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Abstract: A passively Q-switched Er-doped fiber laser based on a novel transition metal
sulfide (TMDs) Mo, sWy5S, absorber is reported for the first time. There are two different
types of Moy sWy 5S,-based saturable absorbers (SAs) that achieve Q-switching operation, one
of which is depositing the Mo, sW sS, on the surface of the tapered fiber, and the maximum
single pulse energy of 172.91 nJ and minimum pulse width of 1.42 ps is obtained. While the
other is transferring Moy sWsS,-PVA(polyvinyl alcohol: PVA) SA film onto a standard
FC/APC fiber end face, the high single pulse energy of 246.5 nJ and the minimum pulse
width is 1.92 ps is obtained, and the modulation depth of SAs detected by the twin-detector
method is 15%. The experiment results show that MoysW(sS, can be considered as a
promising candidate for pulse fiber laser applications and other photoelectric devices.
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1. Introduction

In recent years, a variety of two dimensional(2D) materials such as graphene [1-3],
topological insulator(TI) [4-6] and black phosphorus(BP) [7-9] has attracted great attention
due to their excellent photoelectric and thermal properties, which can be used as a saturable
absorber (SA) to achieve high pulse energy and short pulse duration in Q-switching or mode-
locking system. Among those 2D nonlinear optical materials, graphene is more desirable due
to its ultra-broad absorption bandwidth and fast saturable recovery time, but it is hard to
create an optical bandgap to fit a certain wavelength range. Beyond graphene, different kinds
of synthetic TMDs [10-12] such as molybdenum disulphide(MoS,), tungsten
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disulphide(WS,) as well as a new mixed molybdenum tungsten disulphide(Mo;,W,S;) have
considerable potential as an emerging generation of photonic nanomaterials because of their
unique optical, mechanical and electronic characteristics [13]. The TMDs are expressed as
MX,(M = Mo, W. . .), M is a transition metal and X is a chalcogen. The two layers of sulfur
atoms are interspersed with a layer of metal atoms, which is similar to the structure of
sandwich [14]. In the previous reports, monolayer TMDs possess a direct band gap while
multilayer and bulk state one possess an indirect band gap [15]. In 2013, It has been reported
that substitution of W atoms by Mo atoms can produce a new compound Mo, W,S, with the
structure and fingerprint of principle optical features of WS, and MoS, [16]. In this work, it is
presented that bulk state MoS, and WS, have the gaps of 1.24 eV and 1.31 eV, double layer
can increased the gap to 1.40 eV and 1.57 eV. Whereas bulk state and double layer
Moy sW(5S, possesses the gaps of 1.14 eV and 1.29 eV, respectively. These indicates that
Moy WS, has a wider absorption bandwidth. And those TMDs are layer-depended
materials, in which band gap increases with the decrease of the number of layer [17]. This
property of tunable band gap engineering is of great importance for some electronic and
optoelectronic applications [18]. Thus, alloying TMD of Mo, W,S, has been proposed by
theoretical calculations [16] and demonstrated in experiments [19].

In this work, we prepared the Mo, sW,sS, and presented a MogsWs5S, SA based Q-
switched fiber laser at 1560 nm at the first time. Two different types of SAs including fiber-
tapered Moy sWysS, SA and Moy sW 5S,-PVA thin film are proposed to achieve Q-switching
mechanism. With Moy sWysS, depositing on the surface of the tapered fiber, a minimum
pulse duration of 1.42 ps and a maximum single pulse energy of 172.9 nJ are obtained. While
transferring MoysWsS, onto fiber end face, which is sandwiched in the fiber cavity, a
maximum single pulse energy of 246.5 nJ is achieved, and the minimum pulse duration
obtained is 1.92 ps. The modulation depth of MoysWysS, film measured by nonlinear
saturable absorption experiment is 15%.

