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Passive Q-switching or mode-locking by placing a saturable absorber inside the laser cavity is one of the
most effective and popular techniques for pulse generation. However, most of the current saturable
absorbers cannot work well in the visible spectral region, which seriously impedes the progress of pas-
sively Q-switched/mode-locked visible pulsed fibre lasers. Here, we report a kind of visible saturable
absorber—two-dimensional transition-metal dichalcogenides (TMDs, e.g. WS,, MoS,, MoSe;), and suc-
cessfully demonstrate compact red-light Q-switched praseodymium (Pr’*)-doped all-fibre lasers. The
passive Q-switching operation at 635 nm generates stable laser pulses with ~200 ns pulse duration, 28.7
nJ pulse energy and repetition rate from 232 to 512 kHz. This achievement is attributed to the ultrafast
saturable absorption of these layered TMDs in the visible region, as well as the compact and all-fibre
laser-cavity design by coating a dielectric mirror on the fibre end facet. This work may open a new route
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Introduction

Compact and efficient visible-wavelength pulsed lasers are of
great interest for various applications, including underwater
detection, laser medicine, and biomedical imaging. Although
visible-wavelength pulsed solid-state bulk laser systems (e.g. Ti:
sapphire pumped optical parametric oscillators) have been
relatively matured, limitations in terms of footprint, cost and
efficiency have called for alternative laser solutions. For some
practical applications, it is highly desired that visible-wave-
length pulsed sources are compact, user-friendly, low-cost and
maintenance-free. Fortunately, visible pulsed all-fibre lasers
could satisfy all these demands. At present, visible pulsed fibre
sources are mainly based on frequency conversion techniques
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for next-generation high-performance pulsed laser sources in the visible (even ultraviolet) range.

(e.g. fibre optical parametric oscillator' or supercontinuum
generation®® in photonic crystal fibres,* frequency doubling of
near-infrared fibre lasers,” and up-conversion fibre lasers®).
Although these techniques, by exciting optical nonlinear pro-
cesses in fibres, can indeed convert infrared pumping light
into widely-tuneable visible light,"* they often suffer from low
efficiency, instability or a complex structure. In contrast, if one
combines rare-earth-doped fibre gain with Q-switching or
mode-locking technologies, compact and efficient visible
pulsed laser oscillators without additional frequency conver-
sion methods could be expected and become more attractive.
The main challenges for the past decades are from: (1)
fabricating the low-loss visible gain fibres, (2) requiring high-
power short-wavelength (ultraviolet or blue) pump laser diodes
(LDs), and (3) obtaining a suitable visible-available Q-switch or
mode-locker. Thanks to the fast development of soft-glass fibres
(e.g. ZBLAN fibre) and high-power blue GaN LDs in recent years,
exciting progress in continuous-wave visible Pr’*-doped ZBLAN
fibre lasers has been made,” but the pulsed operation of a
visible fibre laser is very rare.® Although active Q-switching by
an acousto-optic modulator has been recently reported in
visible wavelengths,® it sacrifices the all-fibre structure and
increases the system cost. In contrast, passive Q-switching or
mode-locking could be preferred, and this is therefore stimulat-
ing research on new saturable-absorption materials for passively
Q-switched/mode-locked visible fibre lasers.

This journal is © The Royal Society of Chemistry 2016
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In recent years, photonics based on two-dimensional (2D)
materials has been extensively studied,” and is opening up a
new playground with unprecedented opportunities for novel
optoelectronic applications.'®™** In particular, it was found that
2D materials could exhibit strong optical saturable absorption
because of their unique optical and electronic properties.'®
Current research in 2D material-based saturable absorbers (SAs)
primarily focuses on graphene,"®*® topological insulators,'®*°
transition-metal dichalcogenides (TMDs)*"** and black phos-
phorus.*® They have been widely used to passively Q-switch or
mode-lock lasers in a wide range from 800 nm to 3 pm,">?>*2®
but all of them are still limited in the infrared wavelength oper-
ation. Up to now, 2D material-based SAs for pulsed fibre lasers
have not yet become available in the visible region.

