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Transition metal ditellurides (TMTDs) have versatile physical properties, including non-trivial topology, Weyl
semimetal states and unique spin texture. Controlled growth of high-quality and large-scale monolayer TMTDs with pre-
ferred crystal phases is crucial for their applications. Here, we demonstrate the epitaxial growth of 1T'-MoTe, on Au (111)
and graphitized silicon carbide (Gr/SiC) by molecular beam epitaxy (MBE). We investigate the morphology of the grown
IT'-MoTe; at the atomic level by scanning tunnelling microscopy (STM) and reveal the corresponding microscopic growth
mechanism. It is found that the unique ordered Te structures preferentially deposited on Au (111) regulate the growth of
monolayer single crystal 1T’-MoTe,, while the Mo clusters were preferentially deposited on the Gr/SiC substrate, which
impedes the ordered growth of monolayer MoTe,. We confirm that the size of single crystal 1T’-MoTe, grown on Au (111)
is nearly two orders of magnitude larger than that on Gr/SiC. By scanning tunnelling spectroscopy (STS), we observe that
the STS spectrum of the monolayer 1T'-MoTe, nano-island at the edge is different from that at the interior, which exhibits
enhanced conductivity.

Keywords: transition metal ditellurides, 1T’-MoTe,, microscopic growth mechanism, scanning tunneling mi-

croscopy/spectroscopy (STM/S)
PACS: 68.37.Ef, 73.20.—1, 37.20.+j

1. Introduction

Group VI transition metal ditellurides (TMDTSs) materi-
als of MTe, (M represents a transition-metal atom of Mo, W,
and Cr) have drawn extensive attention owing to their mul-
tifunctionality in novel physical properties derived from the
diversity of phases (e.g., 1H, 1T, and 1T’).['-8 The 1H phase
is a direct band gap semiconductor, which has a broad appli-
cation prospect in the field of optoelectronics;!*!% while the
1T phase prone to phase transition to form a metastable 1T’
phase that originates from the lateral deformation of metal
atoms of the 1T structures, creating a zigzag chain due to
Peierls distortion.!!"'?) The 1T and 1T’ phases exhibit exotic

physical properties such as anisotropic spin—orbit coupling, 3!

Weyl semimetal (WSM) states,[!>*! superconductivity,!'*!
and quantum spin Hall states (QSHSs).>%8 Among the
TMDTs families, 1T'-MoTe; is a representative TMDTs ma-
terial, which has been demonstrated as a semimetal with
superconductivity,*l and has been predicted to be a Weyl
semimetal ! in bulk materials and a topological insulator in
monolayer. ! Recently, ultrathin 1T’-MoTe, has been charac-

terized by concurrent in-plane and out-of-plane spin polariza-
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tions, forming a new spin Hall effect.[!4]

To date, chemical vapor deposition (CVD)!!>-18] and
molecular-beam epitaxy (MBE)!!%-2!] are typical methods for
the controlled growth of 1T'-MoTe,. For CVD, the grown
1T'-MoTe;, films usually have a relatively low crystalline qual-
ity and exhibit high contamination on the surface. For MBE,
the 1T'-MoTe; film is usually grown on graphitized silicon
carbide (Gr/SiC).[*”] The grown film has different crystallo-
graphic orientations within a small area (about 10 nm) and
shows a mixture of 1H and 1T’ phases due to the small en-
ergy difference (AE < 0.05 eV) between these two phases. [23]
Hence, on the one hand, it is essential to find a more ap-
propriate substrate to grow large-scale monolayer 1T'-MoTe,
single crystals. Recently, Au (111) has been reported as a
substrate for the growth of transition metal dichalcogenides
(TMDCs),?#2] demonstrating the potential for the unidirec-
tionally oriented growth. On the other hand, understanding
the 1T'-MoTe; growth mechanism at the atomic level is cru-
cial, which can provide fundamental insights into the growth
of single crystals.

Here we present the controllable epitaxial growth of 1T'-
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MoTe, monolayers on Au (111) and Gr/SiC by MBE. Based
on our scanning tunnelling microscopy/spectroscopy (STM/S)
measurements, we demonstrate that the deposited unique or-
dered Te structures (labelled as V-structures) on Au (111)
regulate the growth of large-scale monolayer 1T’-MoTe, sin-
gle crystal with lengths beyond 1 um; while Mo nucleation
sites on Gr/SiC substrate impede the growth, leading to small
monolayers of MoTe, with the size of about 10 nm. In ad-
dition, via STS measurements, we observe that the edge of
monolayer 1T’-MoTe, has enhanced conductivity.

