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Tungsten disulphide for ultrashort pulse
generation in all-fiber lasers

Wenjun Liu,?® Lihui Pang,® Hainian Han,” Ke Bi,® Ming Lei*® and Zhiyi Wei*®

Tungsten disulphide (WS,), which exhibits excellent saturable absorption properties, has attracted much
attention in the applications of photonic devices. In this paper, WS, is applied for the preparation of a
saturable absorber (SA). Using the pulsed laser deposition (PLD) method, WS, is deposited on the side
surface of the tapered fiber. In order to obtain larger non-linearity of the SAs with evanescent wave inter-
action, the tapered fiber had a smaller waist diameter and longer fused zone. Gold film was deposited on
the fiber-taper WS, SAs to improve their reliability and avoid oxidation and corrosion. Employing the
balanced twin-detector method, the modulation depth of the fiber-taper WS, SAs was measured to be
17.2%. With the fiber-taper WS, SA, a generated pulse with 246 fs duration and a 57 nm bandwidth was
obtained at 1561 nm. The electrical signal to noise ratio was better than 92 dB. To our knowledge, the
pulse duration was the shortest among the reported all-fiber lasers with transition metal dichalcogenide
(TMD) SAs. These results indicate that fiber-taper WS, SAs with smaller waist diameter and longer fused
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1 Introduction

As typical two-dimensional (2D) materials, transition metal
dichalcogenides (TMDs) have been the objects of extensive
theoretical and experimental studies due to their nice features
in the development of new photonic devices."”” On the other
hand, ultrashort pulse all-fiber lasers have characteristics such
as high peak power, high pulse energy and low thermal effects,
and they have broad applications in fields such as ultrafast
optics, optical communications, non-linear optics and indus-
trial processing.®™' Recently, all-fiber lasers based on TMD
materials have drawn great interest due to their outstanding
advantages in generating ultrashort pulses.’*

In all-fiber lasers, the pulse output can be realized through
Q-switching or mode-locking technology.'®> The saturable
absorber (SA) is the critical optical component of these all-
fiber lasers, and the saturable absorption materials used for
SAs should have wide optical bandwidth, fast response time
and low loss properties. Additionally, in order to get ultrashort
pulses, the modulation depth and damage threshold of the
SAs should be considered.'* Semiconductor saturable absorber
mirrors (SESAMs), which have limitations such as relatively
narrow operation bandwidths, and complex and costly fabrica-
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zone are promising photonic devices for ultrashort pulse generation in all-fiber lasers.

tion processes, have been considered as one kind of mode-
locking component.'®"” With the development of material
technology, single-wall carbon nanotubes (SWCNTs) and 2D
materials, such as graphene, topological insulators (TIs) and
TMDs, have been used as SA materials, and the SAs based on
these materials have been studied for the generation of ultra-
short pulses.'®>? Although SWCNT SAs have the advantages of
low cost and easy integration,"® > they require complex operat-
ing procedures to work in a specific wavelength.>""** Graphene
SAs (GSAs) with wide band absorption, ultrafast recovery time
and strong non-linearity can be used to overcome the disad-
vantages of SWCNT SAs,>*° but the relatively weak light
absorption coefficient and zero band gap features have limited
their applications in optoelectronic devices.® TIs have a large
modulation depth and saturable intensity, but the indirect
band gap of TIs is not conducive to their optoelectronic appli-
cations.>® TMDs have been successfully applied to the prepa-
ration of SAs due to their non-zero band gap and layer-depen-
dent second-order optical non-linearity properties."**” By con-
trolling the thickness or atomic defects, SAs based on TMDs
have the advantage of ultrafast carrier dynamics, high third-
order non-linear susceptibility and broadband saturable
absorption,™* and they have been widely used in all-fiber
lasers.”®?°

Q-switched fiber lasers based on molybdenum disulfide
(MoS,) have been reported,’** and mode-locked fiber lasers
have been experimentally demonstrated around 1030 nm,
1550 nm and 2000 nm.***” Dual-wavelength domain-wall dark
pulses have also been obtained.*® For tungsten disulphide

This journal is © The Royal Society of Chemistry 2017
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(WS,) SAs, the Q-switched and mode-locked operations have
also been achieved.**™*° On the other hand, in order to realize
the high power tolerance and long interaction length of SAs,
and also the evanescent wave interaction of the 2D materials,
the layer has been used with a side-polished fiber or tapered
fiber.’°>® However, the shortest mode-locked pulse duration
of all-fiber lasers based on a WS, SA is only about 595 fs,*
which is wider than those in other 2D material SA fiber lasers.
Thus, it is necessary to optimize the performance of the WS,
SA with evanescent wave interaction, and further narrow the
pulse duration in WS, SA fiber lasers.

