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In this family, thin layers of transition 
metal dichalcogenides (TMDs) with the 
formula MX2 (M = transition metal of 
group 4–10; X = S, Se, or Te) are particu-
larly attractive for optoelectronics applica-
tions.[7,8] For example, several bulk TMDs 
are indirect bandgap semiconductors, but 
will become direct bandgap semiconduc-
tors in their monolayer limit.[9,10] Owing to 
the strong spin-orbit coupling, tellurium-
based TMDs, such as WTe2 and MoTe2, 
have demonstrated some special desirable 
characteristics. For example, an extraordi-
narily large magnetoresistance effect was 
recently found in WTe2, which is quite 
promising for applications of nanostruc-
tured magnetic devices.[11]

Another very interesting finding is that TMDs always have 
more than one crystal structure with important application 
potentials.[12,13] In the case of MoTe2, 2H MoTe2 has a trigonal 
prismatic structure. Because of its bandgap (monolayer and 
bilayer 2H MoTe2 are direct bandgap semiconductors with 
bandgaps close to the bandgap of Si),[14] strong absorption 
throughout the solar spectrum,[15] and strong spin-orbit cou-
pling,[16,17] 2H MoTe2 has been actively investigated for applica-
tions in electronics, optoelectronics, spintronics, and photovol-
taics.[5,18,19] 1T′ MoTe2 (having a distorted octahedral structure) 
is metallic, which has the potential to be used for topological 
quantum spin Hall insulators.[5] The ground-state energy differ-
ence between the two crystal structures (1T′ and 2H) is quite 
small (<0.1 eV).[12] Therefore, a special feature of MoTe2 is that 
its 1T′ and 2H phases easily coexist under normal conditions. 
The combination of the 2H and 1T′ MoTe2 heterophase struc-
tures could therefore lead to a stable 2D ohmic contact, which 
may be a significant advantage for MoTe2-based electronic 
devices.[20] Thus, it is highly desirable to controllably synthesize 
MoTe2 with different phases.

SiO2/Si substrate has been the most commonly used sub-
strate for the synthesis and investigations of nanomaterials. 
Particularly for the growth and transfer of 2D materials, on 
one hand, having the SiO2 with particular thicknesses (e.g., 90 
or 300 nm) greatly facilitates the recognition of the presence 
and even the thicknesses of the 2D materials (light interference 
causes sufficient optical contrast in the visible regime).[21,22] 
On the other hand, this allows their straightforward integra-
tion, and all the presently used device fabrication techniques in 
the semiconductor industry can be easily carried out on these 
hybrid structures. Several methods have been developed to 
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1. Introduction

2D layered materials possess unique structures in which atomic 
planes of covalently bonded atoms are stacked vertically with 
only weak van der Waals interactions between the planes.[1,2] 
Such materials have attracted much attention in recent years 
because their monolayers or few layers can be isolated into 2D 
or quasi-2D systems, which have demonstrated very interesting 
and distinct properties compared to their bulk counterparts.[3–6] 
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successfully grow 2D TMDs, such as MoS2, MoSe2, WS2, and 
WSe2, on SiO2/Si substrates.[23–27] The SiO2/Si substrates are 
stable under the growth conditions (elevated temperatures of 
600–1000 °C in the presence of various chemical species). In 
our study of the MoTe2 synthesis using the chemical vapor dep-
osition (CVD) method, we also used SiO2/Si substrates. It was 
found that a side reaction of Te with the substrate Si leading to 
SiTe and Si2Te3

[28] tends to happen, resulting in the failure to 
obtain MoTe2. Such a side reaction could hamper the synthesis 
of other telluride-based TMDs (such as WTe2, GaTe) as well. 
Therefore, it is crucial to explore a strategy for the synthesis 
of high-quality 2D telluride materials with a desired phase on 
SiO2/Si substrate, and at the same time for suppressing the 
side reaction between Si and Te.