Interestingly, layered TMDs (MX,: M = W, Mo; X = S, Se) are
considered the first type of existing 2D semiconductors with a
direct bandgap in the visible frequency range,>® and therefore
strong saturable absorption at visible wavelengths could be
expected in these materials. In this article, we found that the
few-layer TMDs (i.e. WS,, Mo0S,, MoSe,) are available for visible
SAs with superior performance in the visible wavelength range
(i.e. ~7% modulation depth and ~5 ps ultrafast relaxation time
at 635 nm wavelength), well suited for pulse generation in the
visible spectral range. Furthermore, we demonstrate for the
first time visible-wavelength passively Q-switched all-fibre laser
systems based on these few-layer TMDs. This approach rep-
resents a new paradigm in compact, low-cost and high-
performance visible pulsed fibre laser sources for diverse
applications, including underwater detection, laser medicine,
biomedical imaging, and indoor optical communication.
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Experimental section
Fabrication and characterization of few-layer TMDs

The few-layer WS, (MoS, or MoSe,) was prepared by the liquid-
phase exfoliation method?® (see Methods): the bulk WS, was
sonicated in N-2-methyl pyrrolidone (NMP) to produce a few-
layer WS, suspension. The transmission electron microscopy
(TEM) image (Fig. 1a) shows that the exfoliated WS, was
indeed thin 2D flakes. Furthermore, the distance between the
adjacent hexagonal lattice fringes in the high-resolution TEM
(HRTEM) image was measured to be 0.27 nm (Fig. 1b), which
was consistent with the lattice space of the (100) plane. The
X-ray diffraction (XRD) pattern of the exfoliated WS, showed a
high [002] orientation and some characteristic peaks dis-
appeared compared to the bulk WS, (Fig. 1c), indicating that
the bulk WS, had been successfully exfoliated down to a few
layers. The two characteristic Raman peaks at 351 and
418 cm™" of the bulk WS, (Fig. 1d), assigned to the E',, and
A'y modes, respectively, were red-shifted in the exfoliated WS,.
Furthermore, the thickness of the exfoliated WS, nanoflakes
measured by atomic force microscopy (AFM) was ~2-4 nm
(Fig. 1e, insert), confirming that the WS, nanoflakes were
around 3-6 layers as the thickness of single-layer WS, is about
0.7 nm.*" Moreover, the exfoliated WS, dispersion showed
several distinct but well-defined absorption peaks®* (e.g.
635 nm, matching perfectly with our laser operation wave-
length) in the visible region (Fig. 1f). All the results indicate
that high-quality few-layer WS, has been successfully prepared.
Few-layer MoS, and MoSe, were also prepared by using a
similar liquid-phase exfoliation method (ESIf).
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Fig. 1 Characterization of few-layer WS,. (a) TEM image. (b) HRTEM image. (c) XRD patterns of the bulk WS, and few-layer WS,. (d) Raman spectra
of the bulk WS, and few-layer WS,. (e) AFM image. Insert: the corresponding height profile of the few-layer WS, along the white line. (f) UV-vis
absorption spectrum of the few-layer WS,. The laser operation wavelength is shown as a dashed blue line.
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Nonlinear optical properties of few-layer WS, at visible 635 nm
wavelength

To investigate the saturable absorption properties of the few-
layer TMDs in the visible wavelength, the open-aperture (OA)
Z-scan technique (see Methods) was carried out at 635 nm, our
red-light fibre laser operation wavelength. Nonlinear saturable
absorption of all the as-prepared few-layer TDMs (WS,, MoS,,
MoSe,) could be observed in our experiment. Fig. 2a gives the
representative results of the OA Z-scan traces for the few-layer
WS, sample with the excitation powers of 1, 2.5 and 4 puW,
respectively. The intensity-dependent transmittance of the few-
layer WS, (i.e. as a function of position change) is clearly
found, demonstrating the effective saturable absorption of the
few-layer WS, at 635 nm. Note that the 635 nm wavelength is
just located at one of the visible absorption peaks of the few-
layer WS, (see Fig. 1f), and the resonant absorption is likely to
enhance the saturable absorption at 635 nm. The slight asym-
metry in the Z-scan traces is attributable to the inhomogeneity
of the WS, sample, which was usually observed in the Z-scan
measurements of layered materials.>® Furthermore, pump-
probe spectroscopy (see Methods) was also used to investigate
the temporal dynamics of nonlinear optical properties of the
few-layer TMDs. Using 635 nm degenerate pump/probe
measurements, Fig. 2b shows the pump-induced change of
probe transmission (AT) for the few-layer WS, sample with a
pump fluence of ~1.5 mJ ecm™>. The response exhibits an
initial photobleaching (PB) signal, and quickly turns into a
photoinduced absorption (PA) one. The fast PB decay is about
5 ps, showing the ultrafast response of the few-layer WS, at the
visible 635 nm wavelength. The emerging PA could be attribu-
ted to the surface defect trapped excitons, where the increasing
occupation of defective states leads to a pronounced transition
to higher energy levels.** In addition, we performed the same
Z-scan measurement of the few-layer WS, at the 530 nm
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Fig. 2 Nonlinear optical properties of the few-layer WS, at 635 nm. (a)
OA Z-scan traces with the excitation powers of 1, 2.5 and 4 pW, respect-
ively. (b) Time-resolved differential transmission (AT) spectra with a
pump fluence of ~1.5 mJ cm~2 using the 635 nm degenerate pump/
probe.
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(green) wavelength, and a strong saturable absorption was also
observed (see Fig. S3 in the ESI{). The PB relaxation process
combined with the OA Z-scan results, nevertheless, confirms
that the few-layer WS, exhibits ultrafast (~5 ps) saturable
absorption with good performance (>7% modulation depth) in
the visible range, very promising for pulse generation in the
visible spectral range.

