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Abstract: We built a Tm:Ho co-doped fiber laser using a Ti;C, MXene material as a saturable absorber (SA). The formation of
vector solitons (VSs) and noise-like pulses (NLPs) was observed. The SA was prepared by dripping a TizC, solution on a
side-polished D-shaped fiber and then naturally vaporized. The VS is characterized by two coexisting sets of Kelly sidebands. By
modulating the polarization controller in the fiber laser, NLPs with about 3.3 nm bandwidth can be switched from the VS. To the
best of our knowledge, this is the first time that VSs have been generated in a fiber laser using a Ti;C, MXene material as the SA.
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1 Introduction

Fiber lasers are widely used in optical fiber
communications, laser marking, laser cutting, mili-
tary defense, and medical fields because of their
compact structure, easier integration, and better beam
quality as compared with other lasers (Shi et al.,
2014). Mode-locked fiber lasers have attracted the
attention of many researchers because of their
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capability of generating pulses with a narrow pulse
width, high peak power, and abundant dynamic
phenomena. Active mode-locking and passive
mode-locking are the main techniques used to achieve
mode-locking in a fiber laser. The widely used pas-
sive mode-locking method uses mainly a saturable
absorber (SA) to narrow the pulse, and the SA is di-
vided into a physical SA and an artificial SA. In recent
years, various new materials have been used as
physical SAs to achieve mode-locking in fiber lasers.
Zhang H et al. (2009) showed that a single pulse en-
ergy of 7.3 nJ and a pulse width of 415 fs could be
obtained by integrating the atomic layer graphene as a
SA into an Er-doped passive mode-locked fiber laser.
Nicholson et al. (2007) used a single-wall carbon
nanotube (SWCNT) based SA to generate a
mode-locked pulse with a pulse duration of 247 fs at a
central wavelength of 1560 nm in an Er-doped fiber
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laser. They also generated a mode-locked pulse with a
pulse duration of 137 fs at a central wavelength of
1070 nm in an amplified Yb-doped fiber laser (Ni-
cholson et al., 2007). By integrating a black phos-
phorus (BP) based SA into an Er-doped fiber laser,
Chen et al. (2015) obtained Q-switching at a maxi-
mum pulse energy of 943 nJ and passive
mode-locked pulses with a pulse width of 946 fs.
Including the above, two-dimensional (2D) ma-
terials have attracted extensive attention in materials
science due to their excellent properties (Luo et al.,
2010; Zhang H et al., 2010; Qin et al., 2015; Sotor
et al., 2015; Song et al., 2016; Jiang T et al., 2020). In
recent years, a new type of 2D material known as
MXenes, which are composed of elements such as
transition metal carbides, nitrides, and carbonitrides,
have attracted the interest of researchers due to their
good electrical conductivity, high elastic modulus,
high capacitance, tunable band gap, and high optical
transmission (Naguib et al., 2011; Lei et al., 2015).
They also have excellent optical characteristics. In
2016, Gogotsi’s team produced a transparent Tiz;C, T,
MXene film with optoelectronic tunable characteris-
tics (Hantanasirisakul et al., 2016). Later, some re-
searchers used TisCNT, and Ti;C,T, to achieve a
femtosecond pulse mode-locked laser output in the
visible and near-infrared wavelength ranges, thus
proving the superior advantages of the MXene in
broadband applications (Wang et al., 2018, 2019).
Feng et al. (2018) used an MXene as a SA for the first
time to achieve passive Q-switching at 1060 nm in a
Nd:YAG ceramic laser. Subsequently, researchers
achieved Q-switching and highly stable femtosecond
pulse mode-locked fiber lasers in the near-infrared
communication band to the shortwave infrared band
using Ti;C,T, MXene as a SA (Wang et al., 2018; Li
etal., 2019; Zu et al., 2019). It showed the broadband
saturated absorption characteristics of this material
and its applicability as a SA. Jiang Q et al. (2019)
integrated a microfiber-based Ti;C,T, MXene SA to
achieve soliton mode-locking with a pulse duration of
2.11 ps at 2 pm for the first time in a Tm-doped
all-fiber laser. All of these results proved the superior
advantages of an MXene SA in broadband applica-
tions. These optical characteristics indicate that it has
a high research value in the field of fiber lasers.
Moreover, the application potential of MXenes in the
mid-infrared ultrafast fiber laser was proved. In

addition, the 2 um wavelength region has great po-
tential in the fields of light detection and ranging
(LIDAR) and gas sensing. Due to the strong absorp-
tion of water in this band, the 2 pm laser has been
widely used in medical fields (Scholle et al., 2010).

