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attempted using the molten glass-substrate approach;6 however,

ABSTRACT: We report the fast growth of high-quality there has been no reports of large area TMD crystal growth on
millimeter-size monolayer MoSe, crystals on molten glass glass. The growth of 2D materials on molten glass has not
using an ambient pressure CVD system. We found that the received the attention it deserves to date, despite the advantage
isotropic surface of molten glass suppresses nucleation of glass as a low cost, transparent substrate for photonic
events and greatly improves the growth of large crystalline applications.

domains. Triangular monolayer MoSe, crystals with sizes Here, we report the successful growth of millimeter-size high-
reaching ~2.5 mm, and with a room-temperature carrier quality monolayer MoSe, crystals on molten glass. The melting
mobility up to ~95 em?/(V's), can be synthesized in S and regeneration of glass generate a smooth surface, with a
min. The method can also be used to synthesize signficantly reduced defect density, and thus enable low density
millimeter-size monolayer MoS, crystals. Our results nucleation for large crystal domain growth. Triangle-shaped
demonstrate that “liquid-state” glass is a highly promising monolayer MoSe, domains with widths reaching several
substrate for the low-cost growth of high-quality large-size millimeters can be grown in S min. The method can also be
2D transition metal dichalcogenides (TMDs). used to synthesize millimeter-size monolayer MoS, crystals,

suggesting the generic applicability of this method.

As described in Figure 1a and Figure S1, glass substrates were

wo-dimensional (2D) transition metal dichalcogenides placed in a quartz tube mounted inside a tube furnace for

(TMDs) have attracted much attention due to their MoSe, synthesis. The present setup uses a piece of SiO,/Si
excellent electronic and optical properties.” The large spin— with a piece of Mo foils on the surface to hold molten glass,
orbit coupling allows spin-valley coupling to be observed in which are put face-up above the MoOj; source. Prior to the
TMDs.” At monolayer thickness, the band structures of some growth process, solid glass plates were cleaned in deionized
TMDs transit from indirect to direct band gap.' These water, acetone, isopropyl alcohol, followed by 5 min of O,
properties render TMDs attractive for applications in plasma to remove the impurities absorbed on the surface.
optoelectronics, valleytronic and spintronic devices.” To obtain During the ramp up period, solid glass melts and a clean
high-quality TMD monolayers, many approaches have been atomically flat liquid surface is obtained. The melting process
applied, including mechanical exfoliation, chemical exfoliation erases the high-energy sites such as defects, kinks, and
and chemical vapor deposition.1 Among them, the CVD asperltes, thus facilitating the growth of large-size high-quality
approach has the greatest potential for scaled-up production. MoSe, crystals. 20-sccm Ar is used as the carrier gas, and a
However, due to the lack of low-cost chemically inert metal small amount of H,, a reducing agent for MoO;, is used to
substrates, almost all the CVD methods reported to date used control the start and end point of the reaction. The CVD
solid dielectric substrates. It is widely postulated that the growth process is carried out at ambient pressure, and the
nucleation of crystallites occurs preferentially at impurities or temperatures of selenium powders and molten glass during
defect sites on solid substrates, such that mosaic polycrystalline growth are kept at 280 and 1050 °C, respectively.
films inevitably form on with a high density of defects. To Figure 1b presents a photograph of MoSe, crystals grown on

molten glass. A millimeter-scale triangular MoSe, crystal
marked by green frame can be seen by eye. Figure lc shows
the typical optical microscopy (OM) image of MoSe, crystals.

promote large-sized single crystal domain, complicated growth
techniques or surface treatment methods have to be employed
to suppress nucleation events.” On the other hand, the growth
of graphene on molten metallic substrates allows hexagonal
crystallites to be assembled in highly aligned manner.” Recently, Received: November 24, 2016
the growth of polycrystalline graphene film on glass has been Published: January 4, 2017
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Figure 1. Synthesis process and morphology of MoSe, monolayers.
(a) Scheme showing CVD process for the synthesis of MoSe, crystals
on molten glass. (b) Photograph of MoSe, crystals grown on molten
glass. (c,d) Optical images of MoSe, crystals grown on molten glass.
Scale bar 500 ym in panel c and 10 ym in panel d. (e) Optical image
of MoSe, crystals transferred onto SiO,/Si substrates. Scale bar 500
um. (fg) AFM phase (f) and height (g) images of MoSe, crystals.
Scale bar 1 ym.

