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A microfiber knot incorporating a tungsten
disulfide saturable absorber based multi-
wavelength mode-locked erbium-doped fiber
laser

Shi Li, Yating Yi, Yu Yin, Yuxuan Jiang, Haiyan Zhao, Yangiu Du, Yujin Chen, Elfed Lewis, Gerald
Farrell, Sulaiman Wadi Harun, and Pengfei Wang

Abstract—A novel multi-wavelength mode-locked Erbium-
doped fiber laser with tungsten disulfide (WS2) combined with a
microfiber knot is described. This hybrid fiber structure facilitates
strong light matter interaction between the saturated absorption
of the WS, material and high optical non-linearity of the
microfiber knot. It is demonstrated experimentally that the novel
fiber laser works stably in the absence of an external comb filter,
with the generation of stable multi-wavelength picosecond pulses.
In the multi-wavelength lasing regime, up to 7-wavelength stable
mode-locked pulses are obtained using a polarization controller
with the pump power at ~250 mW. The pulse period and the pulse
width are 188.7 ns and 16.3 ps respectively. In addition, the
number of multi-wavelength lasing channels can be changed by
simply adjusting the microfiber knot size. Experimental results
show the laser to have a stable output over 12 hours recording
period. The results of this investigation demonstrate that the
optical microfiber knot with a WS; overlay based fiber laser device
can operate as a highly nonlinear optical component and a
saturable absorber. The proposed multi-wavelength lasing device
can therefore be widely used for non-linear and ultrafast photonics
and has a number of advantages compared to similar devices using
more conventional technologies, including low cost and good
stability.

Index Terms—Fiber laser, multi-wavelength, microfiber knot,
high nonlinearity.

I. INTRODUCTION

ince the first mode-locked fiber laser was demonstrated in
1986 [1], as a group of highly versatile light sources they
have attracted significant due to their ability to access many
scientific research fields such as optical communications,
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sensing, material processing, medical treatment and chemical
engineering etc. To date, the two main methods utilized in the
operation of pulsed fiber lasers are based on actively mode-
locked and passively mode-locked techniques. The passively
mode-locked technique is more stable and is an all-fiber
solution. In recent years, passively mode-locked techniques
have developed rapidly. A large number of passively mode-
locked techniques exist and include “the nonlinear optical loop
mirror” (NOLM) [2-4], “nonlinear polarization rotation” (NPR)
[5-7] and two-dimensional materials [8-24]. The rapid
development of passively mode-locked techniques has also
provided a foundation for research on multi-wavelength fiber
lasers. As an important member of the fiber laser family, the
multi-wavelength fiber laser has played a significant role in
application areas including dense wave division multiplexing
(DWDM), laser distance ranging, spectral analysis, distributed
fiber-optic sensing etc. [2]. In recent years an increasing
number of two-dimensional materials such as graphene [8-11],
topological insulators [12-14], transition metal dichalcogenides
[15-22] and black phosphorus [23, 24] have facilitated further
advancements in mode-locked lasing research. It has been
demonstrated that Graphene can be used in a multi-wavelength
fiber laser and this showed that 2D (two-dimensional) materials
can be used in the preparation of the saturable absorber (SA)
devices to generate a pulsed lasing signal [8]. Topological
insulators, sulfide materials, and black phosphorus have also
been used in this rapidly developing fiber laser field. Among
the two-dimensional materials, few-layer tungsten disulfide
(WS) which can exist in the form of atomically thin sheets, has
allowed the realization of femtosecond pulses in mode-locked
fiber lasers which indicates that WS; has the necessary
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saturated absorption properties for generation of the pulsed
laser [17]. However, researchers have also established that WS,
materials have a third-order nonlinearity: an excellent quality
for the generation of multi-wavelength peaks [15]. Based on
this feature, a double-wavelength pulsed laser output has been
demonstrated [19, 20]. The useful twin properties of WS, i.e.
saturated absorption coupled with excellent nonlinearity, has
attracted significant recent attention in the area of multi-
wavelength fiber lasers. Double-wavelength and triple-
wavelength emissions have been obtained by transferring the
WS; onto a tapered fiber or a fiber connector contained within
the laser cavity [19]. However, it is hard to achieve further
multiplication of the number of wavelengths using these
techniques, as they are limited by the degree of non-linearity
available in the WS, material [15]. The same paper analyses the
possible novel use of the microfiber knot structure to affect an
enhancement of the nonlinearity of WS, in mode locking fiber
lasers.