In this work, we report our findings of the controlled syn-
thesis of MoTe2 using molecular sieves. We have found that 
by introducing molecular sieves into the CVD system, the side 
reaction that generates SiTe and Si2Te3 is restrained and few-
layer MoTe2 materials could be successfully synthesized on the 
SiO2/Si substrates. After the CVD growth, Si2Te3 was found to 
form on the molecular sieves instead of the SiO2/Si growth sub-
strates. It is likely that the molecular sieves adsorb and trap the 
precursor of the byproduct (SiTe and Te) to facilitate the growth 
of MoTe2. Both few-layer 1T′ MoTe2 and 2H MoTe2 over square 
centimeter areas were successfully synthesized on the same 
SiO2/Si substrate. We anticipate that this strategy can be very 
useful for the synthesis of other 2D telluride materials as well.

2. Results and Discussion

MoTe2 films were synthesized via CVD inside a furnace with 
a 1 in. diameter quartz tube. A Mo precursor was first depos-
ited on a 300 nm SiO2/Si substrate via thermal evaporation 

of MoO3 powder. Since MoO3 tends to lose oxygen by evapo-
ration, the resulting precursor is more accurately described as 
MoOx (x < 3) (thickness: 0.5–2 nm).[29] About 180 mg tellurium 
(Te, 99.997%; Sigma Aldrich) powder was filled in a crucible. 
Molecular sieves (29 mg, Na12[(AlO2)12(SiO2)12]· x H2O, 4 Å, 
Sigma-Aldrich) were mixed with the Te powder in the crucible. 
The MoOx/SiO2/Si sample was then placed onto the top of the 
crucible, either facing up or facing down (similar results were 
obtained, and this geometry is referred to as “the uncovered 
geometry”). For the study of SiTe and Si2Te3 formation, 
we also used another substrate geometry, i.e., placing two 
MoOx/SiO2/Si samples onto the top of the crucible, with one 
piece having the MoOx layer facing up, and a portion of its sur-
face covered by the other piece (MoOx layer facing down), as 
shown in Figure 1a. The MoOx/SiO2/Si samples together with 
the crucible were loaded into a quartz tube and heated up to 
700 °C at a rate of 45 °C min–1, and kept at 700 °C for 60 min 
in a mixture of 3 sccm Ar and 4 sccm H2 gas. After the growth, 
samples were first cooled down to 650 °C, then quickly cooled 
down to room temperature (Figure 1b).

To illustrate the effects of the molecular sieves, controlled 
experiments were carried out for the CVD growth with and 
without molecular sieves. The MoOx/SiO2/Si samples were 
placed on top of the crucible, either with just one substrate in 
the uncovered geometry (here, sample 2 or 4 represents the 
typical result of samples without and with molecular sieves, 
respectively), or with two substrates in the overlapped geometry 
as shown in Figure 1a; the growth results of the two overlapped 
pieces were found to be the same, therefore, the result of only 
one of them is shown. Sample 1 or 3 represents the results of 
without and with molecular sieves, respectively. The optical 
microscope images of samples 1–4 are shown in Figure 2a. For 
samples 1 and 2, which were grown without molecular sieves, 
no MoTe2 was found on the surface after the CVD growth. 
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Figure 1.  a) A schematic illustration of the sample geometry on the crucible with molecular sieves and Te powder during the MoTe2 CVD process. 
The small white pellets represent molecular sieves. b) Temperature-controlled sequence used for a typical growth of MoTe2. c) A photograph of the 
CVD furnace; the red circle region shows the downstream of the gas flow, where the Te begins to condense due to the low temperature of the furnace 
edge. d) Photograph of the quartz tube with Te and Si2Te3 after the CVD growth when molecular sieves were not used during the synthesis. e) When 
molecular sieves are introduced into the CVD system, only Te deposition can be found on the quartz tube.
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However, with the presence of molecular sieves, both 1T′ 
(sample 4) and 2H MoTe2 (right-hand side region of sample 3) 
were obtained.

