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A B S T R A C T

In this paper, we investigated the self-Q-switched (SQS) operation in Tm:YAG crystal. The diode-pumped SQS
Tm:YAG laser was operated at a central wavelength of 2006 nm. With the pump power of 4.4 W, we got two sets
of data: (1) the optical conversion efficiency of the SQS operation with output coupler (OC) of 10% was 12.50%,
and the corresponding output power was 0.55 W; (2) the optical conversion efficiency of the SQS operation with
OC of 15% was 19.77%, and the corresponding output power was 0.87 W. Thus, Tm:YAG crystal could be widely
used in SQS lasers. In addition, GaSe saturable absorbers (SAs) with broadband nonlinear saturable absorption
properties were fabricated and employed as SAs for passively Q-switched Tm:YAG lasers. Attributing to the weak
evanescent field and long interaction length, GaSe SAs could work at high-power regime and wide-wavelength
range. In summary, GaSe is a good 2D SA material in wide-wavelength range.

1. Introduction

In recent years, passively Q-switched lasers were of great sig-
nificance on many respects such as scientific research, medical appli-
cation, material processing, range finding, remote sensing and non-
linear frequency conversion [1]. Compared with passively Q-switched
lasers, SQS operation could avoid the complex structure and the insert
loss of Q-switchers. Thus, the SQS crystals have become a research
focus among native and foreign researchers. SQS operation firstly re-
ported in ruby lasers by Freund [2], and SQS is a simple Q-switched
operation without any other modulation elements inside the laser
cavity. In recent years, many crystals were used in SQS lasers [3–9].

Transition-metal dichalcogenides (TMD) are highly anisotropic
layered materials. With excellent physical–chemical properties, they
could instead complement graphene and other semiconductors in many
fields [10–13]. The typical TMD materials are tungsten disulfide (WS2),
molybdenium disulfide (MoS2) and so on. Gallium selenide (GaSe) is a
p-type semiconductor with high-resistivity layered structure [14,15].
The bandgap energy (2.11 eV) of GaSe is closely to direct bandgap,
which makes electrons easily to transfer with smaller thermal energy
[16,17]. With wide optical transparency from visible to far-infrared,
high birefringence characteristics, high thermal stability and high laser
threshold damage, GaSe could be widely used in many optical systems.
Moreover, GaSe was employed in fields of transistors, photo detectors,
nanophotonics devices, second harmonic generation nonlinear optical

materials and THz emitters.
In this paper, we investigated the self-Q-switched (SQS) operation in

Tm:YAG crystal. The diode-pumped SQS Tm:YAG laser was operated at
a central wavelength of 2006 nm. With the pump power of 4.4 W, we
got two sets of data: (1) the optical conversion efficiency of the SQS
operation with output coupler (OC) of 10% was 12.50%, and the cor-
responding output power was 0.55 W; (2) the optical conversion effi-
ciency of the SQS operation with OC of 15% was 19.77%, and the
corresponding output power was 0.87 W. Thus, Tm:YAG crystal could
be widely used in SQS lasers. In addition, GaSe saturable absorber (SA)
was fabricated by liquid phase stripping method. The Raman spectro-
meter, atomic force microscope (AFM) and nonlinear absorption spec-
trum were used to characterize the molecular bond, morphology, layer
number and saturable absorption properties of GaSe SA. In summary,
GaSe is a good 2D SA material in wide-wavelength range.

2. Experiential setup

Fig. 1 shows the experimental setup of the SQS Tm:YAG laser. The
pump light source was a fiber-coupled diode-laser with the central
wavelength of 792 nm. Through focusing optics with numerical aper-
ture of 0.22, the pump light was focused into the laser crystal. The
Tm:YAG crystal had a dimensions of 3 mm × 3 mm × 5 mm with Tm
concentration of 2 at.%. The input mirror M1 was flat mirror with HR
(high-reflection)-coated at 2 µm and HT (high-transmission)-coated at
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792 nm. The crystal with cooling temperature at 20 °C is used. The OC
mirror M2 was a flat mirror with transmission of 10% and 15% at 2 µm.

