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Abstract: Fluoride laser ceramics, which are employed as amplification media in solid-state lasers, have attracted
considerable attention because of their excellent optical properties combined with other material parameters important for
these applications, making them highly versatile materials. In this review, the fabrication and properties of fluoride laser
ceramics, including CaF,, SrF,, and BaF, ceramics, are comprehensively investigated. As the state-of-art analysis shows,
while some ceramic materials of this type have shown promising properties suitable for practical applications, most still
require further research in the field of basic research. Specifically, this article reviews the state of research, identifies issues
and prevailing challenges, and outlines development trends for fluoride ceramics for solid-state laser applications. The
information gathered here is an important compendium of knowledge both for researchers seeking to work in this field of
science and as a source of the latest information for experienced professionals who are already continuing

preimplementation work in this area.
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1 Introduction

Solid-state lasers have found widespread applications in metal
processing, medical treatment, environmental monitoring
systems, and various other fields, becoming almost a symbol of
the scientific advances of our current technological civilization
[1-5]. The key to achieving population inversion and optical
amplification and consequently achieving efficient laser action is
the amplification medium used [6]. In the past, owing to their
native optical transparency, only single crystals and glasses with
appropriate physical properties served as the primary media for
laser amplification [7-9]. However, recent advancements in
ceramic fabrication technologies have led to the emergence of
transparent ceramics (TCs) with high optical quality, providing an
attractive alternative to solid-state laser gain media [10-13].
Moreover, TCs offer numerous advantages over single crystals,
including shorter production times and greater ease in achieving
composite structures and complex shapes [14-16]. Additionally,
TCs exhibit significantly better thermal performance than glasses
do [17-19]. In addition to the appropriate specific physical
properties, which primarily include low phonon energy, low
melting points, negative thermo-optical coefficients, and low
refractive indices, it is necessary to dope with appropriate dopants
to obtain the final required spectroscopic characteristics of the
host materials. Moreover, fluoride ceramics with fluorite
structures offer the possibility of easy doping with luminescent
ions in a wide range of concentrations, including rare earth ions
(RE*), such as Yb*, Nd*, or Er*, which are important for solid-
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state laser materials [20-23]. Importantly, owing to the widely
recognized facts above and the efforts put in by research groups
worldwide, in recent years, innovations in manufacturing
methods and the availability of increasingly advanced equipment
have contributed to the exponential development of technologies
for obtaining fluoride transparent ceramics with increasingly
better performance. Summarizing the above facts, it can be said
with certainty that fluoride transparent ceramics currently occupy
a key position in the research and development of laser ceramics,
as evidenced in this article, and at the same time, numerous
reports in recent years confirm that expectations for these
materials continue to exceed achievements, and the work on their
further optimization still does not lose its pace.

1.1 Solid laser gain medium materials

Currently, lasers are broadly categorized into five types: solid-state
lasers, gas lasers, liquid (dye) lasers, semiconductor lasers, and free
electron lasers [24]. Owing to their early development and notable
advantages, including compactness, portability, accessibility to
high-energy laser outputs, and cost-effectiveness, solid-state lasers
are extensively employed in large-scale laser systems such as
Shenguang III, the National Ignition Facility (NIF), and military
weaponry [25,26]. The architecture of solid-state lasers typically
comprises three components: a resonant cavity, a solid-state laser
gain medium, and a pump source (Fig. 1). Among these, the laser
gain medium plays a central role in achieving population
inversion and optical amplification [27].

The main solid-state laser gain media commonly used today
include single crystals, glasses, and ceramics with varying chemical
compositions. In the six decades of robust advancements in solid-
state lasers, laser single crystals and laser glasses have emerged as
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Fig.1 Schematic diagram of Yb:CaF, laser. Reproduced with permission from
Ref. [11], © Elsevier B.V. 2023.

pivotal gain media that have been extensively researched and
utilized. Among laser single crystals, oxide crystals such as
Nd:YAG [1,28], Yb:YAG [29,30], and Nd:YVO, [31,32] and
fluoride crystals such as Nd:YLF [33,34], Yb:CaF, [35-37],
Nd:CaF, [38,39], and Yb:SrF, [40-42] find application across
various solid-state lasers spanning different power levels. Laser
glasses, including phosphate glass [43—45], germanate glass
[46-48], and tellurite glass [49-51] doped with diverse rare earth
ions, have also garnered attention. In particular, Nd*-doped
phosphate glass (Nd:glass) is popular in ultrastrong and ultrashort
laser systems because of its sizable stimulated emission cross-
section and low nonlinear refractive index [3,7,52—55].

While the preparation and utilization of the former two are well-
established and widespread, they suffer from several challenging
limitations, hindering their further advancement and application.
For example, single-crystal fabrication entails lengthy cycles and
high costs, with challenges in achieving high-concentration
uniform doping of rare earth ions [56]. Glasses exhibit poor
mechanical and thermal properties, impacting the laser’s
operational lifespan. Conversely, laser ceramics offer notable
benefits such as superior thermal and mechanical characteristics,
shorter fabrication cycles, and ease of shaping into complex forms
and larger sizes [57-60], garnering significant attention from
researchers.

1.2 Performance requirements for solid-state laser gain
medium

The performance of solid-state laser gain media, pivotal
components of solid-state lasers, significantly influences laser
performance and quality. Consisting primarily of matrix materials
and activated ions, these media rely on matrix materials meeting
specific criteria to enable the generation of high-energy efficient
lasers [61]. High-performance laser gain media necessitate specific
characteristics in both activating ions and matrix materials:

(1) Optical quality

To minimize optical loss, laser materials must exhibit high
optical quality and be devoid of internal pores or equivalent
optical scattering centers [17,62].

(2) Mechanical properties

Laser materials should possess favorable mechanical properties
to facilitate the fabrication of laser gain media of various shapes
and sizes, accommodating diverse practical application
environments [63]. Common configurations include thin sheets,
zig-zag plates, rods, and planar waveguides [64].

(3) Thermal performance

Optimal thermal performance is crucial, as laser materials
inevitably generate waste heat through nonradiative transitions
during operation. Solid-state optical materials must exhibit
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excellent thermal conductivity to mitigate the thermal lensing
effects induced by internal temperature gradients during high-
power operation. Inadequate thermal conductivity and thermal
shock resistance can exacerbate material susceptibility to damage,
compromising the laser output quality [65].

(4) Activating ion selection

The selection of activating ions necessitates meticulous
screening on the basis of the desired laser wavelength for the
intended application. Additionally, achieving uniform doping
throughout the matrix materials is essential for optimal
performance [66].

Compared with glass, laser ceramics possess physical and
chemical properties similar to those of single crystals, boasting
superior mechanical and notably enhanced thermal properties.
Additionally, they offer advantages such as lower production costs
and facile preparation of large-sized and intricate samples.
Consequently, they constitute an indispensable component of gain
media in the design of new solid-state lasers. The ongoing
refinement in preparation techniques for ceramic powders
characterized by high purity and favorable sintering activity,
coupled with the rapid evolution of sintering methodologies such
as hot pressing (HP) sintering and hot isostatic pressing (HIP)
sintering, has propelled the production of high-optical-quality
laser TCs [67].

1.3 Development of laser ceramics and fluoride laser
ceramics

In 1964, Hatch et al. [68] from Kodak achieved a milestone by
successfully producing Dy:CaF, TCs through vacuum HP
sintering technology, marking the initial laser output possible
from ceramic lasers. However, owing to the low optical quality of
ceramics, laser operation requires liquid helium temperatures to
achieve output, resulting in a considerable performance gap
compared with that of single crystals, leading to limited attention
at that time.