Results and discussion

Experimental demonstration of TMD-based passively
Q-switched visible fibre lasers

We further present the experimental demonstration of
passively Q-switched visible fibre lasers based on few-layer
WS,, MoS, and MoSe,, respectively. A photograph of this study
is given in Fig. 3a, and the corresponding schematic of the
experimental setup is shown in Fig. 3b. A piece of 98.5 cm
Pr’*-doped ZBLAN glass fibre (core/cladding: 6/125 pm, Pr**
concentration: 1000 ppm) as a visible gain medium was
pumped by a 445 nm/2 W GaN LD.?*> The end facets of the
ZBLAN fibre were perpendicularly polished, and induced ~4%
Fresnel reflection. The 445 nm pumping beam was firstly
expanded by two optical lenses (L1 & L2) with different focal
lengths, and then coupled into the core area of the ZBLAN
fibre by a micro-objective lens (L3). The all-fibre based
compact laser cavity for red-light oscillation was formed by the
4% Fresnel reflection of the ZBLAN fibre end-facet (left) and a
fibre pigtail mirror M1 (right). The M1 was fabricated by
directly coating multiple-layer dielectric films onto a fibre
ferrule using a plasma sputter deposition system (see
Methods). As seen in Fig. 3d, the dielectric films have been
uniformly deposited on the fibre ferrule, and has a high trans-
mittance of 97.2% at the pump wavelength of 445 nm as well
as a high reflectivity of 99.8% at the wavelength range of
580-710 nm (e.g. T = 0.2%@635 nm, see Fig. 3e). Although the
wide-waveband reflection of the M1 covers a few emission
spectral peaks (see Fig. S4 in the ESIf) of the Pr**-doped
ZBLAN fiber, the laser resonator could still operate only
around 635 nm, because the gain competition always leads to
the oscillation at the strongest gain peak (i.e. ~635 nm). In
order to realize compact and stable visible-wavelength passive
Q-switching, the key step is to compatibly insert the as-
prepared few-layer TMDs into the laser cavity. A WS, polyvinyl
alcohol (PVA) film [see Fig. 3c] was firstly fabricated by evapor-
ating the WS,/polymer composite solution to dryness, and was
then sandwiched between the fibre pigtail mirror M1 and the
Pr’**-doped ZBLAN fibre end. The insertion loss of the WS,/
polymer SA film was measured to be 2.5 dB at 635 nm, and the
damage threshold is estimated to be ~1.5 GW cm > In
addition, to conveniently couple out the laser, ~96% intra-
cavity oscillating light was extracted, and then reflected by an
angled dichroic mirror M2 (R > 99%@635 nm) as the laser
output. The optical spectrum of the output laser was measured
by using an optical spectrum analyzer, and the pulsed charac-
teristics were detected by using a photodetector (PD) together

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Experimental setup and designs of the TMD-based passively Q-switched visible (red) fibre laser. (a) Photograph of the passively Q-switched
visible fibre laser. Inset: the output beam spot. (b) Schematic of the visible fibre laser. (c) TMD-PVA film transferred to a ferrule of the fibre connector.
(d) Highly-reflective dielectric films coated on a fibre ferrule (i.e. M1), inset: a close look at the dielectric film on the fibre end. (e) Optical trans-
mission spectrum of the dielectric films. L1, L2 and L3: lens. PD: photodetector.

with a digital oscilloscope and a radio-frequency (RF) spectrum
analyzer.

