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Large-area tungsten disulfide for ultrafast
photonics
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Two-dimensional (2D) layered transition metal dichalcogenides (TMDs) have attracted significant interest
in various optoelectronic applications due to their excellent nonlinear optical properties. One of the most
important applications of TMDs is to be employed as an extraordinary optical modulation material (e.g.,
the saturable absorber (SA)) in ultrafast photonics. The main challenge arises while embedding TMDs into
fiber laser systems to generate ultrafast pulse trains and thus constraints their practical applications.
Herein, few-layered WS, with a large-area was directly transferred on the facet of the pigtail and acted as
a SA for erbium-doped fiber laser (EDFL) systems. In our study, WS, SA exhibited remarkable nonlinear
optical properties (e.g., modulation depth of 15.1% and saturable intensity of 157.6 MW cm™) and was
used for ultrafast pulse generation. The soliton pulses with remarkable performances (e.g., ultrashort
pulse duration of 1.49 ps, high stability of 71.8 dB, and large pulse average output power of 62.5 mW)
could be obtained in a telecommunication band. To the best of our knowledge, the average output
power of the mode-locked pulse trains is the highest by employing TMD materials in fiber laser systems.

These results indicate that atomically large-area WS, could be used as excellent optical modulation

rsc.li/nanoscale materials in ultrafast photonics.

1. Introduction

Recently, transition metal dichalcogenides (TMDs) have
attracted significant attention due to their scientific interest
and technological significance.® Depending on the intrinsic
properties of TMDs, they could be catalogued as metallic
materials (e.g., niobium disulfide (NbS,) and tantalum di-
sulfide (TaS,)), semiconducting materials (e.g., tungsten
disulfide (WS,), tungsten diselenide (WSe,), molybdenum di-
sulfide (MoS,), and molybdenum diselenide (MoSe,)), and
insulating materials (e.g;, hafnium disulfide (HfS,)).””
Compared with metallic or insulating counterparts, semi-
conducting TMDs have gained extensive attention due to their
tunable bandgap with variable thicknesses, which leads
to unique layer-dependent optoelectronic properties. For
instance, the bandgap of WS, has a transition from the in-
direct bandgap in the bulk form to the direct bandgap in the
monolayer.® This tunable-bandgap property of semiconducting
TMDs has opened up new opportunities for optoelectronic
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applications, such as a flexible approach to engineer their
optical properties by changing the thickness.

As a representative of the semiconducting TMD family, WS,
has wunique properties such as high carrier dynamics
(~140 cm® V™' s7%), high third-order nonlinear susceptibility
(Im »* ~ 107®), and broadband light absorption.'®** Moreover,
the theoretical models predict that WS, has the highest carrier
mobility among the semiconducting TMDs due to a better bal-
listic performance.® One of the most important applications
for WS, based on the abovementioned properties is to employ
few-layer WS, as an excellent optical modulation material for
pulsed lasers, which is an elementary component to modulate
the laser continuous wave output into a train of optical pulse
via intensity-dependent transmission property. By employing
passive Q-switching or mode-locking techniques, various
researchers have generated stable pulse trains in fiber laser
systems utilizing few-layer WS, as a remarkable SA. For
example, passive Q-switching operation with great perform-
ances could be achieved at different central wavelengths (e.g.
635 nm, 1030 nm, 1560 nm, and 1925 nm) and ultrashort
pulses (ranging from a few picoseconds to hundreds of femto-
seconds) could be generated in fiber laser systems.'*’
However, as for SAs based on few-layer WS,, some short-
comings exist that have yet to be overcome and these constraint
their practical applications. For instance, most of previous
reports on pulsed laser studies employed a liquid exfoliation
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(LPE) method or mechanical exfoliation (ME) method to
prepare few-layer WS,. Conventionally, few-layer WS, was
obtained via LPE or ME methods resulting in an uncontrollable
size and random thickness, which limits the performances of
WS, once employed in a fiber laser system. Furthermore, these
disadvantages result in a more complicated process to prepare
saturable absorbers based on few-layer WS,. For example, few-
layer WS, prepared by the two abovementioned methods has to
be mixed with a host polymer (such as polyvinyl alcohol (PVA),
or cellulose derivatives (NaCMC)) to form free-standing compo-
sites.'®'® The development of few-layered WS, with greater per-
formances, such as large areas, uniform thicknesses, and high
crystallinity, are imminently demanded to overcome the limit-
ations of the abovementioned methods. Recently, enormous
progress on the growth of WS, by a chemical vapour deposition
(CVD) method has significantly decreased the complexity to
prepare few-layered WS, with a large-area and offered a more
efficient approach to study the optoelectronic properties of
WS,.2°>% Recent reports of the SAs based on atomic-layer WS,
exhibited the potential of this 2D semiconducting material and
passive mode locking operation could be achieved, incorporated
with few-layered WS, nanosheets.”® However, the saturable
absorption mechanism of few-layered WS, with a large-area has
not yet been demonstrated and understood. Moreover, the
literature contains few reports on the investigations of nonlinear
optical properties of few-layered WS, with a large-area and its
applications in ultrafast photonics. Therefore, it is desirable
that more experiments of few-layered WS, to characterize its
nonlinear optical properties and applications in ultrafast pulsed
fiber lasers should be explored and studied, which are essential
for practical applications.

