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Fig. 1 Transparent ceramics with large size and various

shapes[M]
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Table 1 Representative research progress of sesquioxide laser ceramics

Year Gain medium Output power Slope efficiency Laser wavelength Reference
2001 1.5 at.% Nd:Y,0; ceramic 160 mW 32% 1074.6 and 1078.6 nm [97]
2002 0.15 at.% Nd:Lu,O; ceramic 10 mW —_— 1.0759 and 1.080 pm [98]
2002 8 at.% Yb:Y,0; ceramic 0.75W 12.6% 1078 nm [86-87]
. 420 mW 9% About 1094 nm
2003 2.5 at.% Yb:Sc,05 ceramic [88]
200 mW —_— About 1 041 nm
. 0.7W ~36% 1035nm
2005 3 at.% Yb:Lu,Os ceramic [89]
0.95W ~53% 1079 nm
2005 8 at.% Yb:Y,O; ceramic 92W 41% 1078 nm [90]
2008 0.25 at.% Er:Sc,03 ceramic 2.35W 77% 1605.5nm [125]
2010 2 at.% Er:Y,0; ceramic 380 mW 15% About 2.7 um [114]
2011 10 at.% Yb:Lu,O; ceramic >16 W 74% 1080 nm [52]
2011 3 at.% Ho:Y,0; ceramic 25W 35% About 2.12 pm [108]
. 70 W (Thin disk) 68.2% 1031 nm
2012 2 at.% Yb:Y,03 ceramic L [92]
7.4 W (Thin disk) 17.2% About 1031 nm (547 fs)
2013 2 at.% Tm:Lu,O3 ceramic 34 W 44% 2068 nm [105]
2013 2 at.% Ho:Lu,0; ceramic 182 mW 1% 2 124nm [109]
. 24 W 38% 1.6 um
2015 0.5 at.% Er:Y,0; ceramic [127]
13W 24% 2.7 pm
2016 2 at.% Er:Y,0; ceramic 24 W 24% 2.74 um [116]
2016 1 at.% Tm:Lu,Os ceramic 23 W 59.1% (Optical-to-optical efficiency) 1966 nm [106]
2017 3 at.% Yb:Lu,0s ceramic 174 W (Thin disk) 54% —_— [93]
. 35W 31.1% 1.074 um
2017 0.4 at.% Nd:Y,0; ceramic [101]
1w 12.4% 0.946 um
2017 4.76 at.% Tm:LuScO ceramic 34 mW —_— About 2.057 pm (63 fs) [26]
2018 1.5 at.% Tm:LuScO ceamic 11w 28.9% (Optical-to-optical efficiency) 2.09 pm [107]
. 3.01W 49.6% About 1.08 um
2018 0.6 at.% Nd:Y,0; ceramic [79]
1.68 W 29.3% About 1.36 um
2018 11 at.% Er:Lu,0O; ceramic 23W 29% 2.8 pm [118]
2018 0.7 at.% Ho:Y,0; ceramic 1.3W 31.2% 2116.8nm [82]
2019 5 at.% Yb:Lu,O5 ceramic 8.15W 58.4% 1033.4nm [91]
2019 0.5 at.% Ho:Y,0; ceramic 113.6 W 55.6% 2117 nm [110]
2021 2 at.% Tm:Y,Os ceramic 11.3W 74.4% About 2 050 nm [104]
2021 4 at.% Yb:Lu,Os ceramic 1190 W (Thin disk) 65% About 1 034nm [25]
2022 3 at.% Yb:Y,0; ceramic 32W 58.2% (Optical-to-optical efficiency) About 1 077 nm [54]
2022 7 at.% Er:Y,0; ceramic 13.4W 23.7% About 2.7 um [119]
2022 0.25 at.% Er:Y,0j3 ceramic 102W 25% 1640 nm [83]
2022 0.5 at.% Ho:Y,0; ceramic 210.5W 60% 2117 nm [24]
2023 7 at.% Er:Y,0; ceramic 4.65W 25.9% About 2.7 um [120]
2023 3 at.% Tm, 0.6 at.% Ho:(Y,Sc),0;3 ceramic 291 mW 54.3% About 2.1 um [131]
2023 0.5 at.% Tm:Y,0; ceramic 812 mW 70.2% About 2.05 pm [132]
2023 0.5 at.% Tm:(Y,Sc),05 ceramic 523 mW 44.7% About 2.09 pm [132]
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Extended Abstract

