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Seeded 2D epitaxy of large-area single-crystal
films of the van der Waals semiconductor

2H MOTEZ

Xiaolong Xu“?, Yu Pan?, Shuai Liu', Bo Han®**, Pingfan Gu?, Siheng Li*, Wanjin Xu', Yuxuan Peng’,

Zheng Han®®, Ji Chen!, Peng Gao?3#, Yu Ye27*

The integration of two-dimensional (2D) van der Waals semiconductors into silicon electronics
technology will require the production of large-scale, uniform, and highly crystalline films. We report a
route for synthesizing wafer-scale single-crystalline 2H molybdenum ditelluride (MoTe;) semiconductors
on an amorphous insulating substrate. In-plane 2D-epitaxy growth by tellurizing was triggered from

a deliberately implanted single seed crystal. The resulting single-crystalline film completely covered a
2.5-centimeter wafer with excellent uniformity. The 2H MoTe, 2D single-crystalline film can use itself
as a template for further rapid epitaxy in a vertical manner. Transistor arrays fabricated with the
as-prepared 2H MoTe, single crystals exhibited high electrical performance, with excellent uniformity

and 100% device yield.

wo-dimensional (2D) semiconductors,

such as MoS, (7) and black phosphorus

(2), could compete with silicon technology

because of their atomic thickness (7, 3),

excellent physical properties (2, 4-6),
and compatibility with classic complemen-
tary metal-oxide semiconductor (CMOS) tech-
nologies (7, 8). A prerequisite for achieving
large-scale integrated circuits made of 2D
semiconductors is the mass production of
their raw materials with high quality and
uniformity (9, 10). Silicon wafers are ob-
tained by cleaving bulk ingots of Si single
crystals, whereas large-area 2D semiconduc-
tors are usually obtained through bottom-
up deposition methods (17-14). Flaws such
as grain boundaries and crystallographic
defects introduced during growth often lead
to severe degradation of electronic perform-
ance (I5). Wafer-scale single-crystalline 2D
semiconductors on insulating substrates
are highly desired, but their growth remains
extremely challenging.

Most methods for preparing bulk single crys-
tals cannot be adopted for synthesizing large-
sized 2D semiconductor single crystals, because
the atomic thickness of 2D materials makes
their synthesis strongly dependent on the sur-
face properties of the substrates (10, 16). For
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example, transforming a polycrystalline 2D thin
film into a single crystal only by thermal anneal-
ing must overcome the high energy barrier of
rotating a 2D crystal domain on a substrate
(17). Recently, graphene, a single-crystalline 2D
semimetal, and hexagonal boron nitride (hBN),
an insulator, were grown on single-crystalline
metallic substrates or a molten metal surface
by ensuring an identical crystal orientation of
all the grains to avoid any grain boundaries
during coalescence (18-22). However, for 2D
semiconductors grown on a single-crystalline
substrate, although the film has essentially one
crystallographic orientation, translational grain
boundaries still exist because of the presence of
imperfectly stitched domains (23, 24).

To mitigate this problem, we devised a seam-
less epitaxial growth of a 2D-confined single
crystal via the solid-to-solid phase transition
and recrystallization process. Wafer-scale lat-
eral extension of van der Waals (vdW) 2H mo-
lybdenum ditelluride (MoTe,) semiconductor
was triggered by a single nucleus deliberately
implanted in the center of an amorphous in-
sulating wafer. Single-crystalline 2H MoTe,
with 100% 2D film coverage, excellent uni-
formity, and large size was grown, which can
be further used as a template for rapid epi-
taxy in a vertical manner. Transistor arrays
fabricated with the single-crystalline 2H
MoTe, wafers showed high electrical per-
formance, with excellent uniformity and 100%
device yield. Our method opens up possibili-
ties for future industrial implementation of
vdW 2D semiconductors for next-generation
nanoelectronics.