In this report, we have grown uniform few-layered WS, (up
to 4 layers) at the centimeter-scale by a CVD process. By a
transfer process, few-layered WS, was directly transferred on
the facet of the pigtail and embedded into an EDFL system
with a typical ring cavity structure. We investigated the non-
linear optical properties of few-layered WS, with large areas.
Herein, WS, SA exhibited excellent nonlinear optical perform-
ances, such as a large modulation depth (MD of 15.1%) and
lower saturable intensity (157.6 MW cm™>), which are ben-
eficial to achieve passive mode-locking operation in fiber laser
systems. In our experiment that used a few-layered WS, SA, the
soliton mode-locked pulses could be attained in an EDFL
system with excellent laser performances such as a pulse dur-
ation of 1.49 ps, signal to noise ratio (SNR) of 71.8 dB, and an
average output pulse power of 62.5 mW, showing its feasibility
for use in ultrafast pulsed fiber lasers.

2. Experimental section

2.1. Synthesis and characterization of large-area few-layer WS,

Fig. 1(a) schematically illustrates the CVD process of the grown
large-area WS, few layers on the sapphire substrates. Briefly,
tungsten oxide (WO3) powder was used as a precursor for tung-
sten. The WO; powder positioned on a silicon substrate placed
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in the centre of the furnace and close to the sapphire sub-
strates was used as growth substrates. Then, the sulfur powder
was placed beside WO;. Employing a slow heating rate of
15 °C min~', the reaction temperature of chamber was
increased to 1000 °C min~". While keeping this temperature
for 30 min, sulfur was evaporated and reacted with WO;. After
this, the heater of the furnace was turned off, and the sample
was left in the chamber to cool down to room temperature.

The morphologies of the large-area WS, are presented in
Fig. 1(b) by an optical image, where uniform few-layer WS, with
a large-area could be distinctly observed. To identify the number
of layers of the WS, film on the sapphire substrate, atomic force
microscopy (AFM) was used to determine the thickness of the
WS, film, as shown in Fig. 1(c). Fig. 1(d) is the height profile,
from which a height of ~3 nm could be extracted. However, a
thickness of ~0.7 nm of the monolayer WS, was identified in
the previous reports by mechanical exfoliation method; WS,
film in the present system corresponds to four layers.'® The
photoluminescence (PL) spectra of the monolayer (1L) and
bilayer (2L) were excited by 488 nm laser and are shown
in Fig. 1(e). The PL intensity is observed to be significantly
thickness-dependent.”> The monolayer PL intensity of WS, is
enhanced by orders of magnitude compared with bilayer. As for
monolayer WS, prepared in our experiment, a strong emission is
exhibited at 627.2 nm, corresponding to the direct excitonic
transition at the x point.”® However, the emission wavelength of
bilayer is slightly red-shifted to 629.8 nm, which is consistent
with the thickness-dependent bandgap property of WS, caused
by stronger out-of-plane quantum confinement with the decreas-
ing thickness. Fig. 1(f) is the Raman spectra of WS, excited by
488 nm laser with different thickness (monolayer, bilayer, triple-
layer, and bulk). There are two Raman characteristic peaks of
WS, in the Raman spectra, assigned to two photon modes (E2g1
and A,).>° Note that the absolute intensity of all Raman modes
was increased with the number of layers, which is consistent
with a previous report that the Raman intensity of WS, is mainly
affected by the scattering volume.>

3. Few-layered WS,-based saturable
absorber

3.1. Preparation process of the WS,-based SA

Fig. 2(a) schematically exhibits the preparation process of
saturable absorbers based on the few-layered WS, with a large
area. Briefly, after growing few-layered WS, on the sapphire
substrate, the WS, film was coated by a thin film of poly-
methylmethacrylate (PMMA). Then, the WS,-PMMA composite
was stripped from the sapphire substrate and transferred to
deionized (DI) water to remove the residues. After this, the
PMMA-supported WS, film was transferred to acetone to
sufficiently remove PMMA. The free-standing WS, film was
transferred to DI water and suspended on its surface. Finally,
the WS, film was transferred on the facet of the pigtail. While
DI water is volatile at room temperature, the WS, film was
closely combined on the facet of the pigtail by a van der Waals

