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Abstract. A passively Q-switched erbium-doped fibre laser is experimentally
implemented, using molybdenum disulfide (MoS,) and tungsten disulfide (WS,) as
saturable absorbers. The results testify that a WS,-based Q-switched fibre laser
generates more stable pulse trains, if compared with the MoS,-based saturable
absorber. The wavelength region where the Q-switched pulses have been obtained is
a so-called C-band region. The central wavelengths are 1559 and 1560 nm for MoS,
and WS,, respectively.
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1. Introduction

Fibre lasers have been developing very rapidly in the last decade. Among these devices, lasers
based on erbium-doped fibres (EDFs) are the most investigated [1]. The EDFs represent a valuable
gain medium since it can amplify the light in the wavelength region of 1550 nm needed in many
applications. [2]. EDF-based fibre lasers (EDFLs) have received significant attention of
researchers because of their benefits in the areas of optical communications and fibre sensor
applications [3]. In particular, passively Q-switched EDFLs have drawn much attention due to
their potential applications in medicine, remote sensing, biomedical diagnostics, metrology, as
well as in the fibre optical sensing and telecommunications mentioned above [2]. Notice that the
passive Q-switching technique based on saturable absorbers (SAs) has many advantages if
compared with the corresponding active techniques, in particular simplicity, compactness and
flexibility [4, 5]. There are a number of effects and techniques that can be used for providing
passive Q-switching. They include nonlinear polarization rotation [6], semiconductor SA mirrors,
transition metal-doped bulk crystals, graphene, and single-walled carbon nanotubes [7]. It is
worthwhile that fabrication process of the semiconductor SA mirrors is complicated and
expensive. On the other hand, although single-walled carbon nanotube-based SAs are simple to
fabricate and cost-effective, they reveal low damage thresholds and cannot provide a desired
wavelength range of SA without matching diameter-dependent bandgap [8].

In principle, molybdenum and tungsten disulphides can become a real alternative for building
SAs. MoS, and WS, consist of hexagonal layers of molybdenum or tungsten sandwiched between
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two layers of sulphur. MoS, and WS, reveal the indirect bandgaps respectively 1.29 eV (961 mm)
and 1.4 eV (886 nm), whereas the direct bandgaps of their monolayers increase up to 1.80 eV

(689 nm) and 2.1 eV (~590 nm), respectively [5, 7]. In this article, we aim to demonstrate a

Q-switched EDFL that employs the SAs based on MoS, and WS,.

2. Experimental setup

The experimental setup was built in a small room at our laboratory to avoid any changes in the

environment temperature. A cavity was placed at a table, as shown in Fig. 1. The cavity contained

six main components: a pump power source, a wave division multiplexor, an EDF, an isolator, a

20:80 coupler, and a SA. The laser used a 2.8 m long EDF as a gain medium, which was pumped

by a 980 nm laser diode via a 980/1550 nm wave division multiplexor. A polarization-independent

isolator prevented the laser from unwanted feedback propagation.
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Fig. 1. A design of our EDFL cavity (a) and its schematic diagram (b).

2.1. Passively Q-switched fibre laser based on MoS

Fig. 2 illustrates the result obtained using a standard OSA device, the output spectrum detected
from the passively Q-switched EDFL based on the MoS, SA, as observed at the pump power
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pulses. To confirm the fact that the passive Q-switching is attributed to the MoS, SA, we have
intentionally removed the MoS, flake from the ring cavity. In this case no Q-switched pulses are
observed, even if the pump power is being adjusted over a wide range. On the contrary, if the SA
is inserted back into the cavity, the passively Q-switched pulses reappear. Therefore, the SA is
strictly responsible for the passive Q-switching in the fibre laser and it is impossible to get the
passively Q-switched pulses without the SA.

Fig. 3a illustrates how the average output power of our Q-switched EDFL based on the MoS,
SA depends on the pump power. At the pump powers higher than 20 mW, the average output
power of the fibre laser reacts almost linearly to increasing pump power. When the pump power is
116.61 mW, the highest average output power is achieved, which is approximately 5.13 mW. The
slope efficiency is then estimated as 4.42%. The dependence of the pulse energy on the pump
power is shown in Fig. 3b. Here the minimum and maximum pump powers are 14.85 mW to
116.61 mW, respectively. When the pump power reaches its maximal value, the maximal pulse
energy, 75 nJ, is achieved. Above this maximal pump power, the Q-switched pulse becomes
unstable and can even disappear, which means no Q-switched pulses at all.
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Fig. 3. Dependences of average output power (a) and pulse energy (b) on the pump power.

Fig. 4 shows dependences of the repetition rate and the pulse width (or the pulse duration) for
our Q-switched EDFL as functions of the pump power. When the pump power increases from
14.85 to 116.61 mW, the pulse repetition rate increases from 28.94 to 67.66 kHz. Under the same
conditions, the pulse width decreases from 15.64 to 5.44 us.
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Fig. 4. Dependences of pulse repetition rate and pulse width on the pump power.