The straight edges suggest that these triangular MoSe, crystals
have a uniform molybdenum zigzag (Mo-zz) edge structure.”
The growth of MoSe, crystals can occur in a wide temperature
range from 700 to 1050 °C (Figure S2). With increasing
growth temperature, the MoSe, nucleation density decreases
and the grain size increases. At 1050 °C, the nucleation density
can be controlled below 20 nuclei cm™. The ratio of Ar/H, gas
mixture influences the shape and quality of MoSe, crystals:
increasing the concentration of H, (>30%) enhances the
etching of MoSe, crystals, whereas reducing it (<9%) promotes
the formation of hexagonally shaped MoSe, crystals (Figure
S3). However, after S min growth at a suitable H, flow (~13%),
the dielectric surface is covered mainly by large-size MoSe,
monolayers (from several hundred micrometers to several
millimeters) (Figure S4). Further growth (>15 min) enlarges
the number of MoSe, sheets, and many nearest-neighbor
MoSe, sheets link together, resulting in a continuous film.
Unlike graphene and GaSe grown on liquid metals,” the as-
synthesized MoSe, domains are not self-aligned into an ordered
structure, due probably to its high-speed growth. Figure 1d
shows a high-mignification OM of the CVD-grown MoSe,
crystals. The uniform color contrast indicates the large-size
crystals are of uniform thickness. The as-grown MoSe, crystals
can be transferred from molten glass onto other substrates by
using PMMA techniques (Figure le, Figure S5). When imaged
using atomic force microscopy (AFM), the transferred MoSe,
sheet on the SiO,/Si substrate displays a wrinkled morphology
(Figure 1f). The line scan at the edge illustrates that the step
height is ~0.97 nm (Figure 1g), comparable to previous reports
of exfoliated MoSe, monolayer.

The microstructure of the CVD-grown MoSe, crystals was
probed by selected area electron diffraction (SAED), low-
energy electron diffraction (LEED), scanning transmission
electron microscopy (STEM), scanning tunneling microscopy
(STM), and X-ray photoelectron spectroscopy (XPS). TEM
analysis of the edge of a typical triangular MoSe, crystal
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transferred onto a copper grid (Figure 2a) reveals that the edge
thickness corresponds to a monolayer (Figure 2b). Six

Figure 2. Structural characterization of MoSe, crystals. (a) Optical
image of a MoSe, crystal transferred onto a TEM grid. Scale bar 100
um. (b) High-magnification TEM image of the MoSe, crystal. Scale
bar 20 nm. (c—h) Six SAED patterns from the areas labeled in panel a.
(i) LEED pattern of a MoSe, crystal. (jk) STEM images of MoSe,
crystals with different magnifications. Scale bar S nm in panel ) and 1
nm in panel k. The bright spots correspond to Se atoms from the two
stacked layers and the dim spots correspond to Mo atoms. () STM
image of MoSe, monolayer transferred onto gold substrate, showing
the characteristic honeycomb lattice. Scale bar 1 nm.

representative SAED patterns that correspond to different
areas labeled in Figure 2a are shown in Figure 2c—h,
respectively. The identical orientations of the diffraction
patterns across these spatially diverse regions reveal the
single-crystal nature.” This result is also confirmed by LEED
(Figure 2i) that has a larger analysis spot size (~0.1 mm) than
that of SAED (~1 um) and provides longer range structural
information.'” The STEM Z-contract images show the atomic
resolution of the MoSe, lattice (Figure 2jk): a hexa§onal
pattern with alternating bright and dim atomic sites.'" No
extended structural defects are observed across the film, which
confirm the high quality of the MoSe, monolayer. We also used
atomic-resolution STM to verify the atomic structure of the
MoSe, monolayers transferred onto Au films (Figure 21). STM
probes the electron-rich Se atoms, which form a perfect
honeycomb lattice with the lattice constant of 3.3 + 0.1 A
(Figure S6)."” The absence of atomic defects confirms the high
crystalline quality of the MoSe, samples.