Laser pulse generation at 635 nm wavelength

To confirm the significance of the TMD-based SA for passive
Q-switching, we compare the laser output characteristics with
and without the TMD-based SA in the cavity. Without using
the TMD-based SA, it is confirmed that the 635 nm red laser
always operated at the continuous-wave regime and no pulse
train was observed. In contrast, once a TMD-based SA (i.e.
WS,-based SA) was placed inside the laser cavity, stable pulse
trains self-started at the pump power of >143.6 mW. As shown
in Fig. 4a, we measured the oscilloscope traces under different
pump powers. With the increase of the pump power, the pulse
repetition rate became larger and larger from 245.1 to 512.8
kHz while the pulse width became narrower. These phenom-
ena are typical features of passive Q-switching,>” and therefore
verify that the WS,-based SA plays an important role in the
visible-wavelength passive Q-switching. At a pump power of
182.2 mW, we measured the typical output optical spectrum.
As given in Fig. 4b, the lasing peak wavelength was located at
635.1 nm with a 3 dB linewidth of 0.08 nm. As shown in
Fig. 4c, we also measured the RF output spectrum of the
Q-switched pulse train. The fundamental RF peak f; (i.e. pulse
repetition rate) is 353.0 kHz, and the RF signal-to-noise ratio
(SNR) is as high as 43 dB (>10* contrast), indicating the good
stability of the passive Q-switching operation. Furthermore,

This journal is © The Royal Society of Chemistry 2016

the broad-span RF output spectrum in the inset of Fig. 4c
shows an RF envelope period of ~4 MHz, which is in good
agreement with the measured pulse width of 244 ns in the
temporal domain (according to the Fourier transform). As
shown in Fig. 4d, we further recorded the pulse repetition rate
and the pulse width of the visible passive Q-switching as a
function of the incident pump power. The repetition rate can
be widely tuned in the range of 232.7-512.8 kHz. The pulse
width sharply decreased once the pump power was above the
pump threshold, but remained almost unchanged when the
pump power was over 180 mW. The minimum pulse width is
207 ns. In addition, the maximum average output power for
the 635 nm passively Q-switched laser is 8.7 mW, and the
maximum pulse energy is 28.7 nJ. In order to evaluate the
output transverse-mode characteristics of the visible
Q-switched fibre laser, we measured the optical intensity distri-
bution using a laser beam analyzer (Spiricon LBA-400PC). As
seen in Fig. 4e, the laser distribution from both the 2D and 3D
photographs exhibits a good Gaussian shape, manifesting the
single-transverse-mode operation of our fibre laser.

Moreover, we also achieved the 635 nm passively
Q-switched Pr**-doped fibre lasers using few-layer MoS, and
MoSe, (see Fig. S5 and S6 in the ESIY), respectively. Table 1
gives a summary of the performance of passive Q-switching
using different TMD-based SAs (i.e. WS,, MoS, and MoSe,). It
can be seen that their output parameters are very similar. The
maximum output power (<10 mW) is relatively low, and could

Nanoscale, 2016, 8, 1066-1072 | 1069
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Fig. 4 Experimental results of the WS,-based passively Q-switched visible (red) fibre laser. (a) Q-switched pulse trains under different pump
powers. (b) Output optical spectrum of the Q-switching operation (inset: with a dBm logarithmic scale). (c) Typical RF output spectrum of the
Q-switching operation (inset: the broad-span RF output spectrum). (d) Q-switched repetition rate and pulse width vs. the pump power. (e) Laser

mode-field distribution.

Table 1 Performance of 635 nm passively Q-switched fiber lasers using three different TMD-based SAs

Materials (SAs)

Lasing wavelength (nm) Q-switched threshold (mW) Pulse duration (ns) Repetition rate (kHz)

Max. output power (mw)

Few-layer WS, 635.1 143.6
Few-layer MoS,  635.5 148.4
Few-layer MoSe,  635.4 146.8

be further improved by optimizing the output coupling ratio
and increasing the pump coupling efficiency from the blue LD
into the ZBLAN fiber core.