Fig. 5 demonstrates a train of laser pulses obtained from our Q-switched EDFL, using
different pump powers and oscilloscope frequencies. The minimum and maximum pump powers
in this experiment are the same as mentioned before.
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Fig. 5. Output pulse train of our MoS2-based Q-switched EDFL.

Fig. 6 shows the corresponding RF spectrum obtained at the maximum pump power and the
repetition rate 67.66 kHz. Its main advantage is a possibility for checking and analyzing the noise
in the laser system via calculations of signal-to-noise ratio. As in our previous experiments, the
pump power in this experiment is being increased from 14.85 to 116.61 mW.
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Fig. 6. RF spectrum observed at the pump power 116.61 mW, using 67.66 kHz spans.
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2.2. Passively Q-switched fibre laser based on WS,
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Fig. 7. Output spectrum of our Q-switched EDFL based on the WS, SA.

Fig. 7 illustrates the output spectrum achieved at the pump power 68.27 mW with our
passively Q-switched EDFL based on the WS, SA. Here the threshold peak at which the EDFL
works corresponds to 1560.5 nm.
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Fig. 8. Dependences of pulse repetition rate and pulse width on the pump power.

Fig. 8 shows how the pulse repetition rate and the pulse width of our Q-switched fibre laser
depend on the pump power. The pulse repetition rate increases from 37.57 to 56.92 kHz with
increasing pump power. For each pump power and pulse repetition rate, no amplitude modulation
in the pulse trains is observed and the Q-switched pulse output is stable. On the other hand, the
pulse width decreases from 12.63 us near the pump threshold down to 6.28 ps at the maximum
pump power, 68.27 mW. At the pump powers lower than 17.3 mW, the pulse duration suddenly
releases. The pulse width remains almost unchanged at higher pump powers < 68.27 mW . This

indicates clearly that the SA is saturated. Finally, the minimum pulse width detected in this
experiment could, in principle, be still narrowed by shortening the cavity length and improving the
modulation depth of the WS, SA.

Fig. 9a shows the average output power of our passively Q-switched EDFL depending upon
the pump power. Close to the maximal pumps, the average output power increases almost linearly
with increasing input power. The maximum average output power is equal to 7.91 mW at the
pump power 68.27 mW, so that the slope efficiency can be estimated as 12%. Fig. 9b also shows
the calculated pulse energy. Generally, this is done basing on the average output power and the
repetition rate measured in the experiment.
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Fig. 9. Dependences of average output power (a) and the corresponding calculated pulse
energy (b) on the pump power.
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Fig. 10. RF spectrum observed with WS, SA at the pump power 68.27 mW, using 56.92 kHz spans.

Fig. 10 displays the RF spectrum corresponding to the Q-switched pulse, as detected at the
pump power 68.27 mW. The highest signal-to-noise ratio for this cavity is equal to 76 dB and the
lowest one to 64 dB. Issuing from low noises, one can see that the fibre laser operates in a highly
stable Q-switching regime.
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Fig. 11. Output pulse train observed for our Q-switched EDFL based on WS.
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A stable work of the Q-switched EDFL is started at the pump power 17.3 mW and its output
increases when the maximum pump power, 68.27 mW, is reached. Fig. 11 illustrates typical
oscilloscope traces observed for the Q-switched pulse trains at different pump powers and different
repetition rates. The pulse repetition rate in our laser increases from 37.57 to 56.9 kHz with
increasing pump power. This is a typical feature of operation under the conditions of passive
Q-switching.

3. Conclusion

We have developed a stable passively Q-switched EDFL based on MoS, and WS, as SAs. We
have found that our Q-switched fibre laser based on the WS, SA generates more stable pulse trains
when compared with the MoS, SA. This makes WS, a promising material for the pulsed-laser
applications. The wavelength region in which the Q-switched pulses are obtained belongs to the
so-called C-band region, with the central wavelengths 1559 nm or 1560 nm for the MoS,- and
WS,-based SA, respectively.
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Anomayin. Excnepumenmanvuo peanizogano epOiceuil  60J0OKOHHUL Ja3ep 3 NACUBHOIO
MOOYIAYIED 00OPOMHOCIMI, KU GUKOPUCMOBYE Oucyibdio monivdeny (MoS,) i Oucyrnvghio
sone@pamy (WS,) sk nacuueni noenunaui. Pezynomamu 3aceiouyroms, wo nodoyoosanuii na WS,
B0IOKOHHUL JlA3ep 2eHepye CMabilbHiui NOCIIO08HOCMI IMNYIbCIB, HOPIGHAHO 3 GUNAOKOM
Hacuuenoeo noznunaua Ha ocrosi MoS,. [lianazon 006xcun Xxeumb, y AKOMY OVI0 OMPUMAHO 3
MOOYIbo8aHi imnynvcu, 8ionogioae mak 3eaniti C-cmysi. [lenmpanvhi 0oedcunu xeuib 0/is
noenunauvie Ha MoS, i WS, oopisnroroms 6ionogiono 1559 i 1560 nm.
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