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Molybdenum disulfide (MoS,) has attracted a great deal of attention because of its outstanding

physical, chemical and optoelectronic properties. The method used to prepare large sized Mo -

www.rsc.org/

crystals of very high quality is still an important issue for determining the feasibility of ite

application. Herein, we propose a novel Sn flux method to grow single crystal MoS,, and bulk

MoS,; single crystals with a size of 3 mm x 5 mm were successfully obtained by using a

cooling rate of 2-4 °C/h. The growth mechanism of the MoS, crystal in Sn flux was

investigated in detail using optical microscopy and atomic force microscopy (AFM). The

obvious screw dislocation steps that are revealed suggest that the growth of MoS, is controlled

by a screw-dislocation-driven (SDD) spiral growth mechanism. The flux-grown MoS, crystals

were exfoliated to produce high-quality large-scale films using the liquid-phase exfoliation

method. Using ultrathin MoS, films as a saturable absorber, a passively Q-switched laser at a

wavelength of 1.06 um was constructed and operated, with a narrow pulse width of 326 ns.

Introduction

Recently, layered transition metal dichalcogenides (TMDCs) with
formula MX, (M = Mo, W; X =S8, Se, and Te) have attracted a great
deal of attention due to their unique properties.' These interesting
properties make them promising candidates for applications in
electronics,* optoelectronic devices,™® energy storage devices,” 8 and
electrocatalysis.” MoS, is a representative layered TMDC. It consists
of stacked covalently coupled S-Mo-S sheets, with adjacent layers
connected by weak van der Waals forces. The indirect bandgap of
bulk MoS, is 0.89-1.2 ¢V, while monolayer MoS, has a direct
bandgap of 1.8 eV.A 1911 g4 far, much research effort has been
devoted to MoS, in focusing on the preparation'>'” of few-layered
MoS, and its applications. Excellent crystal quality and a large
surface area are important to realize the applications of ultrathin
MoS, films.!® ' Ultrathin MoS, sheets can be obtained through
scotch-tape exfoliation®, lithium-based intercalation'* or liquid-phase
exfoliation® from commercially available, naturally occurring MoS,
crystals or MoS, powder. Recently, chemical vapor deposition
(CVD)® 2! has also been used to directly grow large-area
monolayered or few-layered MoS, crystals. However, the two types
of method still have shortcomings for obtaining MoS, films. MoS,
films obtained by the former method are relatively small, while those
grown by the latter method usually exhibit some defects. Therefore,
the way to obtain large-area and highly crystalline MoS, ultrathin
layers is still a critical issue. However, there are very limited
literatures on the growth of bulk single MoS, crystals, which has a
significant effect on the scale and crystallinity of ultrathin MoS,
films. Ubaldini et al. reported the growth of bulk TMDCs crystals
by chemical vapor transport method.”> H. J. SCHEEL? reported that
alkali polysulfides were flux suitable for the preparation of many
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metal sufides, including NaCrS,, CdS, FeS,, MoS; etc. In addition,
very recently, MoS, films have been found to hold promise for use
in optoelectronic applications. For example, there are some reports
on Q-switched and mode-locked laser operation of fiber lasers using
MoS,%*?® In the field of solid state lasers (SSLs), Wang et al."'
studied the broadband saturable absorption of MoS, prepared *
pulsed laser deposition (PLD); and Xu et al?’ reported on a
passively Q-switched laser using sub-micron scale MoS, sheets as
the saturable absorber. In order to achieve higher pulse peak power
and pulse energy, further investigation should be carried out on the
saturable absorption properties of high quality MoS, single crystals
especially in SSLs. Large-scale high-quality MoS, sheets would
exhibit more advantages in the complex SSLs.