Solid-state lasers have the advantages of realizing laser outputs with a high energy and a high peak power, having potential
applications in civil and military fields (i.e., remote sensing, environmental monitoring, medical treatment and optoelectronic
countermeasure). Rare-earth ions doped sesquioxide materials as one of the most promising gain media have attracted recent attention
due to their low phonon energy, low thermal expansion coefficient and high thermal conductivity. However, large-size sesquioxide
single crystals with a good optical quality are difficult to grow because of the high melting points (i.e., >2 400 ‘C) and phase
transition point at 2280 “C. Fortunately, the sintering of sesquioxide ceramics as an alternative way to prepare laser host materials. Tt
is possible to obtain the materials with a large volume and a high doping concentration, showing a superiority in large-scale
production, a feasibility of shape control and better mechanical properties.

To achieve high-efficiency and high-power laser oscillation from sesquioxide ceramics, it is crucial to eliminate the main
scattering centers inside microstructures, i.e., residual pores and secondary phases. Raw powders with less agglomeration and high
sinterability, combined with appropriate molding methods are fundamental for producing compacts with small pore size and uniform
microstructures. This is favorable to avoid differentiate densification, degrading the optical homogeneity and transparency. During the
sintering process, it is essential for pores to remain at grain boundaries until the final full densification. This prevents the formation of
intragranular pores that are hard to remove. The effective control of grain boundary migration can be achieved to prevent
pore-boundary separation through the addition of suitable sintering additives, regulation of sintering atmospheres (i.e., vacuum,
hydrogen and oxygen), and the use of advanced sintering techniques (i.e., microwave sintering, spark plasma sintering or two-step
sintering, etc.). In addition, pressure assisted sintering, including hot pressing and hot isostatic pressing can also improve the
densification rate and facilitate the effective removal of residual pores. This even enables the full densification of sesquioxide
ceramics without using sintering additives. Zirconia is once widely used as a sintering aid for sesquioxide transparent ceramics.
However, it can severely degrade the laser performance of sesquioxide ceramics due to the occurrence of photodarkening
phenomenon under high-power pump beam excitation. This may be attributed to the charge imbalance between Zr** and host cation
ions. Consequently, the introduced point defects act as acceptors for the electrons of excited laser ions, forming Zr** color centers that
cause a broad absorption in a wavelength range of 400—700 nm. This seriously affects the laser oscillation efficiency. Therefore, in
addition to achieving laser-grade quality compared to single crystals, minimizing the use of sintering additives or regulating the
lattice defects are also considered in the fabrication process of sesquioxide ceramics.

In general, chemical co-precipitation process for synthesizing well-dispersed powders, combined with vacuum sintering and hot
isostatic pressing sintering, is considered as an effective way for fabricating high-quality sesquioxide transparent ceramics. This
approach provides a great driving force for densification through well controlling grain boundary diffusion and migration. However,
it is necessary to determine suitable sintering curves and microstructure morphology before hot isostatic pressing.

Summary and prospects: At present, solid-state lasers based on sesquioxide ceramics primarily emphasize the near-infrared
wavelength range. These lasers can be categorized into applications near 1 um (doped with Yb*" and Nd*"), 2 um (doped with Tm**
and Ho"), as well as 1.6 um and 3 pm (doped with Er*"), with significant achievements in both high power and ultra-short pulse laser
outputs. It is noteworthy that Konoshima Chemical Co. and World-Lab Co. currently dominate the market with their high-quality
sesquioxide laser ceramics. it is imperative to elucidate the effect of lattice defects on the laser performance in the future development
of sesquioxide laser ceramics. Breakthroughs in fabrication technologies for large-size ceramics with a high optical homogeneity are
crucial for laser engineering applications. Complex structure design is also essential to optimize thermal management in high-power
laser systems. In addition, there should be also a focus on synthesizing single crystals through sintering methods, indicating a
potential for obtaining new laser materials with heavily active ions doping and composite structures. A broad range of laser
applications from sesquioxide transparent ceramics can be anticipated through the continuous improvement of powder synthesis,
molding methods and sintering techniques.

Keywords solid-state laser; sesquioxides; transparent ceramics; rare-earth ions; laser ceramics



