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Abstract: 3-GayO; crystals have attracted great attention in the fields of photonics and photoelectron-
ics because of their ultrawide band gap and high thermal conductivity. Here, a pure 3-GayOj3 crystal
was successfully grown by the optical floating zone (OFZ) method, and was used as a saturable
absorber to realize a passively Q-switched all-solid-state 1 um laser for the first time. By placing the
as-grown [3-GayOj crystal into the resonator of the Nd:GYAP solid-state laser, Q-switched pulses at
the center wavelength of 1080.4 nm are generated under a output coupling of 10%. The maximum
output power is 191.5 mW, while the shortest pulse width is 606.54 ns, and the maximum repetition
frequency is 344.06 kHz. The maximum pulse energy and peak power are 0.567 uJ and 0.93 W,
respectively. Our experimental results show that the 3-GayOs3 crystal has great potential in the
development of an all-solid-state 1 um pulsed laser.
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1. Introduction

It is well known that saturable absorbers play an important role in Q-switching and
mode locking operation [1-4]. Therefore, the development of different kinds of saturable
absorbers as passive Q-switching devices, to achieve high-quality pulsed laser output,
has always been a hot research field. At present, the research on saturable absorbers is in
full swing. There are not only traditional saturable absorbers, such as dyes and transition
metal ion-doped crystals, but also some new phase change materials, including bulk
semiconductors and two-dimensional materials [5-9]. The pulsed laser realized by some
of the materials has important application prospects in industrial processing, high-energy
lasers, scientific research, and so on [10-12]. Particularly, ~1 um near-infrared lasers, which
have the advantages of high pulse energy and high peak power, can be widely used in
space communication, nonlinear spectroscopy, biomedicine, military, and many other
fields [13-15]. However, traditional materials often have their own shortcomings, such
as limited types, single wavelength, and long-term operation stability, which need to be
improved. Therefore, how to develop a stable, reliable and efficient new saturable absorber
for application in the ~1 um near-infrared band is a problem worthy of further discussion.

Gay0;3 is a semiconductor material with an ultra-wide band gap (~4.8 eV) and high
conductivity [16,17]. Therefore, GayOs is an electronic and optical material with great
potential. Because of its unique physical and chemical properties, it has received great
attention from researchers in different areas, so it has been applied in many fields, including
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in photo-detectors, photo-catalysis, field effect transistors, and so on [18-21]. GayOs3
polymorphic, similar to Al,O3, which makes it particularly interesting in applications.
-GayOs has a monoclinic structure and is the most stable phase, both physically and
chemically [22,23]. 3-GapOj; also inherits the excellent physical and chemical properties
common to all phases of Ga;O3 [24,25]. These excellent properties make it clear that
-GapOs; has great potential for application in saturable absorbers. However, as far as we
know, there are still no reports on the application of pure 3-GapOj3 crystals to saturable
absorbers, and even the application of other oxide materials to saturable absorbers is rarely
reported.

In terms of the 3-GayOj3 crystal growth method, the common large-size crystal growth
method is a melting method, similarly to the Czochralski method, EFG method, Bridgman
method, and so on [26-28]. We have successfully grown high-quality 3-GayO3 using the
optical floating zone (OFZ) method, which is a method of growing crystals without a
crucible, and is usually used to study and explore the properties of materials. This method
has the advantages of simple operation, few equipment requirements, and the ability to
even grow crystals in the air environment. Compared with the Czochralski method, the
floating zone method has the advantages of simple operation and a short cycle, and can
effectively reduce the economic cost of crystal growth. Compared with the Verneuil process,
the crystal quality is better [29,30]. This method solves many technical problems, such
as complex equipment, difficult operation, easy introduction of impurities, inability to
guarantee the growth quality, and so on. We systematically characterized the chemical and
optical properties of the synthesized 3-GapO3. The crystal is of good quality; it is pure and
crack free. At the same time, we realized the optical modulation of 3-GayOs in pulse laser
generation for the first time on the laser device with b-cut Nd:GYAP (Nd:Gdg 1Y 9AlO3)
as the laser medium [31]. The maximum average output power is 195.1 mW, which is
obtained at 1080.4 nm. The corresponding shortest pulse duration is 606.54 ns and the
maximum pulse repetition rate is 344.06 kHz. The maximum single pulse energy is 0.567 pJ
and the maximum peak power is 0.93 W. From the experimental results, we have obtained
a relatively stable pulsed laser with a short pulse width and large repetition frequency,
which shows that 3-GayOs3 has good saturable absorption properties. Compared with the
common two-dimensional material saturable absorbers of around 1 pum, such as graphene,
graphene oxide, black phosphorus (BP), topological insulators (TI), and transition metal
dichalcogenides (TMDs) [5,32,33], 3-GaOs, as a crystal plate, is easy to mass produce,
the product performance is stable, and it is not easy to damage. The experimental results
are also easy to replicate. At the same time, compared with other crystal planes used as
saturable absorbers of around 1 pm, such as Cr**:YAG, Cr?*:ZnS, C02+:LaMgA111019, and
V3+:YAG, the thermal conductivity of the 3-GayO; crystal is about 27 W-m~1.K~!, which
is much larger than that of ZnS(0.561 W-m~!.K~1), LaMgAl;;019(2.55 W-m~1.K~1), and
YAG(12.9 W-m~1.K~1) [34-40]. This indicates that the 3-Ga,O3 crystal is favorable for the
output of laser pulses with a high peak power and high repetition rate. We believe that our
work will provide an important reference for the potential applications of nonlinear optical
devices related to crystal growth and optical modulation.