In this work for the first time, to the best of our knowledge,
large-sized high-quality bulk MoS; single crystals with dimensions
of 3 mmx5 mm were grown by the Sn flux method. The MoS;
crystals develop with a screw-dislocation-driven (SDD) growth
mechanism, as supported by the observation of screw dislocatic .
steps on the surface of the crystals. From the as-grown MoS, cryst: 's,
high-quality and large-scale ultrathin MoS, samples were obtainea
by liquid-phase exfoliation. Using the ultrathin MoS, sheets, we
experimentally demonstrated the photonics application of the MoS,
SA for passive Q-switching operation, with nanosecond pulses of
width 326 ns that were successfully generated at an operational
wavelength of 1.06 um.

Experimental section

Sn flux method growth of MoS,
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High purity elemental molybdenum (2N), sulfur (5N), and tin
(5N) were used as the starting materials, and were loaded into a
quartz ampoule which was evacuated to 2.0x10~ Pa. It was then
sealed off. The quartz ampoule containing the starting materials was
placed into a single-temperature-zone coil furnace controlled by a
temperature controller (SHIMADEN FP23). Typically, the heating
program of the furnace was set as follows: slow heating to 1100-
1150 °C and holding at this temperature for 25 h to ensure complete
melting; the furnace was then cooled to 1000 °C at a rate of 0.5 - 6
°C/h, and maintained for 20 h to allow the crystals to grow; the
growth ampoule was then drawn out of the furnace at 1000 °C. The
ampoule containing the melt was then centrifuged for 3 minutes at a
speed of 1500 r/min. It is necessary to move quickly during the
entire drawing and centrifuging process in order to maintain the
crystallization morphology that occurs at 1000°C. Bulk MoS, single
crystals were obtained after the Sn flux was diluted in concentrated
hydrochloric acid.

Preparation of ultrathin MoS,

MoS, bulk crystals were exfoliated using the convenient
and widespread method of liquid-phase exfoliation. The MoS,
crystals (0.003g) were put into a centrifuge tube filled with 1.5
mL ethyl alcohol, then the centrifuge tube was sonicated in a
KQ3200 ultrasonic cleaner, at a power of 120 W and ultrasonic
frequency of 40 Hz. After 3 hours, the resultant dispersions
were rotated in a centrifuge for 10 min at a rate of 12000 rpm.
The supernatant was decanted into another container.

Characterization

Powder X-ray diffraction was performed with a Bruker-AXS
D8 ADVANCE X-ray diffractometer equipped with a
diffracted beam monochromator set for Cu Ka radiation (A =

Journal Name

1.54056 A) over the range of 10-80 °(20), with a step size of
0.02 ° and a step time of 0.04 s at room temperature. A Laue
diffractometer manufactured by Multiwire Laboratories with -
W target was used to obtain the Laue pattern of the crystal.
Raman spectroscopy was collected in the back-scattering
configuration by a HR 800 system from Horiba JobinYvon, and
a 532 nm laser was used as the excitation source. Scanning
electron microscopy (SEM) was performed on a Hitachi S-4800
ultrahigh resolution (UHR) field emission (FE) SEM, and the
images were obtained at an acceleration voltage of 5.0 kV.
Transmission electron microscopy (TEM) images were
obtained with a JEOL JEM-2100F transmission electron
microscope operating at an acceleration voltage of 200 kV.
Atomic force microscopy (AFM) was carried out with a Bruker
Dimension Icon atomic force microscope.

Results and discussion

Owing to the high melting point of molybdenum disulfide and t* -
volatility of sulfur, a tin (Sn) flux method was selected to grow bulk
MoS, single crystals. Metallic Sn is a commonly-used flux due to
low melting point (232 °C) and high boiling point (2260 °C).
Moreover, Sn has good solubility in acid, so the flux can be eas™
removed from the MoS, crystals.”® The starting compositior
(Mo:S:Sn) and the growth temperature, which had great impact on
the size and quality of MoS, crystals, had been determined by series
of preliminary experiments. We found that the optimal conditions to
produce MoS, crystals were as follows: growth temperature 1100-
1150 °C, starting composition of Mo:S:Sn 1:2:10-1:2:15 (see Figure
S1). The effect of the cooling rate on the size and morphology of the
MoS; crystals was investigated in detail. In this work, the cooling
rate was varied from 0.5 to 6 °C/h, and the obtained MoS; crystals
are shown in Figure 1 (a)-(c).

