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An in-depth understanding of the electronic structure of 2H-MoTe; at the atomic layer limit is a crucial
step towards its exploitation in nanoscale devices. Here, we show that millimeter-sized monolayer (ML)
MoTe, samples, as well as smaller sized bilayer (BL) samples, can be obtained using the mechanical exfo-
liation technique. The electronic structure of these materials is investigated by angle-resolved photo-
emission spectroscopy (ARPES) for the first time and by density functional theory (DFT) calculations. The
comparison between experiments and theory allows us to describe ML MoTe, as a semiconductor with a
direct gap at the K point. This scenario is reinforced by the experimental observation of the conduction
band minimum at K in Rb-doped ML MoTe,, resulting in a gap of at least 0.924 eV. In the BL MoTe,
system, the maxima of the bands at I and K show very similar energies, thus leaving the door open to a
direct gap scenario, in analogy to WSe,. The monotonic increase in the separation between spin-split
bands at K while moving from ML to BL and bulk-like MoTe; is attributed to interlayer coupling. Our
findings can be considered as a reference to understand quantum anomalous and fractional quantum
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anomalous Hall effects recently discovered in ML and BL MoTe, based moiré heterostructures.

1 Introduction

Monolayer transition metal dichalcogenides (TMDCs) with the
formula MX, (where M = Mo and W; X = S, Se, and Te) and 2H
phase exhibit unique and remarkable properties, including
direct band gap transition,"™ well-defined valley degrees of
freedom and spin-valley locking,” huge exciton binding
energy,”’ and Ising superconductivity.® Their unique pro-
perties can lead to numerous applications in next-generation
nanoelectronics,” optoelectronics,'® and valleytronics.”

MoTe, is a small gap semiconductor hosting exotic and pro-
minent quantum phenomena in the few layer limit.''™"?
Recently, the quantum anomalous Hall effect (QAH, also
referred to as the integer Chern insulating state) has been
reported in twisted bilayer (BL) MoTe,** and in AB-stacked
MoTe,/WSe, moiré hetero-BLs.'” The long-sought-after frac-
tional quantum anomalous Hall effect (FQAH, also called the
fractional Chern insulating state) has been discovered only in
twisted BL MoTe,,"*® although it had been predicted in some
twisted TMDC moiré BLs.">"”*° Thus, the rhombohedrally
stacked twisted MoTe,-based BLs have emerged as a promising
platform for investigating both QAH and FQAH effects at zero
magnetic field. Additionally, a giant intrinsic spin Hall effect
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has also been found in AB-stacked MoTe,/WSe, moiré
BLs.”** These findings pay the way for investigating novel
physical properties such as fractional charge excitation and
anyon statistics under zero magnetic field conditions, thus
providing new opportunities for dissipationless transport,
topological quantum computing and spintronics.'*¢2%23 In
spite of the importance of MoTe,, there have been no reports
on the electronic band structures of monolayer (ML) MoTe,,
which is the ultimate building block of the moiré hetero-
structures mentioned above.

Compared to the molecular beam epitaxy growth method,**
mechanical exfoliation is a simpler and more universal tech-
nique. It typically results in weaker substrate interactions and
yields higher quality samples.*” In this paper, we report on the
synthesis of millimeter-sized ML MoTe, samples via the
mechanical exfoliation method. The superior structural uni-
formity of the so-obtained layers allows us to perform detailed
characterization of their properties by space-averaging tech-
niques, such as low-energy electron diffraction (LEED), Raman
spectroscopy and, for the first time, angle-resolved photo-
emission spectroscopy (ARPES). The electronic structure of ML
MoTe, displays a flat state around I' and a valence band
maximum (VBM) at the K point, which are well reproduced by
density functional theory (DFT) calculations. On the basis of
this agreement, the system can be described as a semi-
conductor with a direct gap at the K point. The observation of
conduction band filling at K in Rb-doped ML MoTe, strength-
ens this scenario. Occasionally, mechanical exfoliation gives
rise to well-ordered patches of BL MoTe, surrounded by areas
of ML and multilayer (bulk-like) MoTe,. The topmost occupied
states at I and K in these BLs exhibit similar binding energy.
This may suggest that BL MoTe, is a direct gap semiconductor,
in analogy to BL WSe,.>® Finally, we discover that the energy
separation of the spin-split states at K increases monotonically
from ML to BL and to multilayer MoTe, as a consequence of
interlayer coupling. Our work sheds light on the electronic
structure of atomically thin MoTe, layers, thus providing fun-
damental support to understand the origin of QAH and FQAH
effects occurring in MoTe,-based heterostructures.

