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Abstract—We report on the generation of large energy, widely
wavelength tunable pulses in an erbium-doped fiber laser pas-
sively Q-switched by a topological insulator saturable absorber
(TI-SA). The TI-SA is prepared through an optical deposition
method. Its saturating intensity and modulation depth are mea-
sured to be about 57 MW/cm2 and 22%, respectively. We show
that the high modulation depth of TI-SA allows the generation of
stable Q-switched pulses with per-pulse energy up to 1.5 μJ and
its broadband saturable absorption favors the tunable Q-switching
operation from 1510.9 nm to 1589.1 nm. Our study suggests that
TI: Bi2 Te3 could be a promising saturable absorber for both the
high energy and broadband optical applications.

Index Terms—Large energy, fiber laser, tunable, Q-switched,
topological insulator.

I. INTRODUCTION

LARGE energy pulsed lasers have versatile applications in
material processing, fiber sensor, range finding, medicine,

laser processing, long-range optical communications. Therefore
the search for pathways towards large energy pulse generation
is always at the center of laser research. Q-switching, a kind of
optical modulation on the cavity quality factor has been consid-
ered as an effective way to deliver large energy pulses, which
is a natural result of the large amount of energy stored in the
active medium released within short time duration. There are
two types of Q-switching approaches: active and passive one.
Although active Q-switching has the advantages such as control-
lable repetition rate and long term stability, it has the drawbacks
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of low peak power, low damage threshold and expensive be-
cause an acousto-optic or electro-optic modulator is required
to enable the Q-switching operation. On the contrary, passive
Q-switching shows the advantages of compactness, low cost,
flexibility, simple design. Another important direction in laser
research is to achieve the wavelength tunable operation because
a wavelength tunable fiber laser can have applications in fields
such as spectroscopy and biomedical research. Consequently,
the combination of large energy and wavelength tunable oper-
ation can lead to lasers with high performance. Semiconductor
saturable absorber mirrors (SESAMs) were considered as one
of the most successful passive Q-switching elements. However,
SESAMs have prodigious limitations in terms of broad-band
tunable pulse generation because of relatively narrow operation
bandwidth, which is typically a few tens nm. Wider bandwidth
could be achieved using novel structures of semiconductor ma-
terial [1]–[4]. However, so far, there was no widely tunable
Q-switched Er-doped fiber laser proposed using these novel
structures. Another two novel saturable absorber materials: car-
bon nanotube (CNT) and graphene [5]–[10] were also under
investigation. The passively Q-switched Er-doped fiber lasers
based on CNTs had been extensively studied [11]–[14]. How-
ever, the response spectral range of CNT sensitively depends on
the diameter and chirality, restricting its practical applications
in lasers at specific wavelengths or with broadband tunability. A
record large tuning range of 67 nm had been reported in Ref. [13]
using a distribution of diameters, which required complicated
preparation procedures and introduced extra cavity loss, thereby
degrading the laser performance. Thus, there were obvious de-
mands for much more simplified and cost-effective saturable
absorbers with broadband response, which might be fulfilled by
graphene saturable absorber (GSA).