Figure 1. MoS, crystals grown by Sn flux method at a cooling rate of (a) 5-6 °C/h, (b) 2-4 °C/h, and (c) 0.5-1 °C/h. Each small square in all images is 1 mm?

The experiments reveal that the cooling rate has a great effect on
the size and morphology of the MoS, crystals. At a quicker cooling
rate of 5-6 °C/h, a number of small-sized crystal chips produced, as
shown in Figure la. When the cooling rate was decreased to 2-4
°C/h, the size of crystals increased to 3-5 millimeters, and the
crystalline quality improved obviously (Figure 1b). When the

2 | J. Name., 2012, 00, 1-3

cooling rate was further decreased to 0.5-1 °C/h, and the size f
crystals further increased. However, it is determined that samp] -
obtained were polycrystalline MoS, (Figure 1c). This result mav
involve a complicated crystallization process that should include
more influence factors. In conclusion, highly crystalline large-sizec
crystals can be obtained by using a cooling rate of 2-4 °C/h in these
experiments. As is shown in Figure 2a, the Sn flux method enables a

This journal is © The Royal Society of Chemistry 20~ _
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scalable low cost solution to the production of highly crystalline
bulk clear MoS, single crystals with a smooth large-sized area.

In order to characterize the crystalline quality of the bulk MoS,
single crystals that were grown, we carried out X-ray diffraction
(XRD) and Laue measurements. Figure 3 shows the XRD patterns of
MoS, flakes and their powder. The MoS, powder pattern agrees well
with the theoretically calculated one (Figure 3b), while only the [001]
diffraction lines were visible for the MoS, flakes, indicating that the
surface of the crystals lies in the crystallographic ab-plane due to its
strong two dimensional growth habit. Figure 2b shows a typical
Laue diffraction pattern with hexagonal symmetry, and the clear and
bright diffraction points indicate that the bulk MoS, single crystals
grown by Sn flux method are of high crystalline quality.

Figure 2. (a)Highly crystalline bulk MoS, single crystal grown by Sn flux method
at a cooling rate of 2 °C/h. The crystal size is about 3 mm x 5 mm. (b) Laue
pattern of bulk MoS; single crystal grown by Sn flux method at a cooling rate of 2
°c/h.
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while the Elzg mode relates to out-of-plane vibration of the Mo and S
atoms (383 cm ').?*3! The weaker peak at 453cm™ is due to a
secondary phonon mode 2LA(M).”" For the as-grown crystal, tt-
other two modes (E,, Ezzg) could not be detected due to selection
rules for scattering geometry (Elg)30 or because the energy (Ezzg) was
below our measurement range.

SEM measurements were used to further characterize the Mo»S,
crystals grown under the optimal growth parameters. In Figure 5(a,b),
the surface of the crystals appear clean and smooth, and no obvious
defects are observed. From EDS results (see Figure S2), one can
conclude that no trace of the Sn flux was present in the as-grown
crystals. The high magnification (Figure 5a) shows the sharp 120 ¢
angles, in accordance with the six-fold symmetry of the crystal
structure. According to the periodic bond chain (PBC) theory,* the
direction of strongest chemical bonds is considered to be the fastest
growth direction in the crystal. In the MoS, crystal structure, the
covalent bonds in the c-plane are much stronger than the van der
Waals forces perpendicular to the c-plane, and so the growth of
MoS; crystals in the c-plane proceeds at a much faster rate than that
along a direction that is perpendicular to the c-plane. This situati
leads to a layered structure with a sequence of flats (~0.5—1pum thick)
stacked along the c-axis.
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Figure 3. XRD pattern of (a) MoS; crystals, (b) MoS, powder ground from grown
crystals, and (c) calculated.

