
Passively Q-switched self-frequency doubling
Nd3+:ReCa4O(BO3)3 (Re = Y, Gd) lasers with

tin diselenide as a saturable absorber

Yuxiang Sun (孙玉祥)1, Mengxia Wang (王梦霞)1, Xinle Wang (王新乐)1,
Ying Zhou (周 莹)1, Bo Wang (王 波)1,2, Zhengping Wang (王正平)1,2,*,

Fapeng Yu (于法鹏)1,**, and Xinguang Xu (许心光)1,2

1State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China
2Key Laboratory of Functional Crystal Materials and Device (Shandong University), Ministry of Education,

Jinan 250100, China
*Corresponding author: zpwang@sdu.edu.cn; **corresponding author: fapengyu@sdu.edu.cn

Received January 19, 2019; accepted March 14, 2019; posted online May 21, 2019

With tin diselenide (SnSe2) film as a saturable absorber (SA), the passively Q-switched self-frequency doubling
(SFD) lasers were realized in Nd3+:ReCa4O(BO3)3 (Re =Y, Gd) crystals. For Nd:YCa4O(BO3)3 crystal, the maxi-
mum average output power at 532 nm was 19.6 mW, and the corresponding pulse repetition frequency, pulse
duration, single pulse energy, and peak power were 17.6 kHz, 91.9 ns, 1.1 μJ, and 12.1 W, respectively. For Nd:
GdCa4O(BO3)3 crystal, these values were 14.5 mW, 22.1 kHz, 48.7 ns, 0.66 μJ, and 13.5 W.
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Recently, two-dimensional (2D) transition metal
dichalcogenides (TMDCs) or transition metal diselenides
(TMDSs) have attracted great attention for potential
applications in the field of nonlinear optics[1–6] due to their
special physical properties, like sizable bandgap, layer-
dependent characteristic, and broadband saturable
absorption[7–12]. Molybdenum disulfide (MoS2) is a repre-
sentative TMDC. Monolayer MoS2 is a direct bandgap
semiconductor, whereas the gap of multilayer MoS2 is
indirect[13,14]. In such a material, the atoms within the same
layer are held together by a strong covalent bond, while
the interlayer force is a weak van der Waals interaction.
Therefore, few-layer MoS2 nanosheets can be exfoliated
easily. Its unique and significant advantages can be ap-
plied to many fields.
Among the nonlinear optical applications, saturable

absorption is an important one that can develop into
optical modulators for passive Q-switching or mode-
locking to obtain large energy and high peak power laser
pulses. Using MoS2 as a saturable absorber (SA), the pas-
sivelyQ-switched (PQS) lasers were reported at 1.06, 1.08,
1.42, and 2.1 μm[15–17]. Stable Q-switched operation was
also achieved for the tunable laser from 1030 to
1070 nm[18]. Besides, MoSe2 film was reported as the SA
of Yb-, Er-, and Tm-doped fiber lasers[19,20]. Recently,
GaSe/SnS2 composite nanomaterial and CdTe/CdS
quantum dots also realized PQS operations[21,22]. As for
passive mode-locking, many TMDCs and TMDSs nano-
materials, including MoTe2∕WTe2

[23], SnS2
[24], MoS2

[25],
WS2

[26,27], and ReS2
[28], have been used in Er-doped or

Yb-doped fiber lasers.
Tin diselenide (SnSe2) is a newly developed IV–VI group

TMDS and possesses many excellent photoelectronic

properties, such as controllable band gap, fast response,
high electronic affinity, and large modulation depth[29–33].
Its saturable absorption property has been used in the pas-
sive Q-switching of waveguide, fiber, and crystal lasers at
1 μm waveband[34–36]. In this Letter, we reported its PQS
performances in Nd:ReCa4OðBO3Þ3 (Nd:ReCOB)
(Re ¼ Y, Gd) self-frequency doubling (SFD) lasers. The
optimum pulse width, pulse energy, and peak power
reached 48.7 ns, 1.1 μJ, and 13.5 W, respectively. As we
have known, it is the first time, to the best of our knowl-
edge, that a 2D nanomaterial is used to generate SFD laser
pulses. Because SFD is a convenient, cheap route to obtain
a visible (VIS) laser, its successful cooperation with 2D
nanomaterials will be helpful for larger scale production
and lower cost, as well as superior properties. Such green
pulsed lasers will hopefully obtain important applications
in many scopes, such as three-dimensional laser scanning,
data storage, contamination detection, spectroscopy, and
microsurgery.