3. GaSe saturable absorber for SQS operation

With all the mirrors in the laser cavity aligned, CW operation could
be achieved. And then slightly adjust the input coupler or the output
coupler, leading to an unstable SQS operation. The spectral widths of
the CW and self-Q-switched operation were 2.8 nm and 2.5 nm. Fig. 2
shows the pulse train of the SQS Tm:YAG laser with OC of 10%.
Fig. 2(a) shows the multiple pulse trains, and Fig. 2(b) shows one ty-
pical pulse profile. Fig. 3 shows the pulse train of the SQS Tm:YAG laser
with OC of 15%. Fig. 3(a) shows the multiple pulse trains, and Fig. 3(b)
shows one typical pulse profile. When the SQS operation was occurred,
the power jitter was less than 2.5%. Therefore, the SQS operation was

quite stable. The SQS operation in Tm:YAG crystal may cause by the
thermal lensing effect which lead to the changes of refractive index
with the laser intensity. Finally, a time-dependent lens had be formed
inside the crystal and lead to the nonlinear loss mechanism [18].

Fig. 4 shows the output power versus the incident pump power
under CW and SQS operations. The line showed the relationship
between the incident pump power and the output power of the CW
operation with OC of 10%. The pump power increased from 1.4 W to
4.4 W, and the output power increased from 0.02 W to 1.03 W. The
line showed the relationship between the incident pump power and the
output power of the CW operation with OC of 15%. The pump power
increased from 1.6 W to 4.4 W, and the output power increased from
0.11 W to 1.52 W. With the pump power of 4.4 W, we got two sets of
data: (1) the optical conversion efficiency of the CW operation with OC
of 10% was 23.41%; (2) the optical conversion efficiency of the CW
operation with OC of 15% was 34.55%. The line showed the re-
lationship between the incident pump power and the output power of
the SQS operation with OC of 10%. The pump power increased from
2 W to 4.4 W, and the output power increased from 0.066 W to 0.55 W.
The line showed the relationship between the incident pump power

Fig. 1. Experiential setup of the SQS Tm:YAG laser.

Fig. 2. The pulse train of the SQS Tm:YAG laser with OC of 10%.

Fig. 3. The pulse train of the SQS Tm:YAG laser with OC of 15%.

Fig. 4. The output power versus the incident pump power under CW and SQS
operations.

Fig. 5. The relationship between different laser condition and the pump power
in SQS operation.

Fig. 6. Spectrum of the CW and SQS operations with OC of 15%.

Table 1
The SQS operation in Tm:YAG crystal with other Tm-doped crystals.

Crystal Output
power

Pulse width Mechanism Ref

Tm:YLF 0.61 W 1.5 μs Saturable GSRA effect [8]
Tm:YAlO3 – 12.5 μs Nonlinear dynamics with

chaotics
[20]

Tm:YAP 1.68 W 1.64 μs Time-depended lens [21]
Tm:YAG 0.87 W 2.57 μs Time-depended lens [Paper]
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and the output power of the SQS operation with OC of 15%. The pump
power increased from 2.2 W to 4.4 W, and the output power increased
from 0.069 W to 0.87 W. With the pump power of 4.4 W, we got two
sets of data: (1) the optical conversion efficiency of the SQS operation
with OC of 10% was 12.50%; (2) the optical conversion efficiency of the
SQS operation with OC of 15% was 19.77%.

Fig. 5 shows the relationship between different laser conditions (the
pulse width and repetition rate) and the pump power in SQS operation.
The line showed the relationship between the pump power and the
pulse width with OC of 15%. The pump power increased from 1.5 W to
4.5 W, and the pulse width decreased from 6.40 μs to 2.57 μs. The
line showed the relationship between the pump power and the pulse
width with OC of 10%. The pump power increased from 1.5 W to 4.5 W,
and the pulse width decreased from 7.48 μs to 3.03 μs. The line
showed the relationship between the pump power and the repetition
rate with OC of 10%. The pump power increased from 1.5 W to 4.5 W,
and the repetition rate increased from 22.28 kHz to 60.24 kHz. The
line showed the relationship between the pump power and the repeti-
tion rate with OC of 15%. The pump power increased from 1.5 W to

4.5 W, and the repetition rate increased from 26.13 kHz to 69.94 kHz.
Fig. 6 shows the spectrum of the CW and SQS operations with OC of

15%. The central wavelength of the Tm:YAG laser was 2006 nm. The
output spectrum was consistent with the peak fluorescence wavelength
of the Tm:YAG crystal.