2. Methods

In sample preparations and STM/STS measurements, the
experiments were conducted in an ultrahigh vacuum (UHV)
scanning tunneling microscopy (STM) system (Unisoku
1400LT) consisting of a preparation chamber for molecu-
lar beam epitaxy (MBE) and an observation chamber for
STM investigations. Both chambers had a base pressure of

2 x 10710 torr. The preparation chamber was equipped with
a Knudsen effusion cell for tellurium (99.999%), and an e-
beam evaporator for molybdenum (99.95%). The Gr/SiC sub-
strates were prepared by vacuum annealing. The Au (111)
single crystal was cleaned by repeated cycles of Ar™ sputter-
ing (1.6 keV), followed by annealing at 630 °C until no con-
tamination could be detected by STM. The growth time was
10 min if no special instruction is given. The STM investi-
gations were carried out by home-build tungsten tips. STM
imaging and STS measurements were performed at 77 K. The
dI/dV spectra were obtained by a standard lock-in amplifier
with a modulation frequency of 771 Hz and a modulation volt-
age of 10 mV.

The 1T-MoTe, on Au (111) were characterized using
scanning electron microscopy (SEM, ZEISS. Sigma HD), and
Raman measurements were conducted using a confocal micro-
scope (WITec, alpha-300) with an objective-focused 532 nm
laser in the room temperature.
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Fig. 1. Temperature-controlled growth of MoTe, on Gr/SiC and Au (111). (a) Large scale, (b) magnified STM images of 1T'-MoTe;
grown on Gr/SiC at 220 °C. The yellow arrows and the black dashed rectangle mark the crystal orientation of 1T’-MoTe; and the
cluster, respectively. (c) Proportion of 1T'-MoTe; and clusters grown on Gr/SiC as a function of substrate temperature. (d) Large
scale, (e) magnified STM images of reconstructed 1H-MoTe; on Gr/SiC at 260 °C. (f) Proportion of 1H-MoTe; grown on Gr/SiC as
a function of substrate temperature. (g) Large scale, (h) magnified STM images of 1T'-MoTe; on Au (111) at 275 °C. (i) Proportion
of 1T'-MoTe; grown on Au (111) as a function of substrate temperature. (j) Large scale, (k) magnified STM images of MogTeg
nanowires grown on Au (111) at 305 °C. The upper right inset shows the STM image of a single MogTeg nanowire. (1) Proportion of
MogTeq nanowires grown on Au (111) as a function of substrate temperature.

3. Results and discussion

We first grew MoTe; by MBE method on Gr/SiC with
substrate temperature ranging from 170 to 320 °C (the default
growth time is 10 min, and the ratio of Te to Mo is 30 to 1), and
performed STM measurements on the samples (see Fig. S1
in supporting information). Figures 1(a), 1(b) and 1(d), 1(e)

show STM images of MoTe; monolayers grown at two typi-
cal temperatures. According to the atomically resolved struc-
tures from STM images, we can conclude that the 1T'-MoTe,
islands tend to form at a lower substrate temperature, e.g.,
220 °C [Figs. 1(a) and 1(b)]. Noticeably, the magnified STM
image [Fig. 1(b)] shows the 1T’-MoTe; island has different
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crystal orientations (shown by the yellow arrows) and small
clusters (marked by black dashed rectangle), which are mainly
considered as Mo clusters according to later detailed analysis.
In contrast, the 1H-MoTe; islands are dominant at a higher
substrate temperature, e.g., 260 °C [Figs. 1(d) and 1(e)], ex-
hibiting the reconstruction structures and the clean surface,
which is in line with previous reports on the MBE growth of
MoTe,. %291 We also recorded STS spectra from the two sam-
ples (see Fig. S2 in supporting information), confirming the
formation of 1T’-MoTe; and 1H-MoTe,. Statistical analysis
on the crystallinity of the samples grown at different substrate
temperatures [Figs. 1(c) and 1(f)] indicates that the metastable
1T'-MoTe; gradually changes to stable 1H-MoTe; with an in-
creasing temperature of the substrate. For instance, when sub-
strate temperature increases from 220 °C to 260 °C, the per-
centage of 1T'-MoTe; decreases from 41% to 5%, while the
percentage of 1H-MoTe; increases from 9% to 44%. Mean-
while, the clusters become smaller and even disappear as the
substrate temperature increases [Fig. 1(c)]. When the substrate
temperature rises to about 320 °C, one-dimensional nanowires
emerge (see Fig. S1 in supporting information), similar to
prior reported 1D MogTeg nanowires.?!:261 From the above