2. Methods

ML, BL and multilayer (bulk-like) MoTe, flakes were prepared
by the mechanical exfoliation method from bulk crystals, as
illustrated in Fig. 1(a).>®> ARPES measurements on ML and
multilayer (more than 10 MLs) samples were performed with a
photon energy of 21.218 eV, using a home-built photoemission
spectroscopy system®’ equipped with a VUV5000 helium lamp
(spot size: 0.8 mm x 0.8 mm) and a DA30L electron energy ana-
lyzer (Scienta Omicron). The overall energy resolution was set
to 20 meV, and the angular resolution to 0.2°. ARPES data of
BL samples were collected at the BL-1 end station of HiSOR
with a photon energy of 45 eV (spot size: 0.8 mm x 0.3 mm).
All the samples were measured at 30-40 K under a base
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pressure better than 5 x 10™'" mbar, after mild vacuum anneal-
ing at about 500 K.

DFT calculations were performed using the generalized gra-
dient approximation and the projector augmented wave
method®®?° as implemented in the Vienna ab initio simulation
package (VASP).>>*! A uniform Monkhorst-Pack k mesh of 21 x
21 x 5 was adopted for integration over the Brillouin zone of
bulk MoTe,, and a mesh of 21 x 21 x 1 was used for ML and
BL MoTe,. A plane-wave cutoff energy of 700 eV was used for
structural relaxation and electronic structure calculations. A
distance of more than 15 A along the out-of-plane direction
was adopted to eliminate interaction between adjacent layers.
Dispersion correction was made using the van der Waals
Density Functional (vdW-DF) approach,*”* with the optB86b
functional for the exchange potential, which was proved to be
accurate in describing the structural properties of layered
materials®*™*° and was adopted for structure related calcu-
lations. All atoms were allowed to relax until the residual force
per atom was less than 0.01 eV A™. In our electronic structure
calculations, we used the Perdew-Burke-Ernzerhof (PBE)*!
functional with consideration of spin-orbit coupling (SOC),
based on the vdW-DF optimized atomic structures. A plane-wave
cutoff energy of 500 eV and a k mesh of 9 x 9 x 3 were used for
energy calculations for bulk MoTe, (9 x 9 x 1 for ML and BL).

3 Results and discussion

Fig. 1(a) illustrates the sample preparation procedure of atom-
ically thin MoTe, samples by the mechanical exfoliation
method.”® The SiO,/Si substrate (black rectangle) is cleaned
using oxygen plasma, covered with a 3-20 nm thick layer of
gold (yellow rectangle) and cleaned again using oxygen plasma
and ultrasonication. Adhesive tape (blue rectangle) loaded
with a bulk MoTe, layer (green rectangle) is brought into
contact with the substrate and then removed to complete the
exfoliation process. Fig. 1(b-e) show the characterization of
samples prepared according to this procedure. Typically,
optical microscopy images (Fig. 1(b)) reveal the presence of
millimeter-sized MoTe, domains (pink areas) covering most of
the substrate (dark pink areas). After mild annealing (500 K)
under ultra-high vacuum conditions, a sharp hexagonal LEED
pattern becomes visible (Fig. 1(c)), thus indicating the long-
range order of the MoTe, domains. In order to determine the
vibrational properties of these domains, Fig. 1(d) compares the
Raman data acquired on the pink area shown in Fig. 1(b) (red
spectrum) and on bulk-like (more than 10 MLs) MoTe, (blue
spectrum) with a laser wavelength of 532 nm. In the blue spec-
trum, the A;, mode is located at 173.67 cm™" and the E,,'
mode at 233.87 cm™', while in the red spectrum they are
found at 170.58 em™" and 235.92 cm ™", respectively (insets in
Fig. 1(d)). These shifts from the reference bulk-like values are
consistent with previously reported results for ML MoTe,.*?
The topmost atomic force microscopy (AFM) image in Fig. 1(e)
directly shows that the height difference between the substrate
and the millimeter-sized MoTe, domains is 5.97 + 1 A (red line