2. Material preparation and characterization

The MoysWysS,, MoS,, and WS, are manufactured by microwave-assisted solvothermal
method [20]. In Fig. 1, 6 represents the angle between the diffraction X-ray and the certain
crystal plane of the sample. The diffraction peaks of the Mo, sW sS; crystal have three broad
peaks at around 26 = 14.7°, 33.1° and 58.8° corresponding respectively to the (002), (100),
and (110) planes of the hexagonal Moy sWsS,, which indicates the partly crystalline in the
sample, which is attributed to the limitation of the preparation method in the experiment.
Figure 1(b) shows the scanning electron microscope (SEM) image of the Moy sW 5S,.
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Fig. 1. (a) The X-ray diffraction (XRD) pattern of MoysWysS,, (b) The SEM image of
Mo,.sWo.5Ss.
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In the experiment, two different types of Moy sWsS, are prepared to obtain passive Q-
switching. The first one is realized by interaction between the Mo, sW 5S; and the evanescent
wave of the taper fiber. The fabrication method of fiber taper is similar to previous report
[21], which is fabricated by the flame brushing technique with SMF28. Figure 2(b) shows the
sketch of taper fiber, the length of the fiber-taper is 25 mm (including transition region and
taper waist), and the waist is 2 pm. we put the tapered fiber on U-type groove and insert them
into quartz capillary. The MoysWy sS,-alcohol solution is injected into the quartz tube to
deposit the SA on the fiber taper. Then two end sides of quartz capillary are sealed by ultra-
violet (UV) curing adhesive to prevent SA from the ambient. Figure 2(a) shows the
encapsulated taper fiber, and Fig. 2(c) is a schematic diagram of fiber taper viewed by a
microscope equipped with a microscope objective with magnification x 100. The second type
of SA is based on MogsWsS,-PVA film, which fabrication process can be described as
follows. First, the prepared Mo sWsS, powder is dissolved in N-Methyl pyrrolidone (NMP)
solution with a concentration of ~1.25mg/ml, then mixed by a magnetic stirrer for 1 hour, and
ultrasonicated for 2 hours. The medical PVA powder is dissolved in deionized water with a
concentration of ~5% wt. Third, The mixture of the Moy sW 5S, solution and PVA solution is
ultrasonicated for 2 hours to ensure the Mo, sWy 5S, homogeneously distributed in the PVA
solution. At last, evaporating the mixture at room temperature on a culture ware, then it will
formed into a filmy PVA-Mo,sWy5S, composite. In the experiment, Mo, sWy 5S,-PVA film is
cut into ImmX1mm and transferred onto the end face of fiber and sandwiched between two
fiber flanges to achieve Q-switching operation.

SMF28 fiber transition region taper waist tb)

Fig. 2. (a) Image of the encapsulated taper fiber. (b) The sketch of tapered fiber. (c) Image of
the taper waist under 1000 x microscope.

For SAs, the nonlinear absorption property is an indispensable characterize the optical
properties of materials. So we build a twin-detector system to measure nonlinear transmission
of SA. The illuminant is a home-made Er-doped Nonlinear Polarization Evolution (NPE)
mode-locking fiber laser with the repetition of 52. 16 MHz, pulse duration of 300 fs, center
wavelength of 1560 nm. The measured results and fitted curve with the following formula is
shown as Fig. 3.

T(I)=1-ATxexp(-I /1)~ A,

whereT ,AT ,I,1_,, A _represent transmittance, modulation depth, laser intensity, saturation

> “sat? “ns
power intensity and non-saturable absorbance, respectively. From the Fig. 3(b), the
modulation depth of the Moy sWs5S,-PVA film is evaluated to be 15%. The saturating
intensity and non-saturable loss is about 13.97MW/cm” and 30%, respectively.

sat

3. Experimental setup and results

All-fiber lasers have a lot of advantages such as tight configuration, reliable performance, low
environmental impact over solid-state lasers, and providing a convenient platform to measure
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nonlinear absorption of various kinds of samples. Figure 3(a) shows the experimental
equipment of the Er-doped passively Q-switching oscillator, which consists of a 29 ¢m long
highly doped Erbium fiber(Liekki Er-110-4/125), a wavelength-division multiplexer, an
optical coupler with output rate of 20%, a MoysW(sS, SA, a polarization independent
isolator, and a polarization controller. The ring cavity is pumped by a diode laser with a
central wavelength of 976 nm. Highly doped Erbium fiber is used as gain medium to provide
gain of cavity, the polarization independent isolator and polarization controller are used to
ensure the unidirectional transmission of light and to adjust the polarization of beam. The
total length of the cavity is 3.78 m.

