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Conventional Q-switched fiber lasers operating at multi-longitudinal-mode oscillation usually suffer from self-
mode-locking-induced temporal instability, relatively strong noise, and low coherence. Here, we address the chal-
lenge through demonstrating, for the first time, to the best of our knowledge, a single-longitudinal-mode (SLM)
Er-doped fiber (EDF) laser passively Q-switched by a few-layer Bi,Se; saturable absorber (SA). The Bi,Se; SA
prepared by the liquid-phase exfoliation method shows a modulation depth of ~5% and saturation optical in-
tensity of 1.8 MW /cm?. A section of 1-m unpumped EDF together with a 0.06-nm-bandwidth fiber Bragg gra-
ting is used as an ultra-narrow autotracking filter to realize SLM oscillation. Stable SLM Q-switching operation
at 1.55 pm is successfully achieved with the spectral linewidth as narrow as 212 kHz and the pulse duration of
2.54 ps, manifesting near-transform-limited pulses with a time-bandwidth product of 0.53. In particular, we
found that the SLM Q-switching possesses the higher signal-to-noise ratios of 62 dB (optical) and 48 dB (radio
frequency), exhibiting its advantages of low noise and high stability. Such an SLM Q-switched fiber laser
could gain great interest for some applications in coherent detection, coherent optical communications, and
high-sensitivity optical sensing. ~© 2018 Chinese Laser Press

OCIS codes: (140.3510) Lasers, fiber; (140.3540) Lasers, Q-switched.
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1. INTRODUCTION

The pursuit for Q-switched fiber lasers arises from their versa-
tile applications to remote sensing, range finding, medicine,
laser processing, and telecommunications [1]. At present, most
Q-switched fiber lasers operate at multi-longitudinal-mode
(MLM) oscillation. In contrast, single-longitudinal-mode (SLM)
Q-switched fiber laser sources with the ultra-narrow linewidth
and high peak power could be more intriguing in some special
applications, such as Doppler lidar, differential absorption lidar,
coherent optical communications, and high-resolution optical
sensing [2—4]. Therefore, there is strong motivation to exploit
SML Q-switched fiber lasers.

Q-switching operation of fiber lasers can be achieved either
actively or passively. Active Q-switching usually requires an
acoustic-optic or electro-optic modulator in the laser cavity,
which will inevitably increase the cost and complexity of the
laser system. In contrast, passively Q-switched fiber lasers based
on saturable absorbers (SAs) possess the attractive advantages
of compactness, simplicity, and flexibility in design [1]. To
date, considerable efforts have been made toward passively
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Q-switched fiber lasers using different kinds of SAs [5-10],
such as transition metal-doped crystals [5,6], semiconductor SA
mirrors [7,8], carbon nanotubes [9,10], and two-dimensional
(2D) materials [e.g., graphene, transition-metal dichalcogen-
ides (TMDs), topological insulators (TIs), black phosphorus
(BP), MXenes]. As the most focused SA materials currently,
2D materials have been under extensive studies in recent years
[1,11-43]. For example, graphene/graphene oxide-based SAs
have been exploited to successfully produce pulses in fiber
lasers from 0.8 pm to 3 pm [11-21]. Since 2014, pulsed fiber
lasers using TMDs [22-33] or BP [34-40] SAs have also been
reported from the visible to infrared region. Comparatively, TTs
(e.g., BiySe3) are of special interest owing to their excellent
advantages of broadband saturable absorption and ultra-high
modulation depth (up to 98%), which was uncovered and
identified in 2012 [44]. Since then, TI-based passively
Q-switched or mode-locked fiber lasers have been widely dem-
onstrated [44—61]. Zhao et al. first used Bi,Se; as an effec-