One could have concern about the fundamental mechan-
ism of visible-wavelength saturable absorption in the few-layer
WS,, MoS, and MoSe,. Since these layered TMDs have wide
direct bandgaps®® of ~2.0 eV (WS,), ~1.9 eV (MoS,) and
~1.5 eV (MoSe,), respectively, their corresponding resonant
wavelengths of ~620 nm (WS,), ~690 nm (MoS,) and ~800 nm
(MosSe,) are just located in or near the visible spectral region.
Under the visible-light (e.g. 635 nm) illumination, electron-
hole pairs from the layered TMDs can be in resonance (similar
to carbon nanotubes'). This resonant process could make
Pauli blocking very efficient, and contribute to the enhanced
saturable absorption for nonlinear and ultrafast photonic
applications in the visible operation wavelength.

Methods

Preparation of few-layer WS,

The purchased bulk WS, (200 mg) was added into NMP
(200 mL) and the solution was sonicated for 20 hours to

1070 | Nanoscale, 2016, 8, 10661072

207 232.7-512.8 8.7
227 240.4-438.6 7.1
240 357.1-555.1 6.2

produce the few-layer WS, suspension. The dispersion was
then centrifuged at 2000 rpm for 30 min to remove bulk WS,.
Subsequently, the supernatant was decanted to another centri-
fuge tube. After centrifuging the supernatant at 13 000 rpm for
30 min to remove the free NMP, the as-obtained product was
collected into vials for further characterization. Finally, we
collected the few-layer WS, suspension into vials and
dispersed it in polyvinyl PVA, which can be easily film-forming
for further application.

Plasma sputter deposition for the fibre pigtail mirror

The plasma sputter deposition system (SCT-S500) is described
in Fig. S7 in the ESL{ The plasma was initiated and amplified
by a DC launch electromagnet towards the plasma source. The
position of the plasma beam can be adjusted to ensure good
beam impingement on the target surface. To achieve a high
deposition rate in the reactive process, the RF power was
adjusted from 1 to 2.2 kW and the target negative bias voltage
was set from 300 to 700 V, respectively. During the deposition
process, the system was pumped by a cryo-pump at a pressure
of 6 x 107° Torr. Pure argon gas was introduced into the
chamber, and the oxygen was fed into the chamber. The
oxygen flow was regulated from 0 to 30 scem with a fixed

This journal is © The Royal Society of Chemistry 2016
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argon flow of 85 sccm, and the background pressure is
approximately 5 x 107> Torr. The fibre-based ferrules as the
targets were used to deposit the dielectric films.

Z-Scan measurement

The Z-scan setup was based on a femtosecond optical para-
metric amplifier (OPA) which was pumped by a Ti:sapphire
amplifier system (centre wavelength: 800 nm). Specifically, we
have chosen an excitation wavelength of ~635 nm to study the
nonlinear absorption of WS, samples in the visible range. The
excitation pulse duration was ~100 fs (with a 1 kHz repetition
rate) and a neutral density filter was employed to set the
incident optical power. To avoid laser damage caused by either
high peak intensity or thermal effects, we used our excitation
power of <10 pW.

Pump-probe spectroscopy

For degenerate pump-probe experiments, the 635 nm femto-
second pulses were also from the OPA system used in the
Z-scan. Here, the laser was split into pump and probe beams.
The pump fluence is ~20 times larger than that of the probe
fluence. Pump and probe beams had parallel polarization in
our setup. The incident angle between the pump and probe
beams was smaller than 15°. To record the small changes of
the probe beam, the fluence of the probe was detected using a
photo-detector and a lock-in amplifier referenced to a 500 Hz
chopped pump.

Conclusions

We introduce 2D material-based SAs for all-fibre pulsed lasing
in the visible regime. The red-light passive Q-switching gene-
rated stable pulse trains with a pulse width of ~200 ns and a
wide range of repetition rates from 232.7 to 512.8 kHz. The
present results suggest that the layered TMDs (WS,, MoS, and
MoSe,) as visible SAs are extremely effective for generating
short laser pulses in the visible regime. This could be mainly
attributed to the wide bandgaps®® (1.5-2.0 eV) of these TMDs
to enhance the saturable absorption in the visible wavelength.
In addition, by controlling the net dispersion of the Pr*'-
doped ZBLAN fiber laser and optimizing the cavity designs,
such layered-TMD SAs may also enable passive mode-locking
for generating ultrashort picosecond or femtosecond pulses in
the visible wavelengths, and this will be the subject of our
further work. In summary, this work has made a significant
step towards the new-generation, compact, low-cost and high-
performance pulsed fibre laser sources in visible (even ultra-
violet) wavelengths.
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