@ 724 (b)
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Fig. 3. (a) Diagram of the Er-doped Q-switched fiber setup with fiber tapered and PVA of
Moy 5sWy5S, SA (b) Nonlinear absorption of Moy sWysS, -PVA film.

We use oscilloscope to observe the output pulse from the cavity. Figure 4(a) and Fig. 4(b)
depict a series of stable pulse trains of PVA film SA and fiber tapered SA under different
pump power, respectively. For MogsW;sS,-PVA film, a stable Q-switching mechanism
appears when pump power is set as 180 mW. While for fiber tapered one, the Q-switching
threshold decreased to 140 mW at the same condition. The result indicates that fiber tapered
SA is easier to achieve Q-switching threshold due to the interaction between evanescent field
of the taper fiber and SAs. Figure 5 shows the shortest pulse duration of this two types of
Moy sWsSy-based Erbium doped fiber oscillator. Figure 5(a) presents the single pulse of
Moy sWo5S,-PVA film based mechanism when pump power is 460 mw, and Fig. 5(b)
presents the pulse of fiber tapered SA with pump power of 550 mW. It can be noted that Q-
switching pulse with fiber tapered SA possesses a shorter duration of 1.42 ps than 1.92 ps of
PVA film SA, which is due to the tapered fiber own a long interaction distance between
evanescent wave and Moy sW sS,. Pulse duration is closely related to the modulation depth
according to [22]. From the reference [23], a long interaction between evanescent wave and
SA will also increase the modulation depth. So we deduce that fiber tapered SA may own a
larger modulation depth than the film one.

6 6
Pump power=610mW (a) Pump power=480mW (b)
3 ViV.V\V\ViV\V\ViViViWiN
=' 3 Pump power=380mwW
&, 44Pump power=460mW < 44
g ~
g z
% Pump power=350mW 'g Pump power=280mW
- 8,/
= 27 =
= Pump power=180mW
Pump power=180mW
0 g . i 7 T x T
-40 -20 0 20 40 -40 -20 0 20 40
Time (Us) Time (ps)

Fig. 4. The various pulse trains of (a) Moy sWsS,-PVA film and (b) fiber tapered Moy sWy S,
obtained under different pump powers.
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Fig. 5. The single pulse profile of (a) M0y sW,5S,-PVA film and (b) fiber tapered Moy sW sS,.

Figure 6 depicts the evolution of pulse duration and repetition rate varies with the pump
power. Figure 6(a) shows the repetition rate of Moy sWq sS,-PVA film increasing from 52 kHz
to 118.4 kHz, and pulse duration goes down from 3.42 ps to 1.95 ps and then floating nearby
2 us with the increasing of pump power, which may be attributed to the thermal influence to
Moy sW(5S,-PVA film. Comparing to fiber tapered one, the thin film SA quickly obtains the
minimum pulse duration than fiber tapered SA does. This is due to the high intensity at fiber
coupling, while the intensity of the evanescent field is quite low, but the interaction length of
the evanescent field with the SA is longer. Figure 6(b) shows the repetition rate of fiber
tapered MoysWysS, SA increasing from 34.1 kHz to 98.5 kHz, corresponding to the pulse
durations decrease from 4.72 ps to 1.42 ps with the improvement of pump power. Different to
mode-locking, the repetition are related to pump power but not cavity length, which meet the
characteristics of Q-switching system. It also shows that the fiber laser with fiber tapered SA
outputs a higher repetition rate and a narrower pulse duration under the same pump power.

—9— Pulse duration r IZOA 4.04 —0— Pulse duration (b) —
3. —o— Repetition rate E P36 —o— Repetition rate 90 E
) .6
= - 105% 53 ) %
.2 L75 @
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k=] too & <284 £
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= b7s £ =44 b=
o TE <
= 2 2201 2
= S F 45 5
- 60 o2 A~ =7
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Fig. 6. Pulse duration and repetition rate versus incident pump power of (a) Moy sW;sS,-PVA
film and (b) fiber tapered Mo, sWsS,.

