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ABSTRACT We report the synthesis of centimeter-scale, uniform 1T’- and 2H-MoTe, thin films via the

tellurization of Mo thin films. 1T'-MoTe, was initially grown and converted gradually to 2H-MoTe, over a

prolonged growth time under a Te atmosphere. Maintaining excessive Te was essential for obtaining the

stable stoichiometric 2H-MoTe, phase. Further annealing under a lower partial pressure of Te at the same
temperature, followed by a rapid quenching, led to the reverse phase transition from 2H-MoTe, to
1T-MoTe,. The orientation of the 2H-MoTe, film was determined by the tellurization rate. Slow
tellurization was the key for obtaining a highly oriented 2H-MoTe, film over the entire area, while fast
tellurization led to a 2H-MoTe, film with a randomly oriented c-axis.

1T-MoTe, 2H-MoTe,
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metal dichalcogenides (MX,: TMDCs) con-

sist of a transition metal (M: Mo and W,
both in group VI) and chalcogenides (X: S,
Se, and Te). TMDC layers are stacked layer-
by-layer by van der Waals interactions.' >
Interestingly, group VI TMDCs have different
electronic structures depending on their geo-
metrical structure: (i) the trigonal prismatic
structure (2H phase) is a semiconductor, and
(ii) the octahedral and distorted octahedral
(1T and 1T’ phases) are metals.* 8 2H-TMDCs
have been intensively investigated due to
their semiconducting nature; these materials
possess various band gaps in the optical
range, which are absent in semimetallic
graphene.®~ %

Among group VI TMDCs, 2H-molybdenum
ditelluride (MoTe,) has the lowest energy
band gap (~1 eV), a low thermal conductivity
of ~2 W/(m-K), and a high Seebeck coeffi-
cient of 780 uV/K. These properties might
be useful for thermoelectric devices?*2’
It has been recently reported that the
field effect mobility of few-layer 2H-MoTe,
flakes prepared by mechanical exfoliation is
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comparable to those of 2H-MoS, and
2H-MoSe,.?® Since the heavy element of Te
in 2H-MoTe, induces strong spin—orbit cou-
pling, it is useful for valleytronics applica-
tions.?® Alternatively, metallic 1T-MoTe, and
semiconducting 2H-MoTe, are promising
materials for small-band-gap electronics.>
Therefore, both 2H-MoTe, and 1T-MoTe,
films are in high demand for future uses.
Several synthesis methods, including chem-
ical vapor transport (CVT), electrochemical
deposition, physical vapor deposition (PVD),
and sonochemical techniques with a post-
heat-treatment, have been suggested for
the preparation of 2H-MoTe,3' 3% The
CVT synthesis produces high-quality bulk
2H-MoTe, (limited to millimeter-sized 2H-
MoTe; bulk crystals), but the throughput is
low3' The electrochemical deposition and
PVD methods are rather straightforward for
obtaining large-area 2H-MoTe; films. How-
ever, it is still difficult to realize the rational
stoichiometry of Mo and Te, without degrad-
ing the quality of 2H-MoTe, films3%3* The
sonochemical technique has the advantage
of producing large-scale 2H-MoTe, but has
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difficulties achieving 2H-MoTe, films with high quality.
To our knowledge, the synthesis of large-area and
high-quality 2H-MoTe, and 1T'-MoTe, films has yet to
be successfully accomplished.

Here, we report a facile method to synthesize
centimeter-scale 1T-MoTe, and 2H-MoTe, films
through tellurization of Mo thin films via Te sublima-
tion. Starting with a 1T'-MoTe; film, phase engineering
was realized by tellurization under a Te atmosphere to
obtain a 2H-MoTe, film. To increase the quality of the
MoTe, film, the tellurization rate, sublimation tempera-
ture of Te, and tellurization temperature were con-
trolled. The reverse phase transition from 2H to 1T’ is
also possible with further tellurization and rapid cool-
ing. The size of the sample was only limited by the
chamber size.

