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Unlike other two-dimensional (2D) transition metal dichalcogenides, molybdenum ditelluride (MoTey) displays a
stable biphasic character in artificially synthesizable 2H and 1T° state. While these phases are inherently
distinguished in their electronic band character (semiconducting and metallic, respectively), it is not clear how
they electronically interface with technology relevant substrate where to engineer an electronic device layout. In
this study, we experimentally determine the electron band alignment at interfaces between SiO» and 1T’ /2H of
MoTe;, few-layers ultrathin films grown by chemical vapor deposition. We use internal photoemission spec-
troscopy to determine the energy barrier height between the 1T°/2H-MoTe, Fermi level and the oxide con-
duction band (CB) bottom. This observation indicates the band gap opening in 2H-MoTe; and provides an
estimate of the barrier height for holes at the polytypic 1T’ /2H-MoTe; interface. In particular, by comparing the
Fermi level energy in single-phase 1 T’-MoTe; with the VB energy in 2H-MoTe,, we reveal a ~ 0.4 eV difference,
suggesting that the low Schottky barrier observed at the 1T’ /2H interface results from Fermi level pinning, which
is independent of interface defects and unaffected by the VAW gap. Our findings can be exploited for optimizing
charge transport and device performance, facilitating the development of next-generation electronic and opto-
electronic devices that harness the unique properties of both phases in MoTes.

layout. MoTe; crystallizes into several different structures, namely the
hexagonal 2H structure (a-phase), the monoclinic 1T’ structure

1. Introduction

In the race of extensive research to continue the size scaling in
complementary metal-oxide-semiconductor (CMOS) technology, two-
dimensional transition metal dichalcogenides (2D-TMDs) like MoS,,
WS, and MoTe;, could compete with the present silicon technology by
offering atomically thin channels [1-3]. The versatility of various
2D-TMDs enables them to be arranged in different ways to create a wide
range of devices, giving future applications the ability to adjust their
physical characteristics by design [4-6]. In this context, molybdenum
ditelluride (MoTey) exhibits distinct metallic and semiconducting pha-
ses, which can be interplayed so as to create metal-semiconductor
junctions supported by a common SiO5 substrate on a transistor-like
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(B-phase), and the low temperature orthorhombic Ty phase [7,8], which
have been observed to transform or transition under several conditions
[9-13] In the metallic phase, 1T’-MoTe, possesses an extremely small
band gap of up to 60 meV in few layer-thin film and, as the material gets
to its bulk state, this small bandgap disappears, as suggested by density
functional calculations, thus promising good electrical conductivity as
metal contact [7,14]. In its bulk system, 1T° MoTe, exhibits character-
istics of a type II Weyl semimetal when distorted into the orthorhombic
Tq phase, which is the only polymorph of MoTe; that lacks inversion
symmetry and can therefore host the Weyl state [11]. In contrast, the
monolayer of MoTe, behaves as a quantum spin Hall insulator. On the
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Fig. 1. Raman spectra of the CVD grown of (a) metallic 1T°- MoTe, (b) semiconducting 2H-MoTe, (c-d) XPS spectra of Mo 3d and Te 3d core levels of 2H-
MoTey(black line) and 1T°-MoTex(red line) showing binding energy peaks of Mo (3d3,2, 3ds,2) and Te (3ds,2, 3ds,2) with their corresponding minimal oxidized peaks

of Mo-O 3d5/2,3d3/2 and Te-O 3d5/2,3d3/z

other hand, in the semiconducting phase 2H-MoTe; is stable at room
temperature and displays an indirect band gap of > 1 eV in bulk
[14-16]. The tunability of the band gap in this phase allows for precise
control of the electrical conductivity, making MoTey suitable for
designing high-performance transistors [17]. In particular, semi-
conducting 2H-MoTey has gained significant attention in recent years
due to its exceptional properties, including high electron mobility,
efficient charge transport, and excellent ambipolar characteristics [18,
19]. The latter aspect makes MoTe, an interesting candidate for
next-generation electronic CMOS devices, particularly tunable n- and
p-channel field-effect transistors (FETs).