XPS was used to examine the elemental composition and
bonding in the MoSe, samples. The peaks at ~231.5 and 228.3
eV binding energies are attributed to Mo 3d;/, and 3d/, core
levels (Figure 3a) and the peaks at 55 and 55.9 eV correspond
to Se 3ds/, and Se 3d,, core levels, respectively (Figure 3b).""
The signals due to MoO; were completely absent, suggesting
that the surface has a low density of defects and a complete
reduction of Mo® (MoQ;) to Mo* (MoSe,). The ~1:2 Mo/
Se ratio obtained from integrated peak areas indicates that the
MoSe, crystals have the desired stoichiometry.

The crystalline quality and optical properties of the MoSe,
crystals were further evaluated using Raman, photolumines-
cence (PL) and optical absorption measurements. The Raman
spectrum shows two characteristic peaks of MoSe, monolayers:
a sharp one at 238.5 cm™" assigned to A;; mode and a broad
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Figure 3. Optical and structural characterizations of MoSe, and MoS,
crystals. (a,b) XPS spectra of MoSe, transferred onto HOPG showing
the Mo 3d core level region (a) and Se 3d core level region (b). (c)
Raman spectrum of MoSe, monolayer. The inset shows the PL
spectrum of the crystal. (d,e) Raman (d) and PL (e) spectroscopy
maps of the peaks at 238.4 cm™" and 795 nm, respectively. Scale bar 30
pum. (f) Optical absorption spectrum of MoSe, crystals. The inset
shows the transient absorption spectrum. (g) Optical image of MoS,
monolayer on molten glass. Scale bar S00 ym. (h) STEM image of
MoS, crystals. Scale bar 2 nm. (i) Raman spectrum of MoS,
monolayer. The inset shows the PL spectrum of the crystal.

one at 284.2 cm™" assigned to E,; mode (Figure 3¢)."” The PL
spectrum (Figure 3c, inset) shows a direct band gap PL peak at
~795 nm, corresponding to the direct band gap at K point."
The spatial dependences of Raman and PL signals extracted
from the integrated intensities of the characteristic Raman
(238.4 cm™") and PL (795 nm) peaks were plotted in Figure 3d
and 3e. The uniform color intensity is a reliable indicator of the
uniform thickness.

Figure 3f displays the optical absorption spectrum of the
MoSe, monolayers. Two excitonic absorption peaks A and B,
arising from direct gap transitions at the K point, are identified
at ~795 and 700 nm, respectively.'* A millimeter-sized MoSe,
monolayer allows us to measure directly the transient
absorption spectra and relaxation lifetimes using a conventional
pump—probe setup. The transient absorption spectrum after
500 nm pumping yields typical MoSe, spectral features in the
visible range (500—800 nm): two photobleaching peaks (PB,
AT/T > 0 or AA < 0) at around 700 nm (1.77 eV) and 795 nm
(1.56 €V) and two photoinduced absorption (PA, AT/T < 0 or
AA > 0) band over the 525—650 nm and 725—77S nm regions.
The PA bands are due to carrier-induced excited-state peak
broadening."® The PB peaks at 1.56 and 1.77 eV correspond to
the A and B excitons (Figure 3f).'* The dynamics of both
excitons show ultrafast rise times of around 200 fs, and then
undergo a multiexponential decay (Figure S7). The ultrafast
rise and decay dynamics of the large-sized MoSe, monolayer
can be exploited for photonics applications.

To assess the generality of the “molten glass substrate”
approach for growing other TMDs, we have also applied it to
synthesize MoS, crystals. The parameters and procedure for
MoS, growth are similar to that of MoSe, except that S (instead
of Se) is used as precursor. The introduction of H, flow is not
required due to the stronger chemical reactivity of S. Figure 3g
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shows the OM image of large-size MoS, monolayers grown on
molten glass. Different from that of MoSe,, the triangular MoS,
crystal displays three jagged edges due to S-zigzag edge
orientations.” The size of the as-grown MoS, crystals can reach
2.6 mm (Figure S8), which is larger than that of all the
previously reported TMDs.*”'" We also characterized the
MoS, lattice using STEM (Figure 3h). Different from that of
MoSe, crystals, the bright spots, here, correspond to Mo atoms
and the dim spots correspond to S atoms from the two layers
sandwiching the inner Mo atoms. Figure 3i shows the Raman
spectrum of the MoS, crystals. The A, and E,;, modes of MoS,
monolayer are located at ~400.1 and ~382.2 cm™’,
respectively.16 The PL spectrum (Figure 3i, inset) shows the
characteristic emission peaks of MoS, monolayers at ~673 nm,
corresponding to the direct excitonic transition of MoS,
monolayer.'®

Interestingly, the size of our TMD crystals grown on molten
glass is more than 3 orders of magnitude larger than that of
graphene nanodisks,” suggesting that a different growth
mechanism is in place. All the crystals grown have a triangular
morphology, and adjacent crystals formed twin-crystal structure
(Figure S4). The growth kinetics is similar to that occurring on
solid substrates, which suggests a similar surface deposition
process. However, a high density of MoSe, crystallites were
grown on “solid-state” glass and SiO,/Si substrates (Figure S9),
with sizes which are 1 order smaller compared to the crystals
grown on molten glass. Because the nucleation of crystallites
occurs preferentially at impurities or defect sites, it follows that
creating a homogeneous surface will reduce the density of
nucleation sites, thus promoting the growth of large-size
crystals. We found that the surface of the solid-state glass is
usually rough; however, glass melts above 750 °C, allowing a
quasi-atomic smooth and homogeneous liquid surface to be
regenerated (Figure S10). Uniquely, the “molten glass
substrate” approach suppresses nucleation event without the
need to reduce feedstock supply,* thus it does not compromise
the high rate growth of large-size high-quality TMD crystals
from the nuclei. Molten glass has a nonperiodic ionic structure
which is time-dependent, the thermal ionic motion causes the
fluctuation of the interatomic distance, which weakens the
interaction between adatoms and growth substrates, and thus
lowers the migration barrier energy (U) of adatoms. The
migration coefficient D is related to U by

D =~ D exp(—U/ksT)

where kg is the Boltzmann constant and T is the temperature.'”

The migration coeflicient on molten glass is far lower than that
on solid substrates. Therefore, a high growth rate, together with
a low nucleation density, contributes to the formation of
millimeter-size MoSe, and MoS, crystals on molten glass.
Further studies will be needed to elucidate the detailed growth
mechanism.

To investigate the electrical properties of the as-grown
MoSe, crystals, back-gate FETs were fabricated on SiO,/Si
substrates (Figure 4a). The I—V characteristics of a typical
device with a channel length (L) of ~10 ygm and a channel
width (W) of ~2 ym, measured in a vacuum, is shown in Figure
4b. The linear and symmetric curves suggest that ohmic-like
contacts are formed at the source and drain electrodes. Figure
4c shows the transfer curves driven at different Vg The Ipg
value increases monotonically with increasing Vg, which is
indicative of n-type behavior. The maximum on/off current
ratio is ~10’, and the threshold voltage is around —20 V
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Figure 4. MoSe, FET devices. (a) Optical image of a MoSe, FET.
Scale bar 50 pm. The inset shows a schematic diagram of this device.
(b) Ing—Vpg characteristics for the device. (c) Transfer characteristics
(Ips vs Vi) of the device at different Viyg. (d) The distributions of on/
off current ratios and mobilities of 19 MoSe, FETs.

(Figure S11). The carrier mobility can be calculated from the
linear regime of the transfer characteristics. Analyzing the
transport characteristics of 19 MoSe, FETs, the mobility and
the on/off current ratios were determined to be in the range of
5—95 cm® V™' s7! and 10%—107, respectively (Figure 4d), which
are comparable to the values of mechanically cleaved
MoSe,,'"'® and confirm the high crystalline quality of our
MoSe, crystals. The carrier mobility can be further improved by
optimizing device structure and interface engineering.

In summary, by using molten glass as growth substrates, we
have achieved the fast growth of millimeter-size monolayer
MoSe, and MoS, crystals. The advantage of molten glass is the
generation of a low-defect, highly homogeneous template with
low nucleation density. The largest monolayer MoSe, and
MoS, crystals synthesized have lateral dimensions of ~2.5 mm,
which is larger than that of all the previously reported
TMDs.*”"" Atomic-scale imaging and optical/electrical trans-
port studies have confirmed the high crystalline quality of these
samples. Our results provide a new direction to the synthesis of
large-size MoSe, and MoS, crystals on low-cost molten glass
substrates, and form the basis of a versatile approach for the
synthesis of 2D TMDs. Our work further points to the
possibilities of using other “liquid-state” substrates for the
growth of 2D materials.
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