RESULTS AND DISCUSSION

To synthesize MoTe, films, a two-zone chemical
vapor deposition (CVD) system was employed, as
illustrated in Figure 1a. To sublimate solid tellurium
as a vapor source, the heating zone (T;) was separated
from the synthesis zone (T5). A 50 nm thick molybde-
num thin film was prepared by a conventional sputter
or e-beam evaporator. To control the tellurization rate
of the Mo thin film, the temperatures of the tellurium
zone (T;) and substrate zone (T,) were separately
controlled, as shown in the temperature profile in
Figure 1b. For case | (fast tellurization), the Mo sub-
strate (T,) was heated first and followed by ramping up
the tellurium zone temperature (T,) (M1). For case Il
both zones (T; and T,) reached 650 °C at the same time
(M2). For case Il (slow tellurization), the tellurium
zone (T;) was heated first, followed by increasing the

temperature of the substrate (T,) (M3). Tellurization
was carried out for 3 h for all of the samples.

Three different samples were characterized by
Raman spectroscopy. In all of the samples, the char-
acteristic Raman-active modes of Eig (117118 cm ™),
E'5(230—232cm ™), and A1 (171—-172cm ™), related
to the in-plane modes and out-of plane mode of
2H-MoTe,, were clearly found. This indicates that the
2H-MoTe, film is successfully synthesized through
the tellurization (Figure 1¢).253>3¢ The intensity ratio
of E129 to Aq4 for sample M1 is lower than those of M2
and M3, indicating that the 2H-MoTe; layer is not as
well-oriented in M1 compared to the other samples.
This will be discussed in detail later. To estimate the
quality of the 2H-MoTe, film, the samples were exam-
ined by X-ray diffraction (XRD). The peaks in the XRD
pattern, as shown in Figure 1d, were assigned accord-
ing to the Joint Committee on powder diffraction
standards (JCPDS) reference No. 01-072-011. For sam-
ple M1, various peaks of the (0002), (0004), (1010),
(1013), (1074), (1015), and (1120) planes in the XRD
pattern were observed, indicating that sample M1 is
randomly oriented. Alternatively, only the (0002),
(0004), (0006), and (0008) planes of 2H-MoTe, were
detected in samples M2 and M3, indicating that these
2H-MoTe, films are highly oriented in a direction
perpendicular to the film plane.

To understand the origin of the highly oriented 2H-
MoTe, films made with the slow tellurization rate, a Mo
thin film was annealed under an argon atmosphere
without tellurization. While no specific peak in the XRD
pattern was observed in the as-deposited Mo film, the
(011) and (200) planes of Mo were detected after
annealing under an argon atmosphere (see Supporting
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Figure 1. Synthesis of a large-area 2H-MoTe, film. (a) Schematic diagram of the synthesis of the 2H-MoTe; film by two-zone
chemical vapor deposition and illustration of the 2H-MoTe; film on a SiO,/Si substrate. (b) Temperature profile for the Te zone
(T;) and Mo substrate zone (T,) for samples M1, M2, and M3. (c,d) Raman spectra and XRD patterns of samples M1, M2, and M3.
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Figure 2. Time evolution for the growth of 1T’- and 2H-MoTe; films. (a—c) Optical images of MoTe, samples after growing for
20, 60, and 180 min, respectively. (d) Representative Raman spectra of (a) (top panel) and (c) (bottom panel). Each Raman
spectrum shows 1T-MoTe, and 2H-MoTe,, respectively. The insets in both the top and bottom panels illustrate the Raman-
active modes of By and E129. (e—h) Raman mapping images for (e) By peak for 20 min of growth, (f,g) By and E1zg peaks for
60 min of growth, respectively, and (h) E‘zg peak for 180 min of growth. (i) Plot of the calculated area of the dark (1T’ phase)
and white (2H phase) regions in the optical images as a function of the growth time. (j) XRD patterns of the samples. (k) XRD
patterns near the (0004) planes of MoTe,. (I) Photographs of the as-deposited Mo thin film, 1T'-MoTe, film, and 2H MoTe, film.

Information (S), Figure S1). Therefore, in the case of fast
tellurization, the Mo film has already been crystallized
prior to tellurization. Tellurization of a crystalline Mo
film requires a higher activation energy than that of a
noncrystallized Mo film. This may result in a randomly
oriented MoTe, film. Our fast tellurization process
is similar to the previous synthesis of MoS,>” We
emphasize that a noncrystallized Mo film should
be maintained through slow tellurization in order to
obtain highly oriented 2H-MoTe, films.