In addition, while 2H-MoTe; combined with other 2D materials-
based tunnel FETs (TFETs) has been considered promising due to its
ability to provide a significantly enhanced on-off current ratio within a
specific gate voltage swing and lower power consumption, there are still
several challenges in its application [20]. These include limitations in
accurately quantifying the barrier height at the interfaces between 2D
semiconductors and insulators, which is critical for understanding the
electrostatics and built-in potentials in an operational transistor layout.
Furthermore, although MoTe,, with its p-type characteristics, small
band gap, and low electron affinity, is increasingly utilized in electronic
and optoelectronic fields such as tunnelling FETs [18], photovoltaic
detectors [21], light-emitting devices, and memory devices [20], its
integration with other 2D materials like MoSy (which demonstrates
n-type characteristics and high electron affinity) in heterostructures
requires a deeper understanding of the interface properties [4,22,23].
The challenges surrounding the energy barrier at the 2D-2D interfaces
hinder the performance and scaling of these devices. In this context, the
conducted internal photoemission spectroscopy studies may offer valu-
able insights into these interface properties, providing potential

solutions to quantify the barrier height accurately and enable the
development of transistor technologies with effective field modulation
and very steep sub-threshold slopes, crucial for low-voltage electronics
[14,22,24]. On the other hand, disclosing the band line-up between
1T°-MoTe; and an insulating layer is useful to disclose the emergence of
electrical dipoles which can be related to Fermi level pinning in the
resulting Schottky junction.

Starting from well-identified 2H and 1T’ MoTe; films, we experi-
mentally deduced the band alignment at the SiO, interface using in-
ternal photoemission of electrons (IPE) spectroscopy from the MoTe;
valence state. In all cases, MoTe, was directly CVD grown as few-
monolayer thin metallic 1T°-MoTe; and semiconducting 2H-MoTe,.
Using IPE, we were able to determine the energy position of the Fermi
level of metallic 1T’-MoTe, as well as the semiconductor (2H-MoTes)
valence band (VB) relative to the refence level of the insulator (SiO5)
conduction band (CB).

In polytype-controlled contacts, where chemical intermixing or
contamination is excluded, we can explore a more fundamental question
regarding the alignment of the Fermi level in 1T°-MoTe; and the valence
band (VB) maximum in 2H-MoTe, which can be of relevance for contact
engineering in TMD transistor channel [25-27]. Specifically, we may
wonder whether the electron states of the same type govern both en-
ergies, or if the Fermi level is "pinned" at the homojunctions despite the
presumed lack of coordination defects (such as dangling bonds) and the
presence of a van der Waals (VAW) gap in the vertical contacts. In both
cases defects cannot be responsible for the violation of charge neutrality
at the polytypic homojunction. In this study, we compare the Fermi level
energy in single-phase 1T’-MoTe, with the VB energy in 2H-MoTe;
measured with respect to the common reference energy level of the SiO,
CB bottom edge, revealing a ~ 0.4 eV difference between the two. This
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Fig. 2. (a) Cross sectional TEM image of CVD grown MoTe, along with EDX elemental mapping (b) MoTe, (c) molybdenum and (d) tellurium.

finding suggests that the low Schottky barrier observed at the 1T’/2H
interface results from Fermi level pinning, which is independent of
interface defects and unaffected by the VAW gap. This "pinning" effect is
likely caused by the electron density tailing of the MoTe, polytypes
extending through the van der Waals gap or across the homojunction
interface.

2. Results and discussions

The Raman spectra shown in Fig. 1(a, b), were acquired on the as-
grown MoTe;, samples with lateral dimensions of 3 cm x 1 cm (sam-
ple images shown in Figure SI 3). Fig. 1(a) reveals the existence of
phonon modes located at 108, 127, 257, and 163 em ™! that are attrib-
uted to the Ay, Eiq, Ag of out-of-plane, and By in-plane phonon vibra-
tional modes, respectively, of the metallic 1T’-MoTe, phase. The
obtained Raman spectra, characterized by distinctive Raman peaks,
confirm the presence of pure 1T” phase MoTe; that are in agreement
with literature reports [28-30]. By contrast, the Raman spectra shown in
Fig. 1(b) indicate the peaks located at 232 and 291 cm ™, corresponding
to the E%g and Byg in-plane phonon modes, along with the 118 and
172 cm™! representing the Ejg and Ajg out-of-plane phonon modes for
semiconducting 2H-MoTe,, respectively. These findings are supported
by comparison with the typical Raman features observed in mechani-
cally exfoliated flakes of 1T” and 2H - MoTe; phase in the same allotropic
form [28].