In 1995, Ikesue and his team [10] accomplished a significant
feat by fabricating high-optical-quality 1.1 at% Nd:YAG TCs
utilizing high-purity ALO;, Y,0;, and Nd,O; powders through
solid-state reaction sintering technology. They achieved
continuous laser output at 1064 nm for the first time, with the
lasing threshold and slope efficiency reaching 309 mW and 28%,
respectively. Their laser performance rivaled that of Nd:YAG
single crystals prepared via the pulling method, highlighting the
vast potential of laser TCs as laser gain media. Building on this
success, Ikesue ef al. [69-72] delved deeper into the impact of the
pore volume and scattering centers on the laser performance of
Nd:YAG ceramics and compared the optical quality and laser
performance across different Nd* concentrations [73]. These
research outcomes significantly piqued researchers’ interest in
laser TCs. In 1999, Konoshima Chemical Company in Japan
[74-76] utilized nanofabrication technology alongside vacuum
sintering processes to fabricate high-quality Nd:YAG TCs, which
boasted optical properties nearly indistinguishable from those of
single crystals. Lu et al. [77] from the University of Electro-
Communications in Japan spearheaded the development of a
series of robust ceramic solid-state lasers using Nd:YAG ceramics
sourced from Konoshima Chemical. These lasers achieve a
remarkable slope efficiency of up to 55.5%, with output power
scaling from an initial 31 W to kilowatts. By 2002, the laser output
had surged to 1.46 kW [78-80]. Beyond Japan, USA intensified its
exploration of ceramic solid-state lasers. In 2006, Lawrence
Livermore National Laboratory (LLNL) achieved a continuous
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laser output of 67 kW, leveraging large-scale Nd:YAG transparent
ceramics “flat noodles” (10 cm x 10 cm x 2 c¢m) provided by
Konoshima Chemical Co. [81]. In 2009, Textron Defense Inc. [82]
reached a milestone with the Nd:YAG ceramic laser, achieving a
remarkable 100 kW laser output. Concurrently, Northrop
Grumman [83] in USA achieved over 100 kW of laser output with
a Yb:YAG ceramic laser in the same year.

In addition to garnet materials, sesquioxide materials (Y,0;,
Lu,0;, and Sc,0;) play pivotal roles as constituents of laser
transparent ceramic matrices [84-86]. Compared with YAG
materials, sesquioxides boast superior thermal conductivity and
offer distinct advantages in high-power solid-state lasers.
Furthermore, sesquioxide ceramics entail lower preparation
complexities than single crystals do [87]. The unique properties of
rare earth ion-doped sesquioxide laser TCs have garnered
significant interest among researchers worldwide. Beginning in
2001, Lu et al. [88] achieved notable success in this field by
attaining a laser output with a slope efficiency of 32% in Nd:Y,0,
TCs via nanotechnology combined with vacuum sintering
technology. Following this breakthrough, in 2002, Lu et al. [89]
successfully prepared Yb:Y,O; TCs, achieving continuous laser
output at 1077 nm. This paved the way for the development of
various high-quality sesquioxide-based laser TCs, such as
Nd:Luw,O;, Yb:Lw,O;, and Yb:Sc,0;, which demonstrated
continuous laser output in subsequent studies [4,90-95]. Notably,
in 2021, the University of Stuttgart in Germany achieved a
significant milestone by achieving continuous laser output with an
optical-to-optical conversion efficiency of 60.3% and a power of
1190 W through Yb:Lu,O; ceramic thin plate lasers [96].
Moreover, sesquioxide-based laser ceramics exhibit superior
performance in ultrashort pulse lasers. For example, in 2009, the
University of Electro-Communications achieved pulsed laser
outputs of 68 and 53 fs using Yb:Y,O0; and Yb:Sc,0; ceramic
lasers, respectively [97,98]. Similarly, in 2017, Paradis et al. [99] in
Switzerland accomplished a 35 fs ultrashort pulse laser output
using Yb:Lu,O; ceramic lasers in Kerr-lens mode locking.

Table 1 presents the physicochemical properties of common
matrix materials that can be used as gain media for solid-state
lasers [100-102]. Compared with common oxide transparent
ceramics, fluoride transparent ceramics have significant
application prospects in the field of solid-state lasers because of
their excellent physicochemical properties. First, compared with
oxide matrix materials, fluoride has a lower melting point,
resulting in lower preparation costs and difficulties. Second, the
low density of fluoride is beneficial for reducing the quality of
solid-state lasers and achieving a lightweight design for laser
devices. In addition, fluoride materials have a wide transmission
band from deep ultraviolet to mid-infrared (MIR), which can be
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used as gain medium matrix materials for lasers of different
wavelengths. At the same time, the phonon energy of fluoride
materials is relatively low, which can effectively reduce the
nonradiative transition probability of RE*, improve quantum
efficiency, and, to some extent, reduce the generation of waste
heat, thereby reducing the thermal load during laser operation.
Finally, their unique negative thermal optical coefficient can
effectively reduce the thermallens effect during laser operation [103].

Fluoride ceramics, which serve as laser substrate materials,
boast advantages such as low phonon energy, wide transmission
bands, excellent mechanical and thermal properties, and low
nonlinear refractive indices. Consequently, they have emerged as
highly promising laser gain media, particularly in high-peak-
power laser systems [15-18]. Notably, the inspiration and
guidance provided by oxide transparent ceramics for the
development of fluoride ceramics should not be ignored. By
leveraging insights and techniques, such as fabrication techniques,
additives and doping, microstructural control, and composite
development from the development of oxide transparent
ceramics, researchers have significantly enhanced the performance
and applicability of fluoride ceramics.

In recent years, interest in rare earth ion-doped fluoride laser
TCs has increased. The unique characteristics of fluoride ceramics,
including their phonon energy, refractive index, and nonlinear
refractive index, make them highly suitable as laser matrix
materials. Fluoride-based laser ceramics also offer thermal
conductivity comparable to that of fluoride laser crystals and
possess advantages in fracture toughness and thermal shock
resistance [104]. Simultaneously, they facilitate high-concentration
uniform doping and the fabrication of large-sized and intricately
shaped samples, rendering them highly promising as laser gain
media. Fluoride-based laser ceramics currently under widespread
study primarily include calcium fluoride and strontium fluoride
[11]. In 2008, Basiev et al. [101] of the Russian Academy of
Sciences synthesized CaF,-SrF,-YbF; TCs via the hot forging
single-crystal method. These ceramics exhibited microhardness
akin to that of CaF, single crystals prepared through the crucible
descent technique, with a fracture toughness that was 1.75 times
than that of single crystals. Additionally, the ceramic laser slope
efficiency reached 45%, closely resembling that of Yb:CaF, single
crystals at the time and 2.7 times that of Yb:SrF, single crystals
(Fig. 2) [105]. Moreover, Basiev et al. [101] demonstrated that
Nd:SrF, ceramics produced via the hot forging single-crystal
method presented optical quality and laser performance on par
with Nd:SrF, single crystals. In 2011, Pr:SrF, TCs were successfully
fabricated by Basiev et al. [106] via the hot forming method,
achieving a laser output of 639 nm in performance testing.
Furthermore, in 2017, Jiang et al. [107] employed an optimized

Table1 Properties of host materials for gain media in solid-state lasers at room temperature