Since the first microfiber cavity laser was demonstrated [25],
optical devices based on microfibers have played a major role
in many domains including light detection, communications
and sensing due to low cost and ease of preparation [25, 26].
Researchers have developed several resonators based on
microfiber, such as the loop resonator [27, 28], knot resonator
[29-37] and coil resonator [38, 39]. Among the resonators based
on a microfiber, the knot resonator has the recognized
advantages of ease of fabrication, simple structure, and compact
size [29-32]. However, for a fiber laser, the pump power
consumption is a significant challenge due to the inherent weak
nonlinearity of silica [40]. The microfiber knot can change its
size by simply resizing the resonator while continuing to work
stably on a refractive index substrate or in a liquid under test
[29]. Additionally, it is possible that the microfiber knot has a
significant role to play in conjunction with other optical
materials due to the effective photon interaction resulting from
the strong evanescent amplification of the microfiber knot
geometry [41]. A hybrid structure comprising a microfiber knot
resonator combined with graphene has been demonstrated by
coating the microfiber knot with graphene [32]. The resulting
excellent characteristics include high optical non-linearity and
rapid response time, which confirm the possibility that a new
device based on the microfiber knot can be highly applicable
for non-linear optical device, high performance optical fiber
sensors, ultrafast modulators etc. [32]. In recent years several
researchers have achieved lasing using a microfiber knot owing
to its excellent optical characteristics as outlined above [34-37].
The approach adopted in the investigation reported in this
article is based on a new WS, device in combination with a
microfiber structure to achieve a larger number of output
wavelengths. Up to seven output wavelength peaks have been
achieved in the experimental work presented in this paper.

The resulting novel saturable absorber (SA) device provides
saturable absorption combined with high non-linearity within
the newly formed laser cavity. A seven-wavelength pulse was
obtained by gradually increasing the pump power and rotating
the polarization controller. The results of this work confirm that
the microfiber knot enhances the nonlinearity of the WS, and
hence the new SA device has the significant advantage of high
non-linearity for use in nonlinear optics. The SA device can be
used widely in the multi-wavelength fiber laser field due to the

2

excellent performance of the SA device in providing multiple
peaks due to the combined action of saturable absorption ability
and the nonlinearity.

Il. EXPERIMENT

The WS, nanosheets were prepared through a liquid-phase
exfoliation method [18]. These nanosheets were dispersed in
the ethanol solution with a concentration of about 0.1 mg/ml for
further usage. Fig. 1(a) shows the Raman spectrum of the WS,
nanosheets. Two characteristic peaks were observed at
wavelengths centred on ~351.6 and ~418.5 cm™, corresponding
to the in-plane (Ezg) and out-of-plane (Ayg) vibrational modes
of WS, when irradiated using an Ar laser at 514 nm [15]. The
layer of the WS; nanosheets was estimated to be 3-5 layers thick,
which is in agreement with previous findings [15]. The
scanning electron microscopy (SEM) image (Fig. 1(b)) shows
that the WS, nanosheets have a lateral length of approximately
300 nm. Fig.1 (c) shows the same TEM image of the WS,
nanosheets.
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Fig. 1. (a) The Raman spectrum, (b) The SEM image of the WS, nanosheets.
(c) The TEM image of the WS, nanosheets.

The microfiber was prepared using the fused taper method
[42] with a tip (waist) diameter of ~ 3 um which was cleaved at
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the transition region at one end and connected to a standard
single-mode fiber at the other end. The resulting half tapered
microfiber was folded into a knot structure as shown in Fig 2.
Initially, the microfiber was cleaved at the transition region and
fixed on a 3-axis micro-displacement platform (Newport M-
561D-XYZ-LH). Then a short section of single-mode fiber
(SMF-28) was used to manipulate the microfiber into a knot
structure with the help of electro-static force. The initial
microfiber knot diameter was set to be as large with a value of
several millimeters to make the subsequent processing steps
easier. Another half-tapered microfiber was fixed on a separate
3-axis micro-displacement platform (Newport M-561D-XYZ-
RH) and was also brought into contact with the microfiber knot
via electrostatic force so that the light from the source can be
easily transferred into the structure. Finally, the two micro-
displacement platforms were adjusted slightly to control the
size of the microfiber knot during experiments. The microfiber
knot was formed with a diameter, D ~ 500 pm as shown
photographically in fig. 2(b).