The synthesis processes of wafer-scale single-
crystalline 2H MoTe, film is shown schemati-
cally in Fig. 1A. First, the Mo film (3 nm thick)
deposited on the Si/SiO, wafer was tellurized
with Te vapor to obtain a polycrystalline 1T’
MoTe, wafer (~10 nm thick) with existence

of Te vacancies (see supplementary materials)
(25, 26). The domain size of the 1T" MoTe,
film was about tens of nanometers (fig. S1).
After that, a single-crystalline 2H MoTe, nano-
flake exfoliated from the bulk crystal was as-
sembled to the center of the 1T MoTe, wafer
by a dry transfer method (see supplementary
materials) and served as a seed crystal to trig-
ger the phase transition and recrystallization
(Fig. 1, A and B).

Next, a 30-nm-thick dense Al,O3 layer was
deposited on the surface of the wafer by atomic
layer deposition (ALD) to isolate the 1T MoTe,
film from the Te atoms in the environment
during growth (Fig. 1A). Given that the supply
of Te atoms for 1T" MoTe, is a necessary con-
dition for filling the Te vacancies to induce the
1T’ to 2H MoTe, phase transition (25, 27, 28),
this structure avoided the spontaneous nucle-
ation of 2H MoTe, with random crystal orien-
tations in the 1T MoTe, film (fig. S2). The
phase transition and atom rearrangement
started from the seed region and extended
outward during the entire growth period, which
was crucial for the growth of wafer-scale single-
crystalline film. Thus, a small hole was intro-
duced into the seed region as the only channel
for the supply of Te atoms (Fig. 1, A and inset
of C); the hole was punched by a tungsten
probe mounted on a 3D translation stage (fig.
S3). The wafer and a 3-g Te lump (prepared by
annealing Te powders at 500°C for 30 min)
were placed in a closed quartz tube with a re-
movable plug and then loaded into a 5-cm
(2-inch) quartz tube in a chemical vapor depo-
sition (CVD) furnace. This closed environment
effectively reduced the consumption of Te
sources, thereby ensuring the continuous sup-
ply of Te during the entire growth process. The
wafer-scale single-crystalline 2H MoTe, film
was synthesized at a flow rate of 5 standard
cubic centimeters per minute (sccm) of Ar and
4 sccm of H, under atmospheric pressure.

The 1T MoTe, layer underneath the seed
crystal transformed into a 2H MoTe, single
crystal with the same crystallographic orien-
tation as the seed crystal through the phase
transition and recrystallization induced by the
vertical 2H/1T’ interface (Fig. 1A). In this way,
an in-plane 2H/1T' MoTe, interface was formed,
and the recrystallization and phase transition
occurred at this interface and extended out-
ward. The phase transition process was driven
by atom diffusion, thus resulting in a single-
crystalline 2H MoTe, circle centered on the
seed region. At an intermediate stage of growth
(650°C, 2 hours), we observed a 2H MoTe, cir-
cle with a radius of ~396 um centered on the
seed region (Fig. 1C), indicating that the phase
transition rate was 3.3 um/min under these
conditions.

Before growth, both the typical Raman peaks
of 2H (Eyg, 234 cm ™) and 1T (A, 161 cm™; and
A,, 256 cm™) MoTe, could be observed in the
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Fig. 1. Seeded growth of the A
single-crystalline 2H MoTe,