Host material CaF, SrF, YAG Lu,O,
Lattice Cubic Cubic Cubic Cubic
Melting point (°C) 1380 1428 1940 2490
Density (g/cm?) 3.18 424 455 9.42
Thermal expansion coefficient (10 K™) 18.9 18.6 6.1 8.6
Thermal capacity, , (J/(g'K)) 0.88 0.91 0.63 0.24
Thermal conductivity, x (W/(m-K)) 9.71 8.7 10.7 12.5
Transparency range (pum) 0.13-11 0.13-11.5 0.23-6.4 0.23-8
Refractive index 1.424 (1064) 1.432 (1060) 1.815 (1064) 1.911 (1000)
Phonon energy (cm™) 328 280 850 612
Thermal-optic coefficient, dn/dT (10 K™) -12.7 -20 7.8-8.4 7.1
https://doi.org/10.26599/JAC.2024.9220986 {f )] rl’ff /Uié ﬁ?h‘fﬁ | SC|.pe N
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hot forging single-crystal method to prepare Nd,Y:CaF, TCs with
enhanced mechanical properties such as microhardness and
fracture toughness, consequently achieving successful laser output.
These findings underscore the promising potential of fluoride-
based laser ceramics. However, the hot forging single-crystal
method, which uses single crystals as starting materials, entails
relatively high preparation costs for ceramics. To address this
issue, Aubry et al. [108] from France employed the coprecipitation
method in 2009 to synthesize 10 at% Yb:CaF, powders, followed
by vacuum presintering and HIP posttreatment for the
production of Yb:CaF, TCs. Despite these efforts, laser output was
not achieved. In 2011, Mortier et al. [109] optimized Aubry’s
sintering technique, enhancing the optical quality of Yb:CaF,
ceramics and successfully achieving laser oscillation. In 2017, the
University of Electro-Communications of Japan collaborated with
Nikon Co. to fabricate high-quality Yb,La:CaF, TCs through air
presintering combined with HIP posttreatment [67]. These
ceramics exhibited average grain sizes ranging from 3 to 4 pm,
with extremely thin grain boundaries and minimal pore presence.
In subsequent laser performance evaluations, these ceramics
demonstrated a remarkable slope efficiency of 69.5% and a peak
power output of 4.36 W, currently representing the best
continuous laser output performance among fluoride-based laser
ceramics [67]. Nevertheless, further advancements are still
necessary to enhance existing research outcomes and progress,
particularly compared with other laser ceramic materials.

2 Fabrication of fluoride laser ceramics

2.1 Hot-forming technique

The hot-forming technique is a method of producing
polycrystalline ceramics using high-purity single crystals as raw
materials [110]. The single crystals are first heated to a
temperature that transforms into a plastic state in a hot forging die
and then subjected to uniaxial pressure to undergo plastic
deformation. ~ After  crystallization and  recrystallization,
polycrystalline ceramics are produced [111]. The plastic
deformation of single crystals leads to the formation of parallel
dislocation arrays, which form domain walls and cellular
structures [112]. Further deformation produces true grain
boundaries, but the existing dislocation network still exists in the
grains themselves [113]. Figure 3 shows schematic diagrams of the
preparation of TCs by single-crystal hot forming and powder HP
sintering [104]. The process of single-crystal hot forming is similar
to that of powder HP sintering, and the optical quality of the
ceramics after hot forging is equivalent to that of single crystals of
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Fig.3 Schematics of (a) hot-forming and (b) HP processes: (1) press die,
(2) heater, (3) punch, (4) crystal, and (5) powders. Reproduced with permission
from Ref. [104], © Pleiades Publishing, Ltd. 2021.

the same composition [30,114]. Moreover, owing to the
destruction of the cleavage surface inside a single crystal during
the preparation process, the mechanical properties of the ceramics
produced are better than those of single crystals [107,114-118].

Basiev et al. explored the preparation of fluoride-based laser
ceramics with high optical quality and performance comparable to
those of single-crystal lasers through the hot forming technique
and produced a series of Yb*-doped CaF,-SrF,-YbF; [105],
Yb:CaF, [116], and Yb:BaF,-SrF,-CaF; [115] laser ceramics.
Moreover, the laser performance of different rare earth ion-doped
fluoride laser ceramics, such as Tm:CaF, [119-121], Er:CaF,
[122,123], Pr:SrF, [106], and Nd:SrF, [101], prepared via the single-
crystal hot forming method has been investigated. However, this
method requires expensive single crystals as raw materials, and the
optical quality of the ceramics produced is constrained by the
single crystals, which requires that the single crystals should have
high optical quality and be free of bubbles, cracks, stress,
honeycomb-like substructures, and other growth defects [124].
Therefore, it greatly increases production costs and extends
production cycles while discarding the advantages of ceramic gain
media in the formation and preparation of different sizes and
complex shapes.

To solve the high-cost problem of preparing fluoride-based
laser ceramics via the hot forming method, the combination of
powder preparation and ceramic sintering can significantly reduce
the preparation cost while shortening the experimental cycle
[17,20,125]. Therefore, more researchers are investigating the
preparation of fluoride-based laser ceramics via the powder-
forming sintering method.

J Adv Ceram 2024, 13(12): 1891-1918
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2.2 Powder forming sintering method

The current mainstream preparation process for fluoride-based
TCs is powder formation combined with ceramic sintering, which
involves synthesizing high-quality powders, selecting appropriate
molding processes to obtain green bodies with a certain strength,
and finally sintering the green bodies to produce polycrystalline
ceramics [14,15,92,126-128]. The synthesis of ideal powders has a
decisive effect on the performance of subsequent ceramics. The
particle size, particle size distribution, degree of agglomeration,
and chemical purity of the powders significantly affect the
densification process during sintering [129,130]. The appropriate
particle size can obtain a greater sintering driving force during the
sintering process; at the same time, the uniform and concentrated
distribution of powder particles can ensure isotropic linear
shrinkage of the powders in the early stage of sintering, and the
relatively concentrated particle size distribution can also prevent
differential shrinkage as much as possible, avoiding the uneven
microstructure of the sample during sintering. The aggregation of
powder particles causes uneven filling of the powders during the
formation of the blank, and differential sintering can lead to the
appearance of pores and microcracks inside the sintered samples
[131]. Therefore, it is necessary to minimize the aggregation of
powder particles as much as possible. The high purity of
synthesized powders can reduce the probability of secondary
phase formation or the introduction of impurity ions during
sintering and reduce their absorption and scattering losses
[23,132-135]. Table 2 summarizes the common powder synthesis
approaches for fluoride TCs.

2.2.1 Synthesis of powders

The preparation of fluoride nanopowders by solid-state reactions
involves the use of high-purity matrix raw materials such as CaF,,
BaF,, and SrF, and rare earth fluoride raw materials such as YbF;,
TmF;, and TbF; according to the designed stoichiometric ratio in
a ball milling tank. After ball milling, mechanical crushing,
uniform mixing, or wet mixing, the mixed powder slurry is dried,
sieved, and green formed, and finally, reaction sintering is used to
achieve the doping of target rare earth ions [22,67,136—139]. The
Naoki team from Akita University in Japan successfully prepared
Tm:BaF, [140] and Tb:BaF, [141] scintillation ceramics through a
solid-phase reaction combined with spark plasma sintering (SPS).
However, the optical quality of the fabricated ceramics was poor,
and severe carburization occurred. The greatest advantages of the
solid-phase reaction method are its simple process, high
production efficiency, and ability to prepare ceramic powders in
large quantities; at the same time, the disadvantage is also obvious.
Impurities are easily introduced into powders during mechanical
ball milling and crushing, making elimination difficult during
subsequent screening and calcination processes. The introduction
of impurities can cause absorption losses, seriously affecting the
optical quality of ceramics.
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At present, wet chemical methods are the most widely applied
methods for  synthesizing fluoride-based = nanopowders
internationally, including chemical coprecipitation methods
[11,14,142-148], hydrothermal methods [149,150], and
microemulsion micelle methods [108,151-154]. Chemical
coprecipitation methods are highly favored by researchers because
of their simple process, small particle size of synthesized powders,
ability to achieve high concentration and uniform doping of rare
earth ions, and low production cost [131]. The hydrothermal
synthesis of powders was carried out in a closed container at high
temperature and pressure. The synthesized powders have well-
developed grains, a uniform particle size distribution, and a light
degree of agglomeration. However, the hydrothermal method is
limited by the instrument, and the output of the powders is low,
so it is rarely used for the preparation of fluoride nanopowders.
The preparation of nanopowders by the microlotion micelle
method is caused by collisions between micelles. The prepared
powders with controllable particle sizes, narrow particle size
distributions, and minimal agglomeration, are not limited by
instruments and have strong operability. However, this method
consumes a large amount of surfactants and organic solvents
during the preparation process, which easily adsorb on the
surfaces of particles to form impurities. Moreover, the sintering
temperature of fluoride ceramics is lower than that of oxides,
making it difficult to fully eliminate them at lower calcination
temperatures, which can lead to deterioration of the optical quality
of the produced ceramics [155].

