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High-quality GaInSn liquid nanospheres are successfully fabricated by the ultrasonic method as a novel saturable absorber in the mid-infrared range. An open-aperture Z-scan technique is applied to study the saturation absorption property, presenting a modulation depth of 34.3% and a saturable fluence of 0.497 GW/cm2 at 2.3 μm, respectively. With GaInSn nanospheres as a saturable absorber, a stable Q-switched Er:CaF2 crystal laser operating at 2.75 μm is realized. The maximum Q-switched output power of 361 mW is obtained under the absorbed pump power of 2.9 W. The shortest pulse width of 500 ns and the highest repetition rate of 67 kHz are generated, corresponding to maximum peak power and single pulse energy of 10.78 W and 5.39 μJ, respectively. These findings indicate a promising potential of GaInSn nanospheres SA for generating nanosecond mid-infrared laser pulses.
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INTRODUCTION
The mid-infrared (MIR) pulsed lasers play a crucial role in technological developments because of its wide application value in environmental monitoring, optoelectronic countermeasure, space communication, frontier physics, and so on [1–5]. Especially, the high absorption coefficient of water at 3 μm makes it great potential to be utilized in medical treatments. An effective and concise way to acquire high energy pulsed lasers is the passively Q-switched (PQS) method in which the saturable absorber (SA) is the key component. For the past few years, SAs based on one-dimensional (1D) and two-dimensional (2D) materials have attracted much attention and some encouraging application results in the mid-infrared region have been demonstrated [6–10]. However, there are still some intrinsic drawbacks which limit their further application. For example, the weak absorption efficiency of graphene, the selective absorption of carbon nanotubes, the heavy inherent defects of TIs, and the instability of BP in the ambient environment need to be improved [11]. Besides, zero-dimensional metal nanoparticles have been studied and then applied to realize mid-infrared pulsed lasers due to their localized surface plasmon resonance (LSPR). In 2018, Duan et al. realized a 734 ns Q-switched Ho,Pr:LLF laser at 3 μm by using gold nanoparticles (Au-NPs) as a SA [11]. In addition, a 2 μm Q-switched laser based on Ag-NPs SA has also been developed [12]. Nevertheless, the disadvantage of the high cost of these noble metals has limited the incentive for further research.
In recent years, a novel nano-liquid metal material, GaInSn, has attracted great attention due to its excellent physico-chemical properties [13–16]. Nevertheless, most studies on GaInSn have focused on electrons and thermal conductivity, while few researches have been done on its nonlinear optical properties. Similar to the properties of most zero-dimensional materials, the saturation absorption characteristics of GaInSn nanospheres are also caused by LSPR [17]. It is worth noting that the amorphous form and high ductility of the liquid metal materials could produce diverse plasma microcavities, which may exhibit a broader LSPR response region than the traditional nanometals, such as Au-NPs and Ag-NPs. In 2020, Zhang et al. reported broadband saturation absorption characteristics of the GaInSn nanospheres and successfully realized Q-switched laser operations at 1.3 μm and 2 μm, separately [17]. Considering its broader LSPR response range, the nonlinear optical properties at ∼3 μm, especially its performance as a SA applied in a Q-switched pulse laser, need to be further investigated.
In this paper, high-quality GaInSn nanospheres were successfully prepared by the ultrasonic method. The saturation absorption property of the GaInSn nanospheres was measured via the open-aperture Z-scan technique, presenting a modulation depth of 34.3% and a saturable fluence of 0.497 GW/cm2, respectively. By utilizing GaInSn nanospheres as a SA in a 2.75 μm all-solid-state laser, a maximum Q-switched output power of 361 mW was obtained with the shortest pulse width of 500 ns.
Characterization of liquid metal GaInSn nanospheres
The GaInSn nanospheres were fabricated by the ultrasonic method. The ultrasonic method is a simple, rapid, and large-scale method for the preparation of liquid metal nanospheres. First, the three metals were mixed with the proportions of 68% Ga, 22% In, and 10% Sn and then heated for 10 min at 350°C to form GaInSn alloy. The prepared alloy was encapsulated in a needle tubing, as shown in Figure 1A. To comminute it into nanospheres, the alloy was subjected to ultrasonic in acetone for 20 h. By optimizing the ultrasonic process parameters and multiple sedimentations, GaInSn nanospheres with uniform shapes and diameters less than 100 nm could be obtained. Figure 1B displays the suspension of the GaInSn nanospheres. The morphology of GaInSn nanospheres was characterized by transmission electron microscope (TEM), as described in Figure 1C. The TEM image showed that the as-prepared GaInSn nanospheres were almost spherical and the corresponding size distribution was illustrated in Figure 1D.
[image: Figure 1]FIGURE 1 | (A) GaInSn liquid alloy encapsulated in needle tubing. (B) As-prepared suspension of the GaInSn nanospheres. (C) TEM image. (D) The corresponding size distribution.
To explore the nonlinear saturable absorption property of the as-prepared GaInSn nanospheres, the open-aperture Z-scan technique was employed. The longest wavelength of the optical parametric laser applied in our Z-scan measurement is at 2.3 µm with a pulse width of 120 fs and a repetition rate of 5 kHz. The saturation absorption curve at 2.3 µm was fitted by the following formula [18]:
[image: image]
where Is, ΔR, and Ans represent saturable fluence, modulation depth, and non-saturable loss, respectively. The saturation fluence and modulation depth of the as-prepared GaInSn nanospheres was fitted to be 0.497 GW/cm2 and 34.3%, respectively. The fitting curve was shown in Figure 2. The experimental results confirm that the GaInSn nanospheres possess excellent saturation absorption characteristics and could be adopted as a saturable absorber in the mid-infrared range.