This journal is © The Royal Society of Chemistry 2017
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(a) Schematic of the growth of few-layer WS, by a CVD method. (b) Optical microscopy image of few-layer WS, with a large-area grown on

sapphire substrate. (c) The AFM image of WS, corresponding to the position of the red circle in (b). (d) Height profile (along the white line in (c)).
(e) PL spectra excited at 488 nm for the WS, with a monolayer (1L) and bilayer (2L). (f) Raman spectra with different WS, thicknesses (such as 1L, 2L,

3L, and bulk form).

force. Note that in our experiment, large-area WS, films were
transferred on both sides of the pigtails to increase the effect
of nonlinear optical properties and obtain a more stable gene-
ration of pulses.

3.2. Nonlinear optical properties of WS,-based SA

The nonlinear optical absorption properties of the saturable
absorber based on the few-layered WS, was measured by a
balanced twin-detector method, as shown in Fig. 3(a).”” The
homemade mode-locked fiber laser was operated at a central
wavelength of 1562 nm with a 921 fs pulse duration and funda-
mental frequency of 17.04 MHz. The nonlinear saturable
absorption curve of our WS, SA is shown in Fig. 3(b). In our
experiment, the MD of our WS, SA was 15.1% and the satur-
able intensity was 157.6 MW cm™>. According to the two-level
model (eqn (1)) for the interpretation of the saturable absorp-
tion property of TMDs, where ag, is the modulation depth
(MD), apon.sac is the non-saturable loss, and I, is the saturable
intensity, the value of MD for our WS, SA might be larger than
the measured value, which is limited by the measured range of
our equipment.”*° The large value for MD of WS, SA was
beneficial to achieve stable passive mode locking operation
with an ultra-short pulse duration. The nonsaturable loss was
comparable to other 2D material-based SAs (such as graphene,

This journal is © The Royal Society of Chemistry 2017

MoS,, or WS,) prepared by a liquid phase exfoliation
method.*'*> Due to our WS, SA, prepared without any organic
host polymer material, the insertion loss of SA in the fiber
laser cavity obviously decreased. Note that in our experiments,
the few-layer WS, exhibited nonlinear saturable absorption at
NIR wavelengths (i.e., 1562 nm, corresponding to 0.79 eV) with
sub-bandgap photon energies, which are below the WS,
material bandgap photon energy (e.g:, 2.1 eV for the monolayer
and 1.3 eV for the bulk form). It is understood that larger-area
WS, few layers are stacked by a monolayer with triangular
shapes because the growth is not self-limiting, leading to
abundant edge-state saturable absorption caused by the
boundaries of a finite crystal structure.>*** Recently, a great
deal of research has also been reported for sub-bandgap satur-

able absorption of TMDs."*™*°
Asat
a(l) = ————+ anon- 1
( ) 1 +I/Isat + non-sat ( )

4. Results and discussion

An EDFL system with a typical ring cavity configuration was
employed in our experiment to verify the nonlinear optical
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Fig. 2 (a) Schematic of the saturable absorbers prepared by transferring few-layer WS, on the facet of the fiber pigtail. (b) and (c) image and micro-

scope image of the facet for the fiber pigtail coated with large-area WS, films. The inset in (c) is the optical microscopic image for the pigtail with a

clear facet.

properties of atomic-layer WS,. The schematic of the fiber
laser is shown in Fig. 3(c). A wavelength division multiplex
(WDM) was used to inject the pump power into the cavity.
A 1.5 m EDF (OFS) was employed to act as gain media. The
unidirectional transition of light was ensured by a polarization
independent isolator (PI-ISO). Note that in our laser cavity, all
components were polarization-independent, which avoided
the self-starting mode-locking operation induced by nonlinear
polarization evolution (NPE). The optical coupler (OC) with a
30/70 splitting ratio was used to generate extra pulses for the
measurement. The polarization controller (PC) was utilized to
adjust the polarization state within the laser cavity to optimize
the laser performances. Two sections of the single mode fiber
(SMF1 and SMF2) were employed to balance the dispersion of
the cavity and ensure that the passive mode-locking was oper-
ated at the soliton state with anomalous net cavity dispersion.
The total cavity length was 424.8 m.