2.2.2  Compaction of green bodies

After high-quality fluoride ceramic powders are synthesized,
appropriate molding processes are selected to obtain fluoride
ceramic blanks with uniform structures and high densities. The
mainstream process used to form fluoride-based ceramic powders
internationally is dry pressing combined with cold isostatic
pressing (CIP). Dry pressing is a simple operation that applies
uniaxial pressure to a certain mass of powders placed in a specific
mold to form a green body with a specific shape. This method can
achieve rapid pressing of large quantities of ceramic blanks.
However, during the dry pressing process, the stress on the pellets
in the axial and radial directions is inconsistent, which can lead to
uneven internal structures of the blanks, and in severe cases,
peeling may occur. Therefore, after dry pressing, the blanks are
often subjected to CIP to ensure the uniformity of the internal
structure of the blanks and further increase the density of the
ceramic bodies. CIP is the process of placing samples in a liquid
medium after vacuum sealing and using the liquid medium to
apply pressure evenly to the surfaces of the pellets. The blanks are
subjected to uniform isotropic stress. Li’s group from the
Shanghai Institute of Ceramics, Chinese Academy of Sciences,
successfully prepared a series of Yb:CaF, [127,183], Yb, La:CaF,
[184], Er:CaF, [128], and Er:SrF, [142] fluoride laser TCs by

Table2 Common powder synthesis approaches for fluoride transparent ceramics

Ceramic Approach

Ref.

Solid phase reaction

[67,108,136—138]

. Coprecipitation [11,15,23,108,109,127,128,132,135,137,142,147,148,156—192]
CaF, based ceramic
Hydrothermal method [149,150]
Microemulsion micelle [108,151,152]
Solid phase reaction [193,194]

SrF, based ceramic - -
Coprecipitation

[14,22,133,134,139,142,147,179,180,186,195-217]

BaF, based ceramic Coprecipitation

[126,129,143,144,218-220]
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subsequent sintering of the green bodies formed by dry pressing
and CIP. Luo et al. [219,220] from Nanchang Hangkong
University synthesized Ce:BaF, precursors through a chemical
coprecipitation method. Ce:BaF, TCs were fabricated via vacuum
sintering after dry pressing combined with CIP. The preparation
of BaF,-based TCs is difficult, and related research started
relatively late. Currently, the mainstream methods for preparing
BaF,-based TCs are HP sintering and cold sintering processes
(CSP) [21,221,222].

2.2.3 Ceramic sintering

After synthesizing high-quality nanopowders and obtaining
ceramic green bodies with a certain strength and density through
dry pressing and CIP, it is necessary to select an appropriate
sintering process to ensure that the green bodies gradually densify
and that pores are discharged during the sintering process to
obtain TCs with high density, low porosity, and a uniform

structure. Researchers of fluoride-based TCs have adopted
sintering  techniques such as vacuum HP sintering
[15,68,144,195,223,224], CSP [147,148,188,225], HIP sintering
[11,142,184,189], vacuum sintering [127,220], and SPS
[166,226,227].

Table 3 shows the main compaction methods used for fluoride
TC fabrication.

HP sintering was the earliest and most widely used sintering
process in the field of fluoride-based TCs. Figure 4 shows a
schematic diagram of fluoride ceramics produced by HP sintering
of powders synthesized via the coprecipitation method. HP
specifically refers to placing the powders in a specific mold while
heating and applying uniaxial pressure. The applications of
pressure intensifies the mass transfer and diffusion behavior
between powder particles, greatly reducing the sintering
temperature and shortening the sintering time of ceramics, which
is conducive to obtaining ceramics with fine grains and excellent

Table3 Main compaction methods for fluoride transparent ceramic fabrication

Ceramic Method Ref.
Hot forming [105-107,111,115,116,118—120,122,123,240,265,266]
HP sintering [11,109,116,117,127,132,135,137,138,145,146,156,158—165,167,169,170,172—178,180—182,185,186,190,191,195,196,
198,208,210,224,228-240,267-271]
CaF, based CSp [148,188]
ceramic HIP [11,67,128,142,183,184,189,192,272,273]
Vacuum pressureless [109,127,168,183,224,228,272]
sintering
SPS [166,226,227,249-257,263,264]
Hot forming [101,106,110,201,274,275]
Szzii’rfizd HP sintering [14,22,134,139,179,180,186,194—196,198,200—203,207—212,214-216,241]
SPS [258—260]
HP sintering [126,129,144,204,206,218,223,242,244]
SPS [140,141,221]
BaF, based
ceramic Vacuurp pre.ssureless 143,219,220]
sintering
CSP [21,225]
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mechanical properties [104]. A schematic diagram of its structure
is shown in Fig. 3(b) [104]. Since the first Dy:CaF, [68] laser
ceramics obtained by HP in 1964, many researchers have been
involved in the preparation of fluoride-based TCs through HP
sintering. At present, Yb:CaF, [228,229], Nd:CaF, [230,231],
Er:CaF, [232-237], Ho:CaF, [238,239], Ew:CaF, [240], Nd:SrF,
[215], Yb:StF, [241], Er:StF, [186,208,212,214], BaF, [223,242],
Pr:BaF, [126,129], Ce:BaF, [144,243,244], and other rare earth ion-
doped fluoride-based TCs have been prepared via HP sintering.
CSP is an emerging sintering process that has emerged in
recent years. By adding an appropriate amount of liquid phase
(water or volatile solvent) to the powder particles, the powder
particles are uniformly wetted, and high pressure (200-900 MPa)
is applied while the powders are heated at low temperature. This
can effectively enhance the mass transfer and diffusion behavior
between particles, ultimately achieving the preparation of ceramics
far below the sintering temperature (100-900 °C) in a short time
[245,246]. CSP can be described at the macro- and microlevels, as
depicted in Fig. 5 [245]. CSP can greatly reduce production costs,
and the operation is simple and controllable, and a lower sintering
temperature and high pressure can also suppress abnormal grain
growth [148,247]. Liu’s group from Hangzhou Dianzi University
took the lead in applying cold sintering technology to the

preparation of fluoride ceramics and successfully prepared BaF,
[21,225] and LiF [247] TCs with commercial raw powders.
Gao et al. [148] from Donghua University successfully prepared
Yb:CaF, TCs via CSP technology at low temperatures and high
pressures of only 350 °C and 500 MPa. Guo et al. [147,188] from
Guilin University used precursor powders synthesized via the
coprecipitation method to fabricate CaF, and Er:SrF, TCs via the
CSP method. However, ceramics prepared by CSP have
insufficient grain development and amorphous phase pinning in
the grain boundary area, which usually requires annealing at a
certain temperature [246].

HIP sintering has been a highly favored sintering process in the
field of TCs in recent years. By applying uniform pressure to a
presintering ceramic sample while it is heated, the sintering
driving force provided by high temperature and high pressure can
further discharge the internal pores of presintering ceramics,
greatly improving their optical quality [17,20,131]. The sintering
method of powder compaction and ceramic presintering,
combined with HIP posttreatment, has become the mainstream
process for the large-scale preparation of high-quality, complex-
shaped TCs. In 2017, Kitajima et al. [67] successfully prepared
Yb:CaF,-LaF; laser ceramics through air presintering combined
with HIP, achieving a laser output with a slope efficiency of up to
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69.5%. Guo et al. [11] optimized the optical quality of Yb:CaF,
laser ceramics through a two-step sintering process of HP
combined with HIP posttreatment in 2023. They obtained a
quasicontinuous wave (QCW) laser output with an output power
of 1.12 W and a slope efficiency of 11.6% in subsequent laser tests.

