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We demonstrate a dual-wavelength passively Q-switched Nd**-doped glass fiber laser using a few-layer topo-
logical insulator Bi,Ses as a saturable absorber (SA) for the first time, to the best of our knowledge. The laser
resonator is a simple and compact linear cavity using two fiber end-facet mirrors. The SA is fabricated by
BiySes /polyvinyl alcohol composite film. By inserting the SA into the laser cavity, a stable Q-switching oper-
ation is achieved with the shortest pulse width and maximum pulse repetition rate of 601 ns and 205.2 kHz,
respectively. The maximum average output power and maximum pulse energy obtained are about 6.6 mW

and 38.8 nJ, respectively.
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Dual-wavelength Q-switching (QS) fiber lasers have
attracted great attention because of their practical appli-
cations in medicine, biomedical imaging, and terahertz
technology®2. Compared to actively QS fiber lasers, pas-
sively QS fiber lasers possess the attractive advantages of
compactness, simplicity, and flexibility. With the assis-
tance of the saturable absorbers (SAb) passively QS
pulses can be generated in fiber lasers®¥. Moreover, all-
fiber laser sources hold considerable research interest
owing to their compact, convenient, and cost-effective
designs. Nd**-ion-based laser materials own an evident
multi-peak structure of an emission spectrum and a rela-
tively high gain at an ~1 pm waveband, where the lasing
could be more easily realized in a suitable laser cavity
design?. A common 1064 nm lasing based on Nd**-doped
laser materials has been mainly studied in bulk solid-state
lasers, however, there is no report to date existing for an
all-fiber laser configuration.

Two-dimensional (2D) materials as SAs have attrac-
ted great attention in recent years, which include
graphene®¥, topological insulators (TIs)= 2 transition-
metal dichalcogenides (TMDs)22 and black phospho-
rus22, Take the TIs as an example, e.g., BiySes, have been
reported as effective SA for pulsed fiber laser operation and
showed a broadband saturable absorption’®2J, Recently,
Luo et al. reported the first 1.06 pm QS ytterbium-doped
fiber laser using BiySes as an SA, which obtained maximum
pulse energy of 17.9 nJ and pulse repetition rate ranging
from 8.3 to 29.1 kHz™. A Bi,Se;-based 604 nm passively
QS praseodymium laser has been demonstrated with pulse
trains ranging from 86.2 to 187.4 kHz2). Moreover, in the
past few years, several research works have been reported
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on the use of 2D materials as SAs for achieving simultane-
ous dual-wavelength pulse generation22¥. For example,
Guo et al. reported the dual-wavelength soliton pulses with
the WS,-based fiber taper, and the pulses width are ~585
and ~605 fs, respectively?). Luo et al. demonstrate a
Q-switched dual-wavelength erbium-doped fiber laser
based on graphene as an SAE.

In this work, we experimentally demonstrate a compact
dual-wavelength passively Q-switched Nd**-doped glass
all-fiber laser at 1065.8 and 1074.3 nm for the first time,
to the best of our knowledge. A few-layer Bi,Ses/polyvinyl
alcohol (PVA) film inserted into a fiber connector con-
structed the effective SA. Stable pulse trains were attained
with the repetition rate range of 69.68-205.2 kHz with the
pulse width varying from 1.42 to 0.601 ps. The achieved
maximum pulse energy and maximum average output
power are 38.83 nJ and 6.5 mW, respectively.

High-quality BiySes films were produced by a liquid-
phase exfoliation method2. Figure 1 depicts the features
of the as-arranged T1 Bi,Sez. The bulk Bi;Se; and the as-
arranged few-layer Bi,Ses are both distinguished by X-ray
diffraction (XRD) in Fig. 1(a), where all the marked spikes
of the bulk BiySes can be readily listed to rhombohedral
BiySe; (JCPDs No. 89-2008). The bulk Bi,Se; had been
satisfactorily scaling off because the XRD arrangement
of the few-layer BiySe; exhibits a high direction, as well
as certain featured spikes vanished?Y. Both few-layer
BiySe; and bulk BiySe; were numerically distinguished
by the Raman scope, as shown in Fig. 1(b). It is apparent
that the few-layer BiySes displays an apparent change of
spike, and its featured spikes are at 72, 128, and 172 cm ™!
Moreover, the average denseness of the height profile
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Fig. 1. (Color online) (a) XRD and (b) Raman spectrum of bulk
Bi,ySes and few-layer BiySes, (¢) height profile of an as-arranged
few-layer BiySe; sample. Inset: AFM image.

chart inset in Fig. 1(c) was found to be ~4 nm, showing
that the as-arranged Bi,Se; nanosheets are approximately
three to four layers, since the denseness of a single-layer
BiySe; is 0.96 nm2. The denseness of the as-arranged
few-layer BiySes was studied by atomic force microscopy
(AFM), as depicted in Fig. 1(c). To help with the real-life
usage, we separated the few-layer Bi,Se; mixture into the
PVA for film formation™.