In this paper, an all-fiber mode-locked erbium-doped fiber
(EDF) laser, based on a WS, SA with evanescent wave inter-
action, is presented with a 246 fs pulse duration, which is the
shortest mode-locked pulse generated from an all-fiber laser
based on TMD material SAs. The WS, will be deposited on the
tapered fiber by the pulsed laser deposition (PLD) method,
and the fiber-taper WS, SA will be prepared. In order to obtain
the larger non-linearity of SAs, the tapered fiber has a smaller
waist diameter and longer fused zone. Following the prepa-
ration of the fiber-taper WS, SA, the gold film will be deposited
on the surface to improve the reliability and avoid oxidation.

2 Fabrication and characterization of
fiber-taper WS, SA

The details of the preparation process for the fiber-taper WS,
SA can be seen in our previous work.'® Different from other
works, the waist diameter of the fiber-taper WS, SA with eva-
nescent wave interaction is only about 13 pm, and the effective
length of the fused zone is about 4 mm (Fujikura FSM-100P).
When the waist diameter of the fiber-taper WS, SA is smaller,
and the effective length of the fused zone is longer, the non-
linearity of the WS, SA will be stronger. Thus, the non-linear
characteristics of the WS, SA can be controlled, and the modu-
lation depth of the WS, SA can be increased. The scanning
electron microscopy (SEM) image of the fiber-taper WS, SA is
shown in Fig. 1(a). With the PLD method, WS, grown on the
side surface of the tapered fibre has a purity of 99.8%. The
vacuum degree is set at 6 x 10°° mbar, and the 2 m] per pulse
laser beam is emitted from a Nd:YAG laser (SL II-10, Surelite).
The time of deposition is about 3 hours, and the temperature
of deposition is set to room temperature. Following this, the
gold film is deposited on the SA layer. The time of deposition
is about 30 minutes, and the thickness is about 180 nm. The
gold film coated on the SA layer can be used to isolate the
inner SA layer and avoid oxidation and corrosion by the
environment. The larger scale microscopic image of the fiber-
taper WS, SA can be seen in Fig. 1(b). The Raman spectrum in
Fig. 1(c) confirms that the WS, element is being deposited on
the tapered fiber. As seen in Fig. 1(d), using the balanced twin-
detector method, the modulation depth of the fiber-taper WS,
SA is shown to be approximately 17.2%, the saturation inten-
sity is 34.02 MW c¢cm 2, and the non-saturable loss is 59.5%.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) SEM image of the fiber-taper WS, SA. (b) Larger scale micro-
scopic image of the fiber-taper WS, SA. (c) Raman spectrum of the de-
posited WS, on the fiber-taper SA. The two optical phonon modes are
at 355.4 cm™! and 420 cm™. (d) Non-linear saturable absorption of the
fiber-taper WS, SA. The modulation depth is approximately 17.2%, the
saturation intensity is 34.02 MW cm™2, and the non-saturable loss is
approximately 59.5%.

The pulse source for measuring the modulation depth is a
home-made fiber laser with a 1550 nm centre wavelength,
80 MHz repetition rate and 200 fs pulse duration. The modu-
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lation depth is relatively high. In addition to the excellent
optical properties of WS,, the high modulation depth is also
due to the long effective length of the fused zone and compact
coating of WS, on the tapered fiber. The long fused zone will
lead to full interaction between the evanescent wave and WS,,
resulting in an increase in the modulation depth of the SA.
When using the PLD method, the WS, deposited on the
tapered fiber is very compact and robust. This method can
increase the contact area between the fused zone and WS, as
well as enhance the interaction strength between the evanes-
cent wave and WS,. As a result, the modulation ability on the
light can be increased. Another home-made fiber laser with
27 mW output power (about 243 mW in the WS, SA) and
100 MHz repetition rate has been used to measure the damage
threshold of the WS, SA. The output pulse energy is about
2.43 nJ, and the damage threshold is measured to be about
309 mJ cm™2,