The schematic of the experimental setup is shown in
Fig. 1. An 808 nm fiber-coupled laser diode (LD)
(Limo35-F100-DL808-LM) with a core diameter of
100 μm and numerical aperture (NA) of 0.22 served as
the pump source. An optical coupling system (OCS)
was used to collimate and focus the pump beam into
the laser crystal with a beam transfer ratio of 1:1. The
SFD laser crystal was 10 mm thick Nd:YCa4OðBO3Þ3
(Nd:YCOB) or Nd:GdCa4OðBO3Þ3 (Nd:GdCOB), which
was processed along the type-I phase-matching direction
for 1064 nm fundamental light. Its input face was high
transmission (HT) coated at 808 nm and high reflection
(HR) coated at 1064 and 532 nm, which served as the total
reflection mirror of the laser resonator. Its output face was
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antireflection (AR) coated at 1064 and 532 nm and HR
coated at 808 nm. The crystal was wrapped with indium
foil and then mounted into a water-cooled copper block,
whose temperature was kept at 15°C. The output mirror
was planar, which was HR coated at 1064 nm and HT
coated at 532 nm. The total cavity length was about
16 mm. To accurately measure the output power of the
SFD green laser, a filter was used to eliminate the leaked
fundamental wave and pump light. The temporal behav-
iors of the laser pulses were monitored by a 1 GHz digital
oscilloscope (DPO 7104, Tektronix Inc.) with a suitable
photodiode detector (Model 1621, New Focus, response
time 1 ns, decay time 1.5 ns).
Based on the liquid-phase exfoliation (LPE) method,

SnSe2 dispersion solution was prepared. Firstly, 0.1 g
SnSe2 powder was added into 10 mL alcohol (30%). Then,
the mixture was placed in an ultrasonic cleaner for 12 h.
Subsequently, it was centrifuged at a rate of 3000 r/min
for 15 min. The top two-thirds of the dispersion was
collected by a pipette. Because of the removal of large sed-
imentations, the stability as well as the transmittance of
the extracted dispersion improved significantly. Next, the
SnSe2 dispersion was mixed with a 4 wt. % polyvinyl
alcohol (PVA) solution at the volume ratio of 1:2. After-
ward, the SnSe2-PVA solution was placed in the ultra-
sonic cleaner for 2 h. Finally, the SnSe2-PVA dispersion
solution was dropped on a 1 mm thick quartz substrate,
and the dried component was used as the SA for solid-
state laser experiments. The samples at different stages
are shown in Fig. 2.

The linear transmission spectrum of the SnSe2 SA was
measured in the range of 200–1600 nm with a UV/VIS/
near-IR (NIR) spectrophotometer (Hitachi UH4150).
The result is shown in Fig. 3. As a comparison, a curve
of blank quartz substrate was also measured and demon-
strated. As can be seen from Fig. 3, a broad, nearly
constant transmission of 77% was measured from 700 to
1600 nm. The net absorbance of the SnSe2-PVA film
was about 90% at the 1000 nm waveband. This absorbance
was similar with the value reported by Cheng et al.[34]. So, in
terms of thickness, our SnSe2-PVA filmwas basically equiv-
alent to their sample, i.e., the chemical vapor deposition
(CVD) prepared pure SnSe2 film with a thickness of 22 nm.

Using an optical parametric oscillator (OPO) laser
(Continuum, Horizon) with a wavelength of 1064 nm,
pulse width of 6 ns, and repetition rate of 10 Hz, we
directly investigated the nonlinear saturable absorption
property of the SnSe2-PVA film. As a background experi-
ment, the transmission of the blank quartz substrate was
also measured under the same conditions, and no nonlin-
ear absorption behavior was observed. The saturable
absorption experimental data are displayed in Fig. 4,
which could be fitted by the following formula[37]:

Fig. 1. Experimental set-up of SnSe2 PQS SFD laser. 1, SFD
crystal; 2, SnSe2 SA; 3, output mirror; 4, filter; 5, beam splitter;
6, power meter; 7, oscilloscope.

Fig. 2. a, The SnSe2-PVA dispersion solution. b, The SA with
SnSe2-PVA thin film.

Fig. 3. Transmission spectra of SnSe2 SA and blank quartz
substrate.

Fig. 4. Transmittance variation of SnSe2 SA with incident
power intensity of 1064 nm.
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T ¼ A exp
�
−δT
1þ I