experimental results, we conclude that only small-size single-
crystal 1T’-MoTe; can be realized on Gr/SiC substrate.

In contrast, we performed a series of MBE growths of
MoTe; on Au (111) substrate with the temperature ranging
from 245 °C to 335 °C (the default growth time is 10 min,
and the ratio of Te to Mo is 20 to 1). We find that the dom-
inant products are Te films, 1T’-MoTe,, nanowires, and clus-
ters with increasing substrate temperature (see Fig. S3 in sup-
porting information). At 275 °C, the grown monolayer sin-
gle crystal 1T'-MoTe, almost covers the entire Au (111) facet
[Fig. 1(g)] and the high-resolution STM image [Fig. 1(h)]
shows a high-quality single crystal 1T’-MoTe;. Increasing
the Au (111) temperature to 305 °C, we observe straight
nanowires with a length of more than 60 nm [Figs. 1(j) and
1(k)], which are determined as MogTeg with further STM and
STS investigations (see Fig. S4 in supporting information).
Figures 1(i) and 1(1) show the crystallinity percentage of 1T’-
MoTe, and nanowires as a function of substrate temperature,
which satisfies the Gaussian fitting (red curves), indicating that
the substrate temperature greatly influences the growth pro-
cess.
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Fig. 2. Atomic structural analysis of 1T’-MoTe; by STM on Gr/SiC and Au (111). (a) Schematic of the lattice structure of 1T'-MoTe;
viewing from the top (top panel) and side (bottom panel). The unit cell is marked by the red rectangle. Tel and Te2 represent two
adjacent Te atoms along the x axis, respectively. (b)—(g) Atomic-resolved STM images at different bias voltages of 1T’-MoTe, on
Gr/SiC substrate [(b)—(d)] and Au (111) substrate [(e)—(g)]. The value of bias voltage is marked in the images. (h) The height line
profile collected along the dashed black line and dashed red line in (b) and (e), respectively.

Atomic structures of 1T’-MoTe; grown on Gr/SiC and Au
(111) can be clearly resolved by STM imaging. The schematic
model of the 1T'-MoTe; [Fig. 2(a)] shows the zigzag chain
along the y axis, resulting in the adjacent Te atoms in the x
direction (Tel and Te2) are not on the same plane. Figure 2(b)
shows the atomic resolution STM image of 1T'-MoTe; grown
on Gr/SiC at low bias (0.2 V), and all Te atoms on the upper

surface can be clearly resolved. STM probes the local density

of state (LDOS) on the sample surface, which is determined
by the sample surface real height information and the elec-
tronic state information. Therefore, different substrates and
different scanning bias voltages affect the STM topography of
the grown sample. For the STM images recorded at higher
biases (1 V and —1 V) [Figs. 2(c) and 2(d)], due to the in-
fluence of the electronic state, the slight height fluctuation of

the adjacent Te atoms in the y direction is not dominant. In
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contrast, the apparent height difference of adjacent Te atoms
(Tel and Te2) in the x direction is easier to detect, so the im-
ages show light and dark stripes. For the 1T'-MoTe, grown on
Au (111), the STM image recorded at 0.2 V shows light and
dark stripes [Fig. 2(e)] rather than atomically resolved patterns
shown in Fig. 2(b), which indicates that the interaction of elec-
tronic state between Au (111) and 1T'-MoTe, is very strong
even at a low bias (0.2 V). Further, STM images at higher bias
(1 Vand —1 V) show moiré patterns induced from 1T'-MoTe;

and the substrate Au (111) [Figs. 2(f) and 2(g)]. This also sug-
gests a strong electronic interaction between them. Figure 2(h)
shows the height line profiles collected along the black and
red dashed lines in Figs. 2(b) and 2(e). The lattice constants
of 1T-MoTe, grown on Gr/SiC and Au (111) are 0.634 nm
and 0.632 nm, respectively, which is consistent with the theo-
retical lattice constant of 1T’-MoTe; of 0.633 nm."?’! Signifi-
cantly, due to the influence of Au (111), the appearance of Te2
is much less obvious than that on Gr/SiC.
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)
-
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Large-scale 1T "-MoTey

