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We demonstrate the fabrication process of rhenium diselenide (ReSe,) saturable absorber (SA) and its appli-
cation for passively Q-switched mode-locked Nd:GdTaO, laser. The characterization of this SA was described in
detail. The modulation depth of the ReSe, nanosheet was 11.4%. Under the pump power of 4 W, the maximum
average output power of 0.209 W was obtained with optical conversion efficiency of 5.2%. The estimated

shortest mode-locked pulse width was about 447 ps. Our results show that the shorter pulse width can be
obtained by ReSe, SA at 1066 nm.

1. Introduction

Two-dimensional (2D) nanosheets with excellent physical especially
in optics and chemical properties could be used as functional devices
both for the passively modulators and active modulators [1-5]. The
unique band structure of strong covalent bonds in layers and weak van
der Waals interaction between layers make the few-layer 2D materials
could be easily obtained from crystals [6-8]. Recently, ReSe, na-
nosheets were found to be a promising saturable absorber (SA) for ul-
trafast lasers [9-11]. The few-layer ReSe, nanosheet (6-8 layers) with
band gap of 1.28 eV, the corresponding absorption wavelength is
970 nm [12]. Therefore, it could be used as SA at the wavelength
around 1 um. In addition, the ReSe, nanosheet shows a strong in-plane
anisotropy due to the stable distorted 1T’ phase [13-16]. Compared
with other materials, ReSe, nanosheet shows larger nonlinear optical
response and damage threshold, which makes it more suitable for sa-
turable absorbers (SAs) in lasers.

Compared with widely used crystals for solid-state lasers,
Nd:GdTaO, crystal shows a wider absorption around 808 nm, which
makes it less sensitivity to the changing pumping wavelength. In ad-
dition, the low symmetry and high photoluminescence efficiency were
also the advantages for a gain medium in solid-state lasers. Therefore,
the Nd:GdTaO, crystal is a good candidate for mode-locked lasers
[17,18].

There are various methods for the preparation of small-layer 2D
material samples, such as chemical vapor deposition, magnetic

sputtering, mechanical stripping, physical vapor deposition and liquid
phase stripping. Among them, the liquid phase stripping method has
many advantages: simple fabrication method, the number of nanosheet
layers can be largely controlled by controlling the centrifugation time,
the nanosheet orientation uniformity is better by controlling the ul-
trasound rate and time. Thus, this method was always chosen to pre-
pare 2D material samples [19].

In this paper, we proposed and experimentally demonstrated a
passively Q-switched mode-locked Nd:GdTaO, laser with ReSe, SA
operated at 1066 nm. Firstly, the characterization of this SA was de-
scribed in detail. The linear transmission spectrum, nonlinear trans-
mission spectrum, the AFM and SEM photographs were used to show
the surface morphology and optical properties. Secondly, the passively
Q-switched mode-locked operation in Nd:GdTaO, laser also be re-
ported. Under the pump power of 4 W, the maximum average output
power of 0.209 W was obtained with the optical conversion efficiency
of 5.2%. Experimental results show that ReSe, nanosheet with excellent
optical saturable absorption property could be promising material for
SAs in ultrafast solid-state lasers especially for 1 um lasers.

2. Preparation and characterization of ReSe, SA

We used liquid-phase stripping method to prepare ReSe, SA. First,
0.2 g of the ReSe, powder with particle diameter less than 30 um was
added into 30 mL absolute ethyl alcohol. Secondly, the solution was
stirred by ultrasound for 300 min. Thirdly, a quartz sheet
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Fig. 1. UV-Vis-NIR linear transmission spectrum.
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Fig. 2. Nonlinear transmission spectrum.

(20 mm X 10 mm) was submerged into the solution completely.
Finally, left the quartz sheet at room temperature for 12 h.

As shown in Fig. 1, the ReSe, SA shows a broad transmission in the
400-1100 nm spectral range, and the transmissivity at 1066 nm was
81.16%. From Fig. 1, the transmissivity shows a strongly relations with
the wavelength. When the wavelength below 350 nm, the transmittance
drops sharply due to the strong absorption of ultraviolet high-energy
photons. However, when the wavelength is higher than 350 nm, the
transmittance remains basically unchanged. Our results show that the

(a) AFM photograph

Fig. 3. AFM and SEM photographs of the ReSe, nanosheet.
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Fig. 4. Schematic setup of the Nd:GdTaO, laser.
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Fig. 5. Power efficiency data of the CW and Q-switched mode-locked opera-
tions.

ReSe, nanosheet could be used as SA during a wide wavelength range.

The nonlinear transmission spectrum (See Fig. 2) was used to
measure the saturation intensity and modulation depth of ReSe, SA.
Indeed, the two indexes are important factors for evaluating the per-
formance of SAs. Here, we use an ultrafast laser with pulse during time
of 350 fs, central wavelength of 800 nm and pulse energy of 0.47 pJ.

The nonlinear transmission performance of the experimental data
could be fitted by [17]:

T=1-T - Tz-exp(—%)

S

where T; and T, are non-saturable absorbance and modulation depth of
SA, I and Is are laser intensity and saturation intensity of SA. After
calculation, the saturation intensity and modulation depth were

(b) SEM photograph
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(a) Temporal shape (500ns/div)

Fig. 6. Temporal shape and pulse trains of the Q-switched mode-locked Nd:GdTaO, laser.
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Fig. 7. Spectrum of Q-switched mode-locked Nd:GdTaO, laser.