The XPS spectra of the large area CVD grown 2H- and 1T-MoTe;
films confirm the presence of Mo and Te as shown in the Fig. 1(c), (d).
Considering the high-resolution XPS peaks of 1T°-MoTe,, the binding
energies are centered at 228.3 eV (Mo-Te 3ds5,2) and 573.2 eV (Te-Mo
3ds,2) respectively, while the corresponding peaks of 2H-MoTe, are
centered at 228.7 eV and 573.6 eV, with a noticeable red-shift by about
0.4 eV, consistent with the previous reports on exfoliated crystal [31].
These differences in binding energies were attributed to the different
lattice symmetry in the two phases [31]. In addition, the weak shoulder
peaks of Mo—O0 3ds/, at 233.2 eV, Te—O 3ds,2 at 577.4 eV, Mo—0 3d3,2
at 236.3 eV, and Te—O 3dgs/» at 587.1 eV are observed in both 1T° and

2H-MoTe,, which may result from oxidation during sample handling
and transfer. It is worth mentioning that in metastable phase of
1T°-MoTey, the intense oxides peaks were observed indicating rapid
oxidation in 1T°-MoTe; compared to 2H-MoTe, due to the presence of
dense Te vacancies in 1T’-MoTe, compared to 2H-MoTe; as seen in the
red spectra in Fig. 1(c), (d) [32].

The elemental composition of MoTey, grown on SiOy/p*-Si sub-
strates, can be determined by using energy-dispersive X-ray spectros-
copy (EDX) maps as shown in Fig. 2. This analysis was performed using
transmission electron microscopy (TEM) in high-angle annular dark
field (HAADF) mode, which has a high sensitivity to the atomic number
Z. Fig. 2(a) shows cross-sectional TEM image of the direct tellurized
MoTe; film representing the layer-by-layer structure. The thickness of
as-grown MoTe, film is around ~ 8 nm, revealing the continuous growth
with typical layered structure of MoTes. Fig. 2(b-d) presents the same
area examined using EDX for elemental mapping. The elemental maps in
Fig. 2(b), (c), and (d) confirm the presence of a continuous layer of
MoTe; and reveal the spatial distribution of Mo and Te atoms. The EDX
spectrum in Fig. 2(d) provides clear evidence of a high atomic ratio
density, indicating tellurium enrichment. TEM was conducted only on
1T’ MoTe; film since the MoTe, from 1T° and 2H samples were grown
using same thickness Mo films.

We analysed the IPE spectra of 10 ML 1T” and 2H-MoTe; films syn-
thesized under ambient pressure conditions using tellurization of e-
beam deposited Mo film in a CVD reactor. During the growth, the phase
change from metallic(1T") to semiconductor(2 H) was demonstrated. By
conducting IPE investigations, we were able to evaluate the band
alignment of both 1T” and 2H-MoTe; films and determine the position of
the VB top edge of MoTe; relative to the CB of the SiO, collector layer.
The IPE yield spectra, measured on samples with 10 ML metallic 1T” and
semiconducting 2H-MoTe; films using semi-transparent Au pads, are
shown in Fig. 3(a) and (b) as Y/ — hv plots under applied negative bias
between the top Au contact and the bottom Al, respectively. These plots
were used to determine the spectral thresholds of IPE. The quantum
yield of IPE increases with photon energy as Y (hv) « (hv— ®e)3, which
corresponds to the observed linear increase in yield shown in panels 3(a)
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Fig. 3. Powell plots of the IPE quantum yield spectra for CVD grown 10 layers (a) 1T’-MoTe, and (b) 2H-MoTe; films under the negative gate biases ranging between
—3 Vand —13 V. The quantum yield reduction above 5 eV photon energy is caused by the change in the silicon substrate reflectivity which has a peak at E2 Van Hove
singularity (4.4 eV) and, at higher energies, by optical interference in the MoTe,/SiO, stack. (c) Schottky plot of the inferred spectral thresholds for CVD grown
MoTe,. Solid blue lines (panel a) and red lines (panel b) indicate the linear fit used to determine the zero field threshold of corresponding panels (a) and (b).