3 Setup of passively mode-locked
EDF lasers based on the fiber-taper
WS, SA

The schematic diagram of our fiber laser, based on the fiber-
taper WS, SA with evanescent wave interaction, can be seen in
Fig. 2. The prepared fiber-taper WS, SA is incorporated into
the all-fiber laser between the wavelength division multiplexer
(WDM) and polarization controller (PC). The fiber laser is
pumped by the 976 nm laser diode (LD) via a fused 980/
1550 nm WDM. The single-mode optical fiber (SMF) in the
cavity is the 1.25 m SMF-28 fiber (=22 fs> mm™"). The EDF
is the Liekki 110-4/125 fiber with a length of 62 cm
(12 fs> mm™). Due to the hybrid structure composed of the
tapered fiber, the WS, film and the gold film, the dispersion
of the WS, SA could not be accurately calculated. Thus, the net
dispersion for this all-fiber laser could not be accurately
obtained. The mode-locked pulse is output by a 10: 90 optical
coupler (OC). The maximum output power from the OC is
18 mW with 680 mW pump power. Two PCs were used to
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Fig. 2 Schematic diagram of the all-fiber mode-locked EDF laser based
on the fiber-taper WS, SA. LD: laser diode; WDM: wavelength division
multiplexer; SMF: single-mode optical fiber; EDF: erbium-doped fiber;
OC: optical coupler; PC: polarization controller; PI-ISO: polarization
independent isolator; WS, SA: fiber-taper tungsten disulphide saturable
absorber.
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change the polarization states of the optical fibers in the ring
cavity. The polarization independent isolator (PI-ISO) is
incorporated to guarantee the single-direction operation. The
output pulses from the 10% output OC are measured by an
optical spectrum analyzer (Yokogawa AQ6315A), RF spectrum
analyzer (ROHDE & SCHWARZ FSW26), and an optical inten-
sity autocorrelator (Femtochrome, FR-103XL).

As shown in Fig. 3(a), based on the fiber-taper WS, SA with
evanescent wave interaction, the EDF laser can be mode-
locked at 1561 nm. When we open the pump source, the
pulses in the fiber laser pass through the fiber-taper WS, SA,
and the evanescent waves are generated in the fused zone of
the tapered fiber. With an increase in the pump power, the
intensity of the evanescent wave is enhanced, the non-linear
phase shift decreases, and the saturated absorption of the WS,
SA starts based on the evanescent wave interaction. When the
peak pulse power is close to the saturation intensity of WS,,
the absorption of WS, becomes the non-linear attractive effect.
At this time, the non-linearity of WS, is evident: for the irregu-
lar pulse, the strongest pulse prioritises the absorber bleach-
ing, and the pulse intensity increases rapidly. Due to the
further amplification of the strongest pulse, which occupies a
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Fig. 3 Experimental results of the all-fiber mode-locked EDF laser
based on the fiber-taper WS, SA. (a) Optical spectrum of the generated
pulses. The 3 dB spectral width is about 57 nm at 1561 nm. (b) Intensity

autocorrelation trace with 246 fs pulse duration.
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large portion of the gain, the weak pulses are suppressed and
weakened due to the absorption effect of WS,. Thus, the
pulses will be compressed after they pass through the WS, SA.
After repeated circular reactions in the ring cavity of the fiber
lasers, the initial pulse is compressed and narrowed, and
finally the stable mode-locking pulse is formed. The mode
locking is aided by a greater modulation depth. The 3 dB spec-
tral width of the mode-locked pulse is about 57 nm. With an
optical intensity autocorrelator, the pulse duration is
measured to be 246 fs in Fig. 3(b).

When the pump power is 680 mW, the maximum output
power of the fiber laser is 18 mW, which is relatively high. The
WS, SA has a high power tolerance. Before reaching the
damage threshold, the WS, SA can enhance the non-linearity
of the cavity, reduce the mode-locked threshold, and realize
mode-locking faster. Moreover, the effective length of the
fused zone is long, and the WS, deposited on the tapered fiber
is compact and robust. The contact area between the fused
zone and WS, is large, which is more conducive to heat dissi-
pation. All of these reasons can explain the increase of the
cavity power of the fiber laser.