291.97 MW/cm? and 11.4%, respectively.

In addition, in order to characterize the surface morphology and the
number of layers of the ReSe, nanosheet, the SEM and AFM photo-
graphs were measured (see Fig. 3). Form Fig. 3, the average thickness is
10.91 nm (corresponding layers number of 11) and the size of the na-
nosheet is 250 nm X 300 nm.

3. Experimental setup

Fig. 4 shows the schematic setup of the Nd:GdTaO, laser. The Q-
switched mode-locking laser was based on a standard X-folded cavity
with the length of about 1.8 m. A fiber-coupled diode laser (LD) with
the emission wavelength centered at 808 nm was used as the pump
source. The dimensions of the Nd:GdTaO, crystal was 3 X 3 X 5mm?>.
M; and M, are flat mirrors (high-transmission at 808 nm and high-
reflection at 1.06 uym). M, and M3 are concave mirrors with the radius
of curvature of 500 mm, the flat mirror OC is an output coupler with the
transmissions of 3.0% at 1.06 um. A 1:1 unpolarized beam splitter (BS)
was used to divided the output laser into two beams. One part was
recorded by a fast photo-detector and an oscilloscope, another part was
measured by a power meter.
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(b) pulse trains (20ns/div).

4. Experimental results and discussions

Firstly, CW operation was obtained with the optical conversion ef-
ficiency and the slope efficiency of 8.0% and 11.0%, respectively. The
threshold pump power of CW operation was 0.85 W. After that, the
ReSe, SA was set before the OC. When the pump power increased to
1.3 W, we got the Q-switched operation. With the pump power in-
creased to 1.7 W, the Q-switched mode-locked operation was obtained.
Fig. 5 shows the relationship of the laser output power versus pump
power. Under the pump power of 4 W, the maximum average output
power of 0.209 W was obtained with the optical conversion efficiency
of 5.2% by using ReSe, SA.

Fig. 6 shows the temporal shape of a Q-switched pulse envelope and
pulse trains of the Q-switched mode-locked Nd:GdTaO, laser. The
mode-locked pulses inside the Q-switched envelope is quite stable with
the repetition rate of 83 MHz. According to the expanded oscilloscope
traces of the mode-locked pulse within the Q-switched envelope shown
in Fig. 6 (b), the mode-locked pulse width can be estimated by the
formula [17]:
trzeal = tr%zeasure - t;robe - tozscilloscope’

Here, t,. is the real rise time of the pulse, t,,¢q5.r iS the measured rise
time, tprp. is the rise time of the probe and f,giioscope is the rise time of
the oscilloscope.

In this work, the average rise time of the mode-locked pulses is
0.53 ns. The rise time of oscilloscope is 0.35 ns and the rise time of the
probe is about 0.175 ns. Assuming that the pulse width is approxi-
mately 1.25 times more than the rise time, the estimated mode-locked
pulse width is about 447 ps.

The output spectrum of Q-switched mode-locked Nd:GdTaO, laser is
shown in Fig. 7. With ReSe, SA inserting in the laser cavity, laser line
peaked at 1066 nm with full width at half maximum (FWHM) of 2 nm
had been demonstrated, which is fully consistent with the fluorescence
spectrum shown in Ref. [17].

Some results of the ReSe, SAs based lasers were listed in Table 1.
Among these works, only this work had shown the ReSe, saturable
absorber in 1 um solid-state lasers. In Ref. [9], the laser wavelength was

Table 1

Results of the ReSe, SAs based lasers. QS: Q-switched, ML: mode-locked.
Lasers Gain medium Max Output power Shortest pulse width Modulation depth Wavelength Ref
Qs Ytterbium-doped fiber 5.6 mW 2.87 pus 28.75% @980 nm 1.06 um [9]
ML Waveguide laser ~100 mW 29 ps 8.5% @550 nm 1.06 um [10]

2.5%@1030 nm

QS Tm:YLF 180 mW 1.61 ps 6.86%@1910 nm 1.9 ym [11]
QS Er:-YAP 526 mW 202.8 ns 7.5% @3 pm 3 um [13]
QS Tm:YLF 862 mW 527.9 ns - 2 ym [14]
QS Tm:YLF 486 mW 716 ns 1.3%@1030 nm 2.3 pym [15]
Qs Nd:Y3Al50;5 ~600 mW 1.08 ps - 1.06 um [16]
QSML Nd:GdTaO, 209 mW 447 ps 11.4%@800 nm 1.06 pm This work
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closer (980 nm) to the band gap of the few-layer ReSe, nanosheet, and
the modulation depth is larger than our work, but we obtained the max
laser output power for Q-switched mode-locked operation.

5. Conclusions

Summarizing, we have demonstrated a passively Q-switched mode-
locked Nd:GdTaO, laser using ReSe, SA. Under the pump power of 4 W,
the maximum average output power of 0.209 W was obtained with the
optical conversion efficiency of 5.2%. The estimated shortest mode-
locked pulse width is about 447 ps. The ReSe, with good optical sa-
turable absorption property could be promising material for SAs at the
operation wavelength around 1 pm.
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