wafers. (A) The schematic

diagrams for the in-plane 2D-

epitaxy synthesis of wafer-scale
single-crystalline 2H MoTe,

thin film. (B) Optical image of a

2H MoTe, nanoflake assembled in

the center of the 1T' MoTe,

wafer as a seed to induce the

phase transition and recrystalliza-

tion. (C) Optical image of the

wafer after intermediate growth at
650°C for 2 hours. Inset shows °
the seed crystal with a needle
probe-punched hole. (D) Raman
spectra of the seed region before
and after growth. a.u., arbitrary
units. (E) Optical image of a
synthesized 2.5-cm (1-inch) °
single-crystalline 2H MoTe, wafer.
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seed region (Fig. 1D) (29, 30). After growth, only
the Raman peak of 2H MoTe, was observed
(Fig. 1D), indicating that the implanted seed
induced the phase transition of 1T" MoTe, at
the bottom into 2H MoTe, (Fig. 1A). The ver-
tical 2H/1T' MoTe, interface was the key factor,
in that other 2D materials (such as graphene
and hBN) could not be used as the seeds to
induce the phase transition of the 1T" MoTe, at
the bottom (fig. S4). Initial 1T" MoTe, film of
2 to 3 nm was discontinuous and had a sur-
face roughness, R,, of ~1.2 nm, while the film
of 35.5 nm became very rough with a R, of
~3.7 nm. The film discontinuity and rough-
ness resulted in a poor interface between the
seed and the 1T’ film, which prevented the
film under the seed region from phase tran-
sition through the vertical interface. Under all
other initial 1T" MoTe, film thicknesses, the
seed-induced phase transitions were observed
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(figs. S5 and S6). After 3 days of long-term
growth, the entire film phase-transformed
into the 2H phase to form a wafer-scale semi-
conducting MoTe, single crystal with a diam-
eter of 2.5 cm (1 inch) (Fig. 1E). The obtained
film was continuous, smooth, and uniform
over a large scale, with an R, in the range of
0.20 to 0.25 nm (figs. S7 and S8). As long as
the growth condition remained unchanged,
the growth rate was relatively stable over
time (fig. S9). At a temperature below 530°C,
no phase transition occurred, because such
a low temperature could not provide suffi-
cient energy to cross the activation barrier of
the phase transition (25). At temperatures
above 710°C, the film was destroyed. Under
all other temperatures, the seed-induced phase
transition occurred, with a phase transition
rate increasing exponentially with increasing
temperature (fig. S10). The first-principle cal-

L

before growth

after

intermediate growth 200_|Jm

culation and designed experiments confirmed
that the diffusion rate of Te atoms was faster
than the recrystallization rate, indicating that
the phase transition rate was limited by the
recrystallization rate under our growth con-
ditions (figs. S11 and S12).

We used aberration-corrected scanning
transmission electron microscopy (AC-STEM)
to evaluate the crystallinity of the film around
the seed region (Fig. 2A). The high-angle an-
nular dark-field (HAADF) image of the thicker
seed region, which appeared brighter owing
to the larger sample thickness (3I), showed a
hexagonal lattice structure without any moiré
patterns (Fig. 2C). The results showed that
the lattice structure, orientation, and stack-
ing order of the bottom MoTe, were exactly
the same as those of the seed crystal. The Te
and Mo atoms in the bottom 1T" MoTe, rear-
ranged according to the lattice structure of
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Fig. 2. TEM characterization
around the seed region.

(A) Low-magnification STEM
image of the single-crystalline
MoTe; film. The outline

of the seed is marked by the
dashed white line. (B) SAED
pattern obtained at an

area around the edge of the
seed [marked by the dashed
red box in (A)], containing only
one set of sixfold symmetric

2H phase spots. (C) HAADF-STEM
image acquired around the edge
of the seed. (D and E) The
zoomed-in STEM image of the
seed region and the outside
seed region, sharing the same
crystal structure and orientation.
The blue dashed lines indicate
the zigzag crystal direction

of 2H MoTe,. (F and G) The
cross-sectional HAADF-STEM
image and zoomed-in image of
the seed region.

2H MoTe, at the vertical 2H/1T’ interface
during the phase transition. This recrystalli-
zation behavior was confirmed by the cross-
sectional STEM characterizations of the seed
region. Both the seed and bottom MoTe, layer
maintained a perfect AB stacking order and
had exactly the same crystal orientation (Fig.
2F), and there was no obvious gap between
the seed and bottom MoTe, layers (Fig. 2G).
The outside seed region also showed the
hexagonal lattice structure of the 2H MoTe,
(Fig. 2C), and its crystal orientation was the
same as that of the seed region (Fig. 2, D and
E), indicating that a similar recrystallization
process also occurred during the in-plane
phase transition.