tive SA for the passive mode locking of an erbium-doped
fiber laser (EDFL) [44,45]. Shortly afterwards, they reported
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a Bi;Se;-based [46] and a Bi,Tes-based [47] Q-switched
EDFL, respectively. Large pulse energy up to 1.5 pJ and tun-
able Q-switching operation from 1510.9 nm to 1589.1 nm
were obtained [47], revealing its great potential as a Q-switcher
for laser pulse generation. Our research group achieved the pas-
sively Q-switched pulses in the 0.63 pm, 1 pm, and 2 pm regjons,
respectively, by inserting a Bi,Se; SA into Pr’T-doped [51],
Yb?*-doped [52], and Tm**-doped fiber lasers [53]. In 2015,
Li er al. further extended the operating waveband of TI-based
SAs to 3 pm by inserting a Bi, Te;-based SA into a linear-cavity
Ho’*-doped ZBLAN fiber laser [54]. These results reveal the
broadband saturable absorption of TI-based SAs.

Although the rapid development of the Q-switched fiber
lasers based on TI-based SAs has been made, most of the works
mentioned above focused on time-domain performance but
ignored other aspects (e.g., spectral linewidth) of them.
Moreover, it should be especially noted that all of them oper-
ated at MLM oscillation. The effects of self-mode-locking
and mode-hopping [62,63] in MLM Q-switched fiber lasers
could deteriorate the Q-switching operation and degrade the
stability of the output laser pulses. On the contrary, if one real-
izes narrow-linewidth SLM Q-switching operation in a fiber
laser, the overall performance of Q-switched pulses could be
significantly improved with excellent stability, low noise, and
high coherence.

In this paper, we report the first demonstration of a
212-kHz-linewidth single-frequency passively Q-switched EDFL
using a few-layer Bi;Se; SA. The modulation depth and the sat-
uration intensity of the few-layer Bi,Se; SA were measured to be
~5% and 1.8 MW /cm? at 1.56 pm, respectively. The SA trig-
gered passive Q-switching of the EDFL, and a 1-m unpumped
EDF together with a 0.06-nm-bandwidth fiber Bragg grating
(FBG) acted as an ultra-narrow autotracking filter to ensure SLM
operation. We therefore obtained the near-transform-limited
Q-switched pulses with the time-bandwidth product of 0.53
(i.e., 212-kHz linewidth and 2.54-ps duration). Moreover, the
SLM Q-switched pulses exhibited the optical spectral signal-
to-noise ratio (SNR) as high as 62 dB and the radio-frequency
(RF) SNR of 48 dB. This approach represents a new paradigm
in low-noise, narrow-linewidth pulsed fiber laser sources for
diverse applications in coherent detection and communications.

2. EXPERIMENTAL PREPARATION AND SETUP

A. Few-Layer Bi,Se; Saturable Absorber

The few-layer Bi,Se; used in our experiment was prepared by
the liquid-phase exfoliation method described in Ref. [52].
As depicted in Fig. 1, the as-prepared Bi,Se; nanosheets
were characterized by transmission electron microscopy
(TEM) and atomic force microscopy (AFM). Figure 1(a) gives
the TEM image, in which the TI nanosheets exhibit the
quasi-2D structure and have diameters from tens of nano-
meters to ~1 pm. Figures 1(b) and 1(c) give the typical AFM
image and the corresponding height profile diagram, respec-
tively. The average thickness was measured to be ~2-6 nm.
Since the single-layer thickness of Bi,Se; is 0.96 nm [64],
the TT nanosheets prepared in our experiment have two to
six layers.
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Fig. 1. Characterization of the as-prepared few-layer Bi,Ses.
(@) TEM image, (b) AFM image, (c) height profile diagram, and
(d) measured saturable absorption curve at 1.56 pm wavelength.