In this study, we achieved passive mode-locking
by integrating a homemade Ti;C, MXene SA into a
Tm:Ho co-doped fiber laser. By adjusting the appro-
priate parameters in the cavity, we obtained an output
of traditional vector solitons (VSs) and noise-like
pulses (NLPs). The VS is characterized by two co-
existing sets of Kelly sidebands, which is the overlap
of the two polarization components. By modulating
the polarization controller in the fiber laser, the NLPs
of about 3.3 nm bandwidth can be switched from the
VS. To the best of our knowledge, this is the first time
that VSs have been generated in a fiber laser using the
Ti3C, MXene material as the SA.

2 Fabrication and properties of Ti;C, MXene
SA

The liquid acid etching exfoliation method is a
common method for converting layered bulk materi-
als into ultrathin 2D materials. The Ti;C, MXene we
used was fabricated by Song et al. (Song et al., 2019a;
Wang et al., 2019), using the liquid acid etching ex-
foliation method. MXene nanosheets were dissolved
into N-Methyl-2-pyrrolidone (NMP) at a concentra-
tion of 0.1 mg/mL and dispersed by ultrasonic bath
(Fig. 1a). Fig. 1b shows a piece of the side-polished
D-shaped fiber with a 6 pm polishing depth from the
core, which was used to add the MXene SA into the
fiber laser.

The D-shaped fiber we used was SMF-28e. Be-
fore the MXene was deposited on the D-shaped fiber
to make an MXene SA, the polishing depth of the
D-shaped fiber was measured with a microscope

(a) (b)

Fig. 1 Schematic of the Ti;C, MXene solution (a) and
homemade saturable absorber (SA) (b)
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(Axio Scope.Al, ZEISS, Germany). The D-shaped
fiber was placed on the glass slide, and we rotated the
fiber so that the polishing plane was approximately
perpendicular to the glass plane. Then, the
depth-of-field expansion function of the microscope’s
camera was used to take measurements of the upper
and lower boundaries (polished region) of the optical
fiber. Fig. 2a is a schematic of polishing depth meas-
urement. Fig. 2b is a D-shaped fiber photographed by
the microscope. The upper edge is the edge of the
fiber cladding and the lower edge is the polishing
plane. The cladding diameter and core diameter of
SMF-28e are 125 pm and 8 pum, respectively. There-
fore, when the polishing depth is 6 um, the distance

Objective lens

Cladding

Core

Glass slide

(b)

Fig. 2 Schematic of polishing depth measurement (a)
and D-shaped fiber photographed by the depth-of-field
extension function of the microscope (b)

between the two boundaries measured with a micro-
scope should be 72.5 um (Fig. 2b). The mosaic-like
part of the picture is the normal phenomenon after the
picture was processed with a computer. The MXene
material was attached to the side-polished area after
dripping the MXene solution onto the D-shaped fiber
with a needle. After being naturally vaporized, the
Ti;C; MXene would interact with the intracavity light
through the evanescent field to achieve the role of a
SA.

A nonlinear polarization rotation (NPR) pas-
sively mode-locked fiber laser was set up as a seed to
measure the saturable absorption characteristics of the
MXene SA that we prepared. By properly adjusting
the polarization controller, it can work in a stable
soliton mode-locked state with a center wavelength of
1958 nm and a repetition rate of 13.23 MHz. Using
this fiber laser source as a seed, the saturable absorp-
tion of the MXene SA was measured (Fig. 3). The
transmission gradually increased as the incident op-
tical power into the SA increased. However, due to the
low peak power of the pulse, the saturation region was
not approached. The fitting saturable absorber model
is given by the following equation (Lu et al., 2017):