Fig. 3. The evolution process of V-structures induced growth of large-scale1T'-MoTe; on Au (111). (a) Large-scale magnified STM
images (the top panel) of the ordered Te-structures (V-structures). The height line profile (the bottom panel) was collected along the
white arrow, and the height of the V-structures is about 1.6 A. The growth time is 2 min. (b) Large-scale magnified STM images (the
top panel) of 1T'-MoTe, edge. The two yellow arrows indicate that 1 T'-MoTe; and the V-structures are in the same orientation. The
height line profile (the bottom panel) was collected along the white arrow, spanning 1T'-MoTe; and V-structures. The growth time is
5 min. (c) The STM image of single crystals 1T'-MoTe; at the submicron level (in the left panel), and the inset is the SEM image of
1T'-MoTe;. The right panel shows the Raman spectroscopy of 1T'-MoTe;, and a distinct Raman mode near 125 cm ™', corresponding
to the Ay mode of IT'-MoTe,. The height line profile (the bottom panel) was collected along the white arrow in the left panel, and
the height is about 2.6 A, indicating the single atomic step of Au (111). The growth time is 10 min. (d) Schematic illustration of the

1T’ -MoTe; growth process on Au (111).

To understand the growth mechanism of 1T'-MoTe, on
Au (111) substrate, it is critical to regulate the growth time
under the suitable growth conditions and clarify the character-
istics of the growth process. Hence, we performed a compara-
tive analysis of the grown samples with different growth times
at 275 °C. The left panel of Fig. 3(a) is an STM image with a
growth time of 2 min, from which it can be clearly observed
that the surface of Au (111) is covered with a layer of ordered
structures with the height of about 1.6 A [the bottom panel of
Fig. 3(a)]. The local detail magnification [the right panel of
Fig. 3(a)] shows that the ordered structures are very similar
to the previously reported Te structures./?®! To verify whether
these are Te structures, we deposited Te on Au (111) alone
for 2 min, and we observed the same structures (see Fig. S5
in supporting information). Since the local pattern of the Te
structures is V-shaped, we label them as V-structures. In ad-
dition, the orientation of V-structures on a single facet surface
of Au (111) was consistent and it can also be consistent on

multiple facets (see Fig. S5 in supporting information). This
indicates that the Au (111) surface determines the growth ori-
entation of the V-structures.

To investigate whether the V-structures can effectively
regulate the growth of 1T'-MoTe,, the epitaxial growth is car-
ried out on Au (111) for 5 min. We found that the V-structures
still exist outside the edge of the 1T'-MoTe, [the left panel
of Fig. 3(b)], but with some adsorbed atoms [the right panel
of Fig. 3(b)] compared to the V-structures shown in Fig. 3(a).
Moreover, the formed 1T’-MoTe, and V-structures have the
same orientation [the yellow arrows in Fig. 3(b)], and the
height difference between these two structures is extremely
small [the bottom panel of Fig. 3(b)]. Based on the analysis,
we conclude that V-structures guide the growth of 1T’-MoTe;.
We also strengthened this conclusion by comparing the STM
images presented by another sample at different growth times
(see Fig. S6 in supporting information). In addition, we per-
formed normal epitaxial growth of 1T'-MoTe; on the Au (111)
substrate with Te clusters (see Fig. S7 in supporting informa-
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tion), and obtained clusters instead of 1T’-MoTe,. This further
indicates that the V-structures are critical to the growth of 1T'-
MoTe;.

