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Abstract

:

In recent years, optical crystals for 1.3 μm all-solid-state passively Q-switched lasers have been widely studied due to their eye-safe band, atmospheric transmission characteristics, compactness, and low cost. They are widely used in the fields of high-precision laser radar, biomedical applications, and fine processing. In this review, we focus on three types of optical crystals used as the 1.3 μm laser gain media: neodymium-doped vanadate (Nd:YVO4, Nd:GdVO4, Nd:LuVO4, neodymium-doped aluminum-containing garnet (Nd:YAG, Nd:LuAG), and neodymium-doped gallium-containing garnet (Nd:GGG, Nd:GAGG, Nd:LGGG). In addition, other crystals such as Nd:KGW, Nd:YAP, Nd:YLF, and Nd:LLF are also discussed. First, we introduce the properties of the abovementioned 1.3 μm laser crystals. Then, the recent advances in domestic and foreign research on these optical crystals are summarized. Finally, the future challenges and development trend of 1.3 μm laser crystals are proposed. We believe this review will provide a comprehensive understanding of the optical crystals for 1.3 μm all-solid-state passively Q-switched lasers.
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1. Introduction


Q-switched technology is used to compress the laser energy to a narrow pulse to improve the peak power of the output laser beam. Passive Q-switched technology uses a saturable absorber (SA) as the Q-switched device to obtain output laser pulses. Since the emergence of the laser diode (LD) in the 1980s, diode-pumped solid-state laser (DPSSL) has developed rapidly owing to the achievement of narrow pulse width, high peak power, compact cavity structure, high efficiency, and low cost.



In recent years, laser radar has been extensively researched for its use in unmanned driving technology. According to the ANSI Z136.1—2014 standard, the allowable power of the 1.34 μm laser is 1.9 times that of the 1.5 μm and 18 times that of the 910 nm laser in the range of Class 1 power. Hence, the 1.3 μm laser radar can output greater power and realize remote eye-safe detection. In addition, due to the low loss and low dispersion characteristics of the 1.3 μm wavelength in the fiber, it has been widely used in the fields of communication and biosensing, for example, in the generation of non-classical optical field [1], spectral detection [2], and remote sensing [3]. Further, the 1.3 μm wavelength laser can be used as a light source to obtain a variety of wavelength lasers through nonlinear changes such as frequency doubling [4], frequency quadrupling [5], sum frequency generation [6], and Raman scattering [7]. Thus, the 1.3 μm passive Q-switched laser has immense application prospects in Figure 1.



The laser gain medium as the core component of a solid-state laser is the basis for laser development. Nd3+ is the earliest applied doped ion, and its energy level structure is the decisive factor for the spectral characteristics of the gain medium. The substrate significantly affects the mechanical, physical, and chemical properties of the gain medium. Presently, crystal, ceramic, or glass is widely used as the substrate. The central wavelengths of radiation for these materials are generally 0.9 μm, 1.06 μm, and 1.3 μm, which are derived from three energy levels transitions of 4F3/2-4I9/2, 4F3/2-4I11/2, and 4F3/2-4I13/2, respectively. The gain medium materials based on an LD pump must have the following characteristics: wide absorption peak, long fluorescence lifetime, large stimulated emission cross section, good mechanical properties, and high thermal conductivity. In this review, we discuss the 1.3 μm laser crystals, namely Nd:YVO4 [16], Nd:GdVO4 [17], Nd:YAG [18], Nd:GGG [19], Nd:KGW [20], Nd:YAP [21]. Among them, Nd:YVO4, Nd:GdVO4, and Nd:YAG are the major gain medium materials that can obtain high repetition rate and large output power. In 2015 Nikkinen et al. [22] reported a 1.3 μm Nd:YVO4 microchip laser with a dilute nitride GaInNAs/GaAs saturable absorber mirror. The laser produced pulse as narrow as 204 ps with 2.3 MHz repetition rate. In 2015 Wang et al. [23] realized a high-peak-power (64.9 kW), short-pulse-width (6.16 ns) passively Q-switched Nd:YAG/V3+:YAG laser at 1.3 μm. In 2019 Li et al. [24] simultaneously used both V3+:YAG and MoSe2 SA as passively Q-switche device. The pulse duration was 82.4 ns pulse at a repetition rate of 409.3 kHz. During the recent decades, researchers have created new optical crystals such as Nd:(Lu Gd Y La) VO4 mixed crystal [25], Nd,Cr:YAG double-doped crystal [26,27], Nd:GYSGG crystal [28,29,30] and so on. In 2009 Huang et al. [31] investigated a diode-end-pumped passively Q-switched Nd:Gd0.5Y0.5VO4 laser at 1.34 μm. For the passive Q-switching operation, the narrowest pulse width was 47.8 ns with 76 kHz repetition rate, with peak power estimated to be 182W, respectively. In 2011 Li et al. [32] realized passively Q-switched laser operation with a mixed c-cut Nd:Gd0.33Lu0.33Y0.33VO4 crystal at 1.34 μm. For passively Q-switched operation, the narrowest pulse width of 26 ns, the highest peak power of 1.8 kW were obtained using V:YAG as Q-switch. In 2016, Lin et al. [33] used Nd,Cr:YAG as gain medium and V3+:YAG as SA to achieve dual-wavelength output (946 nm, 1.3 μm). The maximum average output power of 1.3 μm laser was 0.6 W, the narrowest pulse width was 19.2 ns at the highest repetition rate of 43.25 kHz. In 2017 Lin et al. employed a Co:MgAl2O4 crystal in a Nd:GYSGG passively Q-switched laser. The narrowest pulse width of 20.5 ns was achieved. The highest peak power was 1319 W under a pump power of 7.20 W, respectively. They provide the basis for further improving the output performance of the laser.



SA is considered an important part of a passively Q-switched laser. It utilizes the saturable absorption effect to modulate the loss in the laser cavity for realizing the Q-switching process. V3+:YAG [8] and Co2+:LaMgAl11O19 (Co:LMA) [9] are the most commonly used in the 1.3 μm band. Their ratios of the excited-state absorption cross section to the ground-state absorption cross section are approximately 0.1 and 0.2, respectively. Moreover, their ground-state recovery time is relatively short; hence, they are easily bleached. When these two materials were used in Q-switched devices, the pulse peak power was above 330 kW [34] and pulse width could reach 1 ns [35]. Further, the output repetition rate of 1820 kHz could be obtained [35]. In recent years, with the rapid development of new materials and nanotechnology, some new SA devices have emerged [36], such as graphene [37,38,39,40,41,42,43,44,45], black phosphorus [46,47], topological insulators (TI) [48,49], transition metal disulfides (TMDs) [10,24,50,51,52,53,54,55,56], gold nanomaterials [11,57], MXene [58,59,60], and so on. Most novel SA devices have been reported to achieve high-repetition-rate pulse output (>150 kHz) but large pulse width (>60 ns) and low peak power (<30 W). Owing to the development of SA materials, the performance of passively Q-switched lasers is expected to be further improved.