During the phase transition, the Te and
Mo atoms in the metastable 1T" MoTe, mi-
grated and rearranged themselves according
to the lattice structure and orientation of the
adjacent 2H MoTe, at the in-plane interface
(82). Because this phase transition was driven
by an atom-diffusion process in which the
2H MoTe, at the interface served as a tem-
plate, the process was not substrate-sensitive
and could even be performed on an amor-
phous SiO, surface. Thus, subsequent device
fabrication could be performed directly on
the substrate without the need to transfer
the 2D semiconductor film, thus preserv-
ing the material quality and the integrity
of the film. Owing to the 2D nature of the
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carbon film

SiO, substrate

as-synthesized film, the intact 2D film wafer
could also be transferred to other substrates
(fig. S13). Because the as-synthesized films
were multilayered, an atomic defect might not
be visible in the Z-contrast image, because of
the presence of other atoms from all other
layers that could obscure the slight changes
in the column intensity (fig. S14). In princi-
ple, the phase transition occurred from the Te
vacancy-related 1T' MoTe, phase to the stoi-
chiometric 2H MoTe, phase, and this phase
transition process did not suffer from the
difficulty of balancing metal and chalcogen
vapor pressures as other transition metal
dichalcogenides (TMDCs) during the growth
(33). From the energy dispersive x-ray spec-
troscopy (EDX) spectrum of the obtained film
with a size of 300 nm by 300 nm (fig. S14), no
corresponding peaks related to Si and Al were
observed, indicating that Si and Al were not
incorporated into the 2H MoTe, film during
the high-temperature growth. The selected
area electron diffraction (SAED) pattern ob-
tained around the seed region (marked with
the red dashed box in Fig. 2A) contained only
one set of sixfold symmetrical 2H phase spots
(Fig. 2B), further confirming that bottom and
nearby MoTe, of the seed region inherited the
lattice structure and crystal orientation of
those of seed 2H MoTe,.

We used electron back-scattered diffraction
(EBSD) to further analyze the crystallinity of

outer region

the film on a large length scale. The scanning
electron microscope (SEM) image of a repre-
sentative seed with a hole is shown in Fig. 3A.
In the inverse pole figure (IPF) map along the
normal direction of the surface (fig. S15), the
uniform red color (related to the [0001] crystal
orientation) indicated that the 2H MoTe,
layers were stacked along the normal direction,
which was consistent with cross-sectional
STEM results. The in-plane transverse IPF
map showed a uniform green color (Fig. 3B),
indicating that the in-plane crystal orienta-
tion of the film around the seed region was
the same, which was again consistent with the
STEM results at a larger scale. Because the
phase transition gradually advanced outward
through the 2H/1T’ interface, the phase transi-
tion is thorough on the entire wafer. The ob-
tained 2H phase film was continuous with 100%
coverage, as confirmed by the uniform color
of the phase-distribution map (Fig. 3C) related
to the 2H phase. We also performed EBSD char-
acterization of a larger area (1 mm by 1 mm)
far away from the seed (marked by the green
box in Fig. 3D). The in-plane IPF map showed
not only a single color but also exactly the
same color as that of the seed region (Fig. 3E),
confirming that after the phase transition, the
entire film strictly inherited the crystal lattice
and orientation of the seed.

To further verify the single crystallinity,
electron back-scattered patterns (EBSPs) were
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Fig. 3. EBSD characterization A
of the wafer-scale single-

crystalline MoTe,. (A) SEM image
around the seed region. The

outline of the seed with a hole at

the center was marked by the

dashed black line. (B) The in-plane B
transverse IPF map showed

a uniform green color, confirming

that the in-plane crystal

orientation was identical at the

region around the seed. (C) The

phase distribution map at c
the same region as that of IPF

map. (D) Optical image of the

2.5-cm (l-inch) single-crystalline

MoTe, wafer. (E) The in-plane
transverse IPF map of a large area

far away from the seed. (F) The

IPF map

phase map 15 pm

15 um

at the nucleus

schematic diagrams of the cyclic

rapid vertical epitaxy of the single  F
crystal into a bulk single crystal

with an unlimited number of

layers. (G) The cross-sectional
HAADF-STEM images of the

epitaxial film. (H) EBSPs at differ-

ent positions across the wafer.