The large-scale STM image of single crystal 1T'-MoTe,
on a single Au (111) facet with 10 min growth time is shown in
the left panel of Fig. 3(c). Its size reaches the submicron level,
which is nearly two orders of magnitude larger than the size of
1T'-MoTe, grown by MBE in previous reports.1%202% In ad-
dition, the scanning electron microscope (SEM) image [inset
of the left panel of Fig. 3(c)] shows that 1T'-MoTe; can grow
across Au (111) steps. The height profile [the bottom panel of
Fig. 3(c)] shows that the height of the steps is 2.6 A, which is
consistent with the thickness of a single layer Au (111). This

indicates that 1T’-MoTe; is uniformly covered on the Au (111)
surface. The more information of the 1T'-MoTe; single crystal
is shown in Fig. S8 of in supporting information. Furthermore,
the samples are analyzed by Raman spectroscopy [the right
panel of Fig. 3(c)], which exhibit a distinct Raman mode near
125 cm ™!, corresponding to the A, mode of 1T"-MoTe,.[3"

The schematic illustration of the 1T'-MoTe, growth pro-
cess on Au (111) is proposed in Fig. 3(d) based on the anal-
ysis of the above experimental conclusions. First, Te atoms
are easily deposited on Au (111) to form the V-structures, and
then the V-structures further reacts with Mo and Te to form
1T'-MoTe,. As the reaction progresses, 1T'-MoTe, gradually
grows and finally covers the whole Au (111) surface.
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Fig. 4. Microscopic growth mechanism of MoTe; on Gt/SiC. (a) STM image of 1T’-MoTe; grown at 240 °C. The yellow arrows mark
the different orientations of 1T'-MoTe;,. (b) The height line profile of 1T’-MoTe;. The line is collected along the white arrow in (a), and
the height of the 1T’-MoTe is about 7 A. (c) The Raman spectroscopy of MoTe, on Gr/SiC. There are two distinct Raman modes near

125cm~! and 235 cm ™!,

corresponding to the Ag mode of 1T'-MoTe; and the E>; mode of 1H-MoTe;, respectively. (d)—(f) STM images

during the growth evolution of MoTe; with time: (d) 2 min, (¢) 5 min, (f) 10 min. (g) Schematic illustration of the MoTe, growth process

on Gr/SiC.

To elucidate the growth mechanism for 1T'-MoTe, on
Gr1/SiC, we first analyze the STM measurements for the best
quality samples obtained under optimal growth conditions
(growth temperature at 240 °C, growth time 10 min, and the
flux ratio of Te and Mo being 30 to 1). We observed small
1T'-MoTe; nano-islands dominate [Fig. 4(a)] and with differ-
ent crystal orientations. This is in stark contrast to the large-
scale single crystal 1T'-MoTe, grown on Au (111). The STM
height profile [Fig. 4(b)] shows that a height difference of 7 A

between the MoTe, nano-island and the substrate, indicating
the formation of monolayer 1T’-MoTe,.!"”! The flux ratio of
Te and Mo is 30 to 1, but the excessive Te atoms cannot be
deposited on the blank Gr/SiC, reflecting the weak binding
ability of Te and Gr/SiC substrate, which is also confirmed
by our DFT calculations (see Fig. S10 in supporting informa-
tion). Therefore, we consider that Te atoms are not dominant
in the growth of MoTe, on Gr/SiC. The Raman spectroscopy
[Fig. 4(c)] shows two distinct Raman modes near 125 cm~!
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and 235 cm™!, corresponding to the A, mode of 1T"-MoTe;
and the Exg mode of 1H-MoTe,, respectively, which further
illustrates that MoTe, grown on Gr/SiC is a mixture of two
phases within the scale of the conventionally optical resolu-
tion.

To investigate how the Mo atoms affect the growth of
1T'-MoTe,, we performed the time-controlled growth process.
Figures 4(d)—4(f) show the STM images of samples grown on
Gr/SiC at 240 °C for 2 min, 5 min, and 10 min, respectively.
When the growth time was 2 min, nucleation sites were found
on Gr/SiC [Fig. 4(d)]. Through comparative experiments of
depositing Te atoms and simultaneously depositing both Te
and Mo atoms (normal epitaxial growth method) on Gr/SiC
with Mo clusters (see Fig. S9 in supporting information). We
found that pure Te atoms cannot be deposited on Gr/SiC sub-
strates with Mo clusters, while the normal epitaxial growth
of MoTe; can be carried out using Mo clusters as nucleation
sites. This indicates that these nucleation sites in Fig. 4(d) are
mainly composed of Mo atoms. As the growth time increases,
Te and Mo atoms start to gather and react around the Mo nu-
cleation sites, and gradually epitaxially grow into small MoTe,
nano-islands [Fig. 4(e)]. As the reaction proceeds further, the
adjacent small nano-islands continue to expand and eventually
grow together to form large nano-islands [Fig. 4(f)]. Since the
crystal orientation of epitaxially grown 1T’-MoTe, at different
Mo nucleation sites is random, the crystal orientation of the fi-
nally formed large nano-island on Gr/SiC substrate is diverse
[Fig. 4(a)], as the results shown in the previous reports.[!%-2!
The relative growth evolution of MoTe; on Gr/SiC substrates
is illustrated in Fig. 4(g).