Figure 4 shows a typical Raman spectrum of MoS, grown by the
Sn flux method. Hexagonal MoS, belongs to the D*q,(P6y/mmc)
group, and contains two molecular units with a total of six atoms
within the unit cell.”” There are twelve modes of lattice vibration:
A t2A5+2Boy B +E g +2E+2E,,+E,,, among which only four
are Raman active (A, Eig, Ezlg, Ezzg).”’ % The A, mode
corresponds to in-plane vibration involving the S atoms (408 cm ),

This journal is © The Royal Society of Chemistry 2012

Raman (cm’)

Figure 4. Raman spectrum of MoS, at room temperature. The A;; mode
corresponds to in-plane vibration involving S atoms (408 cm™), while the Elzg
mode relates to out-of-plane vibration of Mo and S atoms (383 cm™). The
weaker peak at 453cm™ is due to a secondary phonon mode 2LA(M).

It has been confirmed that high quality MoS, crystals can be
obtained at a cooling rate of 2-4 °C/h. The morphology and growth
mechanism of MoS, crystals grown under these conditions were
investigated by using AFM. According to classical crystal growth
theory™, there are three basic kinds of growth mechanism, includi g
SDD**, layer-by-layer (LBL) and dendritic growth. The growt.
preference depends on the degree of supersaturation. Generally at
low supersaturation, SDD growth is dominant. Screw dislocation
defects can provide self-perpetuating active edges that serve as
nucleation sites to promote crystal growth at low supersaturation.
Recently, some researchers have also reported SDD growth in
BiZSe3,33 WSe,® and MoS,>® nanosheets by CVD at a Icw
supersaturation.

Through observation by optical microscope, we found that th-
surface of the MoS,; crystals exhibited hexagonal screw dislocation
steps, and the magnified screw dislocation steps were characterizec
by AFM in Figure 5c. The clear AFM image implies that screw
dislocations with multiple Burgers vectors are produced in the Sn
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flux system, and the dislocations then serve as step sources that
promote continued crystal growth. The step sources do not disappear
in the process of crystal growth and so form spiral tracks on the
crystal surface. We measured the step height / and terrace width A to
describe the growth ledges. The height profile (Figure 5d) was
measured by AFM along the red dashed line shown in Figure Sc.
The step height 4 varies from 0.9 to 4 nm, and the terrace width is
about 1-2um. The basic step with a height of 0.9 nm is
approximately equal to the thickness of a MoS, single layer (0.65
nm). According to Burton-Cabrera-Frank (BCF) theory,”” ** the
lateral step velocity Vj, the growth rate normal to the surface R, and
the slope p = h /A= R, / Vs are closely related to the degree of
supersaturation. In the flux growth system, the amount of
supersaturation may fluctuate during the growth process, resulting in
a change in V; and R,,, and adjacent steps could bunch together to
form a single step. Consequently, steps with inconsistent heights and
widths appear on the surface of the crystals, as shown in Figure 5d.
Considering the application of the crystals for use in devices, we
exfoliated the as-grown MoS, crystals by liquid-phase exfoliation in
ethanol, and ultrathin sheets were prepared for characterization. In a
low-magnification transmission electron microscopy (TEM) image
(Figure 6e), the entire field of view shows the large ultrathin film,
and some folds are visible, which reveal high flexibility and
thinness. More detailed information can be obtained from high-
resolution images (Figure 6a,b,c). Uniform atomic orientation and
spacing demonstrate that an individual sheet consists of a single
crystal domain. The electron diffraction image (Figure 6d) clearly
shows the typical six-fold symmetry characteristic of MoS, with no
redundant diffraction points, indicating a well-crystallized structure
for the exfoliated MoS, sheet. Moreover, the morphology and
thickness of the MoS, sheets was investigated with AFM (see Figure

Journal Name

6f). The height profile diagram (Figure 6g) indicates that the MoS,
sheets consist of about 4 layers, since the height of a single layer is
0.65 nm.