top Mo film

away from the nucleus

rapid
vertical
original epitaxy bulk
2H-MoTe, o single crystal
single crystal B with unlimited
4/ number of
layers

amorphous
substrate

randomly collected at different positions across
the 2.5-cm (1-inch) wafer. All EBSPs showed
only one set of Kikuchi patterns (related to the
2H MoTe,) and had the same crystal orienta-
tion (fig. S16). The EBSP analysis unambigu-
ously demonstrated that the wafer film was a
single crystal whose crystal orientation was
completely determined by the implanted seed
crystal. If the crystal orientation of the seed
crystal was deformed, the deformation was
inherited throughout the film (fig. S17). This
effect could provide a method for controllably
preparing grain boundaries with different
angles. In some cases, with an imperfect seed,
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we found that the IPF maps of the obtained
MoTe, films showed small angle deflections
(usually less than 1°) radiating from the seeds
(fig. S18). These deflections might be caused by
the stress generated during the seed-transfer
process or stress caused by thermal fluctua-
tions during growth.

Rapid epitaxy in the stacking direction
using the single-crystalline 2H MoTe, 2D
semiconductor single-crystal bulk wafer, as
shown schematically in Fig. 3F. First, the
Al,O3 film on the single-crystalline 2H
MoTe, wafer was dissolved using a hot
phosphoric acid solution (see materials

cyclic vertical epitaxy

3 » 6
Position (mm)

and methods). A Mo film (3 nm thick) was
deposited on the wafer. Then, the wafer was
sent back into the furnace for tellurizing at
650°C for 5 min. The Mo film was initially
converted into 1T MoTe, and formed a ver-
tical 2H/1T" MoTe, interface. Phase transition
and recrystallization were induced through
the interface. Similar to the seed-induced
recrystallization discussed above, in a short
period of time, the Te and Mo atoms in the
top 1T" MoTe, migrated and rearranged ac-
cording to the lattice structure and orientation
of the bottom wafer-scale single-crystalline 2H
MoTe,, thereby achieving the rapid epitaxy of
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Fig. 4. Electrical characterizations of the
FET devices fabricated on the single-crystal-
line 2H MoTe; film. (A) Optical image of the
heterophase 1T'/2H/1T' MoTe, FET array
fabricated with a phase-engineered method.
(B) Typical Igs-Vys curves of heterophase FET
measured under various gate voltages.

(C) Typical transfer curves of the heterophase
FET. (D to F) The statistical histograms of the
on-current, field-effect mobility, and on/off
ratio measured on a 10 by 10 MoTe, FET array,
all showing a narrow distribution.

the wafer. The thickness of the film increased
from 10 to 20 nm after the epitaxy (fig. S19),
indicating that both the original and epitaxial
films are about 14 layers thick.

The single crystallinity of the film was char-
acterized by STEM and EBSD. The cross-
sectional HAADF-STEM image showed that
the films in both the original and epitaxial re-
gions maintained a perfect AB stacking order,
and there was no observable gap between the
original and epitaxial layers (Fig. 3G). The
top-view HAADF-STEM image and the SAED
pattern (fig. S20) showed a pure hexagonal
lattice and a set of sixfold symmetric diffraction
spots, respectively, indicating that an atomic-
precision epitaxy of the 2H MoTe, was real-
ized. EBSPs were also collected at different
positions across the wafer. All EBSPs showed
one set of 2H MoTe, Kikuchi patterns with

Xu et al., Science 372, 195-200 (2021) 9 April 2021
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the same crystal orientation (Fig. 3H), indicat-
ing that the epitaxy was consistent through-
out the sample scale. The number of epitaxial
layers was determined by the thickness of
the deposited Mo film, and the epitaxy speed
exceeded 150 layers per hour. This vertical
epitaxy process could also be repeated as long
as there is a single-crystal template. The rapid
epitaxy method could be used in combination
with the recently reported wafer-scale single-
layer 2D materials peeling technique (34) to
mass-produce single-layer single-crystalline
2H MoTe, wafers.

