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In this paper, we reported a multiwavelength passively Q-switched Yb3�:GdAl3�BO3�4 solid-state laser with
topological insulator Bi2Te3 as a saturable absorber (SA) for the first time, to the best of our knowledge. Bi2Te3
nanosheets were prepared by the facile solvothermal method. The influence of three Bi2Te3 densities on the laser
operation was compared. The maximum average output power was up to 57 mW with a pulse energy of 511.7 nJ.
The shortest pulsewidth was measured to be 370 ns with 110 kHz pulse repetition rate and 40 mW average power.
The laser operated at three wavelengths simultaneously at 1043.7, 1045.3, and 1046.2 nm, of which the frequency
differences were within the terahertz wave band. Our work suggests that solvothermal synthesized Bi2Te3 is a
promising SA for simultaneously multiwavelength laser operation. © 2015 Chinese Laser Press

OCIS codes: (140.3480) Lasers, diode-pumped; (140.3540) Lasers, Q-switched; (140.3580) Lasers, solid-
state; (140.3615) Lasers, ytterbium.
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1. INTRODUCTION
Simultaneously multiwavelength near-infrared pulsed lasers
with high peak power and short pulse duration have wide-
spread applications in nonlinear spectroscopy, free space
optical communication, biomedicine, military, lidar, imaging
holography, nonlinear optics, and the terahertz-wave differ-
ence frequency process [1–6]. The passively Q-switched
solid-state laser is an efficient, reliable, and widely used tech-
nique to emit nanosecond level pulses. For such a laser, the
saturable absorber (SA) is an element whose properties
strongly determine the laser performance.

For decades, many successful Q-switched lasers have been
realized by exploiting a variety of SAs such as transition-
element-doped (Cr4� [7,8], V3� [9,10], and Co2� [11]) host
materials and semiconductor saturable absorber mirrors
(SESAMs) [12–15]. However, it should be noted that the
applications of these traditional SAs are somehow limited
due to their narrow absorption band and high cost. In recent
years, graphene, a 2D-structure layered carbon material with
Dirac-like gapless electronic band structure, has garnered
much attention for its absorption capacity [16–20] because
of the intrinsic advantages such as broadband optical modu-
lation, strong absorption, fast relaxation, and easy fabrication.
The success of graphene draws researchers to investigate the
photonic applications of other 2D materials. Similar to gra-
phene, the topological insulators (TIs) are characterized by
a linear dispersion band structure with the Dirac point.
They have a narrow gap in the bulk state (0.2–0.3 eV) and

a Dirac cone on the surface/edge [21], and both contribute
to the saturable absorption [22,23]. In 2012, Bernard et al. first
reported that TIs exhibit saturable absorption when placed in
a 1550 nm laser beam [24]. Soon after, more detailed investi-
gation into nonlinear optics and saturable absorption proper-
ties of TIs was carried out [25]. Recently, both mode-locked
and Q-switched fiber lasers have been successfully realized
with TI SAs [23,26–31]. However, the applications of TIs in
solid-state lasers, which are more suitable for high-energy
short pulse generation than fiber lasers due to having
less nonlinear pulse-splitting, have not been addressed as
much [32–35].

Laser gain material is the other key element for passively
Q-switched lasers. The Yb ion has only two energy levels
and weak electron–phonon coupling; therefore the excited
state absorption effect, which strongly limits the laser effi-
ciency in Nd3� lasers, can be avoided in the Yb3� counterpart.
Furthermore, Yb ion’s long upper-state lifetime (usually on
millisecond order) induces strong energy storage and thus
could be beneficial for high-energy pulse generation. The
growth, spectroscopic, and Cr4�:YAG passively Q-switched
laser properties of a novel Yb3� crystal, Yb3�:GdAl3�BO3�4
(Yb:GAB), were reported in our previous works [8,36,37]. It
exhibits a broad emission band (∼100 nm), which is beneficial
for multiwavelength emission under laser optimization.
Passive Q-switching of a Yb-doped fiber laser by few-layer
TI Bi2Se3 has been successfully realized with yielding
1.95 μs pulses [26]. Recently a Q-switched Yb:KGW solid-state
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laser with TI Bi2Se3 as a SA was realized with the shortest
pulsewidth of 1.6 μs [35]. However, TIs have not been used
to Q-switch Yb-doped nanosecond multiwavelength solid-
state lasers to our best knowledge.

In this paper, we report on the investigation of a tri-
wavelength Q-switched Yb:GAB solid-state laser with a
Bi2Te3 TI as the SA. The Bi2Te3 sheets were synthesized by
a facile solvothermal route. We prepared three TI SA samples
with different density. The influence on the output power,
pulsewidth, repetition rate, and emission wavelength was
investigated in detail. This laser is suitable for various appli-
cations that require tunable laser and frequency mixing.

2. PREPARATION AND
CHARACTERIZATION OF Bi2Te3
NANOSHEETS
Hexagonal Bi2Te3 single crystals with uniform morphology
were synthesized by a facile solvothermal route the same
as in Ref. [38]. All the chemicals used for the synthesis of
the Bi2Te3 nanosheets in this work were analytical grade with-
out further purification: 0.315 g of BiCl3, 0.332 g of Na2TeO3,
0.4 g of NaOH, and 0.5 g of PVP were dissolved in 70 mL ethyl-
ene glycol (EG). After ultrasonication and stir for 20 min, the
mixture solution was transferred into a 100 mL stainless steel
autoclave. The autoclave was heated at 180°C for 36 h and
then cooled to room temperature naturally. The gray powders
were collected by centrifugation, washed by distilled water
and ethanol several times, and finally dried at 60°C for 8 h.

The representative XRD spectrum in Fig. 1(a) shows the
products of a pure rhombohedral phase of Bi2Te3 with a space
group R3m (166), in good agreement with the standard card
JCPDF #15-0863. Figure 1(b) gives the TEM image of the
synthesized Bi2Te3, which shows a hexagon nanosheet with
thickness of 30–50 nm. The flat surface and sharp edges
indicate a homogeneous crystallinity. The bright diffraction
spots in the SAED [inset in Fig. 1(b)] pattern also reveal
the nanosheet to be a well-crystallized single crystal.

The modulation depth can be tuned in a wide range from
66.5% to 6.2% by varying the graphene thickness [39]. Thus
three TI SA samples were prepared. The Bi2Te3 solution
was dispersed in isopropyl alcohol solution by ultrasonicating
Bi2Te3 nanosheets for 1 h. The concentration is ∼0.23 mg∕mL.
Then we dropped the Bi2Te3 dispersion solution onto three
1 mm thick quartz substrates with 96% transmittance at
around 1046 nm. With the increase of Bi2Te3 density on
the substrate, we marked them TISA1, TISA2, and TISA3,

which are estimated to be 0.015, 0.031, and 0.054 mg∕cm2,
respectively.

The optical saturable absorption properties were investi-
gated by twin-detector measurement [34]. We used a home-
made acousto-optic Q-switching solid-state laser at 1.0 μm
as the laser source and detected the laser power before
and after the TI samples to get the nonlinear transmission
curve. The corresponding results of the three samples are
shown in Fig. 2. By fitting the curve with the equation

T�I� � 1 − ΔT � exp�−I∕Isat� − Tns; (1)

where T�I� is the transmittance, ΔT is the modulation depth, I
is the input intensity, Isat is the saturation intensity, and Tns is
the nonsaturable loss, the saturation intensity Isat is extracted
to be 1.26, 4.96, and 19.61 kW∕cm−2, and the modulation depth
ΔT is 10.11%, 10.95%, and 13.96% for TISA1, TISA2, and TISA3,
respectively. The saturation intensity is much lower than the
previous reports measured by the Z-scan technique (under
MW∕cm−2-GW∕cm−2) [26,28], but close to the reported one us-
ing the twin-detector measurement technique (1.41 kW∕cm−2)
[34]. With the increase of the density, both the saturation in-
tensity and the modulation depth increased. The nonsaturable
loss also increased from 11.02% to 12.73%, and to 17.03%.

3. PERFORMANCE OF THE PASSIVELY
Q-SWITCHED MULTIWAVELENGTH LASER
We applied three as-prepared TI SA samples in the Yb:GAB
laser to value their Q-switching performance. As presented
in Fig. 3, a plano-concave cavity with 18 mm length was used.
The pump source was a fiber-coupled continuous wave diode
laser at 976 nm with a numerical aperture of 0.22 and a core
diameter of 200 μm. The end face of the coupling fiber was
focused into the laser crystal with a spot radius of about

Fig. 1. (a) XRD diffraction pattern. (b) TEM image. Inset shows the
corresponding SAED pattern of the as-grown Bi2Te3 nanosheets. The
scale bar is 200 nm.

Fig. 2. Saturable absorption characteristic at 1.0 μm for three SA
samples.

Fig. 3. Schematic experimental setup of the Q-switched Yb3�:GAB
solid-state laser with TI SA.
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100 μm. The input mirror (IM) was a plane mirror antireflec-
tion (AR) coated at 976 nm and high-reflection (HR) coated at
1020–1080 nm. The output coupler (OC) was a concave mirror
with a curvature radius of 75 mm and had a high reflectivity at
the pump wavelength. Two OC transmittances of 3% and 5% at
1020–1080 nm were utilized to compare the influence of the
transmittance on the laser performance. The laser crystal
was an uncoated Yb3�:GAB crystal with dimensions of
3 mm � 3 mm � 2 mm. The crystal was wrapped in foil and
mounted in water-cooled Cu blocks. The water temperature
was maintained at 20°C.

The quartz substrate coating with TI SA was placed inside
the resonant cavity near the output mirror. Q-switching oper-
ation was realized after optimizing the position and inclination
of the plates. Figures 4(a)–4(c) show the recorded average
output power, pulse repetition rate, and pulsewidth as a func-
tion of absorbed pump power for different combinations of TI
SA samples and OCs. Based on the measured average output
power and repetition rate, the pulse energy was calculated
and shown in Fig. 4(d). The threshold absorbed pump power
increased with the density of the TI SA films due to the higher
additional optical loss. But the higher coating density short-
ened the pulse duration and improved the maximum output
power thanks to the growth of modulation depth and satura-
tion intensity. Moreover, the threshold and output power in-
creased with the OC transmittance, which is common to a
passively Q-switched laser. The maximum output powers
were obtained to be 24, 37, and 57 mW with a 3% transmission
OC for TISA1, TISA2, and TISA3, respectively. The results are
comparable to previous reports of Q-switched solid-state
lasers using TI SAs [32,33]. The corresponding pulsewidths
were measured to be 860, 760, and 415 ns respectively, with
repetition rates of 54.7, 64.3, and 111.4 kHz. The correspond-
ing pulse energies were calculated to be 438.6, 575.4, and
511.7 nJ, respectively. The drop trend of pulse repetition
rate and pulse energy should be attributed to the inevitable
thermal effects of the laser crystal under high pump level.
The shortest pulse was 370 ns obtained by using 5% OC
and TISA3, with 40 mW output power and 110 kHz repetition
rate. The 370 ns pulsewidth is much shorter than for the

reported TI-based Q-switched solid-state lasers [32–35].
Figure 5 shows the corresponding pulse trains and single
pulse profile. When we removed the saturated absorber, no
Q-switched pulses were observed, even when the output
power reached 40 mW. Therefore, the Q-switched operation
was started and sustained by the saturable absorption effect
of the Bi2Te3 sheet. Increasing the pump power beyond the
ranges in Fig. 4(a) drove the laser to an unstable pulsed re-
gime where cluttered pulse trains appeared due to oversatu-
ration of TI. TheQ-switched operation was reproducible when
returning the pump to the stable range.

The strong crystal field of Yb:GAB leads to a homo-
geneously broad gain band because of large splitting in the
excited and ground states; therefore multiple frequencies
can be stimulated equally in laser oscillation. For this reason,
the Q-switched laser of each combination of OC and TISA op-
erated simultaneously at three wavelengths around 1.04 μm.
Figure 6 shows the spectrum of the 370 ns pulses. We can
see that this spectrum centers at 1043.7, 1045.3, and
1046.2 nm with FWHM of 0.28, 0.45, and 0.44 nm, respectively.
The corresponding frequency differences are 0.44, 0.25, and
0.69 THz, which may be applied to generate terahertz waves
with further nonlinear frequency mixing.

For Q-switched lasing with a Bi2Te3 TI, the modulation
depth and saturating intensity related to the density of
Bi2Te3 film play an important role in the laser operation. A

Fig. 4. (a) Average output power as a function of absorbed pump
power. (b) Evolution of pulse repetition rate with absorbed pump
powers. (c) Evolution of pulsewidth with absorbed pump powers.
(d) Evolution of pulse energy with absorbed pump powers.

Fig. 5. 370 ns pulse profile and pulse trains.

Fig. 6. Laser spectra of the 370 ns pulse laser.
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high modulation depth and saturating intensity can shorten
the pulse duration and increase the output power. In addition,
low OC transmittivity is usually beneficial to the high pulse
energy. So the future design of a Bi2Te3 TI for the generation
of high-energy Q-switched pulses should pay much attention
to the optimization of the Bi2Te3 film density and the OC
transmittivity.

4. CONCLUSION
In this paper, we have experimentally presented a tri-
wavelength passively Q-switched Yb3�:GAB solid-state laser
with facile solvothermal synthesized hexagonal Bi2Te3 nano-
sheets as SAs for the first time, to the best of our knowledge.
The influence of three TI SA samples with different coating
densities on Q-switched laser properties was studied. Using
the densest TI SA sample and 3% transmission OC, the maxi-
mum average output power 57 mW was obtained with pulse
energy of 511.7 nJ. The shortest pulsewidth was measured to
be 370 ns with 40 mW output power and 110 kHz repetition
rate. The 370 ns pulse laser operated at three wavelengths
simultaneously at 1043.7, 1045.3, and 1046.2 nm, of which
the frequency differences were within the terahertz wave
band. This work clearly shows that solvothermal synthesized
Bi2Te3 is a promising SA for multiwavelength laser operation.
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