Like graphene, BiySe; is also a Dirac substance with a
unique Dirac cone on the surface close to the I' point2Z.
Particularly, Bi,Se; boasts the topologically significant
energy gaps as confined as ~0.3 eVE, thus the ultra-
broadband saturable soaking-up may occur with the aid
of Pauli-blocking influence (similar to graphene)2Y. With
Bi,ySes as an example, its saturable soaking-up wavelength
scope can allow from viewable to mid-infrared2?. Conse-
quently, those obtained outcomes on the TT’s visual opti-
cal absorption manifest that the few-layer TI as a SA
might be preferable for creating QS or mode-locked lasers.

The experimental setup of the proposed Bi,Ses-based
passively QS Nd**-doped glass all-fiber laser is shown
in Fig. 2(a). The laser resonator was a simple and compact
linear cavity with a cavity length of about 2.7 m. It con-
sists of an 808 nm laser diode (LD), an Nd**-doped glass
fiber, and a pair of fiber end coating mirrors. A piece of
free-standing Bi,Se;/PVA film was sandwiched between
two fiber ferrules to construct a fiber compatible SA.
Then, the BiySe;-SA was incorporated into the laser cav-
ity, acting as a Q-switcher. The pump source was based
on an 808 nm fiber-coupled diode laser (core/cladding,
8.2/125 pm; 0-250 mW). A 2.35-m-long Nd3**-doped
glass fiber was used as the gain medium, and the absorp-
tion coefficient was calculated to be about 8.36 dB/m at
the pumping wavelength. The all-fiber laser oscillation
was constructed by a pair of homemade fiber end-facet
mirrors M1 and M2. Both mirrors were fabricated by coat-
ing Si0,/Tay05 dielectric film onto fiber ferrules of the
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Fig. 2. (a) Schematic of the laser experimental setup of Nd**
glass passively QS, transmission curves of the fiber mirror
(b) M1 and (c) M2.

SMF-28e using a plasma sputter deposition system
(SCTS500, System Control Technologies, Inc.). As shown
in Fig. 2(b), input mirror M1 has a high transmittance of
84% at 808 nm and a high reflectivity in the vicinity of
1 pm. Output mirror M2 is shown in Fig. 2(c) and char-
acterized by the transmittances of 27.77% and 30.07% at
1065.8 and 1074.3 nm, respectively. According to the
emission spectrum of the Nd3*-doped glass fiber, the
cavity gain competition finally leads to the 1065.8 and
1074.3 nm lasing. Here, a polarization controller (PC) is
used to properly adjust for optimizing the QS operation.

Figure 3 shows the output power characteristics in con-
tinuous-wave (CW) and QS regimes. The output power
was measured by a power meter (Coherent PM3). The
threshold of pump power for CW operation is about
6 mW. By increasing the pump power, the CW maximum
output power obtained was 37.78 mW, corresponding to a
slope efficiency of about 14.74%. Here, due to the lack of
an optical modulator in the cavity, only CW operation
was observed from the oscilloscope, even with changing
the pump power or manipulating the PC, which excluded
the possibility of self-pulsing. When the Bi,Se;-SA was
inserted into the laser cavity, the QS pulses initiated at
the pump power of 50 mW, and stable QS pulses were
obtained at the pump power of 70 mW. The maximum
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Fig. 3. (Color online) Output powers as a function of pump
powers in CW and QS regimes.
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average output power of the stable QS all-fiber laser was
6.6 mW, and the slope efficiency was 2.75%.

Figure 4 shows the optical spectra of the proposed dual-
wavelength all-fiber laser in CW and QS operations, re-
spectively, which were measured by a Hewlett Packard
70004A optical spectrum analyzer (OSA) at the pump
power of 70 mW. Figure 4(a) shows the typical character-
istic of the CW operation with the lasing peaks at 1065.3,
1073.4, and 1080.3 nm, respectively. At the available
pump power level, the CW lasing wavelength was unsta-
ble, either with two lasing peaks at 1065.3 and 1073.4 nm
or three lasing peaks, as mentioned above. This feature is
attributed to the competition between gain and loss at
different levels. As shown in Fig. 5(b), for QS operation,
the effective competition between gain and loss leading to
the dual-wavelength of both 1065.8 and 1074.3 nm lasing
and the corresponding 3 dB bandwidth are measured to be
1.82 and 1.75 nm, respectively, whereas the QS lasing
state always kept stable dual-wavelength operation at
both 1065.8 and 1074.3 nm.