In this review, we first classify the 1.3 μm laser crystals and introduce their properties. Next, we focus on the research progress of different types of 1.3 μm passively Q-switched laser and reveal the development bottleneck for 1.3 μm laser crystals. In addition, we also introduce some new optical crystals and novel SA materials. Finally, we summarize the study and discuss the scope for future development of 1.3 μm laser crystals.




2. Classification of 1.3 μm Laser Crystals


2.1. Neodymium-Doped Vanadate


As the most popular 1.3 μm laser crystals, the Nd-doped vanadate crystals mainly include Nd:YVO4, Nd:GdVO4, Nd:LuVO4, and Nd:YxGd1−xVO4 (x = 0~1). Among them, Nd:YVO4 and Nd:GdVO4 have been widely researched.



Nd:YVO4 is an excellent laser crystal with mature technology. It was first invented by O’Connor [61] of the MIT Lincoln Laboratory. It is a natural birefringence crystal with thermal conductivity of 5.2 Wm−1K−1 and absorption bandwidth of approximately 20 nm. Since the stimulated emission cross section of Nd:YVO4 at 1342 nm (1 at.%, 7.6 × 10−19 cm2 is 18 times larger than that of Nd:YAG) is smaller than the ground-state absorption cross section of a saturated absorber (V3+:YAG, 7.2 × 10−18 cm2) and the upper-level lifetime is short (98 μs) [62], the Nd:YVO4 laser can achieve high-repetition-rate pulses output. As early as 1976, Tuker et al. [63] realized a 1.3 μm continuous-wavelength output by end-pumping Nd:YVO4 with an argon-ion laser. However, the slope efficiency was only 7%.



In 1997, Fluck et al. [64] proposed a diode-pumped 1.34-μm-wavelength passively Q-switched microchip laser, and an InGaAsP semiconductor SA mirror was used as a Q-switched device. When pumped at 400 mW, the pulse repetition rate was 53 kHz and pulse width was 230 ps, but the peak power was only 450 mW. In 2005, Lai et al. [65] used the InAs/GaAs quantum dot material as an SA. When the incident pump power was 2.2 W, the output pulse repetition rate of 770 kHz, pulse width of 90 ns, and peak power of above 5 W were obtained. In 2006, Janousek et al. [66] investigated passively synchronous dual-wavelength (1064 and 1342 nm) Q-switched lasers based on V3+:YAG SA. The schematic of this laser is shown in Figure 2. When the pump power was 3.5 W, the output laser repetition rate was 10 kHz, the pulse width was 70 ns, and the intracavity peak power was 3 kW. In 2020, Kane et al. [35] used a Nd:YVO4 microchip as the gain medium, and employed V3+:YAG and output coupler (OC) mirrors with different transmittances to conduct multiple sets of experiments. In one group of experiments, the repetition rate of the output pulse was 460 kHz, pulse duration was 1.6 ns, and peak power was approximately 500 W. In another group, the repetition rate of the output pulses was 24 kHz, pulse duration was 1.08 ns, and peak power was 2.3 kW. Although only the experimental data were reported by the authors and no detailed experimental results were presented, the study provided the basis for further realizing a 1.3 μm pulse laser with narrow pulse width, high peak power, high repetition rate, and good stability.



Nd:YVO4 is a commonly used crystal, it is usually used to produce 1.3 μm wavelength laser. It has a five times higher absorption efficiency than that of Nd:YAG. The stimulated emission cross section of Nd:YVO4 at 1342 nm is 18 times bigger than that of Nd:YAG at 1.3 μm, resulting in a more compact structure. Table 1 lists the research progress on the 1.3 μm Nd:YVO4 laser. Using Nd:YVO4 as the gain medium not only ensure a high repetition rate of several MHz, but also achieves a high peak power of several kW. In these results, V3+:YAG is considered to be an ideal SA material for Nd:YVO4 at 1.3 μm.



Nd:GdVO4 is also a popular Nd-doped vanadate crystal which has been widely recognized as the gain medium of DPSSLs since its development by Zagumennyĭ et al. [17] in 1992. The structure of the Nd:GdVO4 crystal is the same as that of the Nd:YVO4 crystal, with a zircon structure and tetragonal system. The absorption half-width is 1.6 nm near 808 nm. The branching ratio of the 1.34 μm fluorescence spectrum to 1.06 μm is approximately 0.2, which can emit a 1.3 μm laser. It has a large stimulated emission cross section (c-cut 0.52 at.%, 1.8 × 10−19 cm2@1342 nm), short upper-level lifetime (100 μs), and high thermal conductivity (11.7 Wm−1 K−1), and achieves high doping concentration [25,78]. Therefore, high repetition rate and high-energy pulse output can be realized.



In 2007, Qi et al. [79] investigated an LD-pumped c-cut Nd:GdVO4 crystal with a Co:LMA SA, lasing at 1.34 μm wavelength. The maximum repetition rate of the laser output was 277 kHz, shortest pulse width was 32 ns, output power was 266 mW, and maximum peak power was 187 W. In 2008, Ma et al. [34] compared the output characteristics of a-cut and c-cut Nd:GdVO4 passively Q-switched lasers at 1342 nm. When the pump energy of the flash lamp was 27 J, the corresponding output laser pulse width of the two crystals were 61.72 ns and 53.94 ns, and the single pulse output energies were 15.5 mJ and 17.6 mJ, respectively. The corresponding peak powers were 247 kW and 330 kW. In 2011, Li et al. [80] simultaneously used V3+:YAG and Co:LMA SA in the cavity to obtain a narrower pulse width and higher peak power. The schematic of this laser is shown in Figure 3. The corresponding output laser repetition frequencies were 49.8 kHz and 36 kHz, pulse widths were 16.9 ns and 11.3 ns, maximum average output powers were 0.319 W and 0.268 W, and peak powers were 378.2 W and 659 W.



