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Abstract
Enhancing the performance of saturable absorbers (SAs) crafted from two-dimensional (2D) narrow-bandgap materials is 
crucial for their use in ~ 2.0 µm pulse laser applications. In this context, a high-quality TaSe2 SA was successfully fabricated 
by mechanical exfoliation. The TaSe2 SA exhibited saturable absorption characteristics at around 2.0 μm, with a modulation 
depth of 7.1% and an unsaturated loss of 3.1%. Utilizing this newly fabricated SA, a passively Q-switched Tm:YAP laser 
operating near 2.0 μm was achieved. At the highest absorbed pump power of 5.58 W, the laser produced a maximum average 
output power of 1.34 W, with a pulse width measuring 550 ns at 89 kHz. This performance translates to a peak single pulse 
energy of 15.0 μJ and a maximum peak power of 27.27 W.

1  Introduction

 ~ 2.0 µm pulse lasers, crucial for deep tissue penetration 
and minimal scattering, are indispensable in advanced 
medical diagnostics and atmospheric sensing technolo-
gies [1–3]. Passive Q-switching technology is an effective 
method for generating pulsed lasers and employs a saturable 
absorber (SA) as a fundamental yet potent optical device that 
facilitates rapid transitions between absorption states, thus 

producing short-pulse lasers [4]. Semiconductor saturable 
absorber mirror (SESAM), commonly used as an SA, has 
limited wavelength tuning capabilities due to complex fab-
rication and restricted nonlinear optical bandwidths. Since 
2009, a diverse array of two-dimensional (2D) materials, 
such as graphene, black phosphorus (BP), transition metal 
dichalcogenides (TMDs), and MXenes, have been recog-
nized for their superior nonlinear absorption characteristics 
[5–9]. These materials demonstrate immense promise as 
SA due to their broad bandwidth, high nonlinear absorp-
tion coefficients, adjustable modulation depth, and satura-
tion intensity, along with ease of fabrication and integration. 
However, each 2D material also has its limitations employed 
as SA. For example, the modest absorptance (approximately 
2.3% for a single layer) and sparse density of states in gra-
phene impede the achievement of high modulation depths 
[5]. For TMDs, their extensive bandgaps restrict usage to 
visible and near-infrared spectra. Additionally, the principal 
challenge for real applications of BP and MXenes is their 
poor air stability [7, 9]. Consequently, there is an ongoing 
imperative to investigate novel 2D materials and structures 
to enhance the characteristics and efficacy of current satura-
ble absorbers, thereby advancing the development of passive 
Q-switched lasers.

Recent investigations have demonstrated that 2H-TaSe2 
constitutes an air-stable, two-dimensional semiconductor 
with a narrow bandgap of approximately 0.15 eV. It demon-
strates an ultrafast carrier saturation recovery time alongside 
a significant nonlinear absorption coefficient, positioning it 
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as a viable candidate for an SA in pulse generation appli-
cations. While the utilization of TaSe2 in generating solid-
state pulsed lasers within the 3.0 µm wavelength band has 
been documented [10], its application for lasers operating in 
the ~ 2.0 µm remains hitherto unreported.

In this investigation, 2H-TaSe2, fabricated via mechanical 
exfoliation, was utilized as an SA in the Tm:YAP bulk lasers. 
The nonlinear absorption properties were analyzed using a 
nondegenerate pump-probe setup. Employing 2H-TaSe2 as 
the SA, stable Q-switched pulse output was achieved. At 
an absorbed pump power of 5.58 W, the Q-switched laser 
delivered a peak output power of 1.34 W, corresponding 
to a slope efficiency of 28.3%. The minimal pulse duration 
achieved was 550 ns, at a frequency of 89 kHz. Conse-
quently, the laser produced a maximum single pulse energy 
of 15.0 μJ and a peak pulse power of 27.27 W.