The side reaction between Si and Te at high temperature 
sheds light on the phenomena occurring in samples 1 and 
2. Without the molecular sieves, it appears that the side reac-
tion dominates and the red products of Si2Te3 were found in 
the reactor, especially on the edges of substrates and on the 
inner wall of the quartz tube around the edge of the heating 
zone (Figure 1d; these can be seen with the naked eye). In addi-
tion, for the overlapped sample, Figure 2b shows the optical 
microscope image of the boundary region between the uncov-
ered side (on the left, region I) and the covered side (on the 
right, region II). The red sheen color also reveals the presence 
of Si2Te3 here. For region I, some red particles were also identi-
fied on the surface (labelled as Region VII) (Figure 2f). By con-
trast, there is no red Si2Te3 on either sample or on the quartz 
tube when molecular sieves were used during the CVD growth  
(Figures 1e and 2d,e,i,k).

Raman spectroscopy with a 532 nm laser was utilized to 
characterize the red shining material (Region II) in sample 
1 (Figure 3a). There is a strong A1g peak at 137 cm−1 associ-
ated with a small peak at 118 cm−1, a relatively weak Eg peak at  
474 cm−1, and a small Eg peak around 326 cm−1, respec-
tively. These peaks are consistent with characteristic peaks of 
Si2Te3.[28] No MoTe2-related Raman peaks were found in the 
spectra taken for this region. The possible origin of the Si2Te3 is 
that the Si from the SiO2/Si substrate can react with Te, which, 

in our experiments, appears to become the dominant reaction, 
preventing MoOx to react with Te, and thus no MoTe2 could 
be found. Tellurium vaporizes at a relatively low temperature 
(Tm = 450 °C) and transports as Te2 vapor. The main source of 
Si may come from exposed Si at the edge of the SiO2/Si sub-
strate when a wafer was cut into pieces. Though Si does not 
appreciably vaporize under atmosphere pressures at 700 °C, 
the reaction between Te2 vapor and Si can form SiTe (g) under 
our CVD conditions, which then transports to different places 
inside the growth chamber.[30] The as-formed SiTe (g) can react 
with Te2 (g) and form Si2Te3 on the SiO2/Si substrate.[28,31] 
When the synthesis is finished and the system is cooled down, 
red deposits are observed in other regions such as on the inner 
wall of the quartz tube around the edge of the heating zone, 
which indicate the formation of Si2Te3 at those locations. Te2 
vapor condenses into liquid during the cooling process. The 
Te2 liquid pool can react with the as-formed SiTe (g) and ini-
tiates the formation of Si2Te3 through a vapor–liquid–solid 
growth process.[28] Meanwhile, the Si2Te3 in the liquid Te pool 
becomes the seed for liquid Te to condense into a solid during 
the cooling down process. This is seen most clearly when we 
have the samples in the overlapped geometry: since the gap 
between the two substrates is very narrow, the SiTe and Te2 
vapors are trapped there with a high local concentration in this 
narrow gap region. During the cooling process, the high-con-
centration Te2 vapor in the gap region condenses into Te liquid, 
thereby providing a liquid pool for the formation of Si2Te3, and 
the as-formed Si2Te3 further nucleates the Te condensation. 
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Figure 2.  Four samples synthesized with/without molecular sieves under otherwise identical conditions. a) Photograph of the four representative 
samples. Samples 1 and 2 were synthesized without molecular sieves, and samples 3 and 4 were synthesized with molecular sieves. Samples 1 and 
3 were grown using the overlapped geometry, and samples 2 and 4 were grown using the uncovered geometry. b–k) Optical microscope images of 
different regions on these four samples.
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Therefore, solid Te forms together with the red Si2Te3 between 
the overlapped region during the cooling process. As a result, 
the two substrates are usually found to stick to each other. For 
the uncovered region (Region I), the concentration of SiTe 
and Te2 should be much lower, and only some particles were 
observed on the surface of the uncovered region (Figure 2f). 
In the Raman spectrum of the particles, the peak of 118 cm−1 
has strong intensity with a smaller intensity peak at 137 cm−1 
(Figure 3c), which can be attributed to the evolution products 
of Si2Te3 (Figure 3a). During the cooling process, red Si2Te3 
also appears on the inner wall of the quartz tube (Figure 1d) 
around the edge of the heating zone. It is likely that a portion of 
the SiTe transported downstream with the gas flow and formed 
Si2Te3 with the condensed liquid Te on the quartz tube.