The Nd:GdVO4 crystal has large stimulated emission cross section and short upper-level lifetime, which ensures high repetition rate, short pulse width, and peak power. Table 2 summarizes the research progress on the 1.3 μm Nd:GdVO4 laser. Compared with the single SA, the pulse width was greatly reduced and peak power was increased by using double SA as the Q-switched device. However, additional losses were introduced, which decreased the output power. Composite crystals with different doping concentrations can enhance the absorption of pump light, thereby increasing the output power. V3+:YAG and Co2+:LMA crystals are ideal SAs for the Nd:GdVO4 crystal. Although the use of two-dimensional materials such as bismuth quantum dots and TMDs as SAs yields high-repetition-rate output (>100 kHz), the pulse width (>80 ns) and peak power (<10 W) are not satisfactory.



In 2002, Maunier et al. [90] obtained Nd:LuVO4 by replacing yttrium with lutetium. The stimulated emission cross section of the c-cut Nd:LuVO4 at 1.34 μm was 1.5 × 10−19 cm2 (π polarization) and 1.9 × 10−19 cm2 (σ polarization), with high thermal conductivity (9.77 Wm−1K−1) and small upper energy lifetime (95 μs) [90,91,92]. Liu et al. [93] reported a diode-pumped passively Q-switched Nd:LuVO4 laser at 1.34 μm in 2008. The maximum output peak power of 820 W was attained with the pulse repetition rate of 22.4 kHz. In 2010, Liu et al. [94] used Co:LMA as the SA to obtain 534 kHz high-repetition-rate pulse output with an 8% transmission OC mirror.



Usually, a series of Nd:(Lu Gd Y La)VO4 mixed crystals is grown by combining two ions, which is very suitable as the gain medium of Q-switched lasers owing to the long upper-energy-level life and small stimulated emission cross section [25]. For example, Nd:YxGd1−xVO4 (x = 0~1) crystals were successfully grown by the Czochralski method. The thermal conductivity, specific heat capacity, and stimulated emission cross section of Nd:YxGd1-xVO4 were different owing to the different crystal composition ratio, Nd ion doping, and cutting direction. For example, when x = 0.37, 0.63, the corresponding specific heat capacities of Nd:YxGd1−xVO4 are 28.33 and 28.98 cal mol−1 K−1, and the thermal conductivities are 4.88 Wm−1K−1 and 5.04 Wm−1K−1, respectively [95]. Taking the Nd:Gd0.5Y0.5VO4/V3+:YAG laser as an example, the stimulated emission cross section of the gain medium is 1.0 × 10−19 cm2, ground-state absorption cross section is 7.2 × 10−18 cm2 at 1.3 μm, and V3+:YAG ground-state absorption cross section is 7.2 × 10−18 cm2; hence, the second threshold conditions are easily achieved [31]. Therefore, the Nd:(Lu Gd Y La) VO4 crystals can achieve 1.3-μm-wavelength high-repetit ion-rate pulse laser output [31,32,96,97,98,99].



In 2010, Omatsu et al. [97] demonstrated an LD side-pumped bounce amplification laser with a slab of Nd:Gd0.6Y0.4VO4 crystal as the gain medium and V:YAG as the SA. The maximum output power of 6.5 W and peak power of 0.87 kW were obtained at the pump power of 37 W, pulse laser repetition rate of 150 kHz, and pulse width of approximately 50 ns.



In 2011, Li et al. [100] investigated the laser performance with a mixed Nd:Lu0.15Y0.85VO4 crystal at 1.34 μm wavelength. When V3+:YAG T0 = 89%, pulses with repetition rate of 42.5 kHz, minimum pulse width of 30.6 ns, and peak power of 268 W were obtained. When T0 = 96%, the pulse repetition rate was 248 kHz, pulse width was 83.4 ns, and peak power was 21.6 W. In 2022, Cai et al. [101] prepared a tin disulfide saturable absorber. A stable passively Q-switched (PQS) Nd:Lu0.15Y0.85VO4 1.3 µm laser was successfully realized. It had a repetition rate of 1.18 MHz, the shortest pulse width of 34 ns, and a peak power of 20.8 W. In another work Cai et al. [102] successfully fabricated a nickel-cobalt layered double hydroxide SA, and it was used as a passively mode-locked modulator for the first time. It could obtain stable pulse sequence with a repetition frequency of 1.18 MHz and a narrowest pulse width of 52 ns, the corresponding peak power was 13.89 W. The experimental device is shown in Figure 4.



In 2013, Han et al. [103] proposed a Nd:La0.05Lu0.95VO4 crystal as the gain medium to produce pulse laser with repetition rate of 33 kHz, average output power of 0.19 W, pulse width of 41 ns, and peak power of 199 W.




2.2. Neodymium-Doped Aluminum-Containing Garnet


Nd:YAG is a commonly used laser crystal. Geusic et al. [18] fabricated the Nd:YAG crystal output laser for the first time in 1964. The thermal conductivity of Nd:YAG is 14 Wm−1K−1, specific heat is 0.59 J/g K, stimulated emission cross sections are 0.8 × 10−19 cm2 (1319 nm) and 0.9 × 10−19 cm2 (1338 nm), Mohs hardness is 8.5, absorption line width is 4 nm, and fluorescence lifetime is 230 μs [104]. Hence, the Nd:YAG laser can achieve high repetition rate and peak power pulse output at 1.3 μm wavelength.



In 2006, Jabczynski et al. [105] used a 600 W diode-stack side-pumped triangular Nd:YAG slab laser to achieve pulse width of 6 ns, peak power of 125 kW, and passively Q-switched pulse output at 1.3 μm wavelength. The schematic is displayed in Figure 5. In 2011, Li et al. [106] realized the passive Q-switched output of Nd:YAG at 1319 nm with V3+:YAG SA. When the transmittance of the OC mirror was 2.8%, the repetition rate of the output pulse laser was 230 kHz and minimum pulse width was 128 ns. In 2016 Lin et al. [107] pumped Nd:YAG with 885 nm LD to obtain dual-wavelength output laser at 1319 nm and 1338 nm. The shortest pulse widths are 20.20 ns and 20.86 ns, respectively. The maximum repetition rate is 64.10 kHz.



In 2018, Zhou et al. [4] experimentally demonstrated a passively Q-switched red laser with an Nd3+:YAG/YAG/V3+:YAG/YAG composite crystal. This work first achieved 1327.6 nm laser and its second harmonic generation from the Nd3+:YAG. In 2019, Lin et al. [52] prepared ReS2 by liquid phase exfoliation method. For the first time, it was used as passively Q-switched devices at 1.3 μm wavelength. The repetition rate of the output pulse laser reached 214 kHz, pulse width was 403 ns, maximum average output power was 78 mW, and pulse peak power was 0.9 W. The schematic is displayed in Figure 6.