@
\ |¢}1t down
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Fig. 2. (a) Schematic illustrations for the construction of microfiber knot. (b)
Photograph of the WS, device based on the microfiber knot.

To fulfill the role of the WS, and the microfiber WS;
nanosheets were transferred onto the microfiber prepare the
WS, SA incorporating the knot using the optical deposition
method [18]. In this process, light (150 mW) from a 980 nm
laser was launched into the microfiber knot while depositing the
WS; solution onto the structure for more than two hours. Then
the SA device was connected to a super continuum source (YSL
SC-series) and an OSA (optical spectrum analyzer:
YOKOGAWA, AQ-6370C) was used as the detector to
measure the transmission spectrum. The experimentally
obtained result in Fig. 3(a) shows the full transmission spectrum
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in the range 1540 to 1560 nm including several optical
resonance lines. The absorption line centered on a wavelength
of 1542.5 nm is highlighted in Fig 3(a) for which the FSR (free
spectral range) is 1.12 nm.
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Fig. 3. (a) Transmission spectra of the microfiber knot. (b) A typical z-scan
peak curve at 1550 nm. (c) Nonlinear saturable absorption curve.

In order to characterize the third order nonlinearity of the
WS, device, the z-scan method was used. The results are shown
in Fig. 3(b) and clearly indicate that the WS, device exhibits
nonlinear saturable absorption. As shown in the figure, a typical
z-scan peak curve was obtained, confirming that the third order
nonlinearity of the WS, device exists. The ratio of the
maximum to the minimum optical transmittance was as high as
26.5, which was significantly higher than the previously
reported device based on graphene [12]. The appearance of
such an absorption line is necessary for the pulse generation in
the laser and is key for determining whether or not the SA
device has the capability for saturable absorption. Fig. 3(c)
clearly shows its modulation depth is ~ 5.6%, which was
measured using the power-dependent transmission scheme
using a femtosecond fiber laser (Center wavelength: 1550 nm,
Pulse width: 300 fs, Repetition rate: 15 MHz) as the pump

o
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source [19]. It is clear from this analysis that the SA device has
achieved saturable absorption. Finally, the insertion loss of the
SA device was measured using an optical power meter. A 1550
nm CW laser was used as the light source to connect with the
microfiber knot device incorporating the WS; nanosheets at one
end, and at the other end the same optical power meter was used
to measure the average output power. The output power with
and without SA was measured as 12.6 mW, and 25.3 mW,
respectively. Therefore, the insertion loss of the SA device was
estimated to be about 3 dB.

The experimental setup including the 980 nm pump source
(MCPL-980-SM), a 980/1550 nm wavelength division
multiplexer (WDM, MCWDM-98/15), a ~5 m length of
Erbium-doped fiber (ER16-8/125), a polarization independent
isolator (PI1-1SO, MCI-1550), a polarization controller (PC,
MP-1550), a 10% optical coupler (OC, 1550 FBT Coupler), a
section of single mode fiber (SMF 28) and being the key
components of the SA device is shown in Fig. 4. The
polarization independent isolator (PI-ISO) maintains
unidirectional transmission from the laser source preventing
potentially damaging back-reflections. 90% of the OC input
was maintained within the feedback loop to ensure that
adequate laser power was maintained within the fiber laser
cavity. The remaining 10% of the OC input was used to couple
the circulating signal to the test equipment: an OSA to measure
the optical spectrum, an oscilloscope (Tektronix MDO4054-6)
to measure the pulse waveform, an optical power meter
(Newport 1918-R) to measure the output power, and an
autocorrelator (Pulse Check SM 320) to measure the pulse
width. A 20 m length of single-mode fiber was incorporated
inside the cavity to optimize the dispersion and nonlinear
characteristics for mode-locked operation. The total dispersion
in the ring laser cavity was calculated to be -1.07 ps?, which
indicates that the laser operates in the anomalous regime.
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Fig. 4. Schematic of the experimental setup

I1l. RESULTS AND DISCUSSION

Before the SA device was placed into the fiber laser cavity,
it was necessary to confirm the working state of the laser to
exclude the possibility of NPR (nonlinear polarization rotation)
and the occurrence of any Fabry-Perot effect. No mode-locking
generation was observed by uprating the pump power from the
minimum power output value of 0 to the maximum of 420 mW.