[image: Figure 2]FIGURE 2 | The normalized nonlinear transmittance versus the pump energy intensity.
EXPERIMENTAL SETUP
The experimental setup of the GaInSn nanospheres Q-switched Er:CaF2 laser was illustrated in Figure 3. A 3 × 3 × 11 mm3 Er:CaF2 crystal with a doped concentration of 1.7 at% was employed and both end surfaces of the laser crystal were well polished. To mitigate the thermal load, the laser crystal was wrapped with indium foil and embedded in a copper fixture. The copper was water-cooled with a temperature of 12.8°C. A plane-concave laser cavity was selected with the cavity length of 23 mm. The input mirror (IM) had a curvature radius of R = −100 mm with anti-reflectivity (AR) coated around 972 nm and high reflectivity (HR) coated near 3 μm. Three plane mirrors were adopted as output couplers (OCs) with different transmittance of 2%, 5%, and 10% at 2.8–3.0 μm. The pump source was a commercial 972 nm fiber-coupled laser diode (LD) with a numerical aperture (N.A.) of 0.22 and core diameter of 200 μm. The pump light was focused into the Er:CaF2 crystal with a diameter size of 400 μm by an optical couple lenses. Moreover, a dichroic beam splitter was placed behind OCs to filter the residual pump light.
[image: Figure 3]FIGURE 3 | Schematic diagram of the GaInSn nanospheres Q-switched Er:CaF2 laser.
RESULTS AND DISCUSSIONS
The CW laser output power was first achieved by using the three different transmittances of OCs. The absorption efficiency of the Er:CaF2 crystal at 972 nm was measured to be about 54.8%. Figure 4A shows the variation of average output powers with absorbed pump powers. In order to prevent the crystal from thermal damage, the absorbed pump power was limited to 2.9 W. Under a maximum absorbed pump power, a maximum average output power of 0.493 W was achieved with an output mirror transmittance of 2%, corresponding to a slope efficiency of 18.2% and an optical-to-optical conversion efficiency of 9.6%.
[image: Figure 4]FIGURE 4 | The dependence of output power on absorbed pump power for (A) CW laser, (B) PQS laser.
The GaInSn nanospheres were directly spin-coating on the two output couplers with the transmittance of 2% and 5%, which can reduce insertion loss. The relationships between Q-switching output powers and absorbed pump power are displayed in Figure 4B. Under a maximum absorbed pump power of 2.9 W, the highest Q-switching output power of 0.361 W was achieved with the transmission of 2%, corresponding to a slope efficiency of 14%. The slope efficiency is much higher than the previous result obtained by Graphene as SA [19], which may attribute to the low insertion loss of the GaInSn nanospheres.
A mid-infrared detector (VIGO System S.A., PVI-4TE-6) with a response time of 50 ns was used to detect the signal and the Q-switched pulses were synchronously displayed on a digital oscilloscope (Rohde & Schwarz, RTO2012, 1 GHz bandwidth, 10 Gs/s sampling rates). Figure 5A,B show the pulse width and pulse repetition frequency as a function of the absorbed pump power. The pulse repetition rate increased with increasing absorbed pump power, while the pulse width decreased. Under the maximum absorbed pump power, the shortest pulse width and maximum pulse repetition rate with the transmittance of 2% are 500 ns and 67 kHz, respectively. A maximum single-pulse energy was reached to 5.39 μJ, corresponding to a maximum peak power of 10.78 W, as described in Figure 5C,D. Typical pulse trains and a single pulse profile in Q-switching operation are illustrated in Figure 6. The output performance of Q-switched laser is obviously superior to that of graphene and graphdiyne as SA [19–21]. Beyond the absorbed pump power of 2.9 W, the pulse width increased, which resulted from the full saturation of the SA and the thermal lens effect in the gain medium. The regular Q-switched pulse could be recovered by slightly decreasing the pump power.
[image: Figure 5]FIGURE 5 | Pulse repetition rate and pulse duration versus absorbed pump power at (A) T = 2%, (B)T = 5%; the dependence of pulse energy and peak power on the absorbed pump power at (C) T = 2%, (D)T = 5%.
[image: Figure 6]FIGURE 6 | Typical pulse trains and single pulse profiles (A) T = 2%, (B) T = 5%.
CONCLUSION
In conclusion, high-quality GaInSn nanospheres were fabricated by employing the ultrasonic method. The saturation absorption property and its application as a Q-switcher in the mid-infrared region were demonstrated. The saturation absorption property at 2.3 μm was studied through the open aperture Z-scan technique, presenting a saturable intensity and a modulation depth of 0.497 GW/cm2 and 34.3%, respectively. Using the OC transmittance of 2%, the maximum Q-switching output power of 0.361 W was obtained, corresponding to a slope efficiency of 14%. The shortest pulse width of 500 ns was generated with the highest repetition rate of 67 kHz. The corresponding maximum peak power and single pulse energy were 10.78 W and 5.39 μJ, respectively. The findings indicate that the GaInSn nanospheres could act as an outstanding optical switcher device at 2.75 μm, which may help to explore potential applications in mid-infrared nonlinear optics.
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