This journal is © The Royal Society of Chemistry 2025
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(a) Cartoon illustrating the sample fabrication process. Black, yellow, green, and blue rectangular bars represent the SiO,/Si wafer, gold film,

MoTe, layer, and adhesive tape, respectively. (b) Typical optical microscopy image of a sample after mechanical exfoliation of MoTe,. The predomi-
nant pink areas are millimeter-sized domains of ML MoTe; in contact with the substrate (dark pink areas). Small light pink and white areas sur-
rounded by dotted ovals represent BL and multilayer MoTe,, respectively. (c) LEED pattern taken on a sample with prevalent ML MoTe, coverage. (d)
Raman spectra of ML (red) and bulk (blue) MoTe,. Characteristic peaks are highlighted in the insets. (e) AFM images taken at the edge between the
Au substrate and ML (top panel) and BL (bottom panel) MoTe, domains. The thickness profiles extracted from the lines shown in the AFM images are
compared in the right panel. (f) Crystal structure of MoTe; in isometric and top views. (g) SBZ of MoTe,.

in the right panel), which is in the range of the expected thick-
ness of ML MoTe, (6.98 A). Overall, these experimental data
allow us to identify the pink areas of Fig. 1(b) as well-ordered
domains of ML MoTe,.

Fig. 1(b) also displays small regions (typical size in the
order of 0.1 mm) with light pink and white optical contrast.
The AFM analysis of the light pink areas (bottommost image
in Fig. 1(e)) shows that their height with respect to the sub-
strate corresponds to 10.32 + 1 A, ie. nearly twice the
measured thickness of ML MoTe,. Therefore, these areas are
identified as domains of BL MoTe,. Finally, the white areas are
bulk-like multilayers of MoTe,. Occasionally, the mechanical
exfoliation method produces millimeter sized areas of BL and
multilayer (from here onwards called bulk) MoTe,, which
allow space-averaging ARPES analysis, as shown in Fig. 2.
Fig. S1 in the ESI{** shows the structural characterization of a
sample with BL domains on the order of 1 mm?, where the
thickness of the BL areas is measured by AFM and confirmed
by cross-sectional transmission electron microscopy.

For reference, Fig. 1(f) displays the crystal structure of
2H-MoTe,, which comprises van der Waals Te-Mo-Te trilayers
(left panel) stacked along the c-axis and forming a honeycomb

This journal is © The Royal Society of Chemistry 2025

lattice in the (0001) projection plane (right panel). The prisms
of adjacent trilayers point in opposite directions within the
plane. Among the TMDCs, MoTe, possesses notably large
lattice parameters (a = 3.52 A and ¢ = 13.97 A).** Fig. 1(g) pre-
sents the surface Brillouin zone (SBZ) of MoTe,, along with
high symmetry points, which will be useful for the discussion
of the ARPES data.

Fig. 2 reports an overview of the ARPES analysis along the
M-T-K-M path for ML (Fig. 2(a and d)) and BL (Fig. 2(b and
e)) taken on a millimeter sized domain of the sample shown in
Fig. S1 and bulk (Fig. 2(c and f)) MoTe,. The spectra are
shown as acquired in the top row and after second derivative
treatment (along the energy axis) in the bottom row, to
enhance the sensitivity to weak electronic features. The well-
defined Fermi level (Eg) observed in the second derivative data
derives from the partially uncovered Au layer in the substrate.
The calculated band structures (red dotted lines) are overlaid
on the data in the bottom row of the figure (see Fig. S2 in the
ESI+ for calculations extended above Eg **).