and (b) [33]. The yield spectrum was measured on a capacitor fabricated
by evaporating semi-transparent (15 nm) Au electrodes of 0.5 mm? area
on top of the same p*-Si/Si02(50 nm) substrate (shown in Figure SI 3).
Similar results were obtained when using non-transparent Au contact

pads enabling observation of electron IPE from un-metallizezd MoTey
and when using Al as a contact metal instead of Au. These observations
indicate MoTe; as the sole source of electrons contributing to IPE. The
spectral thresholds of electron IPE were determined by extrapolating the

Fig. 4. The energy band alignment diagram showing transport of photoexcited electrons from the valence band (VB) at gating conditions of (a) metallic 1T’-MoTe,/
SiO4/Si (b) semiconducting 2H-MoTe,/SiO,/Si under applied negative bias to the top electrode. Electron affinity of SiO2 ()(sioz)) is indicated for a reference.
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Y3 — hv plots to zero yield and then plotting the inferred threshold
values as a function of the electric field in SiO,. The choice of cube root
plot for IPE from semi-metallic 1T°-MoTes is related to the proximity of
the Fermi level to the valence band edge as can be seen from the band
structure calculations [34]. In this case the electron density of states
(DoS) increases with energy leading to p = 3 value similar to that in
semiconductors [33]. This energy dependent DoS is the common feature
in 2D materials: for instance, the electron IPE spectra of graphene
(obviously metallic in its conduction behavior) follow the same p = 3
trend over extended range of photon energies [35]. This was done using
the Schottky coordinates ®e(F) vs. \/ F, which enabled us to account for
field-induced barrier lowering [27,36,37]. The results presented in
Fig. 3(a) and (b) for the 10 ML 1T° and 2H-MoTe; samples with Au
contact pads suggest a barrier lowering with an image force dielectric
constant i~ 2. This value is close to i~ n% where n=1.46 is the
refractive index of SiO,, and corresponds to the ideal case of a
charge-free interface [35,37,38].

The IPE yield spectra of MoTey grown by CVD tellurization synthesis
in Fig. 3(a) and 3(b) show a clear difference in spectral thresholds in the
Y13 hy plots (the Powell coordinates, see Ref. [33]). The spectral
thresholds extracted by linear fitting of these Y'/-hv plots at different
applied voltages are combined in the Schottky plot shown in Fig. 3(c)
plotted linearly to the zero-field energy barriers of 3.9 £ 0.1 eV for
1T°-MoTe; (blue symbols) and 4.3 + 0.1 eV for 2H-MoTe; (red symbols)
from the VB top edge of MoTe; to the SiO, CB bottom edge, respectively.
The VB top in 10 ML semiconducting 2H-MoTey lies ~ 400 meV below
the Fermi level of the 10 ML semi-metallic 1T MoTes film as measured
with respect to the common reference level of the SiO2 CB bottom. The
experimental accuracy limit can be estimated as +50 meV on the spec-
tral threshold and +100 meV on the zero-field barrier value [39,40].
The so observed VB shift between the two MoTe; phases can be asso-
ciated with the band gap opening in 2H phase. It is worth mentioning
here that in few-layers form, 1T’-MoTe, has semi metallic nature with
slight band overlap near the Fermi level. However, in mechanically
exfoliated few-layers 1T°-MoTe,, a bulk gap of 60 meV was observed
from optical absorption and transport measurements [14]. The barrier
height between the Fermi level and the oxide conduction band bottom
was reproducibly to be 4.2-4.3 eV. The observed change of energy po-
sition of the VB top edge of MoTe; below the SiO5 CB bottom edge in-
dicates experimentally the band gap opening in semiconducting
2H-MoTe;, grown using CVD tellurization.

Fig. 4 shows the scheme of the energy band lineups measured using
IPE at the 1T” MoTey/SiO5 from Fermi level of MoTe; emitter to the CB
of SiO, (a) and 2H-MoTe,/SiO; from VB top edge of MoTe, emitter to
the CB of SiO2 (b) with SiO interface from 10 ML - MoTe; synthesized
through CVD tellurization from Mo film and tellurium. For phase com-
parisons, we choose same thickness of 10 ML - MoTey in both cases
which also provides films with sufficient resistance to oxidation in air as
long as IPE measurements repeated after extended air exposure provide
identical results as those on the freshly fabricated samples.