The graphene Q-switched Er-doped fiber lasers had been re-
ported in Ref. [15]–[22] and the maximum tunable range was
50 nm as reported in Ref. [21]. Noting that the CNT-SA and
GSA had relatively low damage threshold and low saturat-
ing intensity [11], [13], [20]–[22], therefore Q-switched opera-
tion can disappear under moderate pumping. Furthermore, the
CNT-SA and GSA could be easily bleached at low energy level
as a result of its relatively low saturating intensity [23], also lim-
iting the maximum available pulse energy. The record output en-
ergies were 91.3 nJ and 106.2 nJ in CNT-SA [14] and GSA [19],
respectively. Better saturable absorbers towards higher energy
and broader tunability were therefore still under our further
exploration.
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Topological insulators (TIs), a new state of quantum mat-
ter with an insulating bulky gap and gapless edge or surface
states had become one of the most interesting research topics
in condensed-matter physics [25], [26]. Recent years, three- di-
mensional TI such as Bi2Se3 and Bi2Te3 , stoichiometric rhom-
bohedral crystals with stacked quintuple layers, were theoreti-
cally predicted to have energy gap in the bulk state, and gapless
surface state consisting of a single Dirac cone [27], [28]. Like
graphene, linear Dirac spectrum dispersion from the Dirac point
had been identified through angle-resolved photoemission spec-
troscopy [28], [29], indicating its broadband spectral response
ranging from terahertz to infrared for optoelectronic applica-
tions [30]. Quite recently, we had also characterized the third-
order nonlinear optical property of topological insulator, which
shows large nonlinear refractive index and remarkable saturable
absorption property [31]. The TI-based SA devices for pulse
lasers had been demonstrated in previous Ref. [32], [33]. Not-
ing that TI-SA had broadband response wavelength range of
saturable absorption, strong saturation intensity, large modula-
tion depth [31]–[34] and high damage threshold [33], it would
be very interesting to know whether TI-SA could be suitable for
applications in high energy and broadband tunable lasers.

In this paper, through the optical deposition approach
[35]–[38], TI-SA sandwiched between optical fiber connectors
was prepared and its saturable absorption property had been
characterized by the balanced twin-detector technique at dif-
ferent wavelengths. After this component was inserted into an
Er-doped all-fiber laser, the emission of stable Q-switched pulse
was achieved with single pulse energy up to 1.525 μJ . More-
over, the Q-switched pulse could be tuned over 78.2 nm, which
may be the widest tuning range for a Q-switched Er-doped fiber
laser.

II. TOPOLOGICAL INSULATOR Q- SWITCHER

A. Topological Insulator Preparation

The layered Bi2Te3 nano-sheets were synthesized by the liq-
uid exfoliation approach that had been elaborated in Ref. [32]
and then dissolved in isopropyl alcohol, leading to an efficient
dispersion through 3 h of ultra-sonication. The uniform disper-
sion of Bi2Te3 nano-sheets was suitable for optical deposition.
In the following, a continuous wave (CW) single mode laser
diode (LD) with central wavelength of 975 nm and maximum
power of 500 mW spliced with a standard FC/PC fiber ferrule
with a fiber pigtail was used as the laser source for optical de-
position and then light exiting from the fiber end-facet could be
directly injected into the dispersion solution. The corresponding
experimental setup is shown in Fig. 1.

After 2-min light illumination under a pump power of 60 mW,
Bi2Te3 nano-sheets could be gradually adsorbed and deposited
onto the fiber end-facet due to optical trapping force and heat
convention effects, similar to the mechanisms of trapping single
wall carbon nanotubes that had been studied in Ref. [38]. After
being dried in ambient environment for one day, the fibered
topological insulator based optical device was fabricated after
connecting with another clean and dry FC/PC fiber ferrule. The
insert in Fig. 1 shows that part of the fiber end-facet (including

Fig. 1. Schematic diagram of optical deposition for TI: Bi2 Te3 . Insert: Optical
image of the fiber end-facet after deposition.

the outer cladding with a diameter of ∼125 μm and inner core
with a diameter of ∼9 μm), especially the fiber core area is fully
covered by the TI sample. The total insertion loss of the TI-SA
device is about 1.07 dB measured by a 1570-nm CW source.

B. Nonlinear Optical Absorption Characteristics of the
Bi2Te3 Sample

In order to characterize the nonlinear optical response, we
designed a balanced twin-detector measurement system, which
had been described in details in Ref. [33]. The illumination
source is a home-made passively mode-locked fiber laser (rep-
etition rate: 8.93 MHz, tunable central wavelength range: from
1550 to 1570 nm, pulse width: 1.98 ps, output power up
to 20 mW, and peak power intensity up to 1.778 GW/cm2).
Through continuously adjusting the input power, we could
record the optical transmittance under different input intensi-
ties at one particular wavelength.