Vacuum pressureless sintering facilitates the elimination of
pores and densification of ceramic blanks during sintering by
placing them in a high vacuum environment, thereby achieving
the transparency of ceramics [248]. However, unlike HP and CSP,
which involve pressure-assisted sintering to provide a driving
force, vacuum pressureless sintering generally requires a longer
insulation time and higher sintering temperature to ensure full
elimination of pores, which undoubtedly increases production
costs. Therefore, after vacuum pressureless sintering, the blank is
usually combined with HP or HIP posttreatment to further
improve its optical quality. Li’s group [127,183] from the Shanghai
Institute of Ceramics, Chinese Academy of Sciences, prepared
Yb:CaF, laser ceramics by vacuum presintering combined with
HP posttreatment and HIP posttreatment. Li et al. [143] from
Hainan University prepared Nd:BaF, TCs through long-term
vacuum sintering for 10 h, with an average grain size of 420 um.

SPS utilizes the thermal effect generated by the direct current
pulse. The current passes through the mold to heat the sample,
and pressure is applied during the heating process to achieve
ceramic sintering. The heating rate of SPS can reach 1000 °C/min,
and the most prominent features of SPS are its extremely short
insulation time, lower sintering temperature, and small grain sizes.
The Naoki team from Akita University successfully prepared CaF,
[249,250], Nd:CaF, [226], Eu:CaF, [251], Dy:CaF, [252], Ce:CaF,
[253], Na:CaF, [254], Mn:CaF, [255,256], Li:CaF, [257], StF,
[258], Ew:SrF, [259], Tb:SrF, [260], BaF, [221], Tm:BaF, [140],
Tb:BaF, [141], Ce:MgF, [261], and Gd:MgF, [262] TCs via SPS
with commercial powder mixtures. However, the optical quality of
the fabricated ceramics was poor, and there was carbon
contamination inside the ceramics. Li et al. [166] from Wuhan
University of Technology prepared Yb:CaF, TCs via SPS at a low
sintering temperature of 600 °C, obtaining an average grain size of
only 130 nm. However, SPS also has fatal drawbacks. Owing to
the use of graphite molds, carbon impurities are easily introduced
during the sintering process, and the sizes and shapes of the
prepared samples are limited by the molds, making large-scale
production of ceramic samples impossible [263,264].

3 Fluoride laser ceramics

3.1 Visible light band rare earth ion-doped fluoride laser
ceramics

The visible light spectrum (380-780 nm) serves as a crucial
domain for laser applications across various fields, such as
information storage, laser displays, laser medicine, and
underwater optical communication [146,190,211]. The activated
ions that can achieve visible laser output include Pr*, Dy*, and
Tb [190] and Sm™, Ho*, Er*, and Eu™ [149,170,240]. Among
them, Pr* and Dy* have been extensively studied, as their
absorption peaks are in the blue light band and can be pumped by
a blue light laser diode (LD). The Pr’* emission band covers blue,
green, orange, and red light, whereas the Dy* emission band is
yellow light, which basically covers the entire visible band [9].

3.1.1 Pr*doped fluoride laser ceramics

In 2011, Basiev et al. [106] prepared Pr:SrF, (0.3 and 0.5 at%)
ceramics via single-crystal hot forming technology. For the first
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time, a laser in the visible spectral range (639 nm) was obtained
under GaInN blue laser diode optical pumping, and they
successfully achieved continuous wave (CW) operation with a
lasing threshold of less than 100 mW of absorbed pump power,
accompanied by a slope efficiency exceeding 9%. Optical materials
doped with Pr* ions face limitations arising from the pronounced
concentration quenching effect among Pr* ions at high doping
concentrations, leading to a rapid decline in the luminescence
intensities of fluoride-based materials [209]. Pr* ions within
fluoride crystal lattices tend to aggregate into clusters, exacerbating
emission intensity quenching, even at low doping concentrations
of Pr* ions [178]. To mitigate this concentration quenching effect,
various codopants, such as Gd*, Y*, and La*, can be introduced
as sensitizer ions into matrix materials doped with Pr* ions. The
incorporation of these buffer ions into fluorite optical materials
results in the formation of new emission centers [M*-Re*] and
the dispersion of [Pr*-Pr*] clusters, thereby enhancing the
luminescence properties and mitigating the extent of emission
intensity quenching [276]. Moreover, the introduction of trivalent
nonactive buffer ions into fluoride crystal lattices can alter the
charge balance of the fluorite substrates, thereby modifying the
microstructures and optical transparency of the final ceramics.
Since 2019, Yi et al. have fabricated (0.2, 0.5, 1.0, 1.5, 3.0, and
5.0 at%) Pr:CaF, [178], 1.0 mol% Pr:(Cayq,Gdyg3)F,03 [271], (0.2,
0.5, 1.0, and 2.0 at%) Pr, 6 at% Gd:SrF, [202], and 1 at% Pr, (0, 1,
3, 6, 10, and 15 at%) Gd:CaF, [146] ceramics through HP.
Ceramics were fabricated by synthesizing precursor powders
through chemical coprecipitation, followed by two steps (400 °C,
calcination for 2 h; 800 °C, 40 MPa, sintering for 1.5 h). The in-
line transmittance of the 2 mm thick samples at 1200 nm ranged
from 86%-90%. With increasing Pr* doping concentration, the
emission intensity and decay lifetime generally decrease because of
the concentration quenching effect [178]. However, with the
codoping of Gd* ions, the emission characteristics significantly
increased because of the mitigation of the concentration
quenching effects [146]. Through Gd* codoping, the emission
intensity at 642 nm associated with the 3P, > 3F, transition
increased by up to 50-fold, attributed to alterations in the
coordination environment that led to an increase in the
quenching threshold of Pr* jons (Fig. 6). Liu et al. [22, 139, 209]
from Xinyang Normal University first synthesized SrF, powders
via the chemical coprecipitation method and then mixed the

o) T 02%Pr.6% Gd ‘,‘
|| ——05% Pr, 6% Gd &
TQ 1% Pr, 6% Gd 2
= 2% Pr, 6% Gd 2
£ O
Aoy =444 nm — ’ 4
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Pr’* (mol%)

Luminescence intensity (a.u.)

450 500 550 600 650 700 750
Wavelength (nm)
Fig.6 Fluorescence spectra of Pr:Cagg,GdyoF,0s TCs with different Pr*
contents excited by a 444 nm xenon lamp. Inset shows dependence of Pr*

concentration on luminescence intensity at 483 nm. Reproduced with
permission from Ref. [146], © Elsevier Ltd. and Techna Group S.r.l. 2022.
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synthesized SrF, powders with commercial PrF;, LaF;, and YbF,
powders via ball milling in anhydrous alcohol. Finally, (0.1, 0.5, 1,
3, 5, and 10 wt%) Pr:SrF, [209], 3 wt% Pr, (0, 0.5, 1, 3, 5, and
10 wt%) La:SrF, [139], and 3 wt% Pr, (0, 2, 5, 7, 10, and 15 wt%)
Yb:SrF, [22] ceramics were successfully fabricated through HP.
The highest transmittances of the 2 mm thick Pr:SrF, ceramics at
350 and 1200 nm were 90.4% and 91.9%, respectively. The
luminescence intensities of Pr,La:SrF, and Pr,Yb:SrF, ceramics
were drastically enhanced through LaF; and YbF; codoping.