In the ML sample (Fig. 2(a and d)), the topmost band
observed near I' is very flat and mainly derives from Mo d,.
orbitals, with a minor Te p, contribution, which exhibits sig-

Nanoscale, 2025,17,10901-10909 | 10903
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(a—c) ARPES maps illustrating the electronic band structures along the M—-T'-K—M high symmetry direction in ML (a), BL (b), and bulk (c)

MoTe,, as indicated at the top. The inset in (a) shows the high symmetry directions (red dashed lines) in the SBZ (green hexagon). The lower panels
(d—f) depict the second derivative plots of panels (a—c), respectively. The red dotted curves overlaid on the plots represent the corresponding bands

calculated by DFT.

nificant localization in the lattice plane (calculations of the
orbital character are reported in Fig. S3 in the ESIT*?). The two
parabolic-like bands with maxima at the K point primarily
derive from in-plane delocalized Mo d,._y./d,, orbitals, with a
small contribution from Te p,/p, orbitals. These bands form a
spin-split pair, originating from the strong SOC of Mo atoms
and the absence of structural inversion symmetry, and become
degenerate along the I'-M direction due to time-reversal sym-
metry. The VBM is found at K (—0.76 eV), which lies well above
the topmost state at I' (—1.375 eV) (see also Fig. S4 in the
ESIt). The observations of a flat band at I' and the VBM at K
are consistent with those of other ML-MX, materials.*®*>*” In
addition to these characteristic features, two parabolic bands
centered at the M point with energies ~—1.25 eV and —1.7 eV,
as well as another parabolic band centered at the I' point
around —2 eV, are discernible. The increasing background
below —2 eV in Fig. 2(a and d) originates from the intense 5d
states of the underlying polycrystalline gold substrate. The
experimental band structure of the ML MoTe, sample within
the first 2 eV below Er turns out to be well reproduced by the
calculations (Fig. 2(d)). This good correspondence allows us to
describe ML MoTe, as a direct band gap semiconductor.

Fig. 3 presents further data supporting the direct band gap
scenario in ML MoTe,. To directly determine the momentum
position of the conduction band minimum (CBM), Rb atoms
are evaporated on the surface of ML MoTe, to partially fill its
unoccupied bands.*®* The changes induced by Rb deposition

10904 | Nanoscale, 2025, 17, 10901-10909

in the band structure of ML MoTe, along the I'-K direction are
shown in Fig. 3(a-d). As the amount of deposited Rb increases,
the bands shift continuously away from Ey (Fig. 3(b-d)). At the
highest Rb coverage (Fig. 3(d)), the VBM and the topmost state
at I" are located at —0.96 and —1.66 eV. The detailed evolution
of the bands at the I' and K points is depicted through the
energy distribution curves (EDCs) taken at the k) positions
marked by the orange dashed lines in Fig. 3(a) and illustrated
in Fig. 3(e) and (f), respectively. These EDCs demonstrate a
peak shift of 0.285 eV at the I" point and 0.2 eV at the K point.
These data indicate a non-rigid band shift that could be used
for electronic structure engineering of ML MoTe,.

Interestingly, the spectra acquired in the proximity of K’
(cut 2 in the inset of Fig. 3(a)) for the highest Rb deposition
display a peak near Ep (inset in Fig. 3(g)). The emergence of
this feature can be observed in Fig. 3(h), which shows the
EDCs extracted at K' for both pristine (red) and highly Rb
doped MoTe, (green). The peak is identified as the CBM at the
K' point. Together with the VBM at the K/K' point, this new
state proves the existence of a direct gap of at least 0.924 eV.
This gap value is different from that of pristine MoTe, because
of band renormalization effects, which clearly manifest in the
non-rigid Rb-induced band shifts. However, it is close to the
gap size expected from the DFT calculation (0.97 eV, Fig. S37).
This observation is in line with other band calculations,**"*?:>°
photoluminescence*®”'** and STS** measurements for ML
MoTe,.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Direct band gap observation in ML MoTe, through Rb deposition. ARPES data of (a) pristine and (b—d) Rb-doped MoTe, ML measured along
cut 1 (C-K direction) as shown in the inset of panel (a). (e and f) EDCs at the I" and K points extracted from panels (a—d), respectively. The red and
green dashed lines mark the positions of the band maxima for the pristine MoTe, sample and after the 3rd Rb deposition. (g) ARPES data along cut 2
after the 3rd Rb deposition, where a new band appears near E; at K’ (see the inset). (h) EDCs at K' for pristine MoTe; (red) and after the 3rd Rb depo-

sition (green).