T(1)=1_¢0 eXp(_I/Isat)_¢ns’ (l)

where T(/) is the transmittance, ¢, the modulation
depth, I the saturation optical intensity, / the inci-
dent optical intensity, and ¢, the nonsaturable loss. It
can be seen from the results that the modulation depth
of the saturable absorber is 2.1%.
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Fig. 3 Nonlinear saturable absorption of the Ti;C,
MXene saturable absorber (SA)
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3 Experimental setup

The schematic of the fiber laser system is shown
in Fig. 4. The laser cavity includes a side-polished
D-shaped fiber (SMF) Ti;C, saturable absorber, a 3 m
Thulium/Holmium-doped fiber (TDF) (TH512, Cor-
Active Inc., Canada), which is pumped by a 1550 nm
benchtop amplification laser system (Connet MARS)
through a wavelength division multiplexer (WDM), a
polarization insensitive isolator with 0.9 dB insertion
loss, and an isolation of greater than 18 dB at 2 um
wavelength which is spliced into the cavity to enforce
a counterclockwise unidirectional ring. The total
length of the Ti;C, MXene SA including the pigtails is
2 m. The length is about 2 cm. The insertion loss of
the MXene SA is about 9 dB. A paddle polarization
controller and an in-line manual fiber polarization
controller are used for more precise adjustment of the
intracavity polarization state. A 20:80 output coupler
(OC) is used to lock the pulse output while ensuring
that most of the energy remains in the cavity. The
dispersion values of the SMF-28e, TH512, and
SM1950 fibers are —0.0670 ps*/m, —0.0730 ps*/m
(Tang et al., 2015), and —0.0732 ps®/m at 1950 nm,
respectively. The total dispersion value and cavity
length are —1.048 ps® and 14.6 m, respectively. An
optical spectrum analyzer (AQ6370C, YOKOGAWA,
Japan), a 12.5 GHz InGaAs photodetector (ET-5000,
EOT, America), a 1 GHz digital storage oscilloscope
(DSO9104A, Agilent, America), a radio frequency (RF)
spectrum analyzer (N9320B, Agilent, America), and
an optical intensity autocorrelator (FR-103HS, Femto-
chrome, America) are used to monitor the properties
of the pulse outputs from the 20% port of the OC.

\%Iij& SA TH512 PC2 -»
. SO 2 20%
\ T output
b
N

Fig. 4 Schematic of the fiber laser
WDM: wavelength division multiplexer; PC: polarization
controller; ISO: isolator; OC: output coupler; THS512:
Thulium/Holmium-doped fiber; Tiz;C, SA: side-polished
D-shaped fiber Ti;C, saturable absorber

4 Experimental results and analysis
4.1 Vector solitons

In our experiments, various mode-locking states
were obtained by carefully adjusting the pump power
and the polarization controller. When the pump power
reached 1.13 W, the mode-locking pulse could be
obtained in the laser cavity. As shown in Fig. 5a, the
3 dB spectral bandwidth of the optical spectrum of the
mode-locked pulse is 4 nm. The central wavelength is
1965 nm, and there exist two sets of Kelly sidebands,
which is the sign of a typical vector soliton (Song
etal., 2012, 2019b). There are several continuous
wave (CW) spikes on the top of the spectrum, close to
the center. It is difficult to compress them. Fig. 5b
shows the measured oscilloscope traces. It is a state of
harmonic mode-locking on the order of 19. There are
certain CWs existing in the background. Fig. Sc is the
RF spectrum of the total output. It can be seen that the
side mode compression is about 60 dB. Note that the
closest side mode is not the fundamental repetition
frequency, which should be at the separation at
about 13.7 MHz. It is caused by the unstable disper-
sive waves in the fiber laser (Zhao et al., 2005). The
first RF order is about 260.7 MHz, which corresponds
to the 19" harmonic mode-locking and matches
the oscilloscope measurement. Apart from the 19®
order, other orders of harmonic mode-locking
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Fig. 5 Vector soliton operation: (a) spectrum of the vec-
tor soliton; (b) corresponding mode-locked pulse train;
(¢) RF spectrum
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were also obtained (Yin et al., 2015), but with less
stability.