In 2021, Liu et al [126,129] of Wuhan University of
Technology synthesized 5 at% Pr:BaF, ceramics with high optical
quality and (0, 0.5, 1, 2, 3, and 5 at%) Pr:BaF, ceramics with
different Pr’* concentrations via HP. As the concentration of Pr*
increased, the emission spectrum and fluorescence decay time
increased, followed by a decrease, culminating in a peak value of
261 ns at 0.5 at%, which was attributed to the cross-relaxation
phenomenon between Pr* ions.

3.1.2 Dy*-doped fluoride laser ceramics

In 1964, the first laser ceramic Dy*":CaF, was prepared by Hatch et
al. [68] through HP, and laser output was achieved at liquid
helium temperature, officially marking the beginning of the
development of laser ceramics for solid-state lasers. In 2021, Mef’s
group [211,237] chose HP to fabricate (1, 2, 3, 4, and 5 at%) Er*,
3 at% Dy*:CaF,, and (0.5, 1, 3, 5, 7, and 9 mol%) Dy:SrF, TCs
with precursor powders synthesized via the chemical
coprecipitation method. The emission intensity initially increased
and subsequently decreased with increasing Dy* doping
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concentration upon excitation at 349 nm, peaking at 1.0 mol%
doping (Fig. 7). The quenching threshold for Dy:SrF, TCs was
determined to be between 0.5 and 3.0 mol%, with an analysis
conducted on cross relaxation mechanisms among Dy* ions as
the primary cause of concentration quenching. On the basis of
CIE chromaticity coordinates, Dy:SrF, TCs demonstrated the
ability to generate white light emission, with SrF, ceramics doped
with a 7.0 mol% concentration of Dy* ions exhibiting the closest
approximation to perfect white light. These findings underscore
the potential of Dy:SrF, TCs as promising candidates for solid-
state laser materials operating within the visible spectrum.

32 1 pm band rare earth ion-doped fluoride laser
ceramics

Lasers with a 1 pm band are widely used in industrial processing,
remote sensing, medical treatment, frequency doubling light
sources, human eye safety, and other fields [49,182]. The rare
earth ions that can be used to obtain lasers in this band are mainly
Yb* and Nd*, which have been extensively studied. Among all
rare-earth ions, Yb™ stands out as particularly attractive because of
its simple electronic structure, lack of intrinsic processes for
concentration quenching, long lifetime, and broad emission
spectra [277-279]. These unique characteristics render Yb* highly
suitable for applications in ultrashort and high-power lasers.
Similarly, within the lanthanide rare-earth ion family, Nd* is
renowned for its precise operation as a four-level laser system
characterized by low pump thresholds and its efficient energy
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Fig.7 (a) Absorption spectra, (b) emission spectra, (c) CIE chromaticity coordinates of Dy:SrF, TCs with different Dy** doping concentrations, and (d) schematic energy
level diagram of Dy** together with possible cross relaxation processes in Dy:SrF, ceramics. Reproduced with permission from Ref. [211], © Elsevier B.V. 2021.
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storage and extraction capabilities. Furthermore, the unique
absorbance distribution of Nd* facilitates the utilization of
commercially available laser diodes as pumping sources. These
inherent advantages position Nd* as a highly significant ion in the
technical advancement of next-generation, all-solid-state
ultrashort, and high-power lasers [101,230].

3.2.1 Yb*-doped fluoride laser ceramics

In 2008, Basiev et al. [105] successfully fabricated high-quality
CaF,-SrF,-YbF; TCs through the hot forging single-crystal
method, marking the first instance of achieving laser output from
such materials. The ceramic sample demonstrated a laser slope
efficiency of 45%, which was merely 5% lower than that of
CaF,-SrF,-YbF; crystals produced by the crucible descent
method at the time (Fig. 2). Notably, the ceramics exhibited a
superior laser damage threshold and higher fracture toughness
than its single-crystal counterparts. The next year, Basiev et al.
[115] compared the physicochemical and oscillation properties of
CaF,Yb (3%) crystals and CaF,:Yb (5%) ceramics fabricated via
hot forming. In 2009, Abury et al. [108] synthesized Yb:CaF,
nanopowders via mechanical mixing, the reverse micelle method,
and the coprecipitation method. They conducted a comparative
analysis of the particle size distribution among the three powder
types and investigated the impact of annealing treatment on the
infrared spectrum of powders generated via the coprecipitation
method. The powders derived from the coprecipitation method
were subsequently chosen for ceramic sintering to fabricate 10 at%
Yb:CaF, TCs. However, the resulting ceramics exhibited
suboptimal optical quality, with an in-line transmittance of only
55% for the 1 mm thick samples at 1200 nm.

Fig.8 (a) HAADF-STEM image of a 5 at% Yb:CaF, powder particle with EDX analysis of shell composition.
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In 2011, Lyberis et al. [109,191] synthesized Yb:CaF,
nanopowders via the coprecipitation method and then employed
vacuum presintering in conjunction with HP to fabricate 0-10 at%
Yb:CaF, TCs. The optimal composition to achieve the best
transparency was close to 5 at% ytterbium-doped CaF,. The
optical losses of the samples were minimal, measuring 0.16 cm™ at
1200 nm; however, they are not yet sufficient to achieve an
efficient laser effect. Experimental tests revealed that these losses
stem from defects localized at the grain boundaries. Two distinct
defect types have been discerned: ytterbium segregation and the
presence of an oxygenized secondary phase, with the latter being
the primary source of scattering. Specifically, the discrepancy in
refractive between the pure calcium oxide secondary phase (1.871)
and calcium fluoride (1.434) resulted in a reflectance of 1.6% and
could induce an absorption band at 220 nm (Yb-O charge transfer
band). Furthermore, this study revealed that the synthesized
particles were enveloped by an oxygenized shell with nonuniform
thickness across individual particles (Fig. 8). Subsequently, they
modified the synthesis protocol to tentatively improve the quality
of the ceramics by suppressing this shell and successfully
fabricated 0.1, 1, 5, and 10 at% Yb:CaF, ceramics [224]. They
investigated the effect of Yb™ ions doping concentration on
fluorescence lifetime, absorption, emission spectra of Yb:CaF,
ceramics, and the existence form of Yb* in the matrix lattice, as
well as the spectra and energy levels of Yb* ions in CaF, TCs
[228]. 1 at% Yb:CaF, ceramic sample had successfully
demonstrated laser gain in an Q-shaped cavity, and the output
was not affected by pump wavelength changes from 973 to 979 nm.

Akchurin et al. [116] fabricated Yb:CaF, TCs via the hot
forming method and HP sintering and compared their optical,
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thermal, and mechanical properties with those of Yb:CaF, single
crystals in 2013. The findings revealed that Yb:CaF, ceramics
exhibited thermal conductivity comparable to that of single
crystals, and the microhardness, fracture toughness, and
continuous laser output performance of ceramics prepared via the
hot forming method matched those of single crystals. Yb:CaF,
TCs produced by HP powder sintering exhibited superior
mechanical properties and achieved laser output for the first time.
In the same year, Shirakawa et al. [280] fabricated ytterbium-
doped CaF,-LaF; TCs from nanocrystals. 3% Yb*-doped
ceramics displayed broadband absorption and fluorescence
spectra akin to those of Yb™:CaF, crystal. The laser operation
yielded an output power of 1.09 W with a slope efficiency of 35%.
In 2015, Aballea et al. [281] synthesized Yb:CaF, powders via the
coprecipitation method combined with a special strain-free mode
and pressureless air sintering, successfully preparing 4 at%
Yb:CaF, TCs with high optical quality. This method eliminates the
need for pressure-assisted sintering and results in ceramics
demonstrating continuous laser output with a slope efficiency of
43% and a maximum power of 1.6 W in laser performance
testing. Indeed, both the transmission spectra and laser properties
were improved compared with those of ceramics fabricated via
conventional methods [168]. In 2017, the same group investigated
the thermal conductivity of 1.5-5 at% Yb:CaF, TCs via the 3w
method, a technique used to measure the thermal conductivity of
materials by analyzing the electrical response of a specially
designed transducer applied to the sample [282]. The results
obtained for the doped samples closely resembled those for
Yb:CaF, single crystals with equivalent doping levels, indicating a
significant enhancement in thermal properties of TCs. The fitting
parameters suggested that the incorporation of a doping element
into the lattice had a greater influence on the thermal conductivity
than did the presence of grain boundaries in the materials. Since
2016, Kitajima et al. [67,283] uniformly mixed YbF,, LaF;, and
CaF, nanopowders via the wet method, formed a green body
through dry pressing and CIP processes, and successfully prepared
Yb:CaF,-LaF; TCs via air presintering and HIP posttreatment.