BL and bulk MoTe, exhibit electronic bands similar to
those of the ML case with differences mainly concentrated
around the I point. In Fig. 2(b and e), an additional parabolic
band is present above the flat band. In Fig. 2(c and f), a
complex packed structure of parabolic bands is observed above
the flat band, which is consistent with the reported results for
more than 3 ML thick MoTe, samples.'"*® The orbital calcu-
lation in Fig. S31** indicates that the parabolic band (BL) and
the packet of bands (bulk) can be explained by the repulsion
between Mo d,. and Te p, orbitals perpendicular to the plane.
This repulsion increases the energy at I' in BL and bulk MoTe,
and reduces the energy from I' to M and T to K because of the
increasing component of in-plane orbitals. Below the flat
band, the parabolic bands become clearer in BL and bulk
MoTe, samples.

It is worth noting that the topmost valence states of BL
MoTe, at both I and K are located at —0.795 eV (a detailed
comparison is provided in Fig. S5 in the ESIT*?). This situation
is analogous to that observed in BL WSe,, which is predicted
to be a direct gap semiconductor,>>*>*>* but contrasts with
most indirect-gap BL TMDC semiconductors, such as MoS,,
WS,, and MoSe,, where the VBM is found at I.****°°77 Qur

This journal is © The Royal Society of Chemistry 2025

ARPES data may suggest the presence of a direct gap at K in BL
MoTe,, which would be consistent with the results of low-
temperature photoluminescence experiments.”"”**° However,
our calculations (Fig. S21*%) reveal that the CBM is located
halfway between I" and K. This inconsistency can be attributed
to the slight lattice mismatch between the calculated free-
standing BL and the real BL MoTe, on the Au substrate, which
was not considered in our calculations.®®®" ARPES is inher-
ently unable to directly observe the conduction band due to
the lack of electron occupation, thus precluding the verifica-
tion of the CBM position through this method. Further investi-
gation is required to clarify the nature (direct vs. indirect gap
semiconductor) of BL MoTe,.

For bulk MoTe,, the topmost valence state at the I" point
(—0.665 €V) is closer to Eg than that at K (—0.87 eV), thus indi-
cating a typical indirect gap semiconductor behavior. Overall,
the valence band structures in Fig. 2 provide clear evidence for
the indirect-to-direct band gap transition with decreasing layer
thickness from bulk (indirect gap) to ML (direct gap). This
transition originates from the quantum confinement effect>®>
and is consistent with reported photoluminescence

results.49’51'52’63
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The splitting of the valence bands (VB1 and VB2) near the
K point holds significance for various crucial phenomena and
properties of MX, materials, including spin-valley locking, the
AB exciton effect,”” and spin-layer locking.®* In Fig. 4, we
show ARPES data along the 'K direction for ML, BL and bulk
samples (Fig. 4(a—c)) and the corresponding second derivative
plots (Fig. 4(d-f)). To facilitate a quantitative comparison,
Fig. 4(g-i) display EDCs at the K point for the different
samples. The measured splitting at K increases monotonically
with thickness (details of the Gaussian fitting are given in
Fig. S61*%): 0.212 eV in ML, 0.225 eV in BL and 0.252 €V in
bulk MoTe,. These data are consistent with the trend of the
DFT results, which give 0.22, 0.24, and 0.31 eV for the respect-
ive systems. Generally, in the family of MX, TMDCs, the
valence band splitting around the K point arises from SOC,
inversion symmetry breaking, and interlayer coupling.® The
increasing splitting size can be attributed to a variation of the
interlayer coupling strengths between BL or bulk (Fig. S71*%)
and ML MoTe,.>®> Therefore, our observations imply an inter-
layer interaction strength in the order of 10 meV and 40 meV
for BL and bulk MoTe,, respectively. The increased interlayer
coupling strength from BL to bulk is likely to be a consequence
of the reduced layer separation as the number of layers

View Article Online
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increases, and
coupling.®

The splitting of spin-polarized bands is a distinctive feature
of ML-TMDCs, resulting from the interplay of SOC and the
breaking of inversion symmetry.>®>®” The splitting in ML
MoSe, is ~0.18 eV (ref. 45) and in ML MoS, is ~0.15 eV.*® The
larger splitting that we observed in ML MoTe, is a conse-
quence of the larger SOC of Te with respect to Se and S. This
characteristic makes ML MoTe, particularly well-suited for
applications in spintronics.