2. The Preparation and Characterization of 3-Ga,O3

The -GayOj3 single crystal was grown by the optical floating zone (OFZ) method,
using a Quantum Design IRF01-001-00 infrared image furnace (IR Image Furnace G3,
Quantum Design Japan). Ga,O3 powder (purity: 99.9999%, Alfa Aesar) was employed as
the raw material. The raw material was pressed into a rod using a cold isostatic press. The
rod was subsequently sintered at 1400 °C for 10 h in air. Moreover, a <010> oriented crystal
was used as the seed. Growth was carried out using a Quantum Design IRF01-001-00
infrared image furnace. The sintered rod and seed were rotated at 10 rpm in opposite
directions, and the crystal was grown in flowing air at a speed of 6 mm/h. Figure 1 shows
a photo of the as-grown 3-GayOs single crystal. After growth, the as-grown sample was
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cutinto 6 x 5 x 1 mm? wafers and subjected to chemical mechanical polishing to form a
0.5-millimeter-thick wafer parallel to the (100) plane to measure its optical properties.

SIOM S=SIOm = SIOM
-_— -_—

B-Ga,0s

Figure 1. The photo of as-grown (3-Ga;Oj3 single crystal.

The X-ray rocking curve was measured using a Bruker D8 Discover X-ray diffrac-
tometer with a Cu Ka line at 40 kV and 40 mA. The optical transmittance spectrum was
collected using a Lambda 1050+ UV /Vis/NIR spectrometer (PerkinElmer). Figure 2 shows
the X-ray rocking curve of the 3-GapO3 (400) plane. The full width at half maximum
(FWHM) is 100.8 arcsec. This shows that the 3-GayOj3 crystal is a single crystal with good
crystallization quality. Figure 3 shows the optical transmission spectrum of the 3-GayO3
single crystal. The 3-GaOj3 single crystal wafer indicates high transmittance, between
80% and 82%, from the visible wavelength to the infrared (IR) wavelength region. The
transmittance spectrum exhibits a cutoff absorption edge at around 255 nm. This was a
result of the intrinsic absorption caused by the transition from the valence band to the
conduction band [41].
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Figure 2. X-ray rocking curve of the 3-GayOs single crystal ((400) plane).
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Figure 3. The optical transmission spectrum of the 3-Ga,O3 single crystal.

3. Experimental Results and Discussion

To study the saturable absorption characteristics of $-GayO3 SA in the 1 um wave-
length region, a passively Q-switched laser, composed of a Nd:GYAP laser crystal and
B-GayO3 SA, was constructed, as shown in Figure 4. The crystal was cuttoa4 x 4 x 5 mm?3
cuboid, along the b axis. The pump source is an 808 nm fiber-coupled semiconductor laser
diode (LD), and the core diameter is 400 pm, with an aperture of 0.22. Using an optical
imaging system (1:1 imaging module), the spot radius of the pump laser beam focused
on the Nd:GYAP crystal is 200 pm. The resonator uses an input mirror M1 with high
reflection from 1050 nm to 1100 nm and high transmittance from 800 nm to 820 nm, and
an output mirror M2 with 10% transmittance from 1050 nm to 1100 nm. 3-GayO3 SA is
inserted between M2 and the gain crystal. During normal operation, the Nd:GYAP crystal
is wrapped in indium foil and maintained at 17 °C by a chiller to minimize the thermal
lens effect.