They achieved CW laser operation with a maximum output of
3.97 W, accompanied by a remarkable maximum slope efficiency
of 73.1% [283]. In subsequent laser experiments, TCs with 3 at%
La and 1 at% Yb achieved an optimal slope efficiency of 69.5%,
whereas those with 3 at% La and 2 at% Yb reached a maximum
output power of 4.36 W [67]. This is currently the highest laser
output for calcium fluoride laser ceramics (Fig. 9).

Using the SPS method, Li et al. [166] prepared 5 at% Yb:CaF,
ceramics with a mean grain size of approximately 130 nm through
precursor powders synthesized via the chemical coprecipitation
method. The transmittance of 2 mm thick sample at 1200 nm was
83%, which was lower than the 90% transmittance of hot-pressed
sintered sample. Moreover, the fluorescence lifetime and emission
spectra of Yb™ at different wavelengths were obtained. On this
basis, Li et al. [181] investigated the effects of Yb* doping
concentration on the microstructure, spectrum properties, and
laser performance of Yb:CaF, laser ceramics through HP. The
maximum doping concentration of Yb ions in CaF, was
approximately 25 at%. The in-line transmittance of all ceramics,
each 3.5 mm thick, reached 90% at 1200 nm. Nonetheless, this
value decreased as the wavelength decreased. As the concentration
of Yb ions increased, both the particle size of the powders and the
grain size of the ceramics decreased (Fig. 10), whereas the
bandwidths of the emission peaks gradually expanded. The use of
5 at% Yb:CaF, as the gain medium yielded a maximum output
power of 0.809 W, with the slope efficiency and optical-to-optical
efficiency reaching 19.6% and 12.18%, respectively [181]. These
authors subsequently investigated the laser characteristics of
Yb:CaF, laser ceramics. By utilizing a semiconductor saturable
absorber mirror devoid of supplementary dispersion
compensation elements, a continuous-wave mode-locked laser
achieved a pulse duration as short as 575 fs, operating at a central
wavelength of 1048.5 nm [284].

Despite great achievements in achieving excellent laser
performance with Yb:CaF, [116,281] and Yb:CaF,-LaF;
[67,280,283] TCs, there remains a significant challenge due to the
high scattering coefficient at short wavelengths, which currently
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limits laser output power. Enhancing transmittance in the visible
range is the primary challenge. Given the successful fabrication of
yttrium aluminum garnet (YAG) laser ceramics utilizing SiO, as a
sintering aid [285], investigating the impact of sintering aids on
the fabrication of fluoride TCs is of considerable interest. Hence,
buffer ions (i.e., Na*, Y*, La*, and Gd* ions) have been introduced
into fluoride TCs to manipulate their spectroscopic properties.
Li et al. [137] fabricated 5 at% Yb:CaF, TCs with different
concentrations of NaF through HP. The presence of NaF served
dual purposes in the Yb:CaF, ceramics. First, as a sintering aid,
NaF impedes grain growth and notably enhances the
transmittance in the visible region. The transmittance levels in
1 mm thick NaF-doped samples reached 83% and 85% at
wavelengths of 400 and 1200 nm, respectively (Fig. 11). Second,
NaF doping prevented the formation of Yb*™ ion clusters within
Yb:CaF, ceramics. This resulted in increased emission intensity at
1028 nm and prolonged luminescence lifetimes with increasing
NaF doping concentrations. In addition, Li et al. [182] further
investigated the influence of Y* ion doping on the spectroscopic
properties of 3 at% Yb:CaF, TCs. As the concentration of Y** ions
increased, the particle size of Yb:CaF, powders decreased, whereas
the emission intensity at 1028 nm and lifetime initially increased
before decreasing. CW laser emission at a wavelength of 1049 nm
was achieved in 3 at% Yb, 1 at% Y:CaF, ceramics, reaching a
maximum output power of 1.16 W with a slope efficiency of
29.3% [182]. In 2022, Liu et al. [229] tested the pulse laser output
performance of calcium fluoride ceramics for the first time using
Yb,Y:CaF, TCs provided by Wuhan University of Technology.
The pulse width was 89 ps, and the repetition frequency was
0.23 THz (Fig. 12).

Since 2019, Wei et al. [127,183,184,189] have utilized a two-step
sintering method for the preparation of Yb:CaF, laser ceramics.
Their research investigated the impact of the sintering
temperature, doping ion concentration, and codopants on the
microstructure and laser performance of Yb:CaF, laser ceramics.
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Wei et al. [127] successfully prepared 5 at% Yb:CaF, TCs via
vacuum presintering in conjunction with HP posttreatment from
coprecipitated powders, achieving a maximum output power of
0.9 W with a notable slope efficiency of 23.6% in laser testing. The
in-line transmittance of 1.5 mm thick Yb:CaF, TCs, which were
fabricated through presintering at 600 °C for 1 h followed by HP
posttreatment at 700 °C for 2 h, reached 92.0% at 1200 nm. The
sample exhibited a homogeneous microstructure with an average
grain size of 360 nm. Using the two-step sintering method of vacuum
sintering combined with HIP posttreatment, Liu et al. [183]
produced 5 at% Yb:CaF, TCs, 3 mm in thickness, presintered at
650 °C under vacuum, and HIP posttreated at 650 °C, which
exhibited superior optical quality with an in-line transmittance of
87% at 1200 nm. The influences of the vacuum presintering
temperature on the phase, densification, microstructure and
optical transmission of the ceramics were studied. Since 2021, Wei
et al. utilized a two-step sintering method comprising air
presintering followed by HIP posttreatment to prepare 5 at%
Yb:CaF, [189], (1, 2, 3, and 5) at% Yb, and 3 at% La:CaF, [184]
TCs. They investigated the influence of the air presintering
temperature on the optical quality and microstructure of ceramics.
3 at% La, 5 at% Yb:CaF, TCs presintered at 650 °C and 1 mm in
thickness exhibited superior optical quality, with a transmittance
of 92.6% at 1200 nm [184]. 5 at% Yb:CaF, sample presintered at
650 °C for 2 h and HIP posttreated at 650 °C for 2 h showed the
best transparency, with an in-line transmittance of 90% at
1200 nm [189]. Laser testing revealed a QCW laser output,
achieving a maximum output power of 0.81 W and a slope
efficiency of 22.6% at 1028 nm. In 2023, Guo et al. [11]
successfully prepared 5 at% Yb:CaF, laser ceramics via HP
combined with HIP for the first time. The ceramic sample, which
was hot-pressed at 575 °C for 2 h and subjected to HIP
posttreatment at 600 °C for 3 h, demonstrated superior optical
quality, achieving an in-line transmittance of 90.5% at 1200 nm
(with a thickness of 3.9 mm). Additionally, the average grain size
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of ceramics was only 470 nm. The maximum output power of
ceramics was 1.12 W, with a corresponding slope efficiency of
11.6% (Fig. 13). By 2024, Li et al. [192] further investigated the
effects of the powder calcination temperature on the
microstructure and laser performance of Yb:CaF, TCs fabricated
through air presintering combined with HIP posttreatment. 5 at%
Yb:CaF, TCs, presintered in air at 625 °C from powders calcined
in air at 400 °C and subsequently treated with HIP at 600 °C,
demonstrated the highest in-line transmittance of 91.5% at 1200
nm (with a thickness of 3.0 mm) and exhibited superior laser
performance. Under QCW pumping, the sample achieved a
maximum output power of 0.47 W and a peak slope efficiency of
9.2% at 1029 nm.