To observe the growth kinetics of 2H-MoTe, films in
more detail, a time evolution experiment was con-
ducted as a function of the tellurization time. Figure
2a—c shows optical images of the samples with differ-
ent time evolutions of 20, 60, and 180 min, respectively.
The slow tellurization scheme was adopted for this
experiment (M3). While the color contrast of the 20 min
tellurization sample is uniform, circular shapes with a
brighter color (indicated by the white dashed line) are
scattered from region to region (Figure 2b). At 180 min
of tellurization, the contrast becomes uniform again,
but bright contrast was shown in Figure 2c. To identify
these phases possessing different optical contrasts, the
samples were further characterized by Raman spectro-
scopy. The top and bottom panels in Figure 2d display
the representative Raman spectra corresponding to
the regions of Figure 2a,c, respectively. Interestingly,
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while only the characteristic peaks of 1T-MoTe,, such
as A, (107.0 cm™"), A4 (1269 cm™"), By (163.0 cm ™),
and A4 (256.1 cm™"), were observed for the region with
20 min of tellurization,*® the characteristic peaks of
2H-MoTe, were observed at 180 min of tellurization
(without showing peaks related to 1T-MoTe,). These
results imply that the 1T-MoTe, film was formed
initially, followed by a gradual phase transition to 2H-
MoTe,. To track this phase transition, confocal Raman
mapping for the By phonon mode of 1T'-MoTe, and for
the E129 mode of 2H-MoTe, was conducted, as shown
in Figure 2e—h. For 20 min of tellurization, only the
1T-MoTe, phase is observed over the whole area
(Figure 2e). Figure 2f,g displays the Raman mapping
images for the By and E',q modes at the coexistence
region of 1T-MoTe, and 2H-MoTe,, respectively, indicat-
ing that the 1T-MoTe, region is clearly separated from
the 2H-MoTe; region. At the interface between them, the
characteristic peaks of both 1T-MoTe, and 2H-MoTe,
are observed (see SI, Figure S2). Figure 2h presents the
Raman mapping image of only the 2H-MoTe, phase.
Figure 2i shows the time evolution of the areas with
brighter color (2H-MoTe,) and darker color (1T'-MoTe,)
from the optical images. After 180 min of growth, the Mo

thin film was converted completely into 2H-MoTe..
Figure 2j shows the XRD patterns of the samples for
20, 60, and 180 min of tellurization. The main peaks of
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Figure 3. Structure analysis of 2H-MoTe, film. TEM images of (a) 1T’-MoTe; and (b) 2H-MoTe,. The inset of each image shows
the corresponding FFT pattern. The d-spacings of the (010) and (100) planes for the 1T’ phase are determined to be 3.47 and
6.32A, respectively; those of the (1010) and (1120) planes for the 1H phase are resolved to be 3.05 and 1.76 A, respectively.
(c) EDX spectra of the 2H-MoTe, film. (d) TEM image of the large-area 2H-MoTe, film on a TEM grid. (e,f) SAED pattern from the
regions of A and B in (d), respectively. The hexagonal spots are rotated by 11.41° from each other.

the (0002), (0004), (0006), and (0008) planes were de-
tected in all of the samples, although the peak posi-
tions were different. Figure 2k shows a narrow range of
the XRD pattern near the (0004) plane. Interestingly,
while the (0004) peaks of 1T-MoTe, and 2H-MoTe, are
split for 60 min of tellurization, only a single peak for
20 and 180 min of tellurization is observed. This result is
in good agreement with the results obtained from the
Raman analysis. As a consequence, large-area films for
both 1T-MoTe, and 2H-MoTe, were obtained, as large
as 1.5 x 1.5 cm?, as shown in Figure 2l. The size of
the film is limited only by the chamber size. In addition,
the thickness of the Mo film was reduced to 8 nm to
synthesize the thin MoTe, film, which was expanded to
20 nm after tellurization (see SI, Figure S3). The 2 nm
thick Mo film was not converted to uniform MoTe, film.