Table 3 lists the research progress on the 1.3 μm Nd:YAG laser, in which the combination of Nd:YAG and V3+:YAG demonstrated high repetition rate, peak power, narrow pulse width, and passively Q-switched pulse output at 1.3 μm wavelength. When two-dimensional materials such as graphene and metal disulfide were used as the SA, the pulse width of the high-repetition-frequency pulse output laser was more than 100 ns and peak power was less than 20 W. In the experiment, a composite crystal such as YAG/Nd:YAG/V:YAG could shorten the cavity length and enhance the heat dissipation, thereby shortening the pulse width and improving the average output power and peak power. The Nd:YAG laser could also improve the output power through the dual-wavelength (1319, 1338 nm) output.



Nd:Lu3Al5O12 (Nd:LuAG) is an isostructure of Nd:YAG, which can be used to grow high-quality single crystals. It has high thermal conductivity (9.6 W·m−1·K−1), large absorption cross section (1.52 × 10−20 cm2), and stimulated radiation cross section at 1.3 μm of 0.5 × 10−19 cm2. The full width at half maximum (FWHM) of the absorption band (5 nm) and fluorescence lifetime (277 μs) are both greater than those of Nd:YAG, but the absorption coefficient is slightly lower, which is suitable for a high-repetition-rate and high-energy laser [113].



In 2015, Liu et al. [114] used V3+:YAG SA to realize Nd:LuAG 1.3 μm passively Q-switched output with minimum pulse width of 17 ns and maximum single pulse energy of 18.9 μJ. In 2017, Wang et al. [50] realized a Nd:LuAG 99 kHz high-repetition-frequency passive Q-switched output based on MoS2 SA.




2.3. Neodymium-Doped Gallium-Containing Garnet


Nd:Gd3Ga5O12 (Nd:GGG) was first reported by Geusic et al. [18] in 1964. The stimulated emission cross section of Nd:GGG at 1331 nm is 3.9 × 10−20 cm2, fluorescence lifetime is 240 μs, thermal conductivity is 6.4 W·m−1·K−1, specific heat capacity is 380 J·kg−1·K−1, and absorption linewidth is 4 nm. In addition, it also exhibits the advantage of yielding a large-size crystal [19], which promotes its wide application in solid-state heat capacity lasers.



In 2016, Han et al. [46] performed a passively Q-switched experiment with Nd:GGG crystal and black phosphorus SA. A pulse output with repetition rate of 175 kHz, pulse width of 363 ns, average output power of 157 mW, and peak power of 3 W was obtained.



In 2010, Zhang et al. [115] obtained a 1.33-μm-wavelength pulsed laser by using an LD end-pumped Nd:GAGG crystal. The maximum average output power was 450 mW with a 3% transmittance of the OC mirror. The maximum peak pulse power was 7.1 kW with an 8% transmittance of the OC mirror.



In2021, Gao et al. [116] investigated passively Q-switched Nd:LGGG lasers at 1.3 μm, In the Q-switching regime, a repetition rate of 8 kHz with a minimum pulse duration of 9.75 ns was obtained, the corresponding peak power was 2.4 kW.



Nd:GGG crystals doped with ions such as Al3+, Y3+, and Lu3+ were fabricated, which could grow a variety of new crystals such as Nd:Gd3AlxGa5−xO12 (x = 0.94) (Nd:GAGG) [117], Nd:(LuxGd1−x)3Ga5O12 (Nd:LGGG) [118,119], Nd:Gd3xY3(1−x)Sc2Ga3(1+δ)O12 (Nd:GYSGG) [28], and Nd:Lu3Sc1.5Ga3.5O12 (Nd:LuYSGG) [120]. They can be used as a 1.3 μm solid-state laser gain medium. Since the doped ions replace Gd3+ or Ga3+ in the crystals, the newly formed crystals have wider non-uniform spectrum broadening, smaller excitation cross section, and greater energy storage capacity. The research progress is detailed in Table 4.




2.4. The Other Types of Optical Crystals


In 1998, Demidovich et al. [20,126] demonstrated that LD-pumped Nd:KGd(WO4)2 (Nd:KGW) can produce a continuous-wavelength laser output at 1.35 μm. The stimulated emission cross section of Nd:KGW at 1351 nm is 0.9 × 10−19 cm2, and fluorescence lifetime is 98 μs. In 2003, Savitski et al. [67] used V3+:YAG and PbS-doped glass as the SA and conducted comparative experiments. When the pump power was 47 mW, the output laser repetition rate reached 170 kHz, pulse width was 270 ns, and output power was 1 mW. With the V3+:YAG SA, the laser repetition rate was 100 kHz, pulse width was 250 ns, and output power was 5 mW. However, the output pulse width of this type of gain medium in the 1.3 μm band was large and peak power was low.



Nd:YAP has a large emission cross section (1.8 × 10−19 cm2) at 1341 nm, long fluorescence lifetime (170 μs), and high thermal conductivity (11 W·m−1·K−1). It is an excellent solid-state laser gain medium. In 2015, Chen et al. [127] demonstrated a diode-side-pumped passively Q-switched Nd:YAP laser operating at 1.34 μm with V3+:YAG SA. When the pump current was 34 A, the repetition rate of 5.51 kHz, pulse width of 197 ns, and maximum peak power of 6.93 kW were obtained. In 2016 Xu et al. [43] demonstrated a single and multi-wavelength Nd:YAP laser. The diode-pumped continuous-wave laser operated at 1364 nm by using a 0.08 mm glass etalon, and dual-wavelength laser was also achieved at 1328 and 1340 nm as well as at 1340 and 1364 nm. Replacing the etalons with Go SA, stable Q-switched laser operated at 1339 nm, the repetition rate of 76.9 kHz, pulse width of 380 ns, and maximum peak power of 14.5 W were obtained. The schematic of this laser is shown in Figure 7.



Nd:LiYF4(Nd:YLF) is widely used, as it is suitable for lasers with different structures and pumping modes. Nd:YLF is a natural birefringence crystal, which has a long upper-level life (∼ 520 μs) and small emission cross section (∼2–2.5 × 10−20 cm2; two polarizations). Hence, it possesses large energy storage capacity. In addition, owing to its high thermal conductivity (6 W·m−1·K−1) and negative thermal lens effect dn/dT (−4.3 × 10−6 π polarization, −2 × 10−6 σ polarization), it reduces the effect of the positive thermal lens. Moreover, it also has some advantages such as high crystal quality [128,129]. In 2013, Botha et al. [130] realized the Q-switched output of a Nd:YLF laser with maximum peak power of 6.1 kW at 1314 nm. In 2015, Xu et al. [48] reported a 1.3 μm passively Q-switched Nd:YLF laser by using few-layer TI Bi2Se3 as the SA. They obtained a pulse repetition rate of 161.3 kHz, shortest pulse width of 433 ns, and pulse energy of approximately 1.23 μJ.



Nd:LuLiF4 (Nd:LLF) is an isostructure of Nd:YLF, which can also be used as a solid gain medium at the 1.3 μm band. Compared with Nd:YLF, it has larger emission cross section (5.1 × 10−20 π polarization, 2.2 × 10−20 σ polarization) and similar fluorescence lifetime (489 μs). In 2013, Li et al. [131] reported a dual-wavelength (1314 nm and 1321 nm) output of the Nd:LLF laser. When the repetition rate of the Q-switched pulse was 17.2 kHz, the peak power of 885 W was obtained. In 2019, Qian et al. [57] obtained a 227 kHz high-repetition-rate pulse output by using gold nanorods (GNRs) with aspect ratio of 8 as the SA.



Several other types of optical crystals can also emit a 1.3 μm laser, such as: Nd:Lu2O3 [132,133] and Nd,Cr:YAG [33,134]. Here, we introduce only the main types. Table 5 presents the details of the research on the Nd:KGW, Nd:YAP, Nd:YLF, and Nd:LLF lasers.





3. Conclusions


3.1. Summary


This review discussed 1.3 μm laser crystals systematically. In recent years, the highest repetition rate of 1.3 μm passively Q-switched laser has exceeded MHz, and highest peak power of 70 kW has been achieved. Although researchers have made great progress in 1.3 μm passively Q-switched laser, there are also some factors limit the laser performance, such as, the low-gain emission line at 1.3 μm, the heat accumulation of crystals, the stability at high repetition rate, and so on. We make a summary of 1.3 μm passively Q-switched laser, and provide some research perspectives.



	
The peak value of the gain medium at 1.06 μm is much higher than that at 1.3 μm in the fluorescence spectrum, and the transition probability at 4F3/2-4I11/2 is greater than that at 4F3/2-4I13/2. Hence, it is necessary to suppress the 1.06 μm wavelength oscillation in the cavity to obtain 1.3 μm output light.



	
When the stimulated emission cross section of the gain medium is large, the threshold can be reduced and laser oscillation can be easily realized, whereas a small stimulated emission cross section of the gain medium can improve the energy storage capacity. Long fluorescence lifetime can increase the accumulation of upper-level particles and obtain larger energy storage, whereas short fluorescence lifetime is beneficial in obtaining a stable high-repetition-rate pulse output. Therefore, further in-depth research is required on the gain medium materials.



	
Owing to the differences in the band gap, nonlinear absorption, and saturated absorption of the SA materials, the ground-state absorption cross section, excited-state absorption loss, modulation depth, and damage threshold are different.



	
The resonator design (flat–flat, plane–concave, Z-cavity, V-cavity) affects the laser performance. The flat–flat cavity has the advantages of good directivity and large mode volume, and it is easy to obtain single-mode oscillations with this cavity. The Z-shaped cavity can not only adjust the focusing position and mode matching, but also limit the output beam astigmatism with a smaller folding angle. V-cavity can adjust the mode matching of the pump light, prevent the SA from absorbing the residual pump energy. The plane–concave cavity can improve the effective area ratio between of the gain medium and the SA, and achieves a compact structure while meeting the second threshold condition.



	
The pump source’s power, center wavelength and mode matching influence the output power.



	
Pulse fluctuations of the passively Q-switched laser, caused by the thermal lens effect also influence the output power.







3.2. Outlook


In view of the existing problems, researchers have put forward the following solutions from different perspectives. These improvement measures effectively accelerate and promote the development of 1.3 μm passively Q-switched laser. So, they also represent the current research trend.



	
New crystals of better quality: researchers have continuously developed new crystals, such as Nd:GYSGG, Nd: (Lu Gd Y La) VO4 mixed crystals, and Nd,Cr:YAG, etc. These crystals not only improve the performance, but can also be applied to some special fields due to their unique properties.



	
V3+:YAG and Co:LMA are popular 1.3 μm wavelength Q-switched devices. They have great absorption of the 1.3 μm wavelength and can be easily bleached. Hence, they achieve good experimental results (pulse width of several ns, peak power approaching the order of MW). During the past few decades, many new SA materials have been used as Q-switch devices such as graphene, black phosphorus, gold nanomaterials, and MXene. These materials can obtain high-repetition-rate pulse output (several hundreds of kHz), but their peak power is very low (few tens of W).



	
Optimization of resonant cavity: selecting the appropriate cavity type and device can reduce the unsaturated absorption loss in the cavity, thereby improving the output light quality. For example, the combination of SA and coupling output mirror transmittance can affect the repetition frequency, pulse width, and power of the output pulses. The laser output power can be improved through lamp pumping, multi-LD side pumping, slab gain medium, and multi-wavelength output. The pulse width can be compressed by using double SA, composite crystal, and mode-locking.



	
Reducing the thermal effect: the thermal effect of high-thermal-conductivity crystals and composite crystals can be reduced by using a thermoelectric cooler for controlling the crystal temperature.



	
Reducing timing and amplitude jitter: researchers have proposed various methods to reduce the pulse jitter, such as external modulation, pulsed LD pump source, self-injection seeding, and pre-pumping mechanism.
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Figure 1. Composition and application of 1.3 μm passively Q-switched laser. V:YAG samples [8], Co2+:LaMgAl11O19 crystal and polished section [9], SEM image of MoS2-SA [10], Photograph of gold nanobipyramids solution and TEM image of the gold nanobipyramids [11], Nd:YVO4 crystals samples [12], Nd:YAG crystals samples [13], Nd:GGG crystals samples [14], Nd:KGW crystals samples [15]. 
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Figure 2. Setup for passively synchronized Q-switched Nd:YVO4 lasers oscillating at 1064 and 1342 nm [66]. 
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Figure 3. Experimental setup [80]. 
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Figure 4. Passively Q-switched 1.34 µm laser experimental device with nickel-cobalt layered double hydroxide SA [102]. 
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Figure 5. Arrangement of the laser resonator with side-pumped trigonal crystal (LD, fast-collimated pumping laser diode; CL, coupling lens; AM, triangular slab active medium; SA, V:YAG; M2, laser output coupler; M1, laser rear mirror). 
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Figure 6. The schematic of Q-switched laser cavity based on ReS2 SA. M1: plane input mirror; M2: concave output mirror with radius of −100 mm and 8% transmittance [52]. 
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Figure 7. Set-up used for the LD-pumped Nd:YAP continuous-wave laser experiments. OSA, optical spectrum analyzer; PM, power meter; OC, output coupler [43]. 
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Table 1. Research progress on 1.3 μm passively Q-switched Nd:YVO4 lasers.
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Nd:YVO4




	
Year

	
CNd

	
SA

	
TOC

	
PAve (W)

	
Pulse

Width (ns)

	
Peak

Power (W)

	
Repetition

Rate (kHz)

	
Ref.






	
1997

	
3 at.%

	
InGaAsP

	
8.5%

	
0.0065

	
0.23

	
0.45

	
53

	
[64]




	
2003

	
1 at.%

	
PbS (T = 97%)

	
3%

	
0.012

	
110

	
-

	
295

	
[67]




	
8%

	
0.023

	
200

	
-

	
250




	
V3+:YAG (T = 95%)

	
5%

	
0.013

	
13

	
150

	
7




	
2005

	
2 at.%

	
InAs/GaAs

	
6%

	
0.36

	
90

	
>5

	
770

	
[65]




	
2005

	
1 at.%

	
V3+:YAG (T = 85%)

	
7%

	
0.096

	
8.8

	
436

	
25

	
[62]




	
2006

	
1 at.%

	
V3+:YAG (T = 90%)

	
-

	
-

	
70

	
3000 (intra)

	
10

	
[66]




	
2006

	
0.5 at.%

	
InGaAsP

	
6%

	
0.16

	
19

	
220

	
38

	
[68]




	
2007

	
0.27 at.%

	
Co2+:LMA (T = 90%)

	
9.7%

	
0.58

	
42

	
346

	
40

	
[69]




	
2011

	
0.3 at.%

	
V3+:YAG (T = 94%)

	
3%

	
0.9

	
54

	
180

	
89

	
[70]




	
2011

	
0.5 at.%

	
nc-Si/SiNx film

	
8%

	
0.67

	
51

	
~592

	
22.2

	
[71]




	
2015

	
Microchip

	
GaInNAs/GaAs

	
5%

	
0.024

	
0.204

	
-

	
2300

	
[22]




	
2017

	
0.4 at.%

	
Graphene oxide

	
5%

	
0.52

	
329

	
7.39

	
214

	
[44]




	
2018

	
YVO4/Nd:YVO4/YVO4

	
MXene Ti3C2Tx

	
4%

	
0.03

	
454

	
0.406

	
162

	
[58]




	
2018

	
0.4 at.%

	
Antimonene

	
5%

	
0.039

	
48.33

	
28.17

	
28.65

	
[72]




	
2019

	
0.1 at.%

	
Bi:GaAs

	
3.8%

	
0.435

	
64

	
48.7

	
138

	
[73]




	
GaAs

	
0.405

	
282

	
~9

	
158




	
2019

	
YVO4/Nd:YVO4/YVO4

(0.3 at.%)

	
WS2

	
12%

	
0.538

	
550

	
10.1

	
97

	
[55]




	
2019

	
YVO4/Nd:YVO4/Nd:YVO4

0 at.%0.1 at%0.3 at%

	
MoS2

	
12%

	
1.1

	
140

	
23.8

	
330

	
[10]




	
2020

	
Microchip

	
V3+:YAG (T = 97.5%)

	
4%

	
-

	
4.8

	
89

	
1820

	
[35]




	
V3+:YAG (T = 97.5%)

	
4%

	
-

	
6.4

	
144

	
680




	
V3+:YAG (T = 95%)

	
4%

	
-

	
2.2

	
344

	
616




	
V3+:YAG (T = 95%)

	
4%

	
-

	
3.6

	
383

	
295




	
V3+:YAG (T = 90%)

	
4%

	
-

	
1.6

	
500

	
460




	
V3+:YAG (T = 90%)

	
14%

	
-

	
1.6

	
2400

	
93




	
V3+:YAG (T = 79%)

	
4%

	
-

	
1.3

	
2500

	
11




	
V3+:YAG (T = 79%)

	
4%

	
-

	
1.08

	
2300

	
24




	
2020

	
0.5 at.%

	
PtSe2

	
5%

	
0.209

	
775

	
2.61

	
103.5

	
[56]




	
2020

	
0.2 at.%

	
GO-FONP

	
10%

	
0.306

	
163

	
5.98

	
314

	
[45]




	
2020

	
0.2 at.%

	
FONP

	
5%

	
0.14

	
767

	
1.56

	
116

	
[74]




	
2020

	
0.3 at.%

	
GaInSn

	
10%

	
0.425

	
32

	
1622

	
44

	
[75]




	
2020

	
0.3 at.%

	
Ti3C2(OH)2/Ti3C2F2

	
3%

	
0.48

	
390

	
6.25

	
195

	
[76]




	
2020

	
0.5 at.%

	
Mo2C

	
5%

	
0.236

	
222

	
4.5

	
236

	
[59]




	
2020

	
0.5 at.%

	
Mo2C

	
5%

	
0.293

	
313

	
10.04

	
93

	
[60]




	
2022

	
-

	
Ti2C Mxene

	
-

	
0.215

	
190

	
7.75

	
146

	
[77]








CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power; GO-FONP, graphene oxide and ferroferric-oxide nanoparticle hybrid.
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Table 2. Research progress on 1.3 μm passively Q-switched Nd:GdVO4 lasers.
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Nd:GdVO4




	
Year

	
CNd

	
SA

	
TOC

	
PAve (W)

	
Pulse

Width (ns)

	
Peak

Power (W)

	
Repetition

Rate (kHz)

	
Ref.






	
2007

	
0.52 at.% c-cut

	
Co2+:LMA (T = 90%)

	
5.5%

	
0.266

	
32

	
187

	
277

	
[79]




	
2008

	
0.52 at.%

	
a-cut

	
V3+:YAG (T = 54%)

	
10%

	
-

	
61.72

	
247,000

	
-

	
[34]




	
c-cut

	
-

	
53.9

	
330,000




	
2009

	
0.52 at.%

	
a-cut

	
V3+:YAG (T = 94%)

	
3%

	
0.519

	
-

	
-

	
-

	
[81]




	
10%

	
0.441




	
c-cut

	
3%

	
-

	
21.7

	
307

	
48.41




	
10%

	
22.3

	
316

	
53.25




	
2010

	
0.5 at.% a-cut

	
V3+:YAG (T = 96%)

	
15%

	
0.782 *

	
80

	
244

	
76.1 *

	
[82]




	
2011

	
0.5 at.% c-cut

	
Co2+:LMA (T = 90%)

	
+V3+:YAG (T = 94%)

	
5%

	
0.319

	
16.9

	
378.2

	
49.8

	
[80]




	
+V3+:YAG (T = 50%)

	
0.268

	
11.3

	
659

	
36




	
2018

	
0.5 at.%

	
Au-NBPs (T = 90%)

	
4%

	
0.175

	
342

	
3.6

	
141.8

	
[11]




	
2018

	
0.3 at.% a-cut

	
Black phosphorus

	
8%

	
0.452

	
77

	
10.04

	
625

	
[47]




	
2018

	
-

	
1T-TiSe2

	
15%

	
0.36

	
344

	
4.67

	
224

	
[51]




	
2019

	
c-cut composite crystal 0.1 at.%/0.3 at.%/0.8 at.%

	
MoSe2

	
3.8%

	
0.0526

	
420

	
0.52565

	
238

	
[24]




	
V3+:YAG+MoSe2

	
0.1922

	
82.4

	
5.6

	
409.3




	
V3+:YAG

	
0.04

	
267

	
-

	
-




	
2019

	
c-cut composite crystal 0.1 at.%/0.5 at.%/1 at.%

	
ZIF-67

	
3.8%

	
0.109

	
108

	
2.43

	
415

	
[83]




	
2019

	
0.5 at.%

	
BiQDs

	
5%

	
0.125

	
510

	
1.8

	
135

	
[84]




	
2020

	
c-cut composite crystal 0.1 at.%/0.3 at.%/0.8 at.%

	
BiQDs

	
3.8%

	
0.12

	
155

	
1.68

	
457

	
[85]




	
2020

	
-

	
ITO-NWAs

	
10%

	
0.32

	
296

	
4.69

	
230.2

	
[86]




	
2021

	
-

	
Co2+:β-Ga2O3

	
3.8%

	
0.035

	
280

	
-

	
181

	
[87]




	
2021

	
0.3 at.%

	
α-Fe2O3 nanosheets

	
3.8%

	
0.114

	
180

	
1.8

	
358

	
[88]




	
2022

	
1 at.%

	
m-BiVO4

	
3.8%

	
0.1153

	
355

	
1.35

	
242.6

	
[89]








CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power; Au-NBPs, gold nanobipyramids; ZIF-67, zeolitic imidazolate framework-67; BiQDs, bismuth quantum dots; ITO-NWAs, broadband indium tin oxide nanowire arrays. m-BiVO4, monoclinic bismuth vanadate.
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Table 3. Research progress on 1.3 μm passively Q-switched Nd:YAG lasers.






Table 3. Research progress on 1.3 μm passively Q-switched Nd:YAG lasers.





	
Nd:YAG




	
Year

	
CNd

	
SA

	
TOC

	
PAve (W)

	
Pulse

Width (ns)

	
Peak

Power (W)

	
Repetition

Rate (kHz)

	
Ref.






	
2003

	
-

	
V3+:YAG (T = 95.7%)

	
15%

	
1.56

	
20

	
1200

	
60

	
[108]




	
Double V3+:YAG

	
0.96

	
20

	
2400

	
20




	
2004

	
1 at.%

	
YAG/Nd:YAG

(4 + 8)mm

	
V3+:YAG

	
T = 89%

	
6%

	
0.215

	
21

	
3100

	
5.6

	
[109]




	
T = 93%

	
9%

	
0.525

	
30

	
4300

	
11




	
T = 91%

	
9%

	
0.365

	
25

	
4800

	
5.3




	
YAG/Nd:YAG/VYAG (4 + 8 + 0.5) mm

	
V3+:YAG (T = 88%)

	
14%

54 mm Lcav

	
0.5

	
19.7 ± 0.3

	
5000

	
5.2




	
9%

42 mm Lcav

	
0.7

	
14.7 ± 0.5

	
4600

	
10.4




	
18%

33 mm Lcav

	
0.43

	
11.0 ± 0.4

	
6100

	
6.4




	
2006

	
Triangular Slab

	
V3+:YAG (T = 95.7%)

	
25%

	
-

	
6

	
125,000

	
-

	
[105]




	
2007

	
1.1 at.%

	
YAG/Nd:YAG

(4 + 8) mm

	
V3+:YAG (T = 85%)

	
10%

	
0.6

	
6.2 ± 0.2

	
6000 ± 300

	
15

	
[110]




	
Nd:YAG 4 mm

	
0.25

	
1.7 ± 0.1

	
11,000 ± 2000

	
11




	
2010

	
2 at.%

	
T = 89.6% (1319 nm) T = 89.7% (1338 nm)

Co2+:LMA

	
12.5% (1319 nm)

12% (1338 nm)

	
0.266

	
15

	
167

	
133

	
[104]




	
2011

	
0.6 at.%

	
V3+:YAG (T = 92%)

	
2.8%

	
1.8

	
128

	
-

	
230

	
[106]




	
2013

	
0.6 at.%

	
Graphene Oxide

	
10%

	
0.82

	
2000

	
11.7

	
35

	
[39]




	
2015

	
1 at.%

	
V3+:YAG (T = 88%)

	
2.5%

	
0.628

	
21

	
2100

	
15

	
[111]




	
2015

	
1.1 at%

	
V3+:YAG

	
T = 90%

	
15%

	
3.3 mJ

	
-

	
-

	
77.5

	
[23]




	
T = 85%

	
25%

	
2.4 mJ

	
6.16

	
64,900

	
34.1




	
2016

	
1 at.%

	
Multilayer Graphene (T = 89%)

	
2.5%

	
0.34

	
380

	
139

	
209

	
[41]




	
2016

	
1 at.%

	
V3+:YAG (T = 90%)

	
6%

	
1.97

	
20.2

1319 nm

	
-

	
64.1

	
[107]




	
1.58

	
20.86

1338 nm

	
-




	
2018

	
Nd3+:YAG/YAG/V3+:YAG/YAG 1 at.%

	
V3+:YAG

	
2.8%

	
2.41

	
-

	
-

	
-

	
[4]




	
2018

	
1.1 at.%

	
Co∶MgAl2O4 (T = 89.5%)

	
16%

	
0.48

	
18.3

	
1533

	
17.5

	
[112]




	
2019

	
1 at.%

	
ReS2

	
8%

	
0.078 W

	
403

	
0.9

	
214

	
[52]




	
2019

	
-

	
ReS2

	
-

	
0.101 W

	
111

	
2.95

	
308.4

	
[53]




	
2019

	
-

	
SnS2

	
-

	
0.136 W

	
323

	
1.89

	
223

	
[54]








CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power; Lcav, cavity length.
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Table 4. Research progress on 1.3 μm passively Q-switched neodymium-doped gallium garnet lasers.