I s

�
;

where T , A, δT , I , and I s are the transmittance of the
sample, normalized constant, absolute modulation depth,
incident light intensity, and saturation intensity, respec-
tively. The absolute modulation depth of the SnSe2 SA
was fitted to be 7.9%, and the fitted saturation intensity
I s was 4.5 MW∕cm2. When the incident intensity was
16 MW∕cm2, the actual modulation depth of this compo-
nent was 2.3% (78.7% → 81.0%).
When the SnSe2 SA was removed from the resonator,

the continuous-wave (cw) SFD laser performance was
measured. By inserting the SnSe2 SA into the laser cavity,
the PQS operation was realized. The detailed results of the
Nd:YCOB crystal are shown in Fig. 5, and those of the Nd:
GdCOB crystal are shown in Fig. 6.
As presented in Fig. 5a, the maximum cw green power

of the Nd:YCOB crystal was 315 mW at an incident pump
power of 5.01 W. The corresponding threshold pump
power was 0.33 W. For PQS operation, the threshold
pump power was 2.1W. Here, we stated that in our experi-
ments the SFD threshold was always identical to the fun-
damental laser threshold, whether for cw SFD operation
or for Q-switched SFD operation. Compared with the cw
laser, the PQS laser exhibited much higher pump
threshold and much smaller output power. This perfor-
mance could be attributed to the large inserting loss
brought by the SnSe2 SA, whose quartz substrate was
not AR coated at 1064 or 532 nm. This situation meant
that large unsaturable loss was added to the laser cavity,
which could be improved in the future. After the insertion
of SnSe2, we did not observe cw operation at any input
power level. Stable Q-switching operation was acquired
in the pump region of 2.4–4.1 W. The highest Q-switched
SFD output power was 19.6 mW at the incident pump

power of 4.13 W. The pulse characteristics are demon-
strated in Figs. 5b and 5c. With the increase of pump
power, the pulse repetition rate, single pulse energy,
and peak power all elevated, and the pulse width
decreased. The shortest pulse width was 91.9 ns, and
the highest pulse repetition rate was 17.6 kHz, as shown
in Fig. 5d. In the pulse train, the timing jitter of the pulse
amplitude was �12%. The single pulse energy and peak
power corresponding to the Fig. 5d were 1.1 μJ and
12.1 W, respectively. Further enhancing the pump power,
the pulse performance degraded apparently, and the pulse
sequence became disordered, although no obvious damage
was observed on the SnSe2 SA.

For the Nd:GdCOB crystal, the maximum cw green
power was 181 mW, which was obtained at an incident
pump power of 4.55 W. Compared with the cw SFD laser
operation, the Q-switched threshold pump power in-
creased to 1.15 W from 0.72 W. The pump power region
for stable Q-switching was 1.5–3.3 W. When the pump
power was higher than 3.3 W, the pulse sequence turned
disordered, but no damage was observed on the SA, just
like the phenomenon of Nd:YCOB when the pump power
exceeded 4.1 W. At an incident pump power of 3.3 W, the
maximum Q-switched average output power was
14.5 mW. The detailed pulse characteristics versus the
incident pump powers are shown in Figs. 6a–6c. The maxi-
mum single pulse energy and the highest peak power were
0.66 μJ and 13.5 W, respectively, corresponding to the
shortest pulse width of 48.7 ns and the highest repetition
rate of 22.1 kHz, as demonstrated in Fig. 6d. In the pulse
train, the timing jitter of the pulse amplitude was �14%.

Lastly, it should be noted that under our experimental
conditions the PQS SFD operations were stable; for pulsed
Nd:YCOB and Nd:GdCOB SFD lasers, their fluctuations
at the largest output powers were both smaller than
�1 mW in 20 min.

Fig. 5. PQS SFD laser characteristics of Nd:YCOB crystal with
SnSe2 as SA. a, Output powers of cw and PQS lasers. b, Pulse
width and repetition rate. c, Single pulse energy and peak power.
d, Pulse train with a repetition rate of 17.6 kHz and single pulse
waveform with a width of 91.9 ns.

Fig. 6. PQS SFD laser characteristics of Nd:GdCOB crystal
with SnSe2 as SA. a, Output powers of cw and PQS lasers. b,
Pulse width and repetition rate. c, Single pulse energy and peak
power. d, Pulse train with a repetition rate of 22.1 kHz and single
pulse waveform with a width of 48.7 ns.
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In this Letter, SnSe2-PVA film was successfully
prepared and employed as the SA of a Nd:ReCOB
(Re ¼ Y, Gd) SFD green laser to realize PQS operation.
The best PQS results included 19.6 mW of average output
power, 48.7 ns of pulse width, 1.1 μJ of single pulse energy,
and 13.5 W of peak power. Compared with the cw output
power of 200–300 mW in similar conditions, the peak
power for PQS operation elevated by more than 40 times.
It will be favorable for some special applications, such as
nonlinear optics, microsurgery, contamination detection
and ion spectroscopy. In short, the present research raises
a novel, convenient, and low-cost way to fabricate a pulsed
VIS laser. It associates the new developed 2D material SA
technology with the relatively traditional SFD laser tech-
nology and has potential for large scale production and
wide application.

This work was supported by the Natural Science Foun-
dation of Shandong Province (No. ZR2017MF031).
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