The relation between the optical transmission and the input
laser power could be well fitted by the following formula:

T (I) = 1 − ΔT ∗ exp (−I/Isat) − Tns

where T (I) is the transmission rate, ΔT is the modulation depth,
I is the input intensity, Isat is the saturating intensity, and Tns

is the non-saturable absorbance.
Upon fitting according to the measured experimental data,

one can infer the corresponding saturable absorption parame-
ters. To further verify whether topological insulator can operate
as a broadband saturable absorber, we also perform additional
balanced twin-detector measurement under other wavelengths
from 1550 to 1570 nm as shown in Fig. 2. Based on those wave-
length dependent nonlinear optical measurements, we found that
topological insulator shows a feature of broadband saturable ab-
sorption, and its saturating intensity and modulation depth are
about 57 MW/cm2 and 22%, respectively, as summarized in Ta-
ble I. It is worthwhile to note that the saturating intensity at the
short wavelength side is slightly larger than that at the longer
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Fig. 2. Measured saturable absorption data and its corresponding fitting curves
at five wavelengths.

TABLE I
THE NONLINEAR ABSORPTION PARAMETERS (SATURATING INTENSITY,

MODULATION DEPTH, NON-SATURABLE ABSORBANCE)
AT DIFFERENT WAVELENGTHS

wavelength side. This can be explained as follows: owing to the
photoelectric effect, photon will excite electrons in the valence
band towards the corresponding conduction band provided that
photon energy exactly matches with the band gap. At the higher
energy side (corresponding to laser with shorter wavelength),
larger amount of electrons could be excited because of the lin-
ear energy band structure in topological insulator, which also
indicates that higher density of photons are required to saturate
the absorption. Besides, we also compare the nonlinear optical
measurement results before and after the TI-SA was incorpo-
rated into the laser cavity as a passive Q-switcher, and found
that the measured saturable absorption parameters were almost
identical, indicating that this component shows good optical
stability without optical damage.

III. Q-SWITCHED FIBER LASER SETUP

Our fiber laser is schematically shown in Fig. 3. A piece
of 0.95 m highly-doped erbium-doped fiber (EDF, LIEKKI Er
80–8/125) as gain medium was pumped by a 975 LD, coupled
via a 980/1550-nm wavelength division multiplexer (WDM).
An optical polarization insensitive isolator (PI-ISO) was used
to force the unidirectional light propagation. An in-line tunable
optical band-pass filter with fiber pigtail (Agiltron Inc. FOTF-
025121333. Tuning range of 80 nm; insertion loss of 2 dB; 3-dB
bandwidth of 1 nm.) was spliced into the cavity after the PI-ISO
and before the output coupler to determine the lasing wave-
length. A 30% fiber coupler was used to output the signal. The
total cavity length was about 39.4 m and the rest fibers used were
all standard single mode fiber (SMF, SMF-28). A polarization

Fig. 3. Schematic of Q-switched fiber laser: WDM (wavelength division
multiplexer), EDF (erbium-doped fiber), PC (polarization controller), PI-ISO
(polarization-independent isolator isolator), SMF (single mode fiber) and TI-SA
(topological insulator saturable absorber).

controller (PC) was used to fine tune the linear cavity birefrin-
gence and optimize the pulse stability. A 500-MHz oscilloscope
(Tektronix TDS3054B) combined with a 5-GHz photo-detector;
a spectrum analyzer and an optical spectrum analyzer (Ando
AQ-6317B) were used to simultaneously monitor the spectrum,
radio-frequency (RF) spectrum and time profile of the output
pulse train, respectively.