To estimate the quality of the MoTe, films further,
high-resolution transmission electron microscopy
(HR-TEM) was used. Figure 3a,b shows HR-TEM images
of the 1T'-MoTe; and 2H-MoTe; films, respectively. The
insets of each image show the fast Fourier transform
(FFT) pattern. While the FFT pattern of the 1T phase
shows a rectangular shape, that of the 2H phase dis-
plays a hexagonal shape. Moreover, the d-spacings
of the (010) and (100) planes for the 1T phase are
determined to be 3.47 and 6.32 A, respectively; those
of the (1070) and (1120) planes for the 2H phase
are resolved to be 3.05 and 1.76 A, respectively.
These results are well-matched with previous works.>*°
These distinct results prove the formation of two
different phases during growth. In addition, elemental
analysis is conducted by using energy-dispersive X-ray
spectroscopy (EDX) in TEM (Figure 3c). Mo and Te atoms
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were detected, and the stoichiometry of the 2H-MoTe,
film is determined to be around 1:2. Evaluating the size
of the crystallites of the 2H-MoTe, film is important
for estimating the quality of the samples. In this study,
the size of crystallites was measured by using selective
area electron diffraction (SAED) equipped in HR-TEM.
An aperture diameter of 10 um was used for this study.
Figure 3d displays the 2H-MoTe, film on a TEM grid,
indicating that the 2H-MoTe, film is highly continuous.
Figure 3ef presents the SAED patterns corresponding
to the regions of A and B in Figure 3d, respectively. Each
SAED pattern shows definite hexagonal dots, indicating
that the 2H-MoTe; film is single-crystalline and that
the size of the crystallite is at least 10 um in diameter.
In addition, the 2H-MoTe, layers are stacked and highly
ordered. The two hexagonal dots for regions A and B
are rotated by 11.4° from each other, indicating that the
2H-MoTe, films are polycrystalline (see SI, Figure S4).
To further understand the growth behavior of
MoTe, films, the cross-sectional TEM technique was
employed, as shown in Figure 4a—I. For 20 min of growth
(Figure 4a—d), three distinct regions are observed: (b) a
1T phase near the top of the sample, (c) noncrystallized
Mo in the middle region, and (d) an unidentified Mo, Te,
region near the interface with SiO,. This implies that
the 1T-MoTe, phase is initiated from the top of the
Mo film. The presence of the 1T' phase was confirmed
by measuring the interlayer distance (0.691 nm), which
is well-matched with the XRD data. Interestingly, the
presence of Te was found in the bottom region, as
confirmed by EDX mapping (see SI, Figure S5). This might
be attributed to the diffusion of Te between SiO, and the
Mo film. For 60 min of growth, three distinct regions were
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Figure 4. Cross-sectional TEM images of 1T'- and 2H-MoTe; films. Cross-sectional TEM images of the samples corresponding
to (a—d) 20 min, (e—h) 60 min, and (i—I) 180 min of growth. Three different regions, corresponding to the top, middle, and
bottom regions in (a), (e), and (i), are analyzed in order to understand the phase transition. The two phases (1T’ and 2H) are
differentiated by measuring the different interlayer distances, which are 0.691 and 0.698 nm, respectively. (m) Schematic of

the phase-engineered growth of the 2H-MoTe; film.

also observed, but the 2H phase (instead of the 1T
phase) is observed in the top region. This is again
identified by measuring the interlayer distance, which
was found to be 0.698 nm (as opposed to 0.691 nm). This
result is also in good agreement with the results from the
XRD measurements (Figure 4f,g). In the bottom region
(Figure 4h), the 1T phase was observed. In addition,
some regions in the top region still showed the 1T-
MoTe, phase instead of the 2H-MoTe, phase, which is
congruent with the optical image of Figure 2b (see S|,
Figure S6). For 180 min of growth, most regions are
converted to the 2H phase, except for areas near the
bottom region (Figure 4j—I). The interlayer distance in
the bottom region is ~0.696 nm, which is a value in
between those of the 2H and 1T phases. This implies that
the bottom region is still under a transition process. We
carefully confirmed that the growth results observed for
all of the regions were typical, indicating that growth
occurs uniformly (see Sl, Figure S7). Figure 4m illustrates a
schematic diagram for the sequence of growth behavior
based on our analysis. In the initial stage, Te diffuses into
the Mo bulk through the top of the Mo film and through
the bottom between the Mo and SiO, films to form 1T'-
MoTe,. After a prolonged period of time, the 1T-MoTe,
layers are converted into 2H-MoTe,.

