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We have demonstrated the passive Q-switching mode-locking operation in an erbium-doped fiber (EDF)
laser by using topological insulator Bi2Se3 deposited on fiber taper, whose damage threshold can be fur-
ther increased by the large evanescent field interacting length. Due to the low saturation intensity, stable
Q-switched mode-locked fiber lasers centered at 1562 nm can be generated at a pump power of 10 mW.
The temporal and spectral characteristics for different pump strengths have also been investigated. To
the best of our knowledge, it is the first time aQ-switchedmode-locked EDF laser based on the fiber taper
deposited by Bi2Se3 was generated. © 2014 Optical Society of America
OCIS codes: (060.3510) Lasers, fiber; (140.3540) Lasers, Q-switched; (140.3500) Lasers, erbium.
http://dx.doi.org/10.1364/AO.53.005117

1. Introduction

Q-switched mode-locked fiber lasers have drawn
considerable attention due to their attractive
advantages of compactness and free alignment and
flexibility, which have versatile applications inmicro-
fabrication, medicine, nonlinear frequency conver-
sion, andbasic science [1–3]. Todate several saturable
absorbers (SAs) have been proposed for Q-switched
mode-locked fiber lasers, including semiconductor
saturable absorbermirrors (SESAMs) [4], single-wall
carbon nanotubes (SWCNTs), graphene, and so on
[5–11]. Generally, SWCNTs are less sensitive to the
polarization state, yet they suffer drawbacks of diam-
eter manipulation [8]. SESAMs provide well-defined

band structures, while they also need complex fabri-
cation. Graphene has a large saturable absorption
band width, yet it is sensitive to polarization state
variation. Recently, researchers have proven that
some bulk/nanosheet-structured topological insula-
tors (TIs), such as Bi2Se3, Bi2Te3, and Sb2Te3, have
excellent saturation absorption properties, anddiffer-
ent kinds of lasers have been demonstrated [12–28].
For example, Zhao et al. produce a pulse with width
less than 1.9 ps by dropping Bi2Te3 nanosheets onto
a quartz plate that is inserted in a fiber-ring cavity
[15]. A femtosecond fiber laser is generated by incor-
porating Bi2Te3 onto a side-polished fiber [20]. Chen
et al. demonstrate Q-switched fiber laser based on a
microfiber-based Bi2Te3, where a pulse repetition
rate of several kHz is shown in its corresponding radio
frequency (RF) spectrum [29].
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Similar to graphene, Bi2Se3 exhibits a linear
dispersion Dirac-like electronic-band structure. Due
to Pauli blocking, when it is excited by strong light
with single-photon energy larger than the bandgap
(∼0.3 eV), saturation absorption occurs [23]. Zhao
et al. have reported that the absolute modulation
depth of Bi2Se3 can be as high as 98% [12]; the SA
wavelength range is calculated to be from ultraviolet
to 4.1 μm [23] and even up to microwave band [24].
Luo et al. produce 2 μm Q-switched Tm3� fiber lasers
with Bi2Se3 by the optical deposition method [25].

In this paper we propose a stable Q-switched
mode-locked fiber laser in an erbium-doped fiber
(EDF) cavity by exploiting Bi2Se3 deposited on ta-
pered fiber with a large evanescent field length.
Compared with the deposition onto fiber ferule or
quartz plate, SA based on fiber taper would increase
the damage threshold. By rotating a polarization
controller (PC), a stable Q-switched mode-locked
fiber laser at ∼1562 nm is generated with a pulse
repetition rate from 12.3 to 53.7 kHz.