We measured the nonlinear saturable absorption character-
istics of the few-layer Bi,Se; nanosheets using a balanced twin-
detector measurement system [27]. The measurement system
consists of an amplified femtosecond fiber laser (center wave-
length: 1566 nm; repetition rate: 8.54 MHz; pulse duration:
290 fs), a variable optical attenuator, a 3-dB optical coupler,
and two power meters. As can be seen in Fig. 1(d), the optical
transmission gradually increases and then remains almost con-
stant, when the optical intensity on the few-layer Bi,Se; poly-
mer film increases. This shows a typical saturable absorption
effect. Then, we numerically fitted the experimental data with
the following formula:

TZI_aL_Aa/(1+[/[sat)' (1)

Here, Aa, 1, and @; represent the modulation depth, sat-
uration optical intensity, and the nonsaturable loss, respectively.
The few-layer Bi,Se; SA shows a saturation optical intensity
(I4) of 1.8 MW /cm? and a modulation depth of ~5%.
Considering that SLM laser operation usually restricts optical
power intensity in a laser cavity, SAs with low saturable optical
intensity and high modulation depth should be preferred; thus,
the as-prepared few-layer Bi,Se; SA could be ideal for SLM
Q-switching.

B. Experimental Setup

Figure 2 shows the experimental setup of our proposed single-
frequency passively Q-switched EDFL based on the Bi,Ses SA.
A 976-nm laser diode as a pump laser was coupled into
the cavity by a 976/1550-nm wavelength division multi-
plexer. A section of 2.4-m EDF (Nufern EDFL-980-HP) with
peak absorption ~18 dB/m at 976 nm was used as the gain
medium. The as-prepared few-layer Bi,Se; film as an SA was
inserted into the cavity for initiating passive Q-switching. An
optical circulator enforced the unidirectional laser operation.
The combination of a ~1 m unpumped EDF (Nufern EDFL-
980-HP) and narrow-linewidth FBG was designed to ensure
the SLM operation (see Section 3.B for the principle explan-
ation). The inset in Fig. 2 shows the transmission spectrum
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Fig. 2. Experiment setup of the proposed narrow-linewidth single-
frequency passively Q-switched EDFL. WDM, wavelength division
multiplexer; EDF, erbium-doped fiber; PC, polarization controller;
OC, optical coupler. Inset: transmission spectrum of the narrow-band-

width FBG.

of the employed FBG, the center wavelength locates at
1550.5 nm with a high reflectivity of >99%, and the 3-dB
bandwidth is as narrow as 0.06 nm. One can expect such
an FBG will not only select the laser wavelength but also help
to form the narrow-linewidth laser oscillation. The total cavity
length is ~10.5 m, corresponding to ~20 MHz longitudinal
mode spacing. In addition, an in-line fiber polarization control-
ler was used to optimize laser operation, and the output power
was extracted from the laser cavity through a 10/90 optical
coupler.

3. EXPERIMENTAL RESULTS AND
DISCUSSIONS

A. MLM Q-Switching

In order to clearly understand the performance differences be-
tween MLM and SLM Q-switching operation, at first, we in-
vestigated the MLM Q-switching without the 1-m unpumped
EDF in the laser cavity. As we gradually increased the pump
power, the 1.55-pum laser oscillation was observed at a threshold
power of ~15.3 mW, and the passive Q-switching operation
was initiated almost at the same time.

Figure 3(a) shows the optical spectrum of the Q-switching
operation at the pump power of 54.1 mW. The center wave-
length is 1550.49 nm, coinciding with the employed FBG. The
3-dB spectral bandwidth (87) is about 0.02 nm with a spectral
resolution of 0.01 nm, corresponding to a frequency linewidth
of 2.5 GHz. To further confirm the MLM oscillation, we then
measured the RF output spectrum of the Q-switched laser,
which obviously displays a chain of intermode-beating signals
in either a 1-GHz wide span [inset in Fig. 3(b)] or a 100-MHz
narrow span [Fig. 3(b)]. In addition, the longitudinal mode
spacing (Af) is 24 MHz, which coincides with the cavity
round-trip frequency of the ~8.5 m cavity length (without
the ~1 m unpumped EDF). Therefore, one can calculate that
the 2.5-GHz linewidth of the Q-switched laser is comprised
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Fig. 3. MLM Q-switching characteristics. (a) Optical spectrum of
the MLM Q-switched laser; (b) RF output spectrum of the MLM
Q-switched laser in 100-MHz span (inset: 1-GHz span); (c) typical
oscilloscope traces of the MLM Q-switched pulse trains; (d) single
pulse envelope from the MLM Q-switched laser.