It can be seen in Fig. 7, when the pump power raises, the output power the pulse energy
goes up at first and then goes down, but the Q-switching exits all the time, when the pump
power increases, the repetition rate of output pulse simultaneously increases and the pulse
duration decreases monotonically. Which are typical features of Q-switching pulse trains. The
maximum pulse energy of Mo, sW(5S,-PVA film we can see in Fig. 7(a) is 246.5 nJ, which is
higher than fiber tapered one of 172.9 nJ in Fig. 7(b). Although the thin diameter of taper
fiber can enhance the interaction between the evanescent field and the SA on the fiber
surface, it also results in higher loss in the fiber cavity. Therefore, it is of great importance to
make the tapered fiber with appropriate waist diameter to achieve higher energy and narrower
pulse duration. The average output power of this two types of SA increases linearly with the
improvement of incident power. The maximum output power of Moy sWgsS,-PVA film is
26.9 mW with the incident power varying in the range of 180 mW to 610 mW. While the
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maximum output power of fiber tapered MoysWsS, is 15.6 mW with the incident power
varying from 140 mW to 550 mW. When the pump power is higher than 550 mW, the pulse
train become unstable and even disappear. However when one decrease the pump power, the
Q-switching appears again, this phenomenon is attributed to the over-saturation rather than
the thermal damage of SAs [24]. We compare the other reports with our results about
passively Q-switching fiber laser based on pure MoS, and WS, at 1.5 um wavelength. As
Table 1 shows, Mo, sW(5S, SA based Q-switching fiber laser in this work achieved highest
pulse energy both on PVA film SA and fiber tapered SA compared with this two types pure
MoS, and WS, SAs.

240 7 _
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29180 18 =
g 1)
S 150 15 =
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Fig. 7. Output average power and pulse energy versus incident pump power of (a) Moy sW sS,-
PVA film and (b) fiber tapered Mo, sWy S,

Table 1. Typical Q-switched fiber laser at 1.5 pm wave band.

Output power (mW)

.. Pulse Pulse .
Y:a SA lr{;g E:Itilg(;r)l duration energy MO;:I?}?OH Waz:iz;lgth Ref.
(us) (n]) P
2(3” MoS; film 113'361 1.66 272 33.2% 1549.9 [25]
221 “élzls\jl 116-131 0.66 152 9% 1549.8 [26]
2(5)1 MoS,-PVA fffé 1.92 8.2 28.5% 1560.5 [27]
2(5)1 MoS,-PVA Zfﬁé 12.9 184.7 2.15% 1560 [28]
201 Fiber side
s polished 82-134 0.71 19 1567.8 [29]
WSZ
201 Fiber
s tapered 33-108 13 72 1565 [30]
WSZ
201
s WS:PVA 7997 1.1 179.6 4.9% 1558 [31]
221 MoS,-PVA  30.1-64.8 1.9 51.84 53.4% 1560 [32]
221 WS,-SAM 3269'75;; 0.0685 68.5 77% 1560 [33]
2(7” WS,-PVA  16.1-60.9 2376 195 2% 1565 [34]
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We measured the wavelength of the output pulse trains based on two types of SAs. Figure
8(a) presents the central wavelength of MoysW(sS,-PVA film SA is 1560.8 nm with an
optical spectrum bandwidth of 5 nm. As for fiber tapered SA, Fig. 8(b) shows a central
wavelength of 1555.5 nm with an optical spectrum of 5.33 nm. When pump power increases
to 500 mW, a central wavelength of 1530 nm emerges as the inset of Fig. 8(b), which is due
to the combination of the high nonlinear effect of the Mo, sW 5S,-based fiber taper and the
spectral filtering effect induced by the birefringence in the cavity [35].
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Fig. 8. The wavelength spectrum of Q-switched Er-doped fiber based on (a) MoysWysS,-PVA
film and (b) fiber tapered Moy s W, 5S,, inset shows the dual-wavelength mechanism.

4. Conclusion

In conclusion, a stable passively Q-switching fiber laser based on two types of Moy sW sS,
SAs (the Moy sW(5S,-PVA film and fiber tapered Moy sW 5S;) was demonstrated. Comparing
this two types of SA, it can be revealed that the Mo, sW,5S,-PVA film-based Q-switching
operation possesses a higher pulse energy and a higher average output power, while fiber
tapered Q-switching operation with Moy sWsS, SA own a shorter pulse duration and lower
Q-switching threshold. In addition, it shows that Moy sW sS, possesses a high modulation of
15%. The experimental results obviously show that MoysW,sS, can be considered as a
promising candidate for fiber laser applications and other photoelectric device.
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