PARK ET AL.

It has been predicted theoretically that the cohesive
energy difference between 1T'-MoTe, and 2H-MoTe,,
revealed by calculation, is <0.1 eV at 0 K3%%° The
thermal vibration energy can promote the phase tran-
sition with mechanical strain: the 2H phase is stable
under zero strain, and the 1T phase is stable under
tensile strain. In our case, 1T'-MoTe, was first synthe-
sized and a phase transition occurred with prolonged
tellurization time. Therefore, the phase transition in this
study might be attributed to the relaxation of the
tensile strain due to the presence of excess of Te.

Furthermore, we were able to realize the reverse
phase transition by reducing the partial pressure of
Te. This was done by using a lower temperature for T,
(460 °C instead of 650 °C) with the same temperature
for T, (see SI, experimental method S1 and Figure S8).
When the 2H-MoTe, film was further annealed at low
Te vapor pressure (low temperature, T;), the reverse
phase transition from 2H-MoTe, into 1T'-MoTe, took
place. However, upon annealing in the absence of
excess Te, a MogTeg film was obtained due to the
evaporation of Te in 2H-MoTe, (see SI, Figure S9).
These results imply that controlling the Te content in
MoTe, films is a key factor for engineering the phase
transition.

VOL.9 =

NO.6 = 6548-6554 = 2015

WWww.acsnano.org

6552



CONCLUSION

In summary, we have successfully synthesized
centimeter-scale 1T and 2H-MoTe, films via reversible
phase transition engineering. The phase transition is
driven by the mechanical strain and relaxation caused

EXPERIMENTAL SECTION

Synthesis of 1T and 2H-MoTe, Films. The noncrystallized 50 nm
thick Mo thin film was deposited on a 300 nm thick SiO,/Si
substrate with an e-beam evaporator or sputter. To grow the
MoTe, film, 2 g of Te powder (Sigma-Aldrich) and the Mo thin
film were mounted in a two-zone CVD (Figure 1a). To control the
tellurization rate, the temperatures of the Te zone (T;) and Mo
film zone (T,) were controlled separately. During the growth
process, argon and hydrogen were flowed at rates of 500 and
100 sccm, respectively. For fast tellurization, T, was first heated
t0 650 °C and then T; was ramped up to 650 °C ata ramping rate
of 30 °C/min. For the slow tellurization rate, T; was first heated
to 650 °C and then T, was heated to 650 °C once T; reached
650 °C. The detailed temperature profile is shown in Figure 1b.
When the temperature reached 650 °C, growth was carried out
for 3 h.For 1T'-MoTe, growth was conducted for 20 min with the
slow tellurization rate. After growth, T; was cooled rapidly by
opening the chamber; T, was then cooled to room temperature
at a rate of —5 °C/min.

Characterization. To characterize the optical and physical
structures of the MoTe, films, optical microscopy (Axio Imager
2, CARL ZEISS), Raman spectroscopy (XperRam 200, Nano Base)
with an excitation energy of 2.33 eV, XRD (SmartLab, Rigaku),
AFM (SPA 400, SEIKO), and TEM (JEM ARM 200F, JEOL Ltd.) were
used. For the TEM measurements, the samples were transferred
using the conventional poly(methyl methacrylate) (PMMA)
method.***' To detach the MoTe, film from the SiO,/Si sub-
strate, the PMMA-coated MoTe, film was immersed in a buf-
fered oxide etchant (1178—03, J.T. Baker) for 15 min. The PMMA/
MoTe, film was washed with distilled water several times. The
resulting film was transferred onto a TEM grid. The PMMA layer
was removed by the application of acetone and annealing
at 350 °C for 5 h. To obtain cross-sectional TEM images, the
samples were prepared with a focused ion beam (JIB-4601F,
JEOL Ltd.). To analyze the chemical elements, EDX in a TEM was
employed.
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