We found that the as-formed Si2Te3 is very unstable in air, 
especially under the laser illumination. The time evolution of 
Raman spectra of Si2Te3 is shown in Figure 3d. The Raman 
spectrum of the as-formed Si2Te3 shows only one peak at 
137 cm−1 (2 s illumination). As the illumination time is pro-
longed, a new small peak appears at 118 cm−1. The 118 cm−1 
peak is gradually enhanced, while the peak at 137 cm−1 is 
suppressed with progressing time (Figure 3d). The Raman 
spectra of particles on the uncovered region (region VII and 
region VIII in Figure 3c) are similar to the Raman spectrum 
of Si2Te3 after a 12 s laser illumination time (Figure 3d). Since 
the Raman signal from the small particles is weak and takes a 
longer time to collect for the Raman spectrum in Figure 3c, the 

evolution products of the particles have the same Raman peaks 
as Si2Te3 after laser illumination. Besides the Si2Te3 particles, 
other parts of the uncovered region on sample 1 (Region I) and 
unoverlapped sample 2 (Region III) show only Si signal in their 
Raman spectra (Figure 3b). This indicates that no MoTe2 is syn-
thesized for both the overlapped and the uncovered geometry 
without molecular sieves. Previous works have demonstrated 
that Te reacts easily with Si and that the time for the Te and Si 
reaction is relatively short.[28,30] It is likely that during the whole 
60 min reaction at 700 °C, the Te reacts with Si, and the MoOx 
precursor is gradually lost by evaporation.

By contrast, when molecular sieves were introduced into 
the CVD growth system, the situation is found to be com-
pletely different. No Si2Te3 was detected on either the sub-
strate or the inner wall of the quartz tube. In addition, 2H 
and 1T′ MoTe2 can be successfully synthesized on the same 
substrate with a one-step CVD growth process using the over-
lapped geometry, as shown in sample 3. As seen in Figure 2d, 
the boundary between the uncovered and overlapped part 
in sample 3 can be clearly observed because the 1T′ and 
2H phases show different optical contrast. Both uncovered 
(region IV) and covered areas (region V) of sample 3 were 
characterized by Raman spectroscopy, as shown in Figure 4a. 
The characteristic peaks of 1T′ MoTe2, Ag (107 cm−1), Ag 
(127 cm−1), Ag (161 cm−1), and Ag (256 cm−1) were observed 
for the whole uncovered region (Region IV in Figure 2d).[17] 
By contrast, the Raman spectrum of the covered region 
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Figure 3.  a) The Raman spectrum of Region II. b) Raman spectra of Region I, Region III, and a standard Si sample. c) Raman spectra of particles in 
regions VII and VIII. d) Time evolution of the Raman spectra of Si2Te3 in region II. Inset: optical microscope image of a red hexagonal Si2Te3 flake.
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(region V in Figure 2d) indicates the characteristic peaks of 
few-layer 2H MoTe2. The Raman spectrum shows a promi-
nent peak of the in-plane E2g  mode at ≈232 cm−1, with a 
small out-of-plane A1g peak at ≈172 cm−1 and the in-plane  
E1g mode at ≈118 cm−1 (Figure 4a). It is noteworthy that there 
is a strong B2g  peak at ≈291 cm−1, which indicates that the as-
grown 2H MoTe2 should be few-layer 2H MoTe2. According 
to the previous report, this peak cannot be observed in the 
bulk crystals, and the intensity is enhanced with decreasing 
thickness.[32]

To evaluate the boundary of the 1T′ MoTe2 and 2H MoTe2 
film, micro-Raman mapping was performed. The Raman inten-
sity map shows that 1T′ MoTe2 (Figure S1b, Supporting Infor-
mation) and 2H MoTe2 (Figure S1c, Supporting Information) 
do not have a sharp boundary. On the covered part, the pure 2H 
MoTe2 appears at about 50 µm away from the boundary line. 
On the uncovered part, it appears that there is a region of 1T′ 
and 2H MoTe2 mixture from the boundary line to nearly 150 to 
200 µm away. For the region 200 µm away from the boundary, 
it is pure 1T′ MoTe2.

