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Q-Switched Mode-Locked Nd:YVO4 Laser by
Topological Insulator Bi2Te3 Saturable Absorber
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Chun Yang, Haowei Hu, and Yifei Yao

Abstract— By using a reflection type of topological insulator
Bi2Te3 as saturable absorber that was prepared by a hydrother-
mal intercalation/exfoliation method, we have demonstrated the
stable Q-switched mode-locked operation of Nd:YVO4 solid-state
laser. Its maximum output power can reach up to 247 mW
with respect to the absorbed pump power of 6.39 W. To the
best of our knowledge, this is the first report for passively
Q-switched mode-locking Nd:YVO4 solid-state laser at 1-µm
wavelength using a topological insulator Bi2Te3 as saturable
absorber. In the experiment, we have also observed the stable
Q-switched operation with pulse width as short as 2 µs, output
power 183 mW, and repetition rate up to 151.5 kHz.

Index Terms— Solid lasers, topological insulator, Q-switched
mode-locking, Nd:YVO4.

I. INTRODUCTION

MODE-LOCKING (ML) is the main technique in the
generation of ultra-short pulses. In this technique, a

saturable absorber is usually needed as the modulation element
and a lot of results have been reported on the mode-locking
solid-state lasers [1]–[6]. In these saturable absorbers, the
semiconductor saturable absorber mirror (SESAM) is usually
used in the oscillator [1], [5] and [6]. Recently, there are
increasingly interests in exploring two dimensional layered
saturable absorber, ranging from graphene, topological insula-
tors (TIs) to transition metal dichalcogenides (see MoS2 [7]).
Defined as the Dirac material, graphene has been proved to
be a promising saturable absorber. It enjoys the advantages
of a wide absorption band, low cost, easy fabrication and
much shorter recovery time. Up to date, several groups have
employed graphene-based saturable absorbers in both the fiber
and solid-state lasers, and have achieved the ultra-short pulse
generation [8]–[11], [12]–[16].

Similar to graphene, TIs belong to another type of Dirac
material. They have drawn scientists’ interests especially in
the research field of condensed-matter physics and quantum
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physics, as they have new quantum states and unique electronic
properties [17]. The surface states of TIs exhibit the linear
Dirac spectrum dispersion as graphene, which originates from
the strong spin–orbit coupling. This leads to the special elec-
tronic property of TIs that the conducting states on TIs surface
are protected by time-reversal symmetry, with which the
impact of back scattering and impurities can be reduced [18].
However, unlike the research on their electronic properties,
the investigations on the optical properties of TIs are still
limited. Most recently, François Bernard et al. have studied
the nonlinear optical property of TIs with the balanced twin-
detector measurement technique and found that, like graphene,
TI: Bi2Te3 exhibits saturable absorption under 1.5 μm lase
illumination [19]. After that, Zhao et al. investigated the
nonlinear optical absorption of TIs and reported on ultra-short
pulses from the lasers using TIs: Bi2Te3 and Bi2Se3. In 2012,
they obtained stable soliton pulses with 1.57 ps at 1564.6 nm
from an erbium-doped fiber laser with Bi2Se3 [20]. In the
same year, with the help of Bi2Te3-based saturable absorber,
self-started mode-locked (ML) operation was achieved from
an erbium-doped fiber laser. The pulses had a central wave-
length of 1558 nm with the pulse width of 1.21 ps [21].
Lee et al had also obtained the erbium-doped ML fiber laser
with Bi2Te3-based saturable absorber. Their laser produced
stable soliton pulses with a temporal width of ∼600 fs at
the 1547 nm wavelength [22]. Another type of topological
insulator: antimony telluride (Sb2Te3) had also been developed
as a very efficient optical saturable absorber for the mode-
locking of an Erbium-doped fiber laser by Sotor et al. They
obtained the optical solitons centered at 1558.6 nm with
the pulse width of 1.8 ps [23]. Equally important is that
Jung et al. had demonstrated a topological insulator based mid-
infrared saturable absorber at 2 μm, unambiguously verifying
the broadband saturable absorption property of topological
insulator [24]. Besides its applications for mode-locking oper-
ation, Chen et al. reported a Bi2Se3 Q-switched (QS) erbium-
doped fiber laser in an all-fiber cavity which has a pulse
duration of 14 μs centered at 1565.14 nm with a repetition
of 8.865 kHz [25]. Luo et al. reported another Bi2Se3 QS
all-fiber laser centered at 1067 nm with the maximum pulse
energy of 17.9 nJ, and the shortest pulse duration was 1.95 μs
with the tunable repetition varying from 8.3 to 29.1 kHz [26].
In addition to the research on the QS and ML fiber lasers,
researchers are also developing similar research on solid-state
laser. In 2013, Tang et al. reported the QS Er:YAG ceramic
solid-state laser using TI: Bi2Te3. They obtained the QS pulses
with the pulse width, pulse repetition and per-pulse energy
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Fig. 1. Experimental setup of the topological insulator saturable absorber
mode-locking laser. LD, laser diode; OC, output coupler; TISA, topological
insulators (Bi2Te3) saturable absorber.

of 6.3 μs, 40.7 kHz and 5.3 μJ, respectively [27]. From
the reports above, we can conclude that, with the excellent
nonlinear optical absorption, TI-based saturable absorbers have
shown their promising application prospect in the ultra-short
pulse generation ranging from visible to mid-infrared. How-
ever, up to date, the relative research has been concentrated on
the fiber lasers, and no investigation has been on 1 μm QML
or ML solid-state laser. In this letter, we report the ultrashort
pulses from a Nd:YVO4 laser using TI: Bi2Te3 as saturable
absorber. The laser produced QML pulses at the wavelength
centered at 1064 nm. To the best of our knowledge, this is the
first report of passively QML Nd:YVO4 solid-state laser at
1 μm wavelength.

II. EXPERIMENTAL SETUP AND TISA

Fig. 1 shows the schematic setup of our laser cavity, and a
W-shaped laser cavity was used. The Nd:YVO4 crystal was
α-cut, and 3 mm × 3 mm × 5 mm in dimension with an
Nd-doped concentration of 0.5 at.%. It was wrapped with
indium foil and mounted in a water-cooled copper block with
the constant cooling water temperature at 16 oC. The pump
source was a commercial fiber-coupled laser diode operating at
808 nm, with 200 μm of fiber diameter and 0.22 of numerical
aperture. By a 1:1 optical collimation system consisting of the
two coupling lenses of F1 and F2, the pump beam was coupled
into the crystal with 200 μm radius. M1 was a dichroic mirror
which was antireflection (AR) coated at 808 nm and high-
reflection (HR) coated at 1064 nm. The three curved mirrors of
M2, M3 and M4, with the radius of curvature of 600, 500 and
400 mm respectively served as folding mirrors. They were all
AR coated at 808 nm and HR coated at 1064 nm. Employed
as saturable absorber, the Bi2Te3 saturable absorber mirror
(Bi2Te3 SAM) worked as a cavity mirror at the same time.
The output coupler (OC) with transmission of 5 % at 1064 nm
served as well as another cavity mirror.

To prepare the Bi2Te3 sample employed in our experiment,
we adopted a hydrothermal intercalation/exfoliation method,
which had been elaborated in detail in the Ref. [28] and [29].
The Bi2Te3 nano-platelets were dispersed in isopropyl alcohol
and dropped cast onto a gold coated mirror. Then the gold
coated mirror was evaporated for over 8 hours. Compared
with the other methods like MBE growth, vapor–liquid–solid
growth and mechanical exfoliation of thin sheets from bulk
crystals, the method we adopted was easier, lower-cost and
could fabricate the Bi2Te3 sample in relative large size.

Fig. 2. (a) Raman spectra of the TI sample. (b) and (c) SEM image of the
Bi2Te3 sample in the 30 μm. and 5 μm scale, respectively. (d) The Bi2Te3
saturable absorber used in our experiment. (e) Nonlinear transmission curve
of the Bi2Te3 sample.

Fig. 2(a) shows the Raman spectra of the Bi2Te3 sample.
Three typical Raman active modes A1

1g, E2
g, A2

1g were observed

for Bi2Te3 nano-platelets at 60.47 cm−1 , 99.84 cm−1, and
137.03 cm−1, respectively. With the thinning of the exfoliated
Bi2Te3 nano-platelets, the peak intensity of these three modes
becomes stronger [29]. And an additional strongest peak A2

1u
was observed at 115.16 cm−1 which is likely related to the
symmetry breaking in atomically thin films [28]. The average
sample thickness was estimated to be 100 nm [29]. Figs. 2(b)
and 2(c) show the scanning electron microscopy (SEM)
image of our Bi2Te3 sample. We can observe that Bi2Te3
nano-platelets exhibit a quasi-two-dimensional sheet-like
structure. Fig. 2(d) shows our Bi2Te3 SAM. To measure the
optical absorption of our Bi2Te3 sample under the 1 μm
laser illumination, we used the Z-scan technique which has
been introduced in [19]. The laser source we used was a
nanosecond pulse laser at 1064 nm whose pulse duration and
repetition rate were 10 ns and 5 kHz respectively. As plotted
in Fig. 2 (e), the open-aperture Z-scan curve shows the
modulation depth of ∼17.5% and the non-saturable loss was
estimated to be ∼23%.

III. EXPERIMENT RESULTS AND DISCUSSION

At first, to investigate the CW operation, we employed a
gold coated mirror (the same as the substrate of the Bi2Te3
SAM) as the cavity mirror instead of the Bi2Te3 SAM. The
CW operation was realized at the absorbed pump power
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Fig. 3. (a) Pulse width and repetition versus incident pump power for QS
operation. (b) QS pulse trains recorded in 10 μs and 500 ns per division time
scales.

of 2.31 W (the minimum absorbed pump power of our laser
system), and the corresponding output power was 55 mW
at the central wavelength of 1064 nm. During the period of
increasing the absorbed pump power from the minimum to
the maximum, no signs of any modulation were observed,
since there were no modulation elements in the cavity. Then,
the Bi2Te3 SAM was substituted for the gold coated mirror,
and the laser operation was realized at the absorbed pump
power of 2.31 W for another time, whereas the output power
became 27 mW. The lower power was obviously attributed to
the increased loss brought by the Bi2Te3 SAM. With a careful
adjustment for the cavity’s elements including the Bi2Te3
SAM and the OC, the CW laser turned to be a quite stable
QS regime as soon as the absorbed pump power was increased
to 3.40 W. Using a 150 MHz bandwidth fast photodiode
(Thorlabs PDA10CF) and a 500 MHz bandwidth oscilloscope
(Rigol DS4054), we measured the repetition rate of the QS
envelope and the pulse width with respect to the different
absorbed pump power. As plotted in Fig. 3 (a), the pulse width
decreased and the QS envelope repetition rate increased with
the absorbed pump power increasing. The shortest temporal
full width at half maximum (FWHM) was 2 μs with the
repetition rate of 151.5 kHz at the absorbed pump power of
5.27 W (see Fig. 3 (b)).

After the absorbed pump power was increased to 5.52 W, the
output laser changed to be a very unstable regime in which the
laser kept rapidly switching between QS and QML operation.
By increasing the absorbed pump power to 5.83 W, we could
observe the relatively stable QML operation. Fig. 4 (a) shows
the temporal shape of the QS envelope with the ML pulse
trains inside it under the QML operation. The FWHM of the
QS envelope under the QML operation decreased from about
2 μs to 1 μs as the absorbed pump power was increased from
5.38 W to 6.37 W. The optical spectrum under the QML opera-
tion was measured by our optical spectrum analyzer (AvaSpec-
2048-4-DT) as shown in Fig. 4 (b), and the center wavelength
was 1064 nm. Fig. 4 (c) shows the relation between average
output power and absorbed pump power, and we can observe
that the output power almost linearly increased with the rise
of absorbed pump power. The maximum output power was

Fig. 4. (a) QS envelope under QML operation at the incident pump power
of 7.89 W. Inset: the mode-locked pulse trains within the QS envelope in
10 ns and 20 ns per division time scales. (b) Optical spectrum of the QML
operation. (c) Average output power versus incident pump power.

247 mW at the absorbed pump power of 6.39 W, giving an
optical-to-optical efficiency of 3.9 %. The low efficiency might
be caused by the strong absorption of the Bi2Te3 sample as
well as the introduced loss brought by the gold coated mirror.
The further increased absorbed pump power resulted in a very
unstable modulation phenomenon. There showed fluctuating
pulse trains with varying repetition rate on the screen of
oscilloscope. We recorded the repetition rate of the output
pulses every 10 minutes for one hour, and found that the
repetition rate kept varying randomly in the range from 50
to 70 MHz, in which the 63.5 MHz was observed more fre-
quently than others. The output signal-to-noise ratio measured
by our radio frequency-spectrum analyzer (Agilent N9320B)
kept changing frequently in the range from 10 dB to 50 dB.
According to our analysis, there might be modulation noise
mixed with the output signal and we believe the noise was
due to the poor quality of our Bi2Te3 SAM. On the one hand,
the imperfect fabrication process would introduce unwanted
impurities to the Bi2Te3 SAM which would make a low
damage threshold of the saturable absorber. That means the
Bi2Te3 SAM would be easily damaged by the powerful pulses
provided by our long-cavity-resonator. Though the size of
our Bi2Te3 sample was large enough to cover the oscillating
modes, the corresponding uniformity of the Bi2Te3 sample
could hardly satisfied the experiments. That would bring the
Bi2Te3 SAM a low modulation depth and the intracavity
pulse energy could not reach the ML threshold though it was
high enough to damage the absorber. The intracavity beam
spot diameter onto SAM is about 100 um. It should also be
noted that thermal damage was observed on the surface of the
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topological insulator sample during the passively Q-switched
mode-locking laser operation. As we known, the performance
of a mode-locking fiber laser with a topological insulator
saturable absorber has been studied [30]. In contrast to fiber
lasers which have large gain, the diode-pumped solid-state
bulk lasers, including crystalline, ceramic and glass lasers,
have a relatively low gain [20]. To achieve the mode-locked
pulses, the intracavity pulse energy should be as high as the
critical intracavity pulse energy. And the non-saturable loss is
estimated to be 23% which may be the main limitation. The
high loss will decrease the efficiency of the system. It will
not make for the increasing of the intracavity pulse energy,
but make it lower than the mode-locking threshold. Besides,
high loss of the SA will make it easier to be damaged. In the
future, with the better Bi2Te3 saturable absorber fabricated and
optimized cavity applied, we believe the Bi2Te3 ML solid-state
laser will be obtained.

IV. CONCLUSION

In conclusion, with a hydrothermal intercalation / exfolia-
tion method, we have successfully fabricated the TI: Bi2Te3
sample and obtained both QS and QML pulses from a
Nd:YVO4 solid-state laser using it as the saturable absorber for
the first time. The QS laser produced QS pulses whose shortest
temporal FWHM was 2 μs with the repetition of 151.5 kHz,
and the maximum average output power was 183 mW. Under
the QML operation, the shortest FWHM of the QS envelope
was about 1 μs and the maximum average output power turned
to be 247 mW. Our experiments reveal that TIs are very
attractive as a new saturable absorbers for the next-generation
of ultra-short laser pulse technology.
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