We further performed STS measurements to investigate
the energy band information of the grown 1T’-MoTe,. Fig-
ures 5(a) and 5(c) show the STM images of typical monolayer
1T'-MoTe, grown on Gr/SiC and on Au (111), respectively.
For both samples, we observed different dI/dV spectra at the
edge and interior areas (referring to the bulk) [Figs. 5(b) and
5(d)]. We can clearly see the difference of the dI/dV spec-
tra at the edge and bulk. The LDOS intensity at the edge
is significantly enhanced, forming clear edge states. In gen-
eral, the d//dV spectrum at the edge shows a V-shaped spec-
trum, while the one in the bulk is flatter. This indicates that
the 1T'-MoTe; has conductive edge states. Notably, due to
the strong interaction between the Au (111) and 1T'-MoTe;,
the d//dV spectra can be easily influenced by the electronic
states of the Au (111), leading to that the intrinsic properties
of 1T-MoTe, is not obvious. In contrast, the dI/dV spectrum
recorded from monolayer on Gr/SiC shows a clear zero-band
gap at the edge with a V-shaped spectral profile, while the
U-shaped dI/dV spectrum with an opened band gap appears
at the bulk MoTe, [Fig. 5(b)]. Our observation agrees with
the previously reported transport experiment!”! of 1T’-MoTe,,

which shows a bandgap opening of up to 60 meV, demon-
strating that the monolayer 1T-MoTe, has conductive edge
states. We also performed dI/dV mapping on 1T-MoTe, is-
land grown on Gr/SiC at different bias voltages (see Fig. S11
in supporting information), finding that the length of the en-
hanced conductivity edge states is about 2 nm. This physical
property of monolayer 1T’-MoTe; is similar to the character-
istics of two-dimensional topological insulators, which have

conductive edge states and insulating bulk states. 313!

(a)

G
=

4

Bulk

Edge

—0.4 —0i2 0:0 0j2 0.4
Sample bias (V)

Bulk

Edge

log dI/dV &

—-0.4 —0:2 O:O 0i2 0.4
Sample bias (V)

Fig. 5. STM/STS study of the edge states of 1T’-MoTe,. (a) STM image
of 1T’-MoTe; on Gr/SiC. (b) The dI/dV spectra collected at the locations
marked by arrows in (a). (c) STM image of 1T'-MoTe; on Au (111).
(d) dI/dV spectra collected at the locations marked by arrows in (c).

4. Conclusion and perspectives

We have performed epitaxial growth of MoTe, on Gr/SiC
and Au (111) at different substrate temperatures and growth
time by MBE method. By atomically resolved STM imaging,
we systemically investigated the morphology and the crystal
phase of the grown samples, revealing the microscopic mech-
We find that, even at the
optimized substrate temperature, only small size single 1T'-
MoTe; can be realized on Gr/SiC. This is due to the fact that
the formed Mo nucleation sites on substrate impede the fur-

anism of the growth of MoTe,.

ther growth of monolayer MoTe;. For Au (111) substrate, we
found that the firstly formed Te structures (V-structures) regu-
late and promote the growth of monolayer single crystal 1T'-
MoTe,, leading to nearly two orders of magnitude larger crys-
tal size compared to that grown on the Gr/SiC. By STS mea-
surements, we demonstrate that the monolayer 1T'-MoTe; has
conductive edge states. Our study not only provides the fun-
damental understanding of microscopic growth mechanism of
1T'-MoTe,, but also experimentally verifies that it has conduc-
tive edge states, which could pave the way for device applica-
tions based on 1T'-MoTe,.
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