To explore the vector characteristics, we used a
polarization beam splitter (PBS) and a polarization
controller at the output of the cavity to resolve the
output into two beams whose polarizations were or-
thogonal to each other. By carefully adjusting the
polarization controller outside the cavity to compen-
sate for the birefringence of the external fiber pigtails,
we obtained the results (Fig. 6). It can be seen that
there is only one set of Kelly sidebands on the cor-
responding spectrum for either the horizontal or ver-
tical polarization component in Fig. 6a. Figs. 6b and
6¢ are the corresponding RF diagrams of the two
polarization directions. It can be seen that the
signal-to-noise ratio (SNR) of the output light in the
vertical polarization axis is 12 dB higher than that in
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Fig. 6 Vector soliton operation after splitting of the po-
larization beam splitter (PBS): (a) corresponding spec-
trum diagram of the horizontal and vertical polarization
axes; (b) RF spectrum of the vertical polarization axis;
(¢) RF spectrum of the horizontal polarization axis; (d)
mode-locked pulse train of the vertical polarization axis;
(e) mode-locked pulse train of the horizontal polariza-
tion axis

the horizontal axis. Figs. 6d and 6e are the time-
domain pulse trains, and the signal in the horizontal
polarization component is also obviously lower in
intensity and unstable. However, it can be seen from
both of the RF spectrums and the time-domain pulse
trains that both polarization axes correspond to the
19™-order harmonic mode-locked state.

Comparison experiments were carried out,
where the MXene SA was replaced with an uncoated
D-shaped fiber. No mode-locking was achieved.
Therefore, the mode-locking is caused mainly by the
MXene SA rather than the polarization-dependent
loss related to the D-shaped fiber. Consequently,
vector soliton pulse generation is supported.

4.2 Noise-like pulses

Careful adjustment of the polarization controller
can gradually transform the VSs into NLPs while
keeping the pump power constant. Fig. 7a shows a
typical state for NLPs with a 3 dB spectral bandwidth
of'about 3.3 nm. Figs. 7b and 7c¢ are the corresponding
pulse train and RF spectrum, respectively. The SNR
of the RF spectrum is 56 dB. During the polarization
adjustment, the CW peak remained at 1964 nm while
the sideband structures became blurred.

Different from other fiber lasers, the fiber laser
here could not be self-started. We suspect that the
large insertion loss of the SA might be the reason. The
harmonic mode-locking state was always obtained
after mode-locking was achieved by tuning the po-
larization controller. The harmonic order of the VSs
depends on the pump power setting. Experimentally,
it is difficult to remove the CW components by ma-
nipulating the polarization controller and controlling
the pump power. After obtaining the harmonic
mode-locking state, reducing the pump power could
not reduce the harmonic order due to the elimination
of the mode-locking state. Re-adjustment of the po-
larization controller was required to achieve mode-
locking again.

As is generally known, an NLP is generally
formed by the collapse of solitons. This is undesirable
in ultrafast mode-locked fiber lasers that have a
narrow bandwidth and high repetition. It has been
reported that the use of a topological insulator (TI)
Bi,Se; grown by high-quality molecular beam epitaxy
(MBE) as a SA can obtain a stable soliton
mode-locked laser output without an NLP in a fiber
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laser (Miao et al., 2019). Recently, there has been
considerable research on other new 2D materials
(Zhang J et al., 2018; Zhang CX et al., 2019).
Therefore, TIs based on various new 2D materials
including the MXenes are expected to be used as SAs
to achieve higher-quality mode-locking.
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Fig. 7 Noise-like pulse operation: (a) spectrum of the

vector soliton; (b) corresponding mode-locked pulse

train; (c) RF spectrum

5 Conclusions

In this work, we experimentally obtained VSs
and NLPs using a Ti;C, MXene based SA in a Tm:Ho
co-doped fiber laser. There are no polarization-
dependent components in the cavity. The VSs that we
obtained are a 19™ harmonic mode-locking pulse train
with a center wavelength of 1965 nm and a 3 dB
bandwidth of 4 nm. By properly adjusting the polar-
izations in the cavity, the VSs could evolve into NLPs
with a 3 dB bandwidth of 3.3 nm. Our results
demonstrated for the first time that a Ti;C, MXene
can be used as a polarization-independent SA in fiber
lasers, and this paves the way for the study of vector
features in mode-locked fiber lasers.
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