The SQS mechanism in Tm-doped crystal could be explained by the
nonlinear dynamics time-depended lens inside the crystal [18,20–21].
The changing refractive index caused by thermal lensing effect inside
the Tm:YAG crystal leading to the time-dependent lens. In Table 1, we
have compared the SQS operation in Tm:YAG crystal with other Tm-
doped crystals.

4. GaSe saturable absorber for passively Q-switched operation

The laminate of GaSe nanosheets was fabricated by liquid

Fig. 7. Characterization of GaSe SA.

Fig. 8. (a) The multiple pulse trains (20 μs/div), (b) one typical pulse profile (500 ns/div).

Fig. 9. Output power versus pump power under passively Q-switched opera-
tions with OC of 10%.

Fig. 10. Functions of the pulse width, repetition rate and the pump power.
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exfoliation method. Firstly, added 0.1 g GaSe powder (purity of 99.9%)
into 50 ml mixture solution (alcohol and water of 3:7), ultrasound the
mixture solution for 6 h. Secondly, centrifuged the solution for 30 min
at speed of 2500 rpm, then stirred its supernatant with 50 ml PVA (4 wt
%) for 7 h. Then, transferred the mixture to quartz chip and put the
quartz chip in the dryer for 24 h at 25 ℃. Finally, the GaSe saturable
absorber was ready.

The nonlinear absorption property T could be expressed as follows:

= − − − −T 1 T T exp( I/I )s1 2

where, T1 is unsaturated absorbance, T2 is modulation depth, I and Is
are laser intensity and laser saturation intensity.

Fig. 7 shows the characterization of GaSe SA. Fig. 7(a) shows the
AFM images of intentionally scratched samples. The step height was
5.8 nm, and this sample has 6 layers. Raman spectroscopy is a non-
destructive characterization of GaSe SA. Fig. 7(b) shows the reflecting
Raman spectrum of few-layer GaSe SA by using a 532 nm laser at room
temperature. The in-plane vibration peak E12g and out of-plane vibration
peak A1

2g belonged to GaSe material [19]. In Fig. 7(c), the nonlinear
absorption property of GaSe SA is demonstrated using a femtosecond
laser with 780 fs pulses at 1040 nm. The experimental results indicated
that the saturation intensity and modulation depth were 167 MW/cm2

and 6.7%, respectively.
Firstly, recovered all the mirrors aligned and found the CW opera-

tion. Then, inserted GaSe SA into the laser cavity, the passively Q-
switched operation could be obtained. Fig. 8 shows the pulse train of
passively Q-switched Tm:YAG laser with OC of 10%. Fig. 8(a) shows the
multiple pulse trains, and Fig. 8(b) shows one typical pulse profile.

Fig. 9 shows the output power versus pump power under passively
Q-switched operations with OC of 10%. The pump power increased
from 2.6 W to 4.4 W, and the output power increased from 0.05 W to
0.9 W. The slope efficiency of the passively Q-switched operation was
20%. Fig. 10 shows the functions of pulse width, repetition rate and
pump power. The dash line showed the relationship between pump
power and pulse width with OC of 10%. The dot line showed the re-
lationship between pump power and pulse width with OC of 10%. The
pump power increased from 2.6 W to 4.5 W, the pulse width decreased
from 684 ns to 500 ns, and the repetition rate increased from 32.6 kHz
to 66.8 kHz.

5. Conclusion

In this paper, a fiber-coupled diode-pump SQS Tm:YAG laser at
2006 nm was designed. With the pump power of 4.4 W, we got two sets
of data: (1) the optical conversion efficiency of the SQS operation with
OC of 10% was 12.50%; (2) the optical conversion efficiency of the SQS
operation with OC of 15% was 19.77%. In addition, GaSe SA was
fabricated and employed as a SA for passively Q-switched Tm:YAG
laser. The passively Q-switched operation with 10% OC was demon-
strated. The repetition rate of 66.8 kHz, narrowest pulse width of
500 ns were obtained. In summary, GaSe is a good 2D SA material in

wide-wavelength range.
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