Table 4. Research progress on 1.3 μm passively Q-switched neodymium-doped gallium garnet lasers.





	
Year

	
CNd

	
SA

	
TOC

	
PAve (W)

	
Pulse Width (ns)

	
Peak

Power (W)

	
Repetition

Rate (kHz)

	
Ref.






	
Nd:Gd3Ga5O12 (Nd:GGG)




	
2009

	
1 at.%

	
Co2+:LMA

	
T = 90%

	
8%

	
0.183

	
26.1

	
700

	
-

	
[121]




	
T = 81%

	
0.131

	
16.4

	
1300

	
6.1




	
2009

	
1 at.%

	
V3+:YAG (T = 94%)

	
8%

	
0.46

	
19

	
650

	
39

	
[122]




	
2015

	
0.5 at.%

	
Graphene

	
2.2%

	
0.69

	
556

	
7.45

	
166.7

	
[40]




	
2016

	
0.5 at.%

	
Black Phosphorus

	
5%

	
0.157

	
363

	
3

	
175

	
[46]




	
Nd:Gd3AlxGa5-xO12 (Nd:GAGG)




	
2010

	
0.74 at.%

	
V3+:YAG (T = 94%)

	
8%

	
0.29

	
18.2

	
2000

	
8

	
[115]




	
2011

	
0.74 at.%

	
Co2+:LMA (T = 90%)

	
8%

	
0.329

	
14.6

	
7100

	
3

	
[123]




	
Nd:(LuxGd1−x)3Ga5O12 (Nd:LGGG)




	
2013

	
0.96 at.%

	
V3+:YAG (T = 95%)

	
8%

	
0.75

	
25.9

	
1700

	
17.1

	
[124]




	
2021

	
1 at.%

	
V3+:YAG (T = 90%)

	
5%

	
0.176

	
9.75

	
2400

	
8

	
[116]




	
Nd:Gd3xY3(1-x)Sc2Ga3(1+δ)O12 (Nd:GYSGG)




	
2016

	
2 at.%

	
V3+:YAG (T = 90%)

	
8.8%

	
0.251

	
23.9

	
954

	
11

	
[29]




	
2017

	
1 at.%

	
Co:MgAl2O4 (T = 82%)

	
12%

	
0.225

	
20.5

	
1319 *

	
9.1

	
[30]




	
Nd:Lu3Sc1.5Ga3.5O12 (Nd:LuYSGG)




	
2019

	
1 at.%

	
V3+:YAG (T = 90%)

	
5%

	
0.39

	
-

	
-

	
41.6

	
[125]




	
10%

	
0.34

	
20.8

	
428

	
38.2




	
2020

	
1 at.%

	
Bi2Se3 (T = 75%)

	
5%

	
0.36

	
146

	
7.05

	
349.5

	
[49]








CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power.
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Table 5. Research progress on 1.3 μm passively Q-switched Nd:KGW, Nd:YAP, Nd:YLF, and Nd:LLF lasers.
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Year

	
CNd

	
SA

	
TOC

	
PAve (W)

	
Pulse

Width (ns)

	
Peak

Power (W)

	
Repetition

Rate (kHz)

	
Ref.






	
Nd:KGd(WO4)2 (Nd:KGW)




	
2001

	
4 at.%

	
V3+:YAG (T = 96.5%)

	
2%

	
0.087

	
78

	
40

	
27.6

	
[135]




	
2003

	
7 at.%

	
PbS (T = 97%)

	
4%

	
0.001

	
270

	
-

-

	
170

	
[67]




	
V3+:YAG (T = 95%)

	
0.005

	
250

	
100




	
2006

	
3 at.%

	
PbS (T = 98%)

	
4%

	
0.012

	
50

	
8

	
31

	
[136]




	
V3+:YAG (T = 98%)

	
0.042

	
95

	
7.6

	
58




	
Nd:KLu(WO4)2 (Nd:KLW)




	
2012

	
0.5 at.%

	
Graphene on SiC (T = 80%)

	
8%

	
0.89

	
466

	
-

	
135

	
[38]




	
Nd:YAl O3 (Nd:YAP)




	
2006

	
Triangular Slab

	
V3+:YAG (T = 95.7%)

	
25%

	
-

	
5.7

	
77,000

	
-

	
[105]




	
2015

	
0.9 at.%

	
V3+:YAG (T = 93%)

	
7%

	
7.52

	
197

	
6930

	
5.51

	
[127]




	
2016

	
0.8 at.%

	
Graphene Oxide;

	
2.3%

	
0.43

	
380

	
14.7

	
76.9

	
[43]




	
Nd:GdYAl O3 (Nd:GYAP)




	
2022

	
1 at.%

	
Bi nanosheets

	
5%

	
0.2

	
361

	
1.25

	
365

	
[137]




	
Nd:LiYF4 (Nd:YLF)




	
2013

	
0.5 at.%

	
V3+:YAG (T = 97%)

	
5%

	
5.2

	
135

	
6100

	
6.3

	
[130]




	
2015

	
1 at.%

	
Bi2Se3 (T = 95.1%)

	
2.3%

	
0.2

	
433

	
2.84

	
161.3

	
[48]




	
Nd:LuLiF4 (Nd:LLF)




	
2013

	
1 at.%

	
V3+:YAG (T = 80%)

	
3%

	
1.87

	
120

	
885

	
17.2

	
[131]




	
2016

	
1 at.%

	
Monolayer Graphene

	
3.8%

	
1.03

	
133

	
84.9

	
91

	
[42]




	
8%

	
1.33

	
155

	
111.6

	
77




	
2017

	
1 at.%

	
g-C3N4

	
3.8%

	
0.96

	
275

	
-

	
154

	
[138]




	
2019

	
1 at.%

	
GNRs

aspect ratio 5

	
3.8%

	
1.432

	
328

	
-

	
200

	
[57]




	
8%

	
1.173

	
460

	
-

	
205




	
GNRs

aspect ratio 8

	
3.8%

	
1.209

	
271

	
-

	
218




	
8%

	
1.247

	
438

	
-

	
227








CNd, Nd doping concentration; TOC, transmission of output coupler mirror; PAve, average output power; g-C3N4, two-dimensional (2D) graphite carbon nitride; GNRs, gold nanorods.
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