2. Experimental Setup

The Bi2Se3 used in our experiment is synthesized as
nano-platelets via the method in [24], and its micro-
scopic image and transparent solution are depicted
in Fig. 1(a) where the Bi2Se3 flakes the size of several
micrometers can be manipulated via light field. Its
corresponding Raman spectrum (inVia Raman mi-
croscopes, Renishaw) is depicted in Fig. 1(b) in which
four typical Raman peaks attributed to different res-
onant modes can be clearly observed at a low wave-
number range. The standard single mode fiber (SMF)
(Corning SMF-28) is tapered with low loss and good
repeatability by an optical-fiber coupler machine

(OC-2010, Nanjing Jilong Optical Communication
Co., Ltd). During the tapering process, the transmis-
sion spectrum is monitored by an optical spectrum
analyzer (OSA) (Si720, Micro Optics) with light
power of 1 mWand a tuning range of 1520–1570 nm.
As shown in Fig. 1(c), the waist diameter and waist
length of the taper are ∼2.7 μm and ∼15 mm, respec-
tively, and the insertion loss is 0.3 dB. Although this
microfiber does not function only in the fundamental
mode, the flat transmission spectrum after the taper-
ing process suggests that other high-order modes are
much smaller than the LP01 mode. The simulated
electromagnetic field of an LP01 mode is represented
in the inset of Fig. 1(c), revealing an estimated mode
diameter of 0.9 μm, and a large fraction of light en-
ergy is outside the taper fiber. The taper is immersed
into the transparent Bi2Se3 solution, and a 40 mW
continuous wave 980 nm laser is injected. One
minute later the deposition loss is ∼3.7 dB, and the
taper is removed from the solution and fixed for natu-
ral drying. The transmission spectrum after deposi-
tion shows no absorption peak, indicating the broad
absorption range. The nonlinear absorption of the SA
is measured according to the method in [24], and a
femtosecond laser (center wavelength 790 nm, rep-
etition rate 1 kHz, pulse duration ∼120 fs, Intergra-
HE, Quantrix Corp.) is utilized as the pump source.
As shown in Fig. 1(d), the modulation depth and
saturation intensity are 2.5% and 0.75 GW∕cm2,
respectively.

Theschemeof fiber-ringcavity incorporatingtheSA
fabricated above is shown in Fig. 2. A 9.5 m long EDF
(EDF-980-T2) with a peak absorption of 6.56 dB/m at
1530nm is used as the gainmedium,which is pumped
by a 980 nm laser through a wavelength division

Fig. 1. (a) Microscopic image of the Bi2Se3 flakes. Inset shows the transparent Bi2Se3 solution, (b) Raman spectrum of Bi2Se3. (c) Trans-
mission spectra of the fiber taper before and after Bi2Se3 deposition. Insets are themicroscope image of tapered fiber deposited with Bi2Se3
and the simulated electromagnetic field of LP01 mode. (d) Nonlinear transmission characteristic of the SA.
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multiplexer (WDM). A polarization-independent
isolator is used for unidirectional operation, and a
mechanical PC is employed to change the birefrin-
gence of the cavity. The output laser is extracted from
a10%fiber coupler.The lengthofSMF is16.1m, so the
total length of the ring cavity is 25.6 m. During the
experiment, the laser is monitored by a detector
(PDB430C, 350 MHz), an oscilloscope (Infiniium
MSO 9404A, 4 GHz), a frequency analyzer (DSA815),
and an OSA (B6142B). A variable optical attenuator
inserted between the detector and output fiber
ensures the detector is being unsaturated.

3. Experimental Results and Discussion

In our experiment a Q-switched mode-locked laser is
generated when the PC has been carefully adjusted,

and the laser is very stable once the polarization is
fixed. This polarization adjustment is required be-
cause of the polarization-dependent gain/loss of the
fiber cavity and the polarization-dependence of the
SA itself [8,29]. The Q-switched threshold is 10 mW,
and no continuous wave lasing is ever shown, indicat-
ing that the SA has relatively low saturation energy
[26]. The average power versus pumppower is plotted
in Fig. 3(a) where a maximum power of 2.06 mW is
obtained. Yet, as no pulse breaking is formed, a much
higher average power is possible with a larger pump
intensity based on a taper-based SA. The typical char-
acteristics of the Q-switched mode-locked laser is
shown in Figs. 3(b)–3(d), where pulses with low fluc-
tuation have a width of 1.92 μs, and their correspond-
ing optical spectrum centered at 1562.27 nm exhibits
a full width at half-maximum (FWHM) of 2.5 nm. The
mode-locked pulses cannot be detected by an auto-
correlator as a giant Q-switched envelope is imposed
on the neatly mode-locked pulses. We only get the re-
sults detected by a detector. It seems that only a giant
envelop is shown in the temporal domain, and this
giant envelop is only slightly modulated. According
to the Fourier transformation relationship with the
temporal pulse and the frequency spectrum (FWHM,
2.5 nm), the duration of each pulse in the envelope
would be several picoseconds or even shorter, and
the required bandwidth of a detector is more than
250 GHz. So, the pulses in each Q-switched envelope
are too fast to respond to a conventional detector, and
only small modulation is shown in each of the Q-
switched envelopes.

As expected, its RF spectra contain two char-
acteristic repetition frequencies of 44.3 kHz and

Fig. 2. Schematic diagram of the fiber-ring laser.

Fig. 3. Characteristics of Q-switched mode-locked fiber lasers. (a) Total output powers under different pump powers. (b) Temporal pulse
train with pump power at 330mW. The inset shows the pulse train in a larger range. (c) Corresponding optical spectrumwith an FWHM of
2.5 nm. (d) Corresponding RF spectra with different ranges where a Q-switched frequency of 44.3 kHz and fundamental mode-locking
frequency of 8.02 MHz are shown. The Q-switched frequency is recorded with a frequency span of 100 kHz. The lower inset is part of the
upper inset, and due to the limited resolution of the frequency analyzer used, only the mode-locking frequency is shown when the span is
set as 350 MHz.
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8.02 MHz. The former is the Q-switched repetition
rate and the later, corresponding to the total cavity
length, is the frequency of the mode-locking pulses.
As the response time of the detector is much larger
than the temporal width of the mode-locking pulses,
the peak-to-background ratio of this frequency is
relatively low (15 dB), yet harmonic mode-locking
frequencies with a spacing of 8.02 MHz are clearly
shown in the insets of Fig. 3(d). So, all the results
prove that the laser has been mode locked well.
Besides, the peak-to-background ratio of the Q-
switched envelope is as high as ∼55 dB. Considering
that the FWHM of its corresponding optical spec-
trum is 2.5 nm, indicating that more than 38000
longitudinal modes have been mode-locked well,
the Q-switched mode-locking has a very good
stability.

For such a Q-switched mode-locking laser, the
mode-locking frequency is always kept constant. So
we only give theQ-switched characteristics for differ-
ent pump powers. The pulse repetition rate and
pulse width are plotted as a function of pump power
in Fig. 4(a), where the repetition rate increases
linearly from 12.3 to 53.7 kHz while pulse width de-
creases from 17.7 to 1.6 μs. Therefore, the pulse
period tends to increase for a larger pump power,
and the pulse duration becomes smaller [19,29].
Those are typical characteristics of Q-switched la-
sers, which are quite different from the well-known
break-free mode-locked laser [30] where pulse width
increases as a function of pump power. The reason for
this difference is that those two kinds of lasers in-
volve different mechanisms. As for our Q-switched
mode-locked fiber laser, the large insertion loss
imposes periodic attenuation on the pulse trains that
are mode locked by the Bi2Se3, and time is needed to
accumulate cavity energy to saturate the absorber.
The laser power then increases dramatically until
the energy stored in the cavity is depleted [26]. So
it is easy to understand that the time needed for
accumulating the cavity energy decreases for a larger
pump power, and the whole accumulating-depleting
process decreases at the same time. Yet, for the
breaking-free laser, the mechanism is interpreted
as that when the laser cavity parameters are within
a specific region, the accumulation of pulse frequency
chirp keeps constant [30]. In fact, these types of
break-free lasers are often observed in cavities with
small insertion loss, where much higher energy pro-
vides a significant nonlinear process for lasers in the
resonant cavity such as self-phase modulation, cross-
phase modulation, and four wave mixing. Together
with different dispersions, polarization states and
so on, various lasers have been generated [29–33].
In our experiment the peak power is relatively
low due to the larger insertion loss, and the non-
linearities mentioned above are weak. This is the
reason why no other kinds of pulses and spectra can
be found in our experiment. In fact, this high inser-
tion loss is necessary in generating the Q-switched
mode-locking lasers [26] otherwise continuous wave