For monolithic integration technology, high
device uniformity and reliability are critical,
and we expected that the uniformity and reli-
ability of the device could be greatly improved
with single-crystalline films. On the basis of
the wafer-scale single-crystalline 2H MoTe,

Mobility (cm?2V-' s)

On/off ratio (10%)

thin film and our previously developed phase-
engineered growth technique (see materials
and methods for details) (35), we fabricated a
large-scale coplanar heterophase 1T'/2H/1T’
MoTe, field-effect transistor (FET) array with
optimized contacts directly on the growth sub-
strate (Fig. 4A), with p*-Si as the global back
gate electrode. The typical gate voltage (V,)-
dependent source-drain current-voltage (/gs-Vgs)
output curves showed a linear response (Fig.
4B), indicative of a low contact barrier between
the 1T and 2H MoTe, (fig. S21). The typical
145-V transfer curves at bias voltages of 0.5
and 0.1 V showed p-type transistor character-
istics (Fig. 4C). From the transfer characteristics,
we extracted a room-temperature field-effect
mobility (1) of ~45 em? V' s and an on/off
ratio of ~1.5 x 10* (Fig. 4C), comparable to the
reported values of single-crystalline 2H MoTe,
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nanoflake transistors with a similar in-plane
heterophase structure (36, 37). Moreover, the
channel could be fully turned off when mea-
sured in vacuum, showing an enhanced on/off
ratio of ~2 x 10° (fig. S22), because adsorbed gas
molecules (such as oxygen and water) in am-
bient could induce a conducting channel near
the top surface that could not be fully turned
off by the back gate (38, 39). The temperature-
dependent Hall measurements confirmed that
the mobility was limited by the phonon-related
scattering, indicating the high electrical per-
formance of the obtained 2H MoTe, film (fig.
523). The statistical results of the 10 by 10 MoTe,
FET array showed that the on-current, field-
effect mobility, and on/off ratio of the device
were all highly narrow-distributed, with an
average value of 9.38 + 0.75 x 107 A/um, 45 +
2 cm®V's7) and 1.8 + 0.3 x 10%, respectively
(Fig. 4, D to F), confirming the spatial uni-
formity of the electrical properties of the de-
vices on a large scale. The single-crystalline
nature of the continuous film also ensures a
100% device yield.

Until now, applying this method to other
TMDCs required more effort, because the en-
ergy differences between the 2H phase and
1T'/1T phase of other TMDCs are much larger
than that of MoTe,. But big strides have been
achieved in the synthesis of the 1T/1T' phase
of other TMDCs. For example, the stable 1T’
phase of MoS, has been synthesized directly
using a CVD method by choosing the proper
precursor of K,MoS, (40). The high phase-
purity 1T" MoS, and MoSe, have also been
synthesized by the mixture of K,;MoS, with S
and Se (41). Meanwhile, the transition from the
1T phase to the 2H phase is observed by ther-
mal annealing and laser irradiation. With the
development of phase-engineering techniques,
this method might be applied to other 2D ma-

Xu et al., Science 372, 195-200 (2021) 9 April 2021

terials. As in silicon manufacturing, the elec-
trical characteristics of the semiconducting
2H MoTe, wafers can be controlled by ad-
ding dopants such as Nb and Re to the Mo
film before it is tellurized. The ability to use
this method on a variety of substrates might
lead to the widespread adoption of 2D semi-
conductors in conventional CMOS devices.
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Seeding 2D crystals

Small, single crystals are often used to direct the growth of larger, bulk single crystals. Xu et al. modified these
methods to grow single-crystal films of a two-dimensional (2D) semiconductor, 2H molybdenum ditelluride (2H MoTe?),
on an amorphous glass surface. After coating the wafer with a 1T# MoTe? film, a small 2H MoTe crystallite was
placed on the wafer. The wafer was capped with an alumina film, except for a small hole above the seed region that
allowed entry of additional tellurium during the heating process that drove the phase transition and epitaxial growth of
2H MoTe).
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