4

This being the case, it is evident that the SA device, when
inserted into the cavity, is the sole source of non-linear
phenomena for the ring laser.

The SA device was inserted into the laser cavity and the
output observed using the OSA and Oscilloscope referred to
above. Initially, the pump power was adjusted to ~50 mW, at
which value a continuous wave output was clearly observed.
The pump power was then gradually increased in the range 86
mW to 350 mW whilst carefully rotating the polarization plane.
During this phase it could be determined that multi-wavelength
mode-locked operation was achieved. The evolution of the
multi-wavelength from initial continuous wave operation
clearly indicates that a cavity exists when the laser is working.
Generally, if the cavity induced birefringence filter has a large
bandwidth, the filtering effect can be ignored [40]. However,
the existence of the SA device is a key element of the multi-
wavelength pulse generation, which in turn indicates that the
SA device based on the microfiber knot plays a key role as
wavelength selection to enhance the filtering capability.

In the experiment of this investigation, four-, five-, six-, and
seven-wavelength mode-locked outputs have been observed,
and the results confirmed that the stable multi-wavelength can
be simply achieved from the presence of a nonlinearity
introduced by the incorporation of the SA device. Among the
numerous phenomena of the multi-wavelength pulse, the seven-
wavelength mode-locking pulse was observed when uprating
the pump power to ~250 mW. The seven-wavelength optical
spectrum is shown in Fig. 5(a). The central wavelength of the
7-wavelength pulse is in the vicinity of 1535 nmand the interval
between it and the neighboring wavelength is ~1.02 nm. Each
3dB spectrum bandwidth is ~0.17 nm. Seven flat peaks were
observed in Fig. 5 (a), which were most probably due to the
power redistribution effect [8] inside the cavity. This effect was
caused by the high nonlinearity of the layered WS,. However,
a slight power variation was still observed among the multiple
peaks, which was attributed to the gain-spectral characteristic
of the EDF [37]. The optimization of the gain spectrum and
nonlinear characteristics of the cavity are expected to reduce the
power variation further. The typical oscilloscope pulse
waveform is shown in Fig. 5(b). The data shows the pulse
period to be 188.7 ns, which corresponds to a repetition rate of
5.3 MHz which agrees well with the cavity length of 38.7 m.
Some subtle intensity changes were observed in the pulses
(amplitude) due to a lower frequency modulation effect. It is
clear that the “whispering gallery mode” (WGM) behavior of
the microfiber knot can effectively enhance the nonlinearity of
the WS; to induce multi-wavelength emission. The nonlinearity
effect provided by the SA device thus has a stronger role in the
mode-locked fiber laser than traditional methods such as those
based on tapered fiber [19, 20].
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Fig. 5. Seven-wavelength mode-locking characteristics. (a) Optical spectrum.
(b) Typical oscilloscope pulse waveform. (c) Autocorrelation trace. (d) Output
power versus the pump power

It was possible to filter out one wavelength from the multi-
wavelength pulse signal using a bandpass filter, to make sure
that the pulse generation in the fiber laser was genuinely due to
the multi-wavelength pulse, and hence excluding the influence
of “the energy quantization effect” [40]. An autocorrelation
trace was measured using an autocorrelator (pulse Check SM
320), for a delay time of 16.3 ps resulted, as shown in the Fig.
5(c). In the experiment, the output power of the fiber laser
increased with increasing the pump power. The maximum value
of the output power was observed to be 9.1 mW and the linear
relationship of the output power and the pump power is clearly
shown in Fig. 5(d). Fig. 6 shows the long-term spectrum
measured at repeated 2-hour intervals over a 12-hour period.