2 � Preparation and characterization

2.1 � Preparation and morphology characterization

High-quality TaSe2 nanoplates were synthesized utilizing 
the mechanical exfoliation technique. Initially, layers were 
exfoliated from the TaSe2 bulk material using Polydimethyl-
siloxane (PDMS) as the medium. The PDMS, embedded 
with the TaSe2 layers, was subsequently placed onto a sap-
phire substrate. This assembly was then heated at 100 °C for 
two minutes on a heating table. Following the heating pro-
cess, the PDMS was detached from the sapphire substrate, 

facilitating the transfer of TaSe2 nanoplates onto the sap-
phire surface.

At room temperature, 2H-TaSe2 exhibits a hexagonal 
(P63/mmc) crystal structure composed of dual-layered Se-
Ta-Se sandwiches aligned along the c-axis. In this arrange-
ment, Ta atoms are centrally positioned within a trigonal 
prism, coordinated by six Se atoms [11]. Energy-dispersive 
X-ray spectroscopy (EDS) was employed to ascertain the 
chemical composition of the TaSe2 powder. As depicted in 
Fig. 1a,b, the elemental map revealed a uniform distribu-
tion of Ta and Se. Additionally, the atomic ratio of Ta to 
Se, derived from the EDS spectrum shown in Fig. 1d, was 
approximately 1:2. The morphology of the TaSe2 sample 
was analyzed through Atomic Force Microscopy (AFM), 
which indicated a nanosheet thickness of ~ 3 nm, as shown 
in Fig. 1c. The AFM findings further confirmed the high uni-
formity and continuity of the TaSe2 nanosheets. Addition-
ally, Raman spectroscopy identified one peaks at 114 cm−1 
(Fig. 1e), aligning with previously reported research [12].

2.2 � Nonlinear absorption properties

The saturable absorption properties of the 2H-TaSe2 were 
examined using an I-scan technique, employing a custom-
built 2 ps Tm:YAP mode-locked laser operating at a repeti-
tion rate of 100 MHz. The laser output was concentrated to a 
minimal spot radius of 10 μm through a 10 × objective lens. 
The observed nonlinear transmittance, presented in Fig. 2, 
was analyzed and fit using the following equation [13].

Fig.1   a, b EDS mapping images of Ta, and Se in TaSe2. (c) AFM image and typical height profiles. d EDS spectra. e Raman spectra of the 
2H-TaSe2
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In the formula, ΔR, Φs, and Ans represent the modulation 
depth, saturation fluence, and nonsaturable loss, respectively. 
Analysis revealed that for TaSe2 SA, the modulation depth 
was 7.1%, nonsaturable loss stood at 3.1%, and saturation 
fluence was determined to be 58.7 µJ/cm2. These findings 
highlight the superior nonlinear absorption capabilities of 
TaSe2 SA at a wavelength of 2.0 μm.

3 � Q‑switched experimental setup

Figure  3 illustrates the schematic layout of the TaSe2 
Q-switched laser system, which consists of a concave Plano 
cavity measuring 20 mm in length. The gain medium uti-
lized is a Tm:YAP crystal sized 3 × 3 × 8 mm3. The pumping 
mechanism involves a fiber-coupled diode laser with a cen-
tral wavelength of 793 nm, featuring a numerical aperture 
(NA) of 0.22 and a core diameter of 200 μm. The pump 
light, collimated and focused to a diameter of 200 μm, is 
channeled through a 1:1 focusing system into the Tm:YAP 
crystal. The crystal is encased in indium foil to reduce ther-
mal effects and mounted in a temperature-controlled cop-
per fixture maintained at approximately 16 °C. The input 

(1)T = 1 −
ΔR

1 + Φ∕Φ
s

− A
ns

mirror (IM) has a 50 mm radius of curvature and is coated 
for anti-reflection at 793 nm and high reflectivity at 2 μm. 
The output mirror (OM) is flat and allows for 5% transmit-
tance. Following the output mirror, a dichroic mirror filters 
out the pump wavelength while transmitting the 2 μm laser 
light. The output power is quantified using a Thorlabs power 
meter (Model S425C-L).