IV. RESULTS AND DISCUSSIONS

Firstly, we investigated the laser output performance without
tunable band-pass filter. Continuous wave operation occurred
at an incident pump power of 41.3 mW, and stable Q-switched
operation was obtained once the pump power exceeded a thresh-
old of 67 mW. The self-starting threshold value is comparatively
high because of the high saturation intensity of topological in-
sulator. Fig. 4 describes the characteristics of the Q-switched
pulses at a pump power of 158.6 mW. Fig. 4(a) shows a typical
optical spectrum with a central wavelength of 1566.9 nm. It has
a 3-dB spectral bandwidth of 0.45 nm. The stable Q-switched
pulse train has a repetition rate of 6.97 kHz, corresponding to
a time interval between adjacent pulses of 147.5 μs, as shown
in Fig. 4(b). The insert shows the pulse train in a long time
scale, from which a nearly uniform intensity distribution with-
out modulation was observed. Fig. 4(c) shows a zoom-in single
pulse profile. The pulse has a symmetric intensity profile with a
full width at half maximum of 16.3 μs. It is worthy to mention
that there is no amplitude modulation (at either cavity funda-
mental or harmonic frequency) on each single Q-switched pulse
envelope. Based on our observations, we can conclude that the
self-mode-locking effect had been effectively suppressed be-
cause of the saturable absorption effect in topological insulator.
To investigate the laser stability, we measured its corresponding
RF spectrum with resolution bandwidth (RBW) of 10 Hz. As
can be seen in Fig. 4(d), the signal-to-noise ratio (SNR) of our
fiber laser is over 36.4 dB, indicating that the Q-switched pulse
operates in a relatively stable regime. Moreover, apart from
the fundamental and harmonic frequency, we did not observe
other frequency component in the RF spectrum with wider span
as shown in the insert, further confirming the stability of the
Q-switched pulse.
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Fig. 4. Typical Q-switched pulse emitted from our TI-based fiber laser at pump power of 158.6 mW: (a) The output spectrum, (b) typical Q-switched pulse train
(insert is the large time scale) and (c) single pulse profile. (d) The radio-frequency optical spectrum at the fundamental frequency and the wideband RF spectrum
(insert).

Fig. 5. Various pulse trains obtained at different pump powers.

At a stable operation regime, through continuously increasing
the pump power, the repetition rate gradually increased but the
pulse train remained as a uniform intensity distribution without

Fig. 6. (a) Output average power and pulse energy, (b) Pulse repetition rate
and duration versus incident pump power.

obvious fluctuation, however, under high pumping strength little
amplitude fluctuation occurs, as clearly shown in Fig. 5. This
suggests that our fiber laser could operate in stable Q-switching
regime with variable repetition rates.
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TABLE II
ER-DOPED Q-SWITCHED FIBER LASERS BY DIFFERENT SAS

Unlike the mode-locking operation where the repetition rate
is determined by the cavity length, Q-switching laser has a tun-
able repetition rate that is dependent on the cavity gain, loss
and cavity birefringence. With the increases of the pump power,
more electrons can be excited and accumulated in the upper
energy level in the laser medium. The rise time and falling time
of Q-switched pulse become simultaneously shorter, leading
to the decrease of pulse width and the increase of repetition
rate. The relation between pulse duration or repetition rate and
the pump power was systematically summarized in Fig. 6(b).
With the increase of the pump power from 67 to 238.5 mW,
the repetition rate increases from 2.154 to 12.82 kHz and the
pulse duration decreases from 49 to 13 μs. Once pump power
exceeds 188 mW, pulse duration was kept at a constant value,
probably because of the saturation of the upper energy level.
Fig. 6(a) shows the change of output average power, pulse
energy of our Q-switched fiber laser with respect to different
incident pump powers. One can clearly see that the output av-
erage power linearly increases with the incident pump power
up to 19.56 mW, corresponding to an optical-to-optical effi-
ciency of 10.3%. By continuously boosting the pump power up
to 238.5 mW, the Q-switched pulse was always stable and the
maximum output pulse energy can reach up to 1.525 μJ , which
may be the highest single pulse energy directly emitted from
a passive Q-switched Er-doped fiber laser, if compared with
other fiber laser based on CNT [11]–[14], graphene [15]–[22],
gold nanocrystal [39], as shown in Table II. In other types of
fiber lasers, the maximum allowable single pulse energy was
limited mostly because of the low damage threshold [11], [13],
[20]–[22], however in our experimental, optical damage was