of ~104 longitudinal modes. Figure 3(c) depicts the typical
oscilloscope traces of the Q-switched pulse trains under differ-
ent pump powers. As the pump power is tuned from 15.5 mW
to 54.1 mW, the pulse repetition rate monotonously increased
from 18.7 kHz to 36.3 kHz, exhibiting the typical feature
of passive Q-switching. The intensity fluctuation of the
Q-switched pulses in Fig. 3(c) also indicates that the MLM
Q-switching operation suffers a relatively poor stability, result-
ing from the mode turbulence among ~104 longitudinal
modes. We further observed the fine structure in a single-pulse
envelope from the Q-switched laser. As shown in Fig. 3(d), due
to the strong self-mode-locking phenomenon in the MLM laser
oscillation, one can clearly see that the Q-switching pulse con-
tains lots of sub-pulse components inside.

B. SLM Q-Switching

For establishing the SLM Q-switching operation, the ~1 m
unpumped EDF was then spliced between the circulator and
the FBG, which together formed a linear standing wave arm
[62]. The linear arm functions as a mode selector, in which
two counter-propagating waves form a standing wave and in-
duce spatial-hole-burning. Consequently, the refractive index
of the unpumped EDF changes periodically and results in an
ultranarrow-bandwidth self-induced FBG, which would cause
very large losses at neighboring longitudinal modes and allow
high transmission at the favored longitudinal mode [62,65].
Thus, the SLM lasing in our experiment could be established
under the help of the self-induced FBG in the unpumped EDF.
In this case, stable continuous-wave (CW) lasing at 1.55 pm
was obtained at a slightly higher threshold of ~20 mW owing
to the absorption loss induced by the unpumped EDEF.
However, the SLM Q-switching operation did not build up
until the pump power was increased to ~98 mW. Figures 4(a)
and 4(b) give the optical spectra at the pump power of 98 mW.
As shown in Fig. 4(a), the SLM Q-switched laser with a center
wavelength of 1550.50 nm exhibits a low-noise laser output
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SLM Q-switching characteristics. (a) Optical spectrum of the SLM Q-switched laser in a 30-nm span; (b) optical spectrum comparison

of the SLM (red line) and the MLM (gray line) Q-switched lasers; (c) RF output spectrum comparison of the SLM (red solid line) and the MLM
(gray dashed line) Q-switched lasers; (d) laser linewidth measurement with a resolution bandwidth (RBW) of 1 kHz by employing a self-heterodyne
method; experimental data (red solid line), fitting (blue solid line), and equipment background (black dashed line).

with a high SNR of 62 dB, comparable to that of the conven-
tional low-noise SLM Brillouin fiber lasers [66—68]. Figure 4(b)
displays the SLM optical spectrum in a 0.5-nm span.
Compared to the MLM operation (gray solid line), the SLM
one (red solid line) shows a narrower linewidth. The real line-
width should be even narrower (<0.01 nm), limited by the
resolution (0.01 nm) of our optical spectrum analyzer. The RF
output spectrum was also recorded and compared in Fig. 4(c).
Unlike the MLM operation that produces a series of inter-
mode beating signals (gray dashed line), there appears no signal
peak at this time (red solid line), confirming the stable SLM
Q-switching operation. In our experiment, a self-heterodyne
method at zero-frequency [69,70] with a 12-km-delayed fiber
was employed to further measure the actual laser linewidth at
the pump power of 98 mW. The experiment (red solid line),
fitting (blue solid line), and equipment background (black
dashed line) traces are shown in Fig. 4(d), respectively. The beat
note forms a Gaussian lineshape by fitting the experimental
data, and the 3-dB linewidth of the SLM Q-switched laser
can be deduced to be 212 kHz [71].