— 808nm LD

1:1 Focusing System

Fiber B Nd:GYAP

M1

-Ga,0s-
B-Ga,0,-sA N5

Figure 4. Schematic experimental setup of the 3-Gap,O3 SA Q-switched Nd:GYAP laser.

When no saturable absorber is added, a continuous wave (CW), with a threshold of
0.759 W, is obtained. Then, we insert the prepared (3-Ga;O3 SA into the laser cavity to
realize the Q-switched pulse. During the experiment, the average output power of the
CW and Q-switched lasers is measured as a function of pump power. It is obvious from
Figure 5 that the average output power of the two groups increases linearly with the pump
power. After linear fitting, the slope efficiency of the CW and Q-switched lasers are 28.6%
and 10.2%, respectively. When the absorption pump power of the CW laser is 3.75 W, the
maximum output power is 0.9262 W, and, at this time, it reaches the highest Q-switched
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average output power of 195.1 mW. The slope efficiency of the Q-switched laser is lower
than that of the continuous laser, which is mainly due to the unsaturated absorption loss of
Ga203 SA.
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Figure 5. The average output power of Nd:GYAP laser in different operation regimes.

The pulse generation is due to the sudden decrease in the laser oscillation threshold,
caused by the complete saturated absorption of SA. After the first pulse output, the
absorption of SA returns to a higher initial value, and the inverted particle swarm can
accumulate again to prepare for the formation of the next pulse. According to the principle
of passive Q-switched pulses, at a high pump power, a short saturation absorption period
and strong stimulated radiation are helpful to produce pulses with a high repetition rate
and narrow pulse width, respectively. Therefore, with the increase in pump power, the
duration of the Q-switched pulse narrows, and the number of pulses in the same time
period increases. Figure 6 shows the variation in pulse width and repetition frequency
with increasing pump power. With the increase in pump power from 2.256 W to 3.751 W,
the repetition rate curve shows a continuous upward trend from 88.67 kHz to 344.06 kHz,
while the width of a single pulse decreases from 2030.39 ns to 606.54 ns. Figure 7 shows
the oscilloscope image at the highest repetition frequency and the shortest pulse. Through
the relatively neat pulse sequence in the picture, we also know that we have obtained a
relatively stable and neat pulse laser.
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Figure 6. Dependences of pulse width and repetition rate on absorbed pump power.
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Figure 7. Temporal pulse train and single pulse profile from the B-Ga;O3-SA Q-switched

Nd:GYAP laser.

Based on the average output power, pulse width, and repetition frequency, the cor-
responding single pulse energy and peak power of the Q-switched laser are calculated.
The single pulse energy and peak power increase with the increase in pump power, which
proves that our laser output is in Q-switched mode rather than relaxation oscillation mode.
When the pump power is 3.75 W, the maximum single pulse energy is 0.567 ] and the
maximum peak power is 0.93 W. We also measured the central wavelength of laser emis-
sion. Figure 8 shows the emission wavelength in the Q-switched region, with a peak at
about 1080.4 nm. The inserted 3-Ga;O3 SA does not change the emission wavelength of the
Nd:GYAP laser. Furthermore, as a stable bulk sample, as long as the laser output power and
temperature do not reach the threshold of damage or crack, the 3-Ga,O3 saturable absorber

can continuously and stably output the pulsed laser and can be reused many times.
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Figure 8. The laser emission spectrum of Nd:GYAP laser in Q-switching regimes.
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4. Conclusions

In summary, we have successfully grown high-quality 3-Ga;O3 used the OFZ method,
and have used them as saturable absorbers, to realize the output of the pulsed laser,
for the first time. The synthetic method is simple and practical, with low cost and low
environmental requirements, and the grown crystal is pure and crack free. At the same
time, the 3-GayOj3 crystal is applied to a Nd:GYAP solid-state laser for the first time, and
the pulsed laser output is realized. The maximum average output power of 195.1 mW
is obtained at 1080.4 nm. The corresponding minimum pulse width is 606.54 ns and the
maximum pulse repetition frequency is 344.06 kHz. Our results will promote the research
of more Q-switched crystals and expand their potential applications in the field of
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