Furthermore, we exhibit the typical pulse trains of the
QS all-fiber laser, as given in Fig. 5, which were recorded
by a photo detector (DET10A, Thorlabs, 600-1700 nm)
and a 200 MHz bandwidth and 1 Gs/s sampling rate
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Fig. 4. Output optical spectra of dual-wavelength all-fiber laser
at 1065.8 and 1074.3 nm, operating in (a) CW and (b) QS
regime, respectively.
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Fig. 5. Output pulse trains under different pump powers
at (a) Pp =80, (b) Pp =140, (c) Pp = 170, and
(d) Pp =240 mW.

digital oscilloscope (Hantek, DSO5202P). When the pump
power was gradually increased from 80 to 240 mW, stable
pulse trains with different repetition rates were observed
at four different pump powers of 80, 140, 170, and
240 mW. As we can see from Fig. 5(a), at the pump power
of 80 mW, the repetition rate was about 91.58 kHz. When
the pump power was increased to 140 mW, the repetition
rate was 111.9 kHz [see Fig. 5(b)]. By further increasing
the pump power to 170 mW, the repetition rate increased
to about 131.1 kHz [see Fig. 5(c)]. Finally, when the pump
power reached 240 mW, the repetition rate increased
to 194 kHz with a slight pulse intensity fluctuation [see
Fig. 5(d)].

When the pump power was 140 mW, a single pulse
time duration of 0.878 ps (i.e., 878 ns) was depicted in
Fig. 6(a), where inset is the corresponding pulse train.
In order to evaluate the proposed dual-wavelength
all-fiber laser, we measured the radio-frequency (RF) spec-
trum using an RF spectrum analyzer (Gwinstek GSP-930)
at the resolution bandwidth (RBW) of 30 Hz. As shown in
Fig. 6(b), a signal-to-noise ratio (SNR) of ~43 dB, corre-
sponding to the fundamental frequency of 111.9 kHz at the
pump power of 140 mW, was recorded. Meanwhile, aside
from tenth-order harmonic frequencies, the broadband RF
is regular with no other modulated components. These re-
sults verify the good QS stability.

Finally, Fig. 7(a) shows the evolution of the pulse rep-
etition rate and the pulse duration with the pump power.
By increasing the pump power, the pulse repetition rate
varied from 69.68 to 205.2 kHz, while the pulse duration
was narrowed from 1.42 to 0.601 ps. This is a typical
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Fig. 6. The pump power at 140 mW of (a) single pulse time
duration of a QS laser. Inset: QS pulse trains at a same pump
power. (b) RF output spectrum.
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passively Q-switched featurel22”. The shortest pulse dura-
tion is 0.601 ps (i.e., 601 ns), which could be further short-
ened using a shorter cavity length. Moreover, we measured
the variations of the output power and the pulse energy
with the pump power, as shown in Fig. 7(b). By increasing
the pump power from 70 to 250 mW, the output power
increased from 0.9 to 6.6 mW and the pulse energy in-
creased from 24.3 to 38.8 nJ, correspondingly. The pulse
energy showed good linearity between 70 and 210 mW.
However, it showed an obvious saturation effect as the
pump power exceeded 210 mW. We consider that this
is most probably due to the thermal accumulation of
the BiySes-SA in the case of higher pump power, which
results in the bleaching effects. Herein, to exclude the ther-
mal damage of the BiySe;-SA, we repeatedly implemented
the pump power increase from 0 to 250 mW and decreased
it back several times. During the whole process, stable QS
operation was still observed, demonstrating that the
BiySes-SA was not damaged.

In conclusion, we experimentally demonstrate a com-
pact BisSes-based dual-wavelength passively Q-switched
all-fiber laser operating at 1065.8 and 1074.3 nm. Using
an 808 nm LD as the pump source, the linear all-fiber
laser cavity is simply fabricated by a 2.35-m-long
Nd?**-doped fiber and two fiber end-facet mirrors. The
CW laser is obtained with a maximum output power of
37 mW, and the QS laser has a maximum average output
power of 6.6 mW. The stable QS operation is character-
ized by the maximum pulse energy of 38.83 nJ and the
shortest pulse duration of 601 ns, corresponding to the
pulse repetition rate ranging from 69.68 to 205.2 kHz.
We believe that the proposed dual-wavelength passively
Q-switched laser could be suitable for practical applica-
tions, such as optical communication, optical sensors,
and terahertz technology.
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