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Abstract

:

In order to investigate the pulse modulation potential of SnSe2 in all-solid-state lasers, an active and passive dual-loss-modulated (APDM) Q-switched and mode-locking (QML) Nd:YVO4 laser was realized by employing an acousto-optic modulator (AOM) and a 5.9 nm thick SnSe2 saturable absorber (SA). The significant pulse compression ability of SnSe2 film was found experimentally, and sub-nanosecond mode-locking pulses with large peak power were obtained. The average output power, pulse energy, and pulse width versus the pump power were measured. With a pump power of 8.5 W, 242 ps mode-locking pulses with a pulse peak power of 231.4 kW were realized successfully. The experimental results also show that the SnSe2-based APDM QML laser has great potential in generating sub-nanosecond pulses with large peak power and high stability.
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1. Introduction


Stable all-solid-state lasers with high peak power and ultrashort pulse width and high pulse stability are expected in many fields, such as nonlinear frequency conversion, precision machining, or medical treatment [1,2,3,4,5]. As we know, the most widely used pulse modulation technologies for all-solid-state lasers are Q-switching and mode-locking. However, because of the large pulse width of Q-switched lasers and high pulse repetition rate of mode-locking lasers, it is difficult to generate ultrashort pulses with high peak power [6,7,8]. In comparison, the dual-loss modulation Q-switched and mode-locking (QML) technology can remedy this problem. By selecting the appropriate modulator components, a high-quality sub-nanosecond pulse train with high peak power can be produced in an active and passive dual-loss-modulated (APDM) QML laser [9,10].



Currently, two-dimensional (2D) materials are widely used in pulse lasers as saturable absorbing materials [11,12,13,14,15]. For example, 2D tin diselenide (SnSe2) has received widespread interest as an ecologically benign material [16,17,18,19]. Furthermore, SnSe2 nanosheets possess an ultrafast recovery time, broadband saturable absorption, and faster carrier mobility and optical response rate, which make it highly suitable for mode-locking lasers as a saturable absorber (SA) [20]. In 2017, the saturable absorption characteristics of SnSe2 nanosheets in solid-state laser were investigated by Cheng et al., and a 129 ns Q-switched pulse was obtained [21]. In 2018, a solid-state passive Q-switched Tm:YAP laser at 2 μm with SnSe2 saturable absorber was presented by Liu et al., and 1.29 μs Q-switched pulses with an output power of 400 mW were achieved [22]. Then, in 2019, a SnSe2-based solid-state passive Q-switched laser at 1.3 and 1.9 μm was reported, which demonstrate the effective optical modulation properties of the SnSe2 [23]. For fiber lasers, the pulse characteristics modulated by the SnSe2-SA were also successfully demonstrated by Q-switched or mode-locked technologies [24,25,26,27]. However, in solid-state lasers, studies on the mode-locking pulse modulation characteristics of SnSe2 are not enough. There is no related report on the application of SnSe2-SA in a solid-state APDM QML laser.



According to our previous studies, the Q-switched envelop repetition rate is completely controlled by the active modulator in APDM QML lasers [9,10]. Moreover, compared with the single passive or active modulated QML lasers, in APDM QML laser, the pulse duration of the Q-switched envelop can be greatly reduced, and the amplitude stability can be greatly improved [28]. Furthermore, a shorter Q-switched envelope width results in fewer mode-locking pulses. At the same time, the whole energy of the Q-switched envelope can be confined to these few mode-locking pulses. Thus, high-peak-power mode-locking pulses with high stability can be obtained [29]. Up to now, there is no report about the application of SnSe2 in all-solid-state APDM QML lasers at the wavelength of 1.06 μm.



In this work, using SnSe2-SA and an acousto-optic modulator (AOM), an all-solid-state APDM QML laser was realized successfully. At the maximum pump power of 8.5 W, the Q-switched envelop was greatly compressed to contain only two sub-nanosecond mode-locking pulses. The minimum mode-locking pulse duration of 242 ps was obtained with a peak power of 231.4 kW. To the authors’ knowledge, this is the first time that such a system has been reported.




2. Preparation and Characterization of SnSe2-SA


In our work, the SnSe2 nanosheets was fabricated by the liquid-phase exfoliation (LPE) method [29]. The dispersion was obtained from the mixed liquor of 25 mg SnSe2 power and 10 mL of absolute ethyl alcohol by sonication and centrifugation. Then, a 10 μL SnSe2 dispersion was dripped onto a 20 mm × 20 mm × 1 mm sapphire substrate using spin-coating technology. Here, the spin-coating speed was 300 rpm. The sapphire substrates we used were polished on both sides without coating. After drying, the high-quality SnSe2-SA was prepared.



In order to characterize the performance of the SnSe2 film, the stereoscopic scanning electron microscopy (SEM) image was first obtained (Figure 1a) to show the clear layered structure. As shown in the SEM image, the edge of the SnSe2 deposition can be clearly observed. The Raman spectrum was recorded by a Raman spectrometer (LabRAM HR Evolution UV-Vis-NIR, Horiba, Paris, France). Figure 1b shows the main Eg mode (107.2 cm−1) and A1g mode (181.3 cm−1) of the SnSe2 film sample. For SnSe2, it has been found that the Raman shift could be linked to the thickness of SnSe2 nanosheets. The frequencies of the Eg mode and the A1g mode decreased monotonically as the thickness changed from the bulk (115.5 cm−1 and 188.3 cm−1) down to a monolayer [18,30]. For our SnSe2 nanosheet sample, frequencies of Eg mode and the A1g mode were all significantly smaller than that of the bulk. The atomic force microscopy (AFM) showed the morphology and thickness of SnSe2 film in Figure 1c,d; the corresponding average thickness of the SnSe2 film sample was about ~5.9 nm. Assuming that the monolayer flake thickness was 0.6 nm, the saturable absorber we made had about 9–10 layers [25]. The SnSe2 flake sample also had a large lateral dimension of about ~2 μm.



The nonlinear transmission curve was fitted according to the experimental values (Figure 2). A 78 ns solid-state Q-switched laser at 1.06 μm wavelength was constructed as the test light source. In our opinion, the saturable absorption of the SnSe2-SA sample near 1 μm was mainly caused by the edge energy levels and atomic vacancy defect energy levels [31,32,33]. By fitting the experimental data, an approximated initial transmittance (T0) of 72% could be obtained. When the saturable absorber was saturated, the saturated transmittance (Tsat) was fitted to be about 76.42%. The modulation depth ΔT, saturation intensity Isat, and non-saturated absorption rate Tns were determined to be 4.4%, 17.23 MW/cm2, and 23.54%, respectively.




3. Experimental Setup and Results


3.1. Experimental Setup


Figure 3 exhibits the setup of the APDM QML laser modulated by AOM and SnSe2-SA. A four-mirror resonator with a cavity length of 141.5 cm was set up. Plane mirrors M1 and M4 acted as the input mirror and output mirror, respectively. Spherical concave mirrors M3 (ROC = 500 mm) and M4 (ROC = 150 mm) both had a high-reflection coating at 1064 nm. The transmittance of the output coupling mirror M4 was 15%. An optical coupling system was used to couple the pump light from the pump source into the laser crystal. The pump source emitting at 808 nm was a fiber-coupled diode laser with a beam diameter of 400 μm and maximum output power of 20 W. A 3 × 3 × 8 mm3 Nd:YVO4 crystal (0.5 at.%) was selected as the laser medium to achieve laser amplification at 1064 nm. As one of the most excellent laser media for diode-pumped solid-state lasers, the Nd:YVO4 crystal features large emission cross-sections, as well as high environmental stability, which are beneficial to generate high peak power and narrow pulse width [9,34]. Furthermore, the cross-sectional size of 3 × 3 mm2 and the doping concentration of 0.5 at.% were conducive to the heat dissipation, reducing the thermal effect of the Nd:YVO4 crystal and resulting in a better laser characteristics [35]. An AOM with a 45 mm long quartz crystal was used as the active modulator. The entire experiment was carried out at a room temperature of 25 °C. Both the Nd:YVO4 and the AOM crystals were maintained at 18 °C by a water chiller to mitigate thermal effects. The SnSe2-SA was placed at a tight focusing position near M4 to provide steady and effective mode-locking. According to the ABCD matrix, the average beam waist radius at the position of the absorber was about 113 µm. A photoelectronic diode and a TDS620B digital oscilloscope (Tektronix, Beaverton, OR, USA) were used to record the pulse temporal behavior.




3.2. Experimental Results and Discussion


The output performances of APDM QML Nd:YVO4 laser with AOM/SnSe2 were investigated by experiment. The pulse performances versus the AOM frequencies f and the pump power were recorded. Furthermore, for comparison, the performance of a single QML Nd:YVO4 laser with SnSe2-SA was also investigated by moving the AOM out of the cavity. For each pump power value, the average output power and pulse shape were measured sequentially by the power meter and oscilloscope. As the pump power increased, the laser was always in a stable QML state.



Figure 4 shows the variation curves of the average output powers of SnSe2 single QML and AOM/SnSe2 APDM QML lasers. The average output power increased monotonically with increasing pump power. Under the pump power of 8.5 W, the average output powers of 561, 710, and 889 mW were obtained from the AOM/SnSe2 APDM QML laser under f = 5, 10, and 15 kHz, respectively. Moreover, 651.2 mW power could be obtained for the single passive QML laser with SnSe2-SA. By fitting, the slope efficiencies of 11%, 9.3%, 12%, and 15.1% could be obtained for SnSe2 single and AOM/SnSe2 APDM QML lasers at f = 5, 10, and 15 kHz, respectively. Obviously, a larger modulation frequency could produce a higher average output power.



For further analysis of the pulse energy, the repetition rates of Q-switched envelopes in the SnSe2 single QML laser were also recorded. Within the pump range of 2.5 W to 8.5 W, the repetition rates of the Q-switched envelopes increased from 26 kHz to 225 kHz. Combining the pulse repetition rates and average output power, the single envelope energies could be calculated as depicted in Figure 5. Under the pump power of 8.5 W, single envelope energies of 112, 71, and 59.2 μJ could be obtained from APDM QML lasers with AOM/SnSe2 for f = 5, 10, and 15 kHz, respectively. However, in the single QML laser with SnSe2, only 2.9 μJ single envelope energy could be achieved. The maximum single envelope energy obtained by the APDM QML laser was about ~39 times as large as that of the single QML laser. This was mainly due to the lower pulse repetition rate produced by the APDM QML laser.



Figure 6 shows the variation of the envelope width with the pump power. For QML lasers with SnSe2, the shortest Q-switched envelope duration of 291 ns was obtained at 8.5 W pump power. However, the APDM mechanism could greatly reduce the envelope width. The shortest Q-switched pulse envelope durations of 18, 34, and 52 ns were obtained in APDM QML lasers with AOM/SnSe2 at f = 5, 10, and 15 kHz, respectively, which were much narrower than that of the single QML laser. The maximum compression ratio of the Q-switched envelope duration was approximated to be 93.8% from 291 ns (in SnSe2 QML laser) to 18 ns (in AOM/SnSe2 QML laser).



Furthermore, the number of mode-locked pulses in the envelope decreased significantly as the width of the envelope decreased. The temporal shapes of QML pulses under the pump power of 8.5 W were recorded (Figure 7). Figure 7a shows the temporal profiles of single Q-switched envelope and single mode-locked pulse in QML laser with single SnSe2. The single mode-locked pulse width displayed by the oscilloscope was 760 ps. For APDM QML laser, the number of mode-locking pulses in one envelope decreased to only a few with decreasing pulse repetition rate. The corresponding temporal profiles for different modulation frequencies are exhibited in Figure 7b–d. As shown in the figures, there were only two, three, and five mode-locking pulses in one envelope for f = 5, 10, and 15 kHz, respectively. The corresponding pulse widths of single mode-locked pulses displayed by the oscilloscope were 544, 591, and 620 ps, respectively.



Because the response time of the digital oscilloscope we used was 350 ps, which was comparable with the rise time and the fall time of the mode-locking pulse, the pulse width values read by the oscilloscope were not accurate. Combining the user manual of oscilloscope and the estimated formula    t  e s t   = 1.25    t  m e a s u r e  2  −  t  o s c  2  −  t  p r o  2     , the pulse widths could be estimated by the extended pulse shapes shown in Figure 7 [9,28,36,37,38]. Here, test is the estimated pulse duration of the mode-locking pulse, tmeasure is the measured rise time of the mode-locking pulse from oscilloscope, tpro is the rise time of the probe, and tosc is the rise time of the oscilloscope. In our experiment, the rise times of the oscilloscope and probe were 350 ps and 14 ps, respectively. When the pump power reached 8.5 W, the shortest estimated mode-locking pulse durations obtained were 546 ps for the single QML laser and 242, 410, and 463 ps for the APDM OML laser with f = 5, 10, and 15 kHz, respectively. The calculated results were much shorter than the measured values.



In order to further investigate the dual-loss modulation mechanism, as a comparison, the time-domain characteristics of single AOM modulated lasers were also recorded. When removing the SnSe2-SA, the lasers still operated in the QML state with AOM. However, the pulse widths of the Q-switched envelopes and mode-locking pulses were much larger than those of the APDM QML laser. At the pump power of 8.5 W and f = 5 kHz, the shortest Q-switched envelope pulse duration of 92 ns could be obtained from the actively QML laser with AOM, corresponding to a 1.82 ns pulse duration of a mode-locking pulse underneath the Q-switched envelope. Obviously, it can be concluded that the SnSe2-SA played a significant role in compressing the pulse width of the Q-switched envelope and mode-locking pulse in the APDM QML laser.



Combining the single envelope energies and the number of mode-locking pulses in a single envelope, the mode-locking pulse peak power of the APDM QML laser could be calculated. Under the maximum pump power of 8.5 W, the maximum peak powers of mode-locking pulses were 231.4, 57.7, and 25.6 kW for f = 5, 10, and 15 kHz, respectively. In the APDM QML laser, the pulse peak powers with low repetition rate were improved significantly. This is also one of the advantages of the APDM mechanism.



The stability of the pulse is also a key factor in measuring the quality of the laser. During the experiment, the oscilloscope shapes of the pulse envelope sequence were recorded after the lasers were running continuously for 6 h. Figure 8 gives the envelope sequence shapes. The standard deviations of pulse envelope sequence amplitudes were calculated. Under 8.5 W pump power and 5 kHz modulated frequency, the amplitude root-mean-square error (RMSE) of the APDM lasers with SnSe2/AOM was 0.00255, which is much smaller than the 0.04592 RMSE of the single SnSe2-SA QML laser. Obviously, the APDM QML laser’s stability was clearly superior to that of the SnSe2-based passive QML laser, which can be seen very intuitively through the figure. This also shows that the APDM method had a significant effect on the improvement of pulse stability. The long-term stability of the laser system was also investigated; a stable QML operation of the APDM QML laser was maintained for at least 6 h every day for 1 week.



In order to further demonstrate the robustness of the APDM QML system, by employing the 90.0/10.0 scanning-knife-edge method, the beam profile characteristics for the high-peak-power sub-nanosecond APDM QML laser were measured. The beam quality factors (M2) in the horizontal and longitudinal planes were 1.86/1.53, which were hardly changed by the different modulation frequencies f.





4. Conclusions


To sum up, a diode-pumped APDM QML laser with sub-nanosecond pulse width was realized using an AOM and SnSe2 film. Under a maximum pump power of 8.5 W, a pulse peak power of 231.4 kW with a pulse duration of 242 ps was obtained. The study results of this work show that the APDM QML technology based on SnSe2-SA is an economical way to produce stable sub-nanosecond pulses with large peak power. Moreover, in this type of laser, a lower modulation frequency of AOM is beneficial for higher stability, narrower pulse width, and larger peak power.
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Figure 1. (a) SEM image; (b) Raman spectrum; (c) AFM image; (d) corresponding height curve. 
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Figure 2. Nonlinear transmittance curve of the SnSe2 film. 
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Figure 3. The setup of the APDM QML laser. 
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Figure 4. The variation curves of average output power for QML lasers with different modulation methods. 
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Figure 5. Variation of the single envelope energy with the pump power for QML lasers with different modulation methods. 
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Figure 6. The variation of Q-switched envelope width for QML lasers with different modulation methods. 
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Figure 7. The temporal shapes of QML pulse envelope and single mode-locking pulses with different modulation methods at the pump power of 8.5 W: (a) single QML laser with SnSe2; (b) APDM OML laser with f = 5 kHz; (c) APDM OML laser with f = 10 kHz; (d) APDM OML laser with f =15 kHz. 
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Figure 8. Oscilloscope shapes of the envelope sequences at 8.5 W pump power: (a) single SnSe2-SA QML; (b) SnSe2/AOM APDM QML with f = 5 kHz; (c) SnSe2/AOM APDM QML with f = 10 kHz; (d) SnSe2/AOM APDM QML with f = 15 kHz. 
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