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that of Si (≈1.1 eV), which would be ideal for integration with 
Si photonics.[7,8] Furthermore, 2H MoTe2 exhibits strong spin–
orbit coupling[9] and good thermoelectric properties,[10] all of 
which make it highly attractive for spintronic, valleytronic, and 
thermoelectric applications.

1T′ MoTe2 has recently sparked great interest due to its 
novel features, such as large magnetoresistance,[6] pressure-
driven superconductivity,[11,12] and feasibility for phase engi-
neering.[5,13] Researchers have reported the conversion of 2H 
MoTe2 to the 1T′ phase.[13,14] The resulting 1T′ MoTe2 can then 
be used as a contact material for 2H MoTe2-based field-effect 
transistors, which has the potential to solve the contact issue 
and greatly improve the performance of devices.[13] Further-
more, theoretical calculations predict that bulk 1T′ MoTe2 is a 
Weyl semimetal.[11,15] 2D 1T′ MoTe2 is predicted to be a class 
of large-gap quantum spin Hall insulators, and can be used 
in a topological field effect transistor, which makes use of the 
topological phase transition to realize fast on/off switching.[16] 
Therefore, the scalable production of high-quality, large-area, 
and uniform 2D 1T′ MoTe2 is highly desirable both for rich 
physics research and promising electronic applications.

Previously there were several challenges for the scalable syn-
thesis of high-quality 2D 1T′ MoTe2. The inherent metastable 
feature of 1T′ MoTe2 under ambient conditions poses a great 
challenge to obtain high-quality 1T′ MoTe2. Moreover, the 
ground-state energy difference per formula unit between the 2H 
and 1T′ phases is quite small (≈35 meV for perfect MoTe2)[5,6,13] 
and is sensitive to the tellurium excess/deficiency.[13] This fea-
ture suggests that synthesizing pure metastable 1T′ MoTe2 
without the presence of the 2H phase should be challenging. 
Theoretical calculations reveal that a high concentration of 
tellurium deficiencies can decrease the energy of 1T′ MoTe2, 
and stabilize this metastable 1T′ phase.[13] Therefore, the 1T′ 
phase is always a defect-related phase. Because of the above-
mentioned features, developing a synthesis method to obtain 
high-quality, pure 1T′ MoTe2 satisfying practical requirements 
is challenging but crucial for its promising electronic applica-
tions and for exotic physics study.

In this work, we report the synthesis of high-quality large-
area few-layer 1T′ MoTe2 with high homogeneity. The as-syn-
thesized 1T′ MoTe2 films can be as thin as a few atomic layers, 
with high crystalline quality and excellent electrical characteris-
tics. The 1T′ MoTe2 grown from MoO3 is of higher quality and 
has more homogeneity than the 1T′ MoTe2 grown from Mo.

A schematic of our synthesis method is illustrated in 
Figure 1a. Typically, a Mo film (≈1 nm) is first deposited onto a 
SiO2/Si substrate (growth sample) by electron beam evaporation. 
The growth samples are placed in a ceramic crucible containing 

2D transition-metal dichalcogenides (TMDs) have attracted 
increasing attention owing to their diverse properties ranging 
from insulator to metal and promising for wide applications.[1,2] 
TMDs and their 2D van der Waals heterostructures have been 
proposed and demonstrated in various applications, such as 
electronics, optoelectronics, photonics, and photovoltaics.[3,4] 
One TMD, MoTe2, has recently been of great interest because 
of its special physical properties and structures. MoTe2 typi-
cally exhibits two polymorphs, including a stable semicon-
ducting 2H phase and a metastable metallic 1T′ phase.[5] The 
most common structure is the 2H phase, in which the Te 
atoms are in trigonal prismatic coordination surrounding the 
Mo atom. The 1T′ phase MoTe2 has a monoclinic structure 
(distorted octahedral), which can be considered as a distor-
tion from 1T MoTe2, being driven by the Peierls distortion.[6] 
Monolayer and bilayer 2H MoTe2 have direct bandgaps close to 
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Te powder and molecular sieves. For the MoTe2 growth, the sam-
ples are annealed in tellurium vapor under a mixture of argon 
and hydrogen (Ar 3 sccm, H2 4 sccm) gas flow at 700 °C for  
1 h. Molecular sieves are essential for the MoTe2 growth, because 
these sieves can absorb the Si2Te3 byproducts formed during 
growth and also help to release Te vapor in a controllable way 
for the MoTe2 growth. The as-deposited Mo can directly react 
with Te vapor in the chemical vapor deposition (CVD) growth 
system, and can generate rough 1T′ MoTe2 film at high tem-
perature.[17] Another strategy is to convert the precursor from 
Mo to MoO3 by full oxidation of the Mo film in air. The MoO3 
is next reacted with Te vapor and if there is sufficient Te vapor 
during the growth, 2H MoTe2 will be obtained.[17] However, 
if the Te vapor during growth is insufficient, then 1T′ MoTe2 
will be obtained (Figure 1a). The typical growth condition for 
synthesizing 1T′ MoTe2 is: 0.18 g Te (99.997%; Sigma–Aldrich) 
and molecular sieves (0.0249 g, Na12[(AlO2)12(SiO2)12]·xH2O,  
4 Å, Sigma–Aldrich) were placed in the crucible. Before heating, 
the whole CVD system was purged with 300 sccm Ar and 
75 sccm H2 for 1 h. Then, a mixture of 3 sccm Ar and 4 sccm 
H2 was introduced into the system as a carrier gas. The system 
was heated from room temperature to 700 °C in 15 min, and 
1T′ MoTe2 was synthesized at 700 °C for 1 h under atmospheric 
pressure. The system was finally cooled down to room temper-
ature by opening the furnace. 300 sccm Ar and 100 sccm H2 
flow were used to remove the reactants and to avoid oxidation 
of the as-grown 1T′ MoTe2.

