. 4(d) blue dots]. This implies that the num-
ber of channels is also reduced in thinner samples. Com-
pared to 4.2 nm device, increment of « extends to higher
temperature 15 K. It is guaranteed by larger phase coher-
ence length and smaller impurity-to-bulk scattering length
in thinner samples. Hence, our analysis suggests that the
WAL effects observed in thin MoTe, flakes is caused by
localization effects induced by surface disorders.

In order to verify that the surface oxidation can in-
duce bandgap opening in monolayer 1T’-MoTey, we cal-
culated the band structures of both pristine 1T/-MoTes
(Model 1) and the surface oxided systems (Model 2,
Model_3, Model 4). We performed first-principles calcula-
tions based on the density functional theory (DFT) using
the projector augmented wave method as implemented in
the Vienna ¢ simulation package [38-40]. The exchange-
correlation functional was modeled within the generalized
gradient approximation (GGA) with the Perdew—Burke—
Ernzerhof (PBE) realization [41]. The cutoff energy was
chosen as 550 €V, and the Brillouin zone (BZ) was sam-
pled with a I'-centered k mesh of size 8 x 14 x 1. The en-
ergy and force convergence criteria were set to be 107> eV
and 0.01 eV, respectively. The lattice parameters shown
in Table 1 were fully optimized until all the forces and
stress tensor were minimized. As for the calculation of
band structures, hybrid functional (HSE06) was used as
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Fig. 4 Temperature-dependent magnetoresistance of the 4.2
nm and 3.3 nm thick nanoflake MoTe;. (a, ¢) Magnetocon-
ductance versus applied magnetic field for 4.2 nm and 3.3 nm
MoTey at various temperatures. The HNL fitting curves are
plotted in black solid lines. (b, d) The parameters got from
HLN model fitting versus temperatures for 4.3 nm and 3.3 nm
MoTes. The power-law fit (red solid lines) gives Ly oc T~ in
the temperature regime 1.5 to 70 K (b) and 1.5 to 20 K (d),
respectively.
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Fig. 5 (a—d) Schematic diagrams of pristine 1T'-MoTes (Model_1) and its surface oxided systems (Model 2, Model 3,
Model 4) in ball-stick presentations. (e—h) Band structures of 1T'-MoTe, systems with (Model 2, Model 3, Model 4) and

without (Model 1) surface oxidation.

Table 1 The optimized lattice parameters of 1T’-MoTez and its surface oxided systems.

Model 1 Model 2 Model 3 Model 4 Experiment result
a (A) 6.355 6.714 6.558 6.442 6.57
b (A) 3.469 3.533 3.488 3.522 3.47

the exchange-correlation potential [42]. For the pristine
1T-MoTes (Mode 1), the calculated band structure shows
a local gap along the path I'-Y, which remains a metal-
lic behavior. Surface chemical instabilities in MoTes drive
the development of amorphous surface oxide (Model 2,
Model 3, Mode_4) in ambient conditions. Among the three
models, the optimized lattice constant of Model 3 is clos-
est to the experimental results measured at 4.8 K. The
band structure of Model_3 shows a bandgap opening along
the path I'-X with a gap value of 104 meV [marked with a
red box in Fig. 5(g)], which is in agreement with the STM
observations. Therefore, the bandgap opening observed in
thin films of 1T'-MoTe, is likely to result from the surface
oxidation.

4 Conclusion

In conclusion, combining transport, STM measurements,
and theoretical calculations, we have studied in detail the
thickness-dependent properties of 1T’-MoTes from bulk to
few layers. In bulk samples, we confirmed a non-trivial
phase shift in quantum oscillation, which is consistent
with the non-trivial topological states. In thin flake sam-
ples without encapsulation, an insulating behavior is ob-
served when the thickness is tailored below ~ 6 nm. In
contrast, we find that the thin flakes of 1T/-MoTey fully
encapsulated in h-BN stay metallic and even become su-
perconducting below 3 K. In addition, the in-situ STM
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measurements and band structrue calculation also provide
strong evidence of insulating states from surface oxidation.
Our results suggest that the intrinsic electronic properties
in thin MoTey flakes is likely a superconducting state, and
that the insulating behavior originated from surface oxi-
dation, rather than a bandgap opening from spin—orbit
coupling (SOC) due to reduced dimensions [14].
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