The field-dependent IPE measurements (Fig. 3) suggest the MoTey/
SiO interface to be charge-free and, therefore, reflects intrinsic band
energies of MoTe,. Then, the observed energy difference between the
Fermi level of metallic 1T’- MoTe; and the VB top of semiconducting 2H-
MoTe; allows us estimate the energy barrier for holes at the 1T’/2H
polytypic interface to be ~ 0.4 eV. This inference provides an interesting
solution for contacts to the p-type channel in FET for CMOS applications
without need to combine MoTe; with dissimilar metals. Interestingly,
the electron IPE barrier for pure Te on SiOs is close to 4.1 eV [31]
indicating possibility of barrier tailoring by introducing a Te interlayer
between two MoTe; polytypes. The reported work provides direct in-
formation on the energy band alignment of the phase engineered
few-layer MoTe, polytypes as a building block for electronic applica-
tions where MoTe; can be either used as semiconducting channel and
contact. Consequently, the nearly zero Schottky barrier heights observed
in the polytypic IT’-/2H-MoTe; contacts arise from the "pinning" of the
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Fermi level in these homojunction.
3. Conclusion

In conclusion, we employed internal photoemission spectroscopy to
investigate the energy band alignment at interfaces of Mo-tellurization
synthesized 10 monolayer-thin metallic 1T’- and 2H-MoTe; films with
insulating SiOy. The transition to 2H-MoTe; was found to cause a
notable energy shift of approximately 0.4 eV in the valence band top
edge compared to 1T-MoTey, indicating the opening of a band gap.
Additionally, the nearly zero Schottky barrier heights reported in
polytypic 1T’-/2H-MoTe; contacts are attributed to Fermi level pinning
within these polytypic homojunctions. These insights represent a sub-
stantial advancement in the development of MoTey-based electronic
devices, offering a deeper understanding of their potential for future
applications.

4. Experimental section/methods
4.1. Sample fabrication

Molybdenum ditelluride (MoTey) was synthesized using a telluriza-
tion approach starting with molybdenum films pre-deposited from Mo
foil using e-beam evaporation on top of thermally grown SiO; layer on
Si. The synthesis was carried out in a two-furnace ambient pressure
chemical vapor (AP-CVD) apparatus using 50 nm SiO,/p*-Si substrates
with phase-controlled temperatures. In the AP-CVD reactor, tellurium
powder of 100 mg for 1T” (and 200 mg for 2H) were placed in a ceramic
boat in the center of the upstream furnace, while the Mo coated sub-
strate was positioned face-up in a closed boat at the starting corner of the
downstream furnace. The substrate with the Mo film was tilted inside
the closed quartz boat as shown in the Figure SI 1(a). An Ar/4 % Ha flow
was used as carrier gas to transport the Te vapor from the upstream
furnace to the downstream furnace, where the heterogeneous vapor-
solid reaction with Mo took place to form MoTe; nanosheets at
elevated temperatures. The temperature was ramped controllably from
room temperature up to 500 °C in the first 25 min, followed by a plateau
maintained for 120 min at 600 and 625 °C for the downstream (Mo) and
upstream (Te) furnaces, respectively. The carrier gas flow and temper-
ature profiles used in the AP-CVD process are shown in Figure SI 1, with
the temperature profile shown by black line for the upstream (Te)
furnace and red line for the downstream (Mo) furnace. The temperature
profile followed natural cooling down to room temperature as shown in
Figure SI 1(b). The surface morphology of the grown 1T’ and 2H-MoTey
film thickness, extracted from line scan profile, from atomic force mi-
croscopy (AFM) were shown in Figure SI 2. A more detailed morpho-
logical characterization can be found elsewhere [30].

4.2. Structural and chemical characterization

MoTey samples were characterized using Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), and transmission electron micro-
scopy (TEM). Raman spectroscopy was carried out with a Renishaw
InVia spectrometer, equipped with a solid-state laser with an excitation
wavelength of 514 nm (2.41 eV) in a backscattering configuration. The
laser was focused onto the sample using a 50x Leica objective (0.75
numerical aperture), and the incident power was kept below 1 mW to
prevent sample damage. XPS measurements were conducted with a PHI
ESCA 5600 system, featuring a monochromatic Al Ka x-ray source
(1486.6 eV) and a concentric hemispherical analyzer. The spectra were
recorded at a 45° take-off angle and with a 23.50 eV band-pass energy,
achieving an instrument resolution of 0.5 eV. The spectra were refer-
enced to the C 1 s peak at 285 eV. High-resolution TEM imaging was
performed for the microstructural characterization, while the chemical
properties of the samples were investigated by TEM energy-dispersive x-
ray spectroscopy (EDX). TEM and EDX analyses were conducted on
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Fig. 5. (a) Schematic of IPE measurements on a 1T’ or/and 2H-MoTe,/SiO,/p™-Si capacitor with an Au contact pad. The negative bias voltage (Vg) is applied
between the Au pad and the back Al contact. (b). Simplified band diagram of the MoTe,/SiO2(50 nm)/p*-Si capacitor under negative (Vg< 0).

electron-transparent lamella obtained using focused ion beam (FIB)
thinning of cross-section TEM lamellae. The lamellae preparation was
performed using a Thermofisher Helios G5UX FIB. Particular attention
was taken to limit the heating and ballistic effects of ion irradiation on
the samples during the final ion milling steps. This has been done in the
lamella preparation by reducing currents and energies progressively
from a value of 30 keV to a value of low keV in order to avoid material
amorphization and damage. The TEM images were carried out using a
Thermo-Fisher Themis Z G3 aberration-corrected transmission electron
microscope, equipped with an electron gun monochromator and oper-
ating at an acceleration voltage of 200 kV, with scanning TEM (STEM)
techniques used to investigate the lamellae.

4.3. Internal photoemission measurements

IPE measurements were conducted at room temperature using a
Keithley 6517 A electrometer and monochromatized light from a 150 W
Xe arc lamp. The spectral system has a constant spectral resolution of
2 nm and covered the photon energy range hv = 2-6 eV. IPE represents
the process in which electrons are excited from occupied states in the VB
within an emitter material and are then emitted across the interface into
unoccupied states within the CB of a collector material (SiO3 in our
case). This process becomes possible when the energy of photons be-
comes larger than the energy barrier for electrons (hv > ®.) at the
interface. Once this condition is met, charge injection into the oxide
material takes place, which can be observed through photocurrent
measurements. The IPE measurement setup on a capacitor device is
schematically shown in Fig. 5(a). Band diagram illustrating the IPE
process under the applied negative bias shown in Fig. 5(b). The photo-
current (Ipn) was determined by subtracting the dark current from the
current measured under illumination and then normalized to the inci-
dent photon flux to calculate the IPE quantum yield (Y). Extensive signal
averaging was performed to enhance the signal to noise ratio. The power
function was used to approximate the yield spectral curves in the photon
energy range above the spectral threshold of IPE hv > ®e [33,36].

Y(hv) = A(hv) e (hv — ®e)? @

where the value of A(hv) is determined by the optical properties of the
sample and is assumed to remain nearly constant in the narrow range of
photon energies near the spectral threshold. The IPE threshold ®e cor-
responds to the minimal photon energy required for an electron transi-

tion from the highest occupied state of the emitter (i.e. the VB of MoTe5)
to the lowest unoccupied state of the insulator (i.e. the CB of SiOj).
When considering IPE from the semiconductor VB, the density of
occupied states below the top VB increases almost linearly, resulting in a
value of p equal to 3. The quantum yield can be calculated as Y = h
(1)-(®e)® . Thus, the spectral thresholds for electron IPE can be deter-
mined by performing a linear fit of the quantum yield spectra in Y2 - hu
coordinates. To take into account the impact of the image-force barrier
lowering (the Schottky effect), the spectral thresholds measured at
different externally applied gate bias voltages (Vg) were plotted in
Schottky coordinates ®e — \/F where F is the strength of electric field in
SiO,. These plots are then extrapolated linearly to zero electric field F,
which is determined by normalizing Vg to the oxide thickness. This
extrapolation allows for the determination of the interface barrier height
[41].
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