As a comparison, typical results of 1T′ MoTe2 grown from 
two different precursors (Mo vs MoO3 [with optimal amount 
of Te]) are shown in Figure 1b–e. Figure 1b,d shows optical 
images of 1T′ MoTe2 grown from MoO3 and Mo, respectively. 
The two kinds of 1T′ MoTe2 films both show continuous, large-
area films with no obvious difference under low magnification 
optical images. The surface morphologies of 1T′ MoTe2 grown 
from Mo and MoO3 were further characterized by atomic 
force microscopy (AFM). The AFM image of the 1T′ MoTe2 
film grown from MoO3 (Figure 1c) reveals that this MoTe2 is a 
uniform thin film, with a height of ≈3.1 nm in this particular 
sample. The MoTe2 surface has a roughness of ≈1 nm, which 
is similar to that of the SiO2 substrate (≈1.3 nm), suggesting 
a high quality material was grown. In contrast, the 1T′ MoTe2 
grown from Mo is much rougher (Figure 1e). The roughness of 
1T′ MoTe2 from Mo is ≈5 nm, much larger than the roughness 
of the 1T′ MoTe2 obtained from MoO3.

To investigate the uniformity and crystal quality of 1T′ MoTe2 
grown from different Mo precursors, Raman spectroscopy with 
a 532 nm excitation laser was utilized. Raman spectra were 
collected at 25 randomly chosen positions on the 1T′ MoTe2 
film grown from MoO3 to evaluate the spatial variations of the 
CVD-grown film on centimeter scale. 1T′ MoTe2 film has sev-
eral characteristic Raman peaks in the range between 50 and 
400 cm−1: a prominent peak of Ag mode at ≈78 cm−1, a Bg mode 
at ≈93 cm−1, two Ag modes at ≈110 and ≈128 cm−1, another 
prominent Ag mode at ≈162 cm−1, a Bg mode at ≈189 cm−1, 
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Figure 1. a) A schematic illustration of the growth process for 1T′ and 2H MoTe2 using Mo and MoO3 as precursors. b) Typical optical image of a 
1T′ MoTe2 film grown from MoO3 on a 300 nm SiO2/Si substrate. A scratch line at the upper right corner shows the bare SiO2 substrate. c) An AFM 
image of the 1T′ MoTe2 film grown from MoO3. The height profile (inset) reveals that the film has a thickness of 3.1 nm. d) Typical optical image of a 
1T′ MoTe2 film grown from Mo. e) An AFM image of the 1T′ MoTe2 film grown from Mo. Z scale, 20 nm.
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and an Ag mode at ≈258 cm−1 (Figure 2a). These Raman fea-
tures are consistent with theoretical predictions[18] and Raman 
spectra of exfoliated few-layer 1T′ MoTe2 (Figure S1, Sup-
porting Information), and thus we unequivocally identify the 
as-grown film as being 1T′ MoTe2. Moreover, the almost iden-
tical positions and intensities of the peaks in these Raman 
spectra taken at 25 different locations strongly suggest that the 
large-area 1T′ MoTe2 film has high homogeneity over a centi-
meter scale (Figure 2a). In contrast, the Raman spectra taken at 
four different randomly chosen locations on 1T′ MoTe2 grown 
from Mo shows similar Raman features; however, these four 
Raman spectra varied in both the peak positions and intensi-
ties of the Raman peaks (Figure 2e). This phenomenon reveals 
that the 1T′ MoTe2 grown from Mo is inhomogeneous from 
location to location.