Research on Yb:SrF, laser ceramics has also progressed
synchronously, but it started relatively late. In 2018, Li et al. [134]

https://doi.org/10.26599/JAC.2024.9220986

prepared Yb:SrF, ceramics by HP method from coprecipitated
powders for the first time. The impacts of morphology and
particle size on the sintering behavior of Yb:SrF, nanopowders
were examined. Despite achieving a transmittance of 77% at a
wavelength of 1200 nm (2 mm in thickness), pores persisted in the
ceramics. Furthermore, the spectroscopic and thermal properties
of Yb:SrF, TCs were explored. On this basis, Gao et al. [204]
applied HP method with coprecipitating powders to fabricate
1-5 at% Yb:SrF, laser ceramics. 1 at% Yb:SrF, ceramic sample
with a thickness of 2 mm presented the highest transmittance of
85% at 1200 nm. As Yb* doping concentration increased, both the
absorption and emission intensities tended to increase, suggesting
the absence of concentration quenching effects in Yb:SrF,
ceramics. However, the decay lifetimes decreased as Yb** content
increased. In 2021, Ling et al. [185] prepared 3 at% Yb:Ca,Sr,_.F,
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(x=0.1,0.3, 0.5, 0.7, and 0.9) ceramics via HP from coprecipitated
powders. Increasing CaF, concentration resulted in a decrease in
the lattice constant of 3 at% Yb:Ca,Sr,_F,. All fabricated 3 at%
Yb:Ca,Sr, F, TCs exhibited excellent optical quality, with in-line
transmittance exceeding 80% at 1130 nm. With increasing CaF,
concentration, significant changes in peak shape were observed,
accompanied by a gradual increase in the emission bandwidth.
The fluorescence lifetimes of all the samples at 1011 nm surpassed
3.25 ms, making them suitable for high-power laser applications.

3.2.2 Nd*-doped fluoride laser ceramics

Using hot forming, Basiev et al. [101] prepared Nd:SrF, TCs with
laser power equivalent to that of single crystals. The maximum
output power of ceramics was approximately 16 mW, with a
corresponding slope efficiency of 19% under 790 nm pumping.
Since 2014, Mei’s group from Wuhan University of Technology
has been dedicated to investigating Nd* ion-doped fluoride laser
TCs. Lu et al [230] prepared 5 at% Nd:CaF, TCs from
coprecipitated powders with average particle sizes of
approximately 18 nm. The highest transmittance of the sample
reached 90% at wavelengths ranging from 250 to 1400 nm for
2 mm thick sample. Owing to their broad absorption bands in the
near-infrared (NIR) region, Nd:CaF, TCs offer advantages such as
reduced dependence on the pump wavelength and temperature
control of diode lasers, which holds promise as gain media for the
miniaturization of laser devices. On this basis, Sun et al. [231]
utilized the coprecipitation method to synthesize precursor
powders with different Nd-doped concentrations and then
fabricated 1-5 at% Nd:CaF, ceramics with average grain sizes
between 200 nm and 1 pm through HP. 5 at% Nd:CaF, ceramic
sample presented the highest transmittance of approximately 85%
at 1200 nm. The fluorescence quenching effect became more
evident with increasing Nd* ion doping concentration. By 2024,
Yi et al. [286] further investigated the influence of Nd-doped
concentrations on the structural evolution, optical quality, and
NIR fluorescence properties of Nd:CaF, TCs. The results showed
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that Nd™ ions positively influence the densification of Nd:CaF,
transparent ceramics, resulting in improved optical transmittance.
Furthermore, an increase in Nd* concentration correlated with a
gradual reduction in the emission lifetime, indicating the
occurrence of nonradiative energy transfer among Nd* ions.
Additionally, the concentration quenching mechanism has been
confirmed to involve dipole-dipole interactions.

Single Nd* ions doped in fluoride materials face limitations
because of the significant detrimental concentration quenching
effect (Fig. 14) [287]. Codoping with buffer ions effectively
disrupts clusters, thus mitigating the extent of concentration
quenching. Codoping with buffer ions such as Y*, La*, or Gd*
readily dissociates [Nd*-Nd*] clusters [167,274]. In 2016, Liu
et al. [167] fabricated 1 at% Nd and 3 at% Y:CaF, TCs via HP
from coprecipitated powders. For the 2 mm thick ceramic sample
sintered at 800 °C, the transmittance at a wavelength of 1200 nm
was 85.49%. Additionally, Y** codoping significantly influences the
spectroscopic properties of Nd:CaF, ceramics by mitigating the
detrimental effects of Nd* ion clustering. In 2017, Sun et al. [169]
fabricated Nd,Y:CaF, ceramics with different Y* ion doping
concentrations through HP. 1 at% Nd and 2 at% Y:CaF, ceramic
sample (2 mm in thickness) exhibited the best transparency, with
a transmittance of 87% at 1400 nm. Additionally, as the
concentration of Y* ions increased, the emission intensity of
Nd,Y:CaF, TCs significantly improved, and the concentration
quenching effect was suppressed. In 2019, Chen et al. [273]
prepared 1 at% Nd, 1.8 at% Y:CaF,, and 1 at% Nd, 2 at% La:CaF,
ceramics by presintering under a nitrogen atmosphere combined
with HIP. The transmittance at 1064 nm for Nd,Y:CaF, and
Nd,La:CaF, ceramics, both with thicknesses of 1 mm, was
determined to be 90% and 91%, respectively.

With HP, Xie et al. [173] prepared 1 at% Nd and 0-5 at%
La:CaF, ceramics, with the transmittance of all the ceramics
reaching 88% at 1400 nm. Compared with Nd,Y:CaF, ceramics,
Nd,La:CaF, ceramics presented a longer luminescence lifetime,
which was attributed to the larger radius of La* ions at equivalent

J Adv Ceram 2024, 13(12): 1891-1918
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doping concentrations. In 2018, Yi et al. [174] further investigated
the effects of Nd* ion doping concentrations on the structural,
luminescence, and thermal properties of hot-pressed 0.5-5.0 at%
Nd:(Cag9,Gdyg6)F,06 TCs. The emission intensity and
transmittance of the sample doped with 1.0 at% Nd* were the
highest. The transmittance of the 2 mm thick sample at 1064 nm
was 86%, and the thermal expansion coefficient increased with
increasing Nd* concentration and temperature. After the optimal
Nd* doping concentration was determined to be 1 at%, 1 at% Nd,
and 1-10 at% Gd:CaF, TCs were further prepared through HP of
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Pure CaF,

coprecipitated synthetic nanopowders [175]. All the ceramic
samples (2 mm in thickness) exhibited a transmittance of greater
than 86% at 1064 nm, and the average grain size decreased slightly
with increasing Gd* concentration. In addition, the incorporation
of Gd* ions significantly enhanced the luminescence
characteristics of Nd:CaF, TCs by effectively suppressing
[Nd*-Nd*] clusters. Furthermore, the segregation tendency of
rare earth elements at grain boundaries escalates with increasing
rare earth ion concentration, indicating an inevitable increase in
scattering at grain boundaries due to element segregation in highly
doped samples [191]. Consequently, this phenomenon elucidated
the diminished transmittance observed in 1 at% Nd and 10 at%
Gd:CaF, compared with the other samples.

Compared with those of Y*, La*, and Gd* codoping, the
tuning mechanisms of Sr** codoping ions are different. In the case
of Sr** codoping, luminescence enhancement occurs as a result of
the disruption in the symmetry of the local field surrounding Nd*,
thereby favoring the 4f > 4f transitