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Q-switched laser operation of a laser diode pumped Pr:LiYF, laser is reported at 604 nm using a topological
insulator (TI) Bi>Se; nanosheet material as saturable absorbers (SAs), for the first time to our knowledge. Stable
Q-switched laser operation is obtained with shortest pulse width of about 802 ns, a maximum pulse repetition
rate of 130 kHz, pulse energy of about 0.2 pJ and a maximum average output power of 26 mW. This work
further extends the working wavelength of Bi,Se; as saturable absorbers to visible domain.

1. Introduction

In the past two decades, much attention has been paid to visible
lasers based on laser diode pumped solid state lasers (DPSSLs)
technology, because DPSSLs provide efficient, robust, stable and
compact laser system with excellent output laser properties. Visible
lasers have great potential applications in data storage, color display,
micro-sized projectors, holographic and biomedical techniques, etc.
Trivalent praseodymium ion (Pr®*) can generate visible laser emissions
via a direct down conversion mechanism owing to its suitable emission
transitions, from upper state levels of 3P0,1,2 and I to lower state
levels of 3H4,5,6 and 3F2,3,4. Hence, Pr¥*-based visible lasers, in the
forms of bulk [1-9], microchip [10], fiber [11], waveguide [12,13] has
attracted particular attention in recent ten years.

On the other hand, with the aid of conventional saturable absor-
bers, e.g. Cr*":YAG crystal or semiconductor saturable absorber
mirrors (SESAMs), passive Q-switching [14-16] or mode locking
[17] techniques have been utilized recently to realize Pr®* visible short
or ultrashort pulse laser within ns down to ps time duration, which are
indeed recently more and more attractive because these visible pulsed
lasers can provide much higher energy for various applications that are
not available for continuous-wave lasers. Despite these two above
mentioned saturable absorbers are the most widely used ones, how-
ever, they have the same drawbacks: their operating wavelengths are
limited to particular spectral bands. Moreover, they both require
specific and expensive fabrication techniques. Moreover, except a few
examples [14-17], most of these saturable absorbers have been
developed only for near-infrared (NIR) wavelength domains.

During the last decade, other types of saturable absorber materials
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such as carbon nanotubes (CNTs) [18,19] and graphene [20—22] have
been found to be very promising as saturable absorbers in fiber and
DPSSLs. Therefore, efforts have been made to explore all these high-
performance nanosheet materials because of their excellent properties,
such as ultra-broadband saturable absorptions, low cost and easy
fabrication. This is the case of these new types of nanosheet materials,
BisSe; [23-27], BisTes [28] and SboTes [29], grouped as topological
insulators, as well as transition metal dichalcogenides like MoS, [30—
32] and WS, [33,34]. All of them have already successfully utilized as
saturable absorbers in various types of lasers.

Recently, pulsed lasers have been observed by using MoS, at
522 nm [35], 605 nm and 639 nm [36]. Soon later, Bi,Ses-based
visible Q-switched laser operation has been achieved by using Pr3*-
ZBLAN fiber with maximum pulse energy of 22.3 nJ at 635 nm [37].
Based on this result, we expect that the Bi»Se3 nanosheet material can
be used as Q switcher in shorter wavelengths like MoS,. Apparently,
exploiting such nanosheet saturable absorbers for passive Q-switching
and even mode-locking in the visible domain is still very challenging. In
this work, we show that it is possible to achieve passive Q-switching of
a diode-pumped Pr:LiYF, laser operating at 604 nm by using a TI
Bi,Se; as saturable absorber.

2. Preparation and characterization of TI Bi,Sez SA

The preparation process of few-layer TIs BioSes SAs is the same as
we reported previously [27]. Fig. 1 shows the characterization of the as-
prepared TI Bi,Ses. The as-prepared TI Bi»Se; nanosheets are grey
suspension (Fig. 1(a) inset). Atomic force microscopy (AFM) image was
registered for characterizing the size and thickness of the as-prepared
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Fig. 1. (a) AFM image and photograph (inset) of as-prepared few-layer Bi,Ses, (b) Height profile of an as-prepared few-layer Bi»Se; sample: particle size distribution was obtained by
statistical analysis over 10 height profiles and the average thickness was fitted to be 3.36 nm, (¢) XRD and (d) Raman spectra of the bulk Bi,Se; and few-layer Bi»Ses; samples.

few-layer BioSes. The size of TIs Bi»Se; nanosheets are around 300—
500 nm (Fig. 1(a)) and the height profile diagram (see Fig. 1(b)) shows
the TI Bi,Ses nanosheets are around 2—4 nm, which indicates the TI
Bi,Se; nanosheets are about 3 layers since the thickness of single layer
is 0.96 nm [38]. The bulk Bi,Se3 and the as-prepared few-layer Bi,Se;
are both characterized by X-ray diffraction (XRD) in Fig. 1(c), in which
all the labeled peaks of the bulk Bi,Se; can be easily indexed to
rhombohedral Bi>Ses (JCPDs no. 89—2008). The bulk Bi»Se; had been
successfully exfoliated because the XRD pattern of the few-layer Bi,Ses
shows a high [006] orientation and some characteristic peaks dis-
appeared. The Raman spectroscopy is shown in Fig. 1(d). The
characteristic peaks of the bulk Bi>Ses are calibrated at 72, 128 and
172 em™. Compared with the bulk Bi,Ses, few-layer Bi,Se; sample
shows a little bit red shift of peak..

A BK7 glass was used as substrate to support the Bi,Ses thin film,
which was uncoated but nicely polished with surface finish quality of
60/40 (scratch/dig) and flatness of A/4. Transmission of the glass
substrate was measured to be about 92% using a Perkin Elmer Lambda
750 Spectrophotometer. The Bi>Se; saturable absorber was simply
achieved as follows. The Bi»Sez dispersion was first dropped onto an
uncoated BK7 glass substrate. Then, by a commonly used spin-coating
method, the Bi>Ses dispersion was uniformly distributed on the glass
substrate. Finally, the sample was dried for 3h in an oven with a
temperature of 80 °C. At 604 nm, the transmission of the Bi>Ses thin
film onto the glass substrate was also measured to be about 81.93%
(see in Fig. 2). Thus, the final transmission of the Bi,Ses thin film itself
could be deduced to be around 89.1%, which means that the linear loss
induced by the Bi»Ses thin film is about 10.9%. Saturation absorption
intensity and modulation depth of the BirSe; thin film were also
measured to be about 53 MW/cm? and 3.8%, respectively, at 800 nm
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Fig. 2. The transmission of the as-prepared Bi,Se; saturable absorber.

by using the same measuring setup as Ref. [23]. Thus, for laser
emission at orange, saturation absorption intensity should be larger
than this measured value..

3. Experimental setup

Fig. 3 shows the schematic of the laser experimental setup. An
InGaN laser diode with central wavelength of about 444 nm and
maximum output power of about 2 W is used as pump source. The
laser diode was integrated with an aspheric lens (focal length f=3 mm)
for collimating the pump beam and then with a pair of cylindrical
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Fig. 3. Schematic experimental setup of the Bi>Sez-based Q-switched Pr:YLF laser at 604 nm.
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Fig. 4. Output powers and laser spectra in (a and b) continuous-wave and (c and d) Q-switching modes.

lenses (f=40 and —8 mm) for correcting the astigmatism of the pump
beam. After a 50-mm (focal length) focusing lens, the pump beam was
injected into the gain material, namely a 5-mm-long and 0.5 at% doped
(in the crystal) Pr:YLF crystal. The laser crystal was wrapped with
indium foil and mounted inside a copper block. The copper block was
connected to a chiller (Huber Corp.) with temperature set at 16 °C..
The laser resonator was arranged to be a typical V-shaped three-
mirror configuration. The flat input mirror M1 has a high transmission
of 93.6% at the pump wavelength and a high reflection of about 99.9%
at the considered orange laser wavelengths. The M2 mirror with a
radius of curvature of 100 mm has also a high reflection of 99.9% at
orange and a high transmission at the pump wavelength. Transmission
of the flat output mirror is about 5.3% at orange. The physical cavity
length was finally optimized to about 194 mm for the Q-switched
operation, i.e. 109 mm for cavity arm M1-M2, as well as 85 mm for
cavity arm M2-M3. In order to reduce the astigmatism produced by
the curved mirror M2, the folded angle 6 was set to be about 23°, the
smallest angle allowed by our laser cavity. For Q-switched laser
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experiment, the as-prepared Bi,Se; saturable absorber was inserted
into the laser cavity very close to the output mirror to modulate the
intracavity loss. Thus, according to a standard ABCD law, the cavity
mode sizes at the gain crystal and at the Bi,Sej saturable absorber were
estimated to be about 90 and 72 pum, respectively.

4. Experimental results and discussions

Fig. 4(a) and (b) show continuous-wave laser operation at 607 nm
(o polarization) with a pump threshold of about 593 mW and a
maximum output power of about 146 mW in free-running regime. Q-
switched laser operation was fulfilled by inserting the as-prepared
Bi,Ses saturable absorber into the laser cavity when the laser cavity
operated at continuous-wave laser threshold. Because of the additional
linear loss introduced by the saturable absorber, the laser cavity can
not lase any more. We therefore increased the pump power to about
873 mW and unstable Q-switching was then observed. However, stable
Q-switched pulse trains was not achieved until the pump power was
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Fig. 5. Typical oscilloscope traces of the pulse trains under different pump powers: (a)
1.2 W, (b) 1.26 W and (c) 1.357 W.

augmented to about 1.2 W. The output pulsed laser wavelength was
measured to be m-polarized at 604 nm, i.e. orthogonally polarized to
the o-polarized 607 nm laser, from the unstable Q switching..

We explain the 604 nm lasing instead of the 607 nm lasing in Q-
switched laser operation as follows. The 604 nm line in fact has higher
emission cross section than that of 607 nm line [1]. Due to the stronger
reabsorption loss for 604 nm line than for 607 nm line, laser emission
in general occurs at the 607 nm line. However, if the depletion of the
ground state population of the Pr®* ions happens by intense pumping
or by operating the laser in pulse mode, thus no reabsorption loss (or
much reduced) for the 604 nm line, the 604 nm lasing could occur. In
fact, this phenomenon was once reported by Metz et al. [39]. These
authors first obtained a 607 nm laser, but at pump power levels
exceeding 3 W additional emission at 604 nm was also observed.
Now, the latter case, i.e. pulse laser operation, led to the present laser
operating at 604 nm.

Stable output powers of the Q-switched laser operation and laser
spectrum are shown in Fig. 4(c) and (d), from which one can see that
from threshold pump power of 1.2 W to pump power of 1.357 W the
output powers of the Q-switching laser varied from 13 mW to max-
imum 26 mW. Above this pump level, Q-switching became unstable,
likely because of the non-optimized transfer quality of the Bi,Ses
solution onto the glass substrate and of thermal load effects resulting
from the poor thermal conductivity of this glass substrate.

Three typical pulse trains are shown in Fig. 5 at pump powers of
1.2 W, 1.26 W and 1.357 W, which presented that the repetition rates
varied from minimum 94.2 kHz to maximum 130 kHz correspond-
ingly. Moreover, full pulse evolutions including pulse widths and
repetition rates with the pump power are also provided in Fig. 6.
From the stable Q-switching threshold to the maximum output power,
the pulse width decreased from about 1050-802 ns (see Fig. 7 for the
achieved shortest pulse time duration), which means, for an average
output power of 26 mW, a single pulse energy up to about 0.2 uJ....
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Fig. 6. Variations of pulse repetition rates and pulse widths with pump powers.
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Fig. 7. The achieved narrowest pulse width at pump power of 1.357 W.
5. Conclusion

In conclusion, we demonstrated passively Q-switched laser opera-
tion of a diode-pumped Pr:LiYF, laser at st-polarized 604 nm line using
Bi,Se; as saturable absorbers. Stable Q-switched laser operation with a
maximum average output power of about 26 mW, laser pulses of about
802 ns time duration at a maximum pulse repetition rate of 130 kHz
and single pulse energy of 0.2 pJ have been achieved. This work
indicated that TI Bi,Se; can be applicable in producing Q-switched
lasers at wavelengths down to orange spectral domain. Further better
laser performance of the Q-switching can be expected by optimizing the
transfer quality and thermal effect of the TI Bi,Ses thin film. BisSes-
based mode locking visible lasers is also under investigation in our lab.
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