To further compare and verify the quality and uniformity 
of the different 1T′ MoTe2 films, micro-Raman mapping with 
a 532 nm excitation laser was performed on 1T′ MoTe2 films 
grown from Mo and MoO3. The intensities of two characteristic 
Ag modes at ≈162 and ≈78 cm−1 were extracted and their spa-
tial dependences are plotted in Figure 2c,d for the 1T′ MoTe2 
sample grown from MoO3, and Figure 2g,h for the 1T′ MoTe2 
sample grown from Mo, respectively. Figure 2c,d reveals uni-
formly distributed color over the entire region, indicating the 
high homogeneity of the 1T′ MoTe2 film grown from MoO3 at 
the micrometer scale. In contrast to the highly homogenous 1T′ 
MoTe2 from MoO3, the spatial Raman maps of the Ag mode 
intensity at ≈162 cm−1 (Figure 2g) and ≈78 cm−1 (Figure 2h) of 
1T′ MoTe2 sample grown from Mo shows large variations, indi-
cating the inhomogeneous nature of 1T′ MoTe2 grown from 
Mo.

To characterize the elemental composition and bonding types 
in the 1T′ MoTe2 film, X-ray photoelectron spectroscopy (XPS) 
was conducted both on the 1T′ MoTe2 CVD sample grown 
from MoO3 and on the 1T′ MoTe2 bulk crystal synthesized by 
chemical vapor transport for comparison. We found that 1T′ 
MoTe2 is easy to oxidize in the ambient atmosphere. Thus both 
CVD samples and bulk crystals were stored in a glove box. To 
avoid contamination and oxidation of the top layer of the bulk 
MoTe2 material, we exfoliated the bulk crystal before characteri-
zation to ensure that the top surface is fresh without contami-
nation. The handling steps take ≈30 min before the samples 
could be transferred into the XPS chamber, during that time 
the samples were exposed in air. The XPS survey spectrum 
of CVD grown 1T′ MoTe2 reveals the presence of Mo and Te 
elements and has features similar with that of bulk 1T′ MoTe2 
(Figure S2, Supporting Information). The prominent Mo 3d 
peaks at 228.1 eV (3d5/2) and 231.2 eV (3d3/2) are assigned to 
Mo–Te bonds (Figure 3a). The Te 3d5/2 and 3d3/2 peaks, respec-
tively, located at 572.7 and 583.1 eV, also correspond to Mo–Te 
bonds (Figure 3b).[17] These features match well with the XPS 
spectra obtained from the bulk 1T′ MoTe2 crystal (Figure 3a,b). 
Furthermore, no Mo–O or Te–O appears in the high resolu-
tion XPS spectra of the CVD 1T′ MoTe2 sample grown from 
MoO3 verifies that the as-grown MoTe2 is without oxide. The 
bulk 1T′ MoTe2 shows small bumps which correspond to TeO2 
in the Te 3d XPS spectrum, indicating that a small amount of 
Te has been oxidized in the bulk 1T′ MoTe2 sample. The results 
here indicate the CVD grown 1T′ MoTe2 is less prone to oxida-
tion even than bulk 1T′ MoTe2, this could possibly be due to 
fewer defects in the sample but will need further investigation. 
Additionally, the atomic ratio between the Mo and Te elements 
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Figure 2. a) Raman spectra of the 1T′ MoTe2 film grown from MoO3 taken at 25 different locations on the sample. b) Optical microscopy image of a 
1T′ MoTe2 region grown from MoO3. A scratch line (pink line) shows the bare SiO2 substrate. b,c) Raman intensity map of the Ag peak at ≈162 cm−1 
(c), and the Ag peak at ≈78 cm−1 (d) for the same region shown in (b). e) Raman spectra of the 1T′ MoTe2 film grown from Mo taken at four different 
locations on the sample. f) Optical image of 1T′ MoTe2 film grown from Mo. g,h) Corresponding Raman intensity map of peaks at ≈162 cm−1 (g), and 
the Ag peak at ≈78 cm−1 (h). (c,d) and (g,h) have the same intensity scales.
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is 1:2.02, indicating that the 1T′ MoTe2 film is stoichiometric 
within experimental error.