mode-locked lasers can be formed in a cavity with low
insertion loss. In our experiment, the insertion loss
can be reduced by controlling the deposition time,
and a harmonic continuous wave mode-locked laser
is indeed observed. However, as cavity with low in-
sertion loss is not our topic here, we will discuss it
in the future.

The laser center wavelength and FWHM versus
pump strength are shown in Fig. 4(b). Results dem-
onstrate that the FWHM of wavelength increases
with the increment of pump power, while the center
wavelength red-shifts for larger pump power. The
increment of FWHM of optical spectrum for a larger
pump power indicates that more longitudinal modes
have been mode locked when the cavity energy is
increased.

In the experiment, the maximum output power is
relatively small due to the low laser efficiency, which
is mainly determined by the larger insertion loss of
the SA based on long fiber taper. Yet, considering this
long evanescent filed interacting length, it is rational
to expect a much larger output power could be ob-
tained under higher pump intensity without destroy-
ing such an SA, which possesses a high damage
threshold. Besides, it has been shown that the output
coupling ratio changes the laser efficiency severely
[34]. In our experiment the cavity loss is mainly in-
troduced by the saturable absorber, and the pulse
energy in the cavity influences the mode-locking
process. We change the output ratio by splicing opti-
cal couplers with ratios of 1/99, 10/90, 20/80, 40/60,
and 50/50. We find that the mode-locking is unstable
for output ratios larger than 60% and the system
with a 10% output is indeed the best one in the above
five choices.

As our laser operates in the Q-switched mode-
locked mode, a giant envelope is shown above the

Fig. 4. Pump-dependent characteristics of a Q-switched mode-
locked laser. (a) Repetition rate and pulse width versus pump
power. (b) FWHM and the center wavelength of lasing wavelength
versus pump power. They are both fitted exponentially.
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neat pulses, and the duration of this envelope is in
the range of microseconds. However, based on the
larger FWHM of the optical spectrum [2.5 nm in
Fig. 3(c)], the duration of each pulse in the envelope
would be several picoseconds. Compared with results
in [29] based on Bi2Te3, the optical spectrum in this
paper is much larger, and the peak-to-background ra-
tio of the Q-switched envelope is also 15 dB higher.
This may be caused by the different TI materials uti-
lized in the experiments, and as the waist diameter
of our taper fiber is much smaller, the higher evan-
escent field would also guaranteemuch highermodu-
lation via more intense saturable absorption in our
experiment. Since the mode-locking is very good, it
is also rational to expect that the ultrafast pulse
can be generated in our cavity when the parameters
of the SA are optimized, such as decreasing the dep-
osition loss of Bi2Se3, controlling the deposition time,
or adjusting the net dispersion of the laser cavity.

4. Conclusion

We have proposed a Q-switched mode-locked fiber
laser mode locked by Bi2Se3 deposited on fiber taper
and its temporal, spectral characteristics under
different pump powers are investigated. This fiber-
taper based SA can increase the damage threshold
due to relative large evanescent field interacting
length. Q-switched mode-locked fiber laser is formed
for a pump power at 10 mW, and the laser character-
istics have been investigated. Experimental results
show that the Q-switched repetition rate increases
linearly from 12.3 to 53.7 kHz, while the pulse width
decreases from 17.7 to 1.6 μs. The FWHM of the
wavelength increases with the increment of pump
power with red-shift of the center wavelength. This
low-cost and convenient Q-switched mode-locked
fiber laser could find potential applications in vari-
ous fields such as optical communication, micro-
fabrication, medical diagnostics, etc.
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