-14.7 am Distance (um)

Figure 5. (a,b) SEM images of MoS, crystals grown at a cooling rate of 2 °C/h. (c)
AFM image of screw dislocation steps on MoS, crystal surface. (d) AFM height
profile of hexagonal screw dislocation steps along red dashed line in (c), ster
thickness is 1-4 nm, and terrace width is 1-2pum.

Height (nm)

T T

0 1 2 3
Lateral Distance (pm)

Figure 6. (a) high-resolution image of MoS, sheet exfoliated by liquid-phase exfoliation. (b,c) selected area high-resolution enlarged images of (a).(d) electron
diffraction pattern of MoS, sheet. (e)Low-magnification TEM image of MoS, sheet (f) AFM image of MoS,sheets exfoliated from as-grown crystals by liquid-ph: e

exfoliation method. (g) height profile of the few-layer MoS, sample in (f)

Passive Q-switching is achieved by placing a saturable absorber
inside the laser resonator, then the loss of the cavity can be
modulated by employing the saturated absorption characteristics of
the saturable absorber.” The 2D semiconductor materials, including

4| J. Name., 2012, 00, 1-3

MoS,, show a simple dual energy band structure of the conduction
and the valence bands. Incident light with energy higher than the gar
can excite carriers from the valence band to the conduction band. If
the excitation has stronger intensity, all possible initial states are

This journal is © The Royal Society of Chemistry 20~ _
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depleted and the final states are partially occupied in accordance
with the Pauli blocking effect such that the absorption will be
saturated. As a consequence, when a high-quality MoS, nanofilm is
inserted into a laser cavity, the laser will be modulated and changed
from continuous wavelength operation to pulsed operation.*’ *' The
ultrathin MoS, sheets exfoliated from as-grown crystals, were used
as MoS, saturable absorbers ( SA) in a solid state laser. The as-
prepared ultrathin MoS, suspension was uniformly applied dropwise
onto the ultraviolet quartz glass substrate to serve as the saturable
absorber mirror in the laser experiment. The passively Q-switched
laser experiment was conducted with the setup shown in Figure 7.
Using the MoS, SA, a passively Q-switched laser at a wavelength of
1.06 pum, was operated with a Nd:YVO, crystal as gain medium. The
pulse width and repetition rate of the passively Q-switched laser
were measured with a digital oscilloscope. Typical pulses are shown
in Figure 8 with pulse width of 326 ns. When an incident pump
power is 4 W, the maximum output power of the laser was 250 mW,
a maximum repetition rate of 524 kHz and a single pulse energy of
0.48 wJ. The pulse width obtained in our experiment is narrower than
that reported elsewhere in the literature'' using PLD prepared MoS,
as the SA. The laser results demonstrate that ultrathin MoS,
exfoliated from the flux-grown MoS, crystals is a promising
candidate for use as the saturable absorber for Q-switched SSLs.

@ o Mos, A
: eeee @ O]
Nd:YV
Focusing Optics M, By

M,

Figure 7. Schematic diagram of passively Q-switched experimental set-up
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Figure 8. Q-switched pulse profile with pulse width of 326 ns, Inset:
corresponding spectrum centered at 1.06 um, pulse trains with repetition rate of
524 kHz recorded at 2 us per division.
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Conclusions

In conclusion, we have reported on a novel Sn flux method that
can be used to grow bulk MoS, crystals. It can be widely extended
to the growth of other TMDCs materials. Bulk MoS; single crystals
with dimensions of 3 mm x 5 mm were successfully grown by the
Sn flux method. The morphology and size of the MoS, crystal can be
controlled by adjusting the cooling rate during crystal growth. The
screw dislocation steps that appeared suggested that MoS, crystals
grown by the Sn flux method follow a screw-dislocation-driven
(SDD) growth mechanism. From the bulk crystals, highly crystalline
large-scale MoS,; films were obtained by the method of liquid-phase
exfoliation. Ultrathin MoS, films were used as a Q-switching

This journal is © The Royal Society of Chemistry 2012
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element in laser experiments, with the resulting pulses having a
width of 326 ns, a maximum output power of 250 mW, and a single
pulse energy of 0.48 puJ
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