The repetition rate is about 101.4 MHz, and the electrical
signal to noise ratio (SNR) is better than 92 dB, and these are
both measured with 30 Hz resolution bandwidth (RBW) as
shown in Fig. 4. The 92 dB SNR means that the EDF laser is
mode-locked stably. The phase noise of the fiber laser is also
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Fig. 4 (a) Radio frequency (RF) spectrum of the all-fiber mode-locked
EDF laser based on the fiber-taper WS, SA. (b) The phase noise is
measured at 101.4 MHz, and the timing jitter is 10 ps.
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Table 1 Comparison of mode-locked EDF lasers based on different

TMD SAs. PD is the pulse duration, SNR is the signal to noise ratio, SW is
the spectral width, and MD is the modulation depth

TMDs  PD(fs) SNR(dB) SW(nm) MD (%)  Ref.

MoS, 606 97 6.1 2.7 36

MoSe, 1090 — 2.3 1.4 13

WSe,, 1250 — 2.1 0.5 13

WS, 595 75 5.2 2.9 39

WS, 246 92 57 17.2 This work

Table 2 Comparison of mode-locked EDF lasers based on graphene
and carbon nanotubes. AOP is the average output power

PD SNR SW MD AOP
Types of SAs (fs) (dB) (nm) (%) (mW) Ref.
SWCNT SA 110 70 41 10 8 50
GSA 124 65 48 11 1.5 51
WS, SA 246 92 57 17.2 18 This work

measured. From Fig. 4(b), we can calculate that the timing
jitter is about 10 ps integrated from 1 MHz down to 10 Hz. The
high SNR can be explained by the gold film being deposited
on the surface of the WS, SA to prevent the fiber breaking and
avoid oxidation and corrosion by the environment. Moreover,
the compact coating of the WS, and gold film on the tapered
fiber can reduce the influence of the environment on the all
fiber laser.

Compared with the previous works based on TMD SAs, we
found that the all-fiber mode-locked EDF laser in this paper,
based on the fiber-taper WS, SA, had a shorter pulse duration
and wider spectral width. The details can be seen in Table 1.
The broad optical spectrum is due to the thin waist diameter
of the fiber-taper WS, SA. A thinner waist diameter of the
tapered fiber means a stronger non-linear effect. At this time,
the strong non-linearity is conducive to the spectral broaden-
ing. Thus, the 3 dB spectral width becomes wider. In addition,
the contrast studies on WS, SA, SWCNT SA and graphene SA
have been presented in Table 2. Thus, it is important to make
a tapered fiber with a smaller waist diameter and longer fused
zone, and make fiber-taper WS, SA with large modulation
depth.

4 Conclusion

In conclusion, a fiber-taper WS, SA with excellent performance
has been prepared with 17.2% modulation depth, 34.02
MW cm™? saturation intensity, and 59.5% non-saturable loss.
In order to prevent the fiber from being broken and avoid oxi-
dation and corrosion by the environment, a gold film has also
been deposited on the surface of the fiber-taper WS, SAs.
Using the prepared fiber-taper WS, SA with evanescent wave
interaction, an all-fiber mode-locked EDF laser has been inves-
tigated experimentally. The maximum output power from OC
is 18 mW at a pump power of 680 mW. 246 fs optical pulses

Nanoscale, 2017, 9, 5806-5811 | 5809
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with a repetition rate of 101.4 MHz at 1561 nm have also been
generated. To our best knowledge, these are the shortest
pulses ever produced by all-fiber lasers based on TMD SAs. In
addition, the 3 dB spectral width has been measured to be
57 nm, and the 92 dB RF spectrum has been obtained. We
have calculated that the time jitter is 10 ps by intregation from
1 MHz down to 10 Hz. The results in this paper demonstrated
that the wider spectral width and shorter pulse duration of the
mode-locked pulses can be obtained by using fiber-taper WS,
SAs with a smaller waist diameter and longer fused zone of the
tapered fiber, which can act as cost-effective photonic devices
for ultrafast optics.
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