not observed, and the maximum pulse energy was determined
by the gain fiber and pumping strength. Under higher pumping
strength, the pulse train became unstable and strong amplitude
fluctuation appeared, and finally the Q-switched disappeared.
However, since that the saturation intensity of TI-SA was one
order of magnitude higher than other type SAs [14], [24], [39],
the TI-SA could be therefore bleached at very high energy level,
allowing for the generation of higher pulse energy. It is worth
to mention that when decreased the pump power after the Q-
switched disappeared, the stable Q-switching could be obtained
again, indicating that the TI-SA had not been damaged.

To verify whether TI-SA could operate as a broadband pas-
sive Q-switcher, we introduced a band-pass tunable filter into
the laser cavity. Just by continuously tuning the transmittance
peak of the optical filter while without changing the other cav-
ity parameters (pump power or intra-cavity polarization state),
we noted that the Q-switching state remains stable but with the
central wavelength correspondingly shifted. At a pump power
of 209.3 mW, the central wavelength could be continuously
tuned from 1510.9 nm to 1589.1 nm with a wavelength range
up to 78.2 nm, covering almost all C-band, L-band and even
S band, as shown in Fig. 7. The peak power fluctuation of the
output spectra within the whole tuning process was insignifi-
cant (lower than 2 dB), suggesting that this saturable absorber
could show great performance for the wavelength tunable lasers.
Previously, researchers had reported the large band Q-switched
Er-doped tunable fiber laser enabled by other Q-switching tech-
nique, such as nonlinear polarization rotation [40], CNT [13],
and graphene [21]. However, according to the comparison result
listed in Table II, we could clearly see that topological insulator
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Fig. 7. Broadband wavelength-tunable optical spectra.

Fig. 8. (a) Output average power and pulse energy, (b) Pulse repetition rate
and duration versus incident pump power at different wavelengths within tuning
range.

may possess the widest tuning range. This suggests that topo-
logical insulator may be another promising broadband saturable
absorber with at least comparable performance as the previously
used saturable absorber devices.

We also investigated the Q-switched pulses parameters: out-
put power, repetition, pulse duration and energy during the
wavelength tunable process, shown in Fig. 8. Without filter,
the laser exhibits Q-switching at 1566.9 nm. After inserting the
filter, the oscillation central wavelength drifted to a short wave-
length at 1561.1 nm mostly because of the insertion loss of
this filter component with the max output power during tunable
process. When the wavelength shifted towards either longer
or shorter wavelengths, the output power deceased gradually

Fig. 9. Long-term stability of the Q-switched fiber laser: RF spectra measured
at a 30 min interval over 4 h.

causing the increase of repetition rate and decrease of pulse
width mostly because of the variation of the cavity loss caused
by the insertion loss of the filter and gain difference of EDF at
different wavelengths.

To investigate the long-term stability of the Q-switched pulse,
we also recorded the output RF spectra every half an hour over
4 h at a fixed pump power of 158.6 mW, as shown in Fig. 9. The
SNR is better than 30 dB. Neither the central frequency drift nor
new frequency was observed during our measurement, showing
that the Q-switched laser possesses a reasonably good stability
that is suitable for practical applications.

V. CONCLUSION

We demonstrated a high energy and ultra-broadband tunable
passively Q-switched erbium-doped fiber laser where the TI:
Bi2Te3 was employed as a saturable absorber. This saturable
absorber device was fabricated by optically driven deposition
method. Based on the balanced twin-detector measurement tech-
nique, its broadband saturable absorption response was charac-
terized. Stable passively Q-switched pulses were achieved with
single pulse energy up to 1.525 μJ , and central wavelength
tunable from 1510.9 to 1589.1 nm. Our experimental results
verified that the TI-SA possesses advantages for high energy
and broadband tunable laser applications.
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