The atomic force microscopy (AFM) image of the grown 
film on the edge (Figure 4b) reveals that the 2H MoTe2 is a 
continuous thin film, with a height of ≈5.2 nm. The 2H MoTe2 
surface has a roughness of ≈0.7 nm. Since the interlayer 
spacing in MoTe2 is about 0.7 nm,[18] the number of the layers 

of the as-prepared film should be ≈7. These results indicate that 
the 2H MoTe2 and 1T′ MoTe2 films have been successfully syn-
thesized on the same SiO2/Si substrate within 60 min through 
one-step tellurization process.

X-ray photoelectron spectroscopy (XPS) was utilized to 
detect the elemental composition and bonding types of these 
CVD-grown films. For the high resolution Mo 3d spectra 
of 1T′ MoTe2 and 2H MoTe2, the prominent Mo 3d5/2 peaks 
appear at 227.9 and 228.4 eV, and the Mo 3d3/2 peaks at 231.1 
and 231.6 eV are assigned to MoTe bonds in 1T′ and 2H 
MoTe2, respectively (Figure 4c). The weak peaks of 232.8 and  
236.0 eV correspond to MoO bonds. The Te 3d5/2 peaks 
of 1T′ and 2H MoTe2 located at 572.5 and 573 eV, and the 
Te 3d3/2 of 1T′ and 2H MoTe2 located at 582.9 and 583.4 eV, 
respectively, are attributed to MoTe bonds (Figure 4d).[17,33] 
The energy shifts of the 2H and 1T′ MoTe2 are supposed to 
be due to the different lattice symmetry. The small peaks of 
576.4 and 587.0 eV correspond to the TeO impurity.[33] The 
small shoulder peaks of MoO and TeO may come from the 
oxidation products of MoTe2 because MoTe2 oxidizes easily 
in air.

For the sample with the MoOx layer facing down with uncov-
ered geometry (sample 4 in Figure 2), only 1T′ MoTe2 can be 
synthesized after tellurization while using molecular sieves. 
This result is similar to the uncovered part of sample 3 in the 
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Figure 4.  a) Raman spectra of the 1T′ MoTe2 film (red) and 2H MoTe2 (yellow). b) An AFM image of the CVD-grown 2H MoTe2 sample. The height 
profile (inset) indicates that the as-grown film has a thickness of ≈5.2 nm. c) XPS spectra of the Mo 3d core levels for the CVD-grown 1T′ MoTe2 film 
(red) and the 2H MoTe2 film (yellow). d) High-resolution XPS Te 3d spectra of the same region on the CVD-grown 1T′ MoTe2 film (blue-black) and the 
2H MoTe2 film (blue).
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overlapped geometry (Region IV in Figure 2e). Meanwhile, the 
overlapping edges coincide with the boundary of 2H and 1T′ 
MoTe2. These phenomena indicate that the overlapped geom-
etry played a crucial role in the growth of either 2H or 1T′ 
MoTe2.

The possible reason for the formation of 2H MoTe2 in the 
overlapped region could be that a high concentration Te2 vapor 
is maintained in the gap of the covered region. At high tem-
perature (T > 450 °C), Te vaporizes and transports to every loca-
tion inside the reaction zone, including the gap between the 
overlapped samples. Because it is difficult to blow away the Te2 
vapor in the gap between the two covered parts, the Te2 vapor 
accumulates in the overlapped region during the growth. And it 
is possible that the high concentration Te2 vapor and the longer 
residence time assist the growth of 2H MoTe2.[20,34]

To better understand the role of molecular sieves for the syn-
thesis of MoTe2, we characterized the molecular sieves before 
and after the CVD synthesis. Figure 5a,b are photographs of 
the molecular sieves in the crucible before and after the CVD 