To further clarify the SLM Q-switched characteristics, we
observed the output pulse trains as shown in Fig. 5(a). With the
increasing pump power, the repetition rate gradually increases.
In contrast to the MLM operation, the SLM Q-switching
pulses show a nearly uniform intensity and higher stability with
the pulse-peak fluctuation <5%. Figure 5(b) plots the evolu-
tion of the single-pulse envelope under different pump powers.
One can see that the pulse peak power monotonously increased
with the pump power. Interestingly, there appears no sub-pulse

in the Q-switching single pulse [unlike Fig. 3(d) in the MLM

Q-switching case], thanks to the SLM operation, which is free
of self-mode-locking effect. The inset in Fig. 5(b) shows the
normalized-intensity single pulses, and the pulse duration
becomes narrower when we increase the pump power.

We also measured the pulse repetition rate and the pulse
duration as a function of the pump power. As shown in
Fig. 5(c), when the pump power varied from 98 mW to
148 mW, the pulse repetition rate experienced a slight in-
crease from 63.2 kHz to 68.9 kHz, and meanwhile the pulse
duration gradually decreased from 2.54 ps to 1.49 ps. The slow
increase of the repetition rate could be attributed to two rea-
sons: (i) the SLM Q-switching initiated at a relatively high
pump power of 98 mW, and thus the Q-switched laser always
operated in a strong-pumping situation, i.e., high pumping
rate; (ii) the BiySe; SA always worked at the completed
saturation state (i.e., operated at the maximum modulation
depth) due to the high-power density in the SLM Q-switched
cavity. Interestingly, considering the 212-kHz linewidth and
the 2.54-ps pulse duration at the 98-mW pump power, the
time-bandwidth product of the SLM Q-switched pulse was cal-
culated to be ~0.53, which is very close to 0.44 for transform-
limited Gaussian pulses. This is, to the best of our knowledge,
the first SLM passively Q-switched fiber laser generating the
transform-limited pulses.

To testify the stability of the SLM Q-switching operation,
the RF spectrum under the pump power of 126 mW was
recorded in Fig. 5(d) (narrow span) and its inset (wide span).
The fundamental frequency centered at 65 kHz with the RF
SNR of >48 dB, which is higher than that of the previous
MLM Q-switching as well as most reported MLM Q-switched
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(a) Typical oscilloscope traces of the SLM Q-switched pulse trains; (b) evolution of the single-pulse envelope; (c) repetition-rate and pulse

duration as a function of the incident pump power; (d) RF output spectrum (inset: broadband RF output spectrum); (e) output power versus pump

power.

fiber lasers [13,16-19]. The high RF SNR provides more evi-
dence for the low-noise characteristic of our proposed SLM
Q-switched fiber laser.

Finally, the average output power of the SLM Q-switched
fiber laser was measured as a function of the pump power.
One can see in Fig. 5(e) that there exist two different kinds
of operation modes at different pump powers, which are the
CW operation (pump power <98 mW) and the Q-switching
operation (pump power >98 mW). As the pump power is in-
creased, the average output power grows linearly without the
appearance of saturation. The maximum output power ob-
tained is 797 pW. When further increasing the pump power
over 148 mW, we noticed in our experiment that the Q-switched
pulse trains became unstable with strong amplitude fluctuation
and even disappeared. The possible reason may be the over-

bleaching of the Bi,Se; SA at the high pumping strength.

4. CONCLUSION

In conclusion, 212-kHz-linewidth single-frequency, transform-
limited pulses from the Q-switched EDFL based on a few-layer
Bi,Se; SA were proposed and experimentally demonstrated.
The few-layer Bi,Se; SA was used to initiate the Q-switching,
while a 1-m unpumped EDF in combination with a narrow-
bandwidth FBG was employed to achieve stable SLM operation
at 1550.50 nm. Compared to the MLM Q-switching, the SLM
one exhibits higher stability and lower noise. In our experi-
ment, the SLM Q-switched pulses with the shortest pulse du-
ration of 1.49 ps and the maximum output power of 797 p\W
were obtained. Our work may pave an effective way to achieve
ultranarrow-linewidth, low-noise pulsed fiber lasers.
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