Output Power (mW)
]

5

The results clearly show that the fiber laser has excellent long-
time stability. The general characteristics of the 7-wavlength
pulse and the 12 h spectral time evolution performance are
shown in Fig. 5 (a) and Fig. 6 respectively, confirming that the
SA device not only shows its saturable absorption stability, but
also has a significant non-linear effect with long term stability.
Compared with common dual-wavelength and triple-
wavelength versions based on the WS tapered fiber and fiber
connector, the fiber laser in this investigation exhibits a seven-
wavelength pulse, and hence it can be determined that the
microfiber knot is the key in the enhancement of the cavity
nonlinearity. To verify the effect of the microfiber knot on the
nonlinearity in the fiber laser cavity, a further experiment was
conducted which is described below.

'
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Intensity (dBm)

&
&

%

1520 1530 1540 1550
Wayvelength (am)
Fig. 6. Long term spectral variation measured at a 2-h interval over 12 hours

A completely new microfiber knot with a diameter D = 750
um was fabricated; the tapered fiber diameter was ~ 3 um as
previously described. The few-layer WS, was transferred onto
the microfiber knot using the same optical deposition method
as previously used, forming a new WS, device based on a
revised microfiber knot.

After completing the above steps, the WS,-deposited
microfiber knot was placed into the ring cavity laser. A six-
wavelength mode-locked pulse was observed (not seven-
wavelengths as in the previous case) at a 250 mW pump power
and the spectrum is shown in Fig. 7(a). Compared with the
optical spectrum when D is ~ 500 nm, the number of
wavelength peaks is one less, but the interval between each
peak and the 3-dB spectrum bandwidth remain the same. The
corresponding temporal variation for the mode-locked pulse
was recorded on an oscilloscope as previously described, and is
shown in Fig. 7(b). The pulse waveform is similar to the case
for the microfiber knot diameter being 500 um.
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The six-wavelength mode-locked pulse was achieved by
simply increasing the knot size from 500 ym to 750 um. The
non-linearity in the cavity formed in this case is lower than the
previous value (the 500 um case) because the WGM becomes
weaker with the knot diameter increasing [41], and therefore it
does not enhance the non-linearity as strongly as in the 500um
case.

Finally, a microfiber knot with the diameter D = 1 mm was
also fabricated in the identical manner to the above and this
formed a new SA device which was inserted between the WDM
and PC as previously described. A Five-wavelength mode-
locking pulse was observed and this is shown in Fig. 7(c). Fig.
7(d) shows that the pulse waveform is similar to the case of six
and seven-wavelength pulse cases.

6

Seven-wavelength, six-wavelength and five-wavelength
mode-locking peaks have been generated with relative ease by
simply varying the knot size; the multi-wavelength number
reduces when the nonlinearity effect weakens as the knot
diameter is increased. The series of experiments confirms our
hypothesis: the microfiber knot enhances the nonlinearity of the
WS, material but in doing so does not degrade the saturable
absorption in a typical microfiber structure.

IVV. CONCLUSION

The experiment confirmed that the dual properties of the SA
device have been successfully implemented in a single, novel
device and experimentally verified. The WS,-deposited
microfiber knot has a dual role in the emission process:
saturable absorption for pulse generation and high-nonlinearity
for multi-wavelength generation. In the experiment, a multi-
wavelength pulse performance has been achieved by changing
the state of the laser. Seven wavelength-operation has been
completely described including observing the time resolved
pulse waveforms thus allowing measurement of the pulse
period and the repetition rate. A major achievement of the work
of this investigation has been to establish that the SA device
plays a key dual role in the novel laser cavity based device. In
addition, six-wavelength and five-wavelength pulse emissions
were achieved simply by increasing the knot size. Experiments
in which the knot diameter was increased also confirm that the
degree of nonlinearity can be varied simply by resizing the knot.
Therefore, the novel SA device described in this investigation
can be deployed in any field which requires the presence of
nonlinear optical phenomena. The inherent advantageous
characteristics of excellent saturable absorption and high
nonlinearity have resulted in a SA device that can be fabricated
with relative ease and readily used as a multi-wavelength fiber
laser source, which can in turn be applied in many industrial
application scenarios including high density wavelength
distributed multiplexing, laser ranging, spectral analysis as well
as distributed fiber-optic sensing.
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