To summarize our results in a quantitative way, we have
compiled Table 1 with the relevant parameters of the band
structures for the different MoTe, systems derived from ARPES
measurements and DFT calculations. Regarding the K split-
ting, the difference between the VBM at the K and I" points,
and the size of the direct band gap in ML MoTe,, our calcu-
lations show consistent results with the ARPES measurements
as discussed above. We have also derived the effective mass
near the VBM at both K and I" points along the I'-K direction
(details in Table S11**). While going from ML to BL and bulk,
the observed effective mass at K shows similar values for the
different layered samples. Conversely, at I', both the observed
and calculated hole effective masses for the top of the valence

thereby enhancing interlayer
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Fig. 4 Layer dependent band splitting at K. (a—c) ARPES maps showing the valence band splitting around K along the '-K—M direction for ML, BL
and bulk MoTe,, respectively. (d—f) Second derivative spectra of (a—c) along the energy axis, respectively. (g—i) EDCs at K from (a—c), shown as red
(ML), green (BL) and blue (bulk) curves, respectively. The black dotted curves are the corresponding Gaussian fitting results, with peak positions indi-

cated by black dashed lines.
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Table 1 Electronic parameters extracted from ARPES data and DFT calculations of ML, BL and bulk MoTe;

ML BL Bulk
Thickness ARPES Calculation ARPES Calculation ARPES Calculation
Splitting at K [eV] 0.212 0.22 0.225 0.24 0.252 0.31
Energy difference between VBM at K and I' [eV] 0.615 0.536 0 0.059 —0.205 —0.005
Gap size [eV] 0.924¢ 0.97 — 0.91 — 0.72
Effective mass at K [m,] 1.17 0.59 1.69 0.62 1.56 0.61
Effective mass at I" [m,) 13.09 34.52 5 8.5 — 1.27

“The value extracted from the ML sample after Rb deposition. m, is the electron mass

band exhibit a rapid and monotonic decrease as the number
of layers increases. The discrepancy between the experimental
(13.09m,) and calculated (34.52m,) effective masses at the I'
point for ML MoTe, primarily arises from hybridization
between the MoTe, and Au states. Our DFT calculations were
performed for free-standing MoTe, layers. Therefore, the inter-
action with the substrate is not taken into account. The
effective mass of the Au sp states (<1 electron mass®®) is much
lower than that of ML MoTe,. As a result of the MoTe,-Au
interaction, the measured effective mass is lower than the cal-
culated one. A similar effect has been reported in the case of
ML MoS,.*° Importantly, all ARPES analyses and DFT calcu-
lations are consistent.

4. Conclusions

In summary, we report on the synthesis of millimeter-sized ML
MoTe, domains using the mechanical exfoliation method. The
exceptional structural uniformity of these layers allows for
comprehensive characterization using space-averaging tech-
niques. Our investigation reveals that the electronic structure
of ML MoTe, features a flat band around the I" point and a
VBM at the K point, in agreement with DFT calculations. This
strongly suggests that the material can be described as a semi-
conductor with a direct band gap at K. The observation of con-
duction band filling at K in Rb-doped ML MoTe,, with a direct
band gap of at least 0.924 eV, further supports this interpret-
ation. The topmost occupied states of BL MoTe, at I' and K
exhibit similar binding energies. This opens the possibility
that BL MoTe, is a direct gap system, akin to WSe,. Finally, the
energy separation of the spin-split bands at K increases mono-
tonically from ML to BL to bulk MoTe, due to interlayer coup-
ling. The present work sheds light on the electronic structure
of atomically thin MoTe, layers, which could be significant in
clarifying the origin of quantum anomalous Hall (QAH) and
fractional quantum anomalous Hall (FQAH) effects observed
in MoTe,-based heterostructures.
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