Transmission electron microscopy (TEM) was also car-
ried out to investigate the crystallographic structure of the 1T′ 
MoTe2 film grown from MoO3. The CVD grown 1T′ MoTe2 film 
was delaminated from the SiO2/Si substrate using a diluted 
hydrofluoric acid solution (5%), and then transferred onto 
a formvar-coated slot grid. Figure 3c is a low-magnification 
image; a region with some cracks is intentionally chosen here 
so that the film can be recognized. The film is continuous and 
featureless, further suggesting the uniformity of the sample. 
High-resolution TEM of the CVD sample exhibits the expected 
monoclinic 1T′ structure in contrast to the hexagonal symmetry 
for the 2H phase, suggesting that the sample is 1T′ phase 
MoTe2 (Figure 3d).[11] The selected area electron diffraction 
(SAED) pattern taken on the film reveals a rectangular pattern 
(Figure 3e), which is consistent with the rectangular reciprocal 
lattice feature of 1T′ MoTe2 (P21/m space group),[11] and further 
verifies that the as-obtained sample is 1T′ phase MoTe2.

The electrical properties of CVD grown 1T′ MoTe2 films were 
investigated by transport measurements. The macroscopic sheet 
resistance of the 1T′ MoTe2 film (5 mm × 5 mm) grown from 
MoO3 was measured by the van der Pauw method. The meas-
ured sheet resistance of the whole film is ≈1120 Ω sq−1. The 
large area and uniformity of the few-layer 1T′ MoTe2 film greatly 
facilitated the fabrication of electrical devices. We used standard 
electron-beam lithography (EBL) to fabricate field-effect tran-
sistor (FET) devices with various channel lengths and Hall bar 
devices on a Si/SiO2 substrate, followed by e-beam evaporation 

of 2 nm Ti/70 nm Au as the contact metal. After EBL, the MoTe2 
devices were tailored into patterns using a reactive-ion etching 
process. The measured sheet resistance of the Hall bar devices 
on the same sample which excludes the contribution of contact 
resistance falls in a range of 1900–2028 Ω sq−1. The increase of 
the sheet resistance after device fabrication may originate from 
the plasma etching process which has been found to degrade 
the quality of the MoTe2. A typical optical image of the devices 
is shown in Figure 4a. The source-drain current versus voltage 
characteristic of a 1T′ MoTe2 grown from MoO3 is linear and 
symmetric, with a resistance of ≈155 Ω (channel length and 
width are 2 and 45 μm, respectively). Devices at different loca-
tions on the same 1T′ MoTe2 sample grown from MoO3 exhibit 
similar I–V characteristics (Figure 4b). Using the reported resis-
tivity ≈10 × 10−6 Ω m at 300 K for bulk 1T′ MoTe2,[11] and the 
thickness of ≈3 nm (Figure 1c) for our sample, a sheet resist-
ance of 3.3 kΩ sq−1 is obtained. Our measured sheet resistance 
values of CVD samples before the fabrication are ≈3× less than 
this, suggesting the high quality and uniformity of our CVD 
grown 1T′ MoTe2 sample.

In contrast, for the FET devices coming from the 1T′ MoTe2 
grown from Mo, the Ids–Vds curve is nonlinear and shows con-
siderably larger resistance than the 1T′ MoTe2 grown from MoO3 
(Figure 4d; Figure S3a, Supporting Information). A possible sce-
nario for the nonlinear Ids–Vds could be due to the fact that the 
1T′ MoTe2 grown from Mo is easier to oxidize due to its rela-
tively lower quality in comparison to the 1T′ MoTe2 grown from 
MoO3; the as-formed oxide layer on top of the film causes forma-
tion of a Schottky contact. By characterizing the Hall bar devices 
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Figure 3. a,b) High-resolution XPS Mo 3d (a), and Te 3d (b) spectra of the 1T′ MoTe2 film grown from MoO3 and bulk 1T′ MoTe2. c–e) Low-resolution 
TEM image (c), high-resolution TEM image (d), and SAED pattern (e) of the same 1T′ MoTe2 film grown from MoO3, respectively.
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(where the effect of the contact resistance is removed), room 
temperature sheet resistance values from 2000 to 6800 Ω sq−1 
are obtained, with much wider variations compared to the 1T′ 
MoTe2 grown from MoO3. The large variations in sheet resist-
ance and I–V characteristic curves (Figure 4d) at different loca-
tions on the same sample further suggest the inherent inhomo-
geneity of the 1T′ MoTe2 sample grown from Mo.

Variable-temperature electrical measurements in vacuum 
were performed on the 1T′ MoTe2 sample grown from MoO3 
and compared with values obtained from 2H MoTe2 grown 
from MoO3 to further investigate the electrical properties of the 
1T′ phase samples. The resistance of the 1T′ MoTe2 device is 
several orders of magnitude smaller than that of the 2H MoTe2 
device (Figure 4c).[17] Unlike the 2H device which shows a 
steady decrease of resistance with increasing temperature,[19] 
the resistance of the 1T′ device changes only slightly with var-
ious temperatures, suggesting the semimetal characteristics of 
the 1T′ phase (Figure 4c).

Our CVD 1T′ MoTe2 grown from MoO3 has considerably 
higher quality and better uniformity than the 1T′ MoTe2 from 
Mo according to the characterizations by Raman, AFM, TEM, 
and electrical measurements. Therefore, we conclude that the 
Mo precursor plays a key role in determining the quality and 
morphology of as-grown 1T′ MoTe2. Compared to metallic 
molybdenum, MoO3 has some unique features: MoO3 is hygro-
scopic in nature.[20] Moisture in air could be collected and 
help MoO3 transport to make the MoO3 film more uniform. 
More importantly, MoO3 would diffuse and sublime during 
growth since MoO3 is known to easily sublime at moderate 

temperature (MoO3 begins to sublime at around 397–497 °C, 
melting point: 795 °C).[21] In contrast, because of the high 
melting point (melting point: 2620 °C), it is hard to anticipate 
that molybdenum atoms migrate or diffuse during growth; 
thus the as-grown MoTe2 coming from Mo may inherit some 
roughness from the original Mo film after reaction with Te.

Another crucial factor to controlling the phase and quality of 
MoTe2 grown from MoO3 is the tellurium concentration in the 
MoTe2 crystal. TMD materials always tend to transform to elec-
tron-rich metallic 1T and 1T′ when they have excess electrons. 
Therefore, chemical doping such as treating TMD material with 
n-butyl lithium to dope the material by electron addition is usu-
ally used to convert the 2H phase to the 1T or 1T′ phase.[22,23] In 
the case of MoTe2, a tellurium deficiency determines the extent 
of electron doping, and thus determines the phase of MoTe2. 
Theoretical calculations pointed out that the 1T′ phase should 
be more stable than the 2H phase under a Te monovacancy 
concentration above 3%.[13] In our previous work, we found that 
high-quality 2H MoTe2 can be obtained when there is sufficient 
Te in the system to maintain tellurium vapor supply and avoid 
Te deficiency during the growth, since Te is prone to sublime 
at high temperature (>400 °C).[17] If the Te is insufficient and 
cannot maintain the Te vapor supply throughout the growth, 
1T′ MoTe2 will be obtained instead.

In conclusion, we have developed a method to synthesize 
high-quality, large-area, few-layer 1T′ MoTe2 films with high 
homogeneity by the controlled tellurization of a MoO3 film. 
The resulting 1T′ MoTe2 grown from MoO3 has high quality 
and uniformity, better than the 1T′ MoTe2 grown from Mo. 
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Figure 4. a) Typical optical image of devices made on 1T′ MoTe2 grown from MoO3 (blue region). b) Source–drain current (Ids) vs voltage (Vds) char-
acteristics of FET devices fabricated on 1T′ MoTe2 grown from MoO3 (eight devices, the channel length and width of these FETs are 2 and 45 μm, 
respectively). c) Output characteristics of the device based on 1T′ MoTe2 grown from MoO3 as a function of temperature. d) Output characteristics of 
various FET devices of 1T′ MoTe2 grown from Mo (ten devices, the channel length and width of these FETs are 2 and 45 μm).
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The obtained resistivity value from our samples is even lower 
than those reported for bulk samples. We found that the Mo 
precursor plays a key role in determining the quality and mor-
phology of the as-grown 1T′ MoTe2. Furthermore, the amount 
of Te during growth strongly influences the phase of the MoTe2 
grown from MoO3: for a sufficient Te source, 2H MoTe2 would 
be obtained. Insufficient Te supply leads to 1T′ MoTe2. The 
investigation of the role of the Mo precursor and the amount 
of tellurium for the growth of MoTe2 provides insights into the 
controllable synthesis and phase engineering of MoTe2. Our 
growth method enables studies of the exotic properties of 1T′ 
MoTe2 and the scalable production of high-quality 1T′ MoTe2-
based applications.
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