The self-starting mode-locking operation was achieved
when the pump power was increased to 140 mW. The relation-
ship between the pump power and laser output power is pre-
sented in Fig. 4(a). The mode-locking operation was still
working while the pump power was adjusted from 140 mW to
440 mW. As shown in Fig. 4(b), when the pump power was set
to 440 mW, stable passive mode-locking could be attained

1874 | Nanoscale, 2017, 9, 1871-1877

with a central wavelength of 1568.3 nm and a 3 dB bandwidth
of 1.94 nm. Fig. 4(c) shows the SNR of output pulses of 71.8 dB
with a 10 Hz resolution bandwidth (RBW). The repetition rate
for the output pulse train was 487 kHz, which is well matched
with the cavity roundtrip time, and verifies that the laser was
working in the fundamental mode-locking operation. The
autocorrelation (AC) trace of the mode-locked pulses with
2.3 ps full half width at half maximum (FWHM) is shown in
Fig. 4(d), which was well fitted by as sech® profile and verified
that the mode locked fiber laser operated at the soliton state.
After using a 0.648 decorrelation factor for sech® pulses, the
real pulse width was calculated to be 1.49 ps. The time-band-
width product (TBP) was calculated to be 0.353 and the pulses
are near-transform-limited (0.315). The slope efficiency for the
mode-locked fiber laser was ~14%. The maximum output
power was measured to be 62.5 mW, corresponding to 128.3 nJ
for single pulse energy. To the best of our knowledge, the
average output power was the highest by employing TMD
materials in fiber laser systems, and we believe that the higher
output power could be obtained by further improving the laser
cavity design and optimizing the SA properties. The great per-
formances of our few-layered WS, SA operated at high pump
power can be illustrated as follows: (1) the tight combination
between large-area WS, films and the facet of the pigtail could

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Schematic of the balanced twin-detector equipment for the measurement of nonlinear transmission of SA based on few-layer WS,.
Variable optical attenuator (VOA) and output coupler (OC). (b) Nonlinear absorption curve of few-layer WS,. (c) The configuration of passively
mode-locked fiber laser based on few-layer WS, SA.
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sufficiently reduce the nonsaturable loss, which is of benefit
for a lower laser threshold and higher laser slope efficiency, (2)
compared with the same WS, materials prepared by other
methods such as LPE and ME, growing few-layer WS, with a
large-area by a CVD process has many advantages such as
large areas, uniform thicknesses, and high crystallinity, which
results in a faster carrier mobility and is conducive to thermal
dissipation of the materials on the facet of pigtails. Unlike
using PVA (or NaCMC) to prepare free-standing PVA (or
NaCMC)-supporting SA composites, directly coating atomic-
layers on the facet of the pigtail could prevent the material pro-
perties from being effected by the combination with other
organic host polymer materials,>®° and (3) in our experiment,
both sides of the pigtail coated with large-area WS, films
could be of benefit to increase the nonlinear optical properties
of the WS,-based SA (such as greater modulation ability and
higher damage-resistance) and are conducive to high energy
pulse generation. In our experiment, the laser cavity required
extra 400 m SMF to compensate the net cavity dispersion into
anomalous dispersion. This result is similar to a previous
report using monolayer graphene as saturable absorbers.*"*°
It is believed that few-layer WS, also has a high value of
normal dispersion. When using a short laser cavity length
(typical ~10 m) without extra SMF, there was no pulse gene-
ration and the cavity could only function in continuous-wave
(CW) operation. However, after adding an extra SMF with a
length of 400 m into the laser cavity, the Kelly sides could be
distinctly observed at a low pump power. When the pump
power was increased to 440 mW, the Kelly sides were not very
obvious in the optical spectrum. However, the output pulses
could be well fitted by a sech” profile, which verifies that the
mode locked fiber laser still works in the soliton state. This
result is also in agreement with some numerical simulations.**
Since the self-phase modulation (SPM) offers a negative dis-
persion for passively mode-locked operation, the SPM effect
could be stronger at a higher pump power resulting in a lager
negative dispersion.

5. Conclusion

In summary, we have grown few-layer WS, with a large-area by
a CVD method. To prevent WS, being affected by organic host
polymer materials, large-area WS, films were directly trans-
ferred to the facet of the pigtail to prepare WS,-based SA
devices. The nonlinear optical properties of our WS, SA were
investigated by a balanced twin-detector method. Herein, SA
exhibited many merits such as a high modulation depth and
small saturable intensity, which are of benefit for a passively
mode-locking operation in the fiber laser systems. The stable
passively mode-locked EDFL operated at the soliton state was
obtained by an embedded WS,-based SA. The output pulse
trains had an ultrashort pulse duration of 1.49 ps, a SNR of
71.8 dB, and an average output pulse power of 62.5 mW. The
results demonstrate that atomically large-area WS, could be
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used as an excellent optical modulation material in ultrafast
photonics.
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