4 � Results of passively Q‑switched lasers

Initial experiments were conducted in continuous-wave 
(CW) laser mode, where, as depicted in Fig. 4a, a maxi-
mum output power of 1.73 W was achieved with an absorbed 
pump power of 5.58 W, resulting in a slope efficiency of 
35.4%. The subsequent introduction of a TaSe2 SA into the 
laser cavity and precise adjustment of its position enabled 
the attainment of passively Q-switched output (PQS), peak-
ing at an average output power of 1.34 W and a slope effi-
ciency of 28.3% under the same pump power conditions. 
Output spectrum measurements, performed with an APE 
WaveScan laser spectrometer having a 2 nm resolution band-
width and shown in Fig. 4b, revealed a spectral blueshift 
from 1986.1 nm to 1946.7 nm during Q-switched operation, 
attributable to the insertion loss from the TaSe2 SA which 
heightened the inversion level in the three-level laser system 
[14].

Laser pulse characteristics were monitored using an 
InGaAs detector (EOT, ET5000, USA) and visualized on 
a digital oscilloscope (Oscilloscope RTO2012, bandwidth 
1 GHz, sampling rate 10Gs/s). The shortest pulse duration 
recorded was 550 ns at a 89 kHz repetition rate, with Fig. 5a 
illustrating both the profile of this pulse and a stable pulse 
train at the highest repetition rate. Measurements deter-
mined the single pulse energy and peak power at 15.0 μJ 
and 27.27 W, respectively. Figure 5b indicates a reduction 
in pulse width with increasing absorbed pump power, while 
Fig. 5c shows increases in both single pulse energy and peak 
power correlating with higher pump powers. Additionally, 
Fig. 5d displays selected outcomes for ~ 2 μm all-solid-state 
lasers employing nanomaterial-based SAs [15–22]. Among 
these, the TaSe2 SA stands out with a remarkable average 
Q-switched output power of 1.34 W and a pulse duration of 
550 ns, setting it apart from alternative SAs. These findings 

Fig. 2   Nonlinear transmittance curve of TaSe2 SA at 2.0 µm

Fig. 3   Experimental setup for a 
passively Q-switched Tm:YAP 
laser
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highlight TaSe2's superior performance as an optical modu-
lator, facilitating high Q-switched output power and notable 
pulse duration.

5 � Conclusion

In this study, a high-quality TaSe2 SA was fabricated 
using mechanical exfoliation. Its saturable absorption 
characteristics at 2.0 μm were examined using an open-
aperture Z-scan technique. Subsequently, the 2H-TaSe2 
SA was integrated into a diode-pumped, all-solid-state 

passively Q-switched Tm:YAP laser. Operating from an 
absorbed pump power of 5.58 W, this setup achieved a 
maximum output power of 1.34 W at a central wavelength 
of 1946.7 nm. The laser produced its shortest pulse width 
of 550 ns at a repetition rate of 89 kHz, yielding a maxi-
mum single-pulse energy of 15.0 μJ and a peak power 
of 27.27 W. To our knowledge, this is the inaugural use 
of bilayer TaSe2 as an SA for 2.0 μm solid-state lasers. 
Furthermore, the results suggest that 2H-TaSe2 is a viable 
option for generating high-power, short laser pulses, acting 
as an effective broadband saturable absorber.

Fig.4   a Output power b spectral 
characteristics during CW and 
PQS modes

Fig. 5   a Pulse train and 
individual pulse shape at peak 
absorbed pump power. b Varia-
tions in repetition frequency and 
pulse duration as a function of 
absorbed pump power. c Rela-
tionship between single pulse 
energy and peak power with 
varying absorbed pump power. 
d Outcomes from Q-switched 
bulk lasers in the 2.0 μm range 
utilizing diverse SA
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