synthesis. It can be seen from Figure 5b that after the growth, 
the molecular sieves changed in color from white to black, and 
a small amount of silvery Te solid ball remains in crucible. 
The black color of molecular sieves suggests the coating of Te 
on them. Typically, molecular sieves have a strong adsorption 
capacity and can adsorb byproducts like SiTe and Si2Te3, which 
are generated during the CVD synthesis. It can be anticipated 
that during the growth, the molecular sieves can also adsorb a 
great amount of SiTe and Te2 vapors. The adsorbed SiTe and 
Te molecules can form Si2Te3 on the inner wall and surface of 
the molecular sieve. Figure 5c,d shows the optical microscope 
images of the surface of molecular sieves before and after the 
CVD synthesis. After the growth, red and black particles appear 
on the molecular sieve surface (Figure 5d), in strong contrast 
with the optical image of the clean surface of the sieve before 
the growth (Figure 5c). To study the components of these 
emerging particles on molecular sieves, Raman spectra were 
taken. Figure 5e shows the Raman spectrum of the as-obtained 
red material. Two strong peaks appear at 118 and 137 cm−1, 
which are the characteristic peaks of the evolution product of 
Si2Te3. It appears that with the presence of molecular sieves, 
SiTe is confined to molecular sieves only (and SiTe or Si2Te3 
no longer appear on the surface of the growth substrate or the 
quartz tube wall). Moreover, Te on the molecular sieves can 
react with SiTe to form Si2Te3. As a result, with the help of 
molecular sieves, Te2 can react with the MoOx on the surface 
of the substrate. It can be anticipated that this method could be 
used in the synthesis of other telluride-based layered materials 
(such as WTe2, GaTe) on Si substrate without interference from 
the side reaction.

It was found that the amount of molecular sieves is impor-
tant to the synthesis of MoTe2. If the molecular sieves are insuf-
ficient and cannot completely adsorb the byproduct, a small 
amount of Si2Te3 will be found on the samples. It was also 
found that the growth conditions of 2H and 1T′ MoTe2 will be 
changed if too many molecular sieves are added to the CVD 
system.

Different adsorbents were utilized in the CVD synthesis of 
MoTe2 to further investigate the mechanism of the molecular 
sieves’ adsorption. Table 1 provides a summary of different 
adsorbents, formulae, and the corresponding growth results 
in the synthesis of MoTe2. Molecular sieves with different for-
mulae and various pore diameters all show good adsorption of 
silicon telluride. By contrast, it was found that activated carbon 
powder or Al2O3, TiO2, SiO2 nanoparticle powders cannot effec-
tively adsorb the byproducts, and Si2Te3 was formed on the 
samples.

We suspect the differences lie in several features of the 
molecular sieves. First, the molecular sieve preferentially 
adsorbs polar molecules. Second, it not only has a high adsorp-
tion capability, its structure allows the adsorbed molecules 
to be trapped inside even at high temperatures. Therefore, 
even though active carbon has a large specific surface area 
(≈1000 m2 g–1), it is nonpolar and thus may have a low affinity 
for polar molecules like SiTe. Furthermore, at the growth tem-
perature (700 °C), desorption can easily occur, whereas in the 
case of molecular sieves, due to the small pore structure, the 
adsorbed molecules can be trapped at this temperature. For the 
case of Al2O3, TiO2, and SiO2 nanoparticle powders, although 
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Figure 5.  a,b) Photograph of molecular sieves in a crucible (a) before 
and (b) after MoTe2 growth. c,d) The optical microscope images of a 
molecular sieve's surface (c) before and (d) after MoTe2 growth. e) The 
Raman spectrum of a molecular sieve before and after the CVD synthesis.
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they have an affinity to adsorb polar molecules, they do not 
have pores that are comparable to the size of the adsorbed mol-
ecules to trap them.

3. Conclusions

In summary, we have found that molecular sieves can adsorb 
byproduct silicon telluride and can eliminate the influence of 
the side reaction during the CVD synthesis of MoTe2. Without 
molecular sieves, only Si2Te3 instead of MoTe2 was obtained. 
With the help of molecular sieves, few-layer MoTe2 can be syn-
thesized on the SiO2/Si substrate without disturbance from the 
side reaction. 1T′ MoTe2 can be grown directly from the MoOx 
precursor. Pure 1T′ MoTe2 and 2H MoTe2 regions synthesized 
on the same piece of SiO2/Si substrate can also be obtained by 
using an overlapped geometry. Even though the studies in this 
work focus on the synthesis of MoTe2, the same strategy could 
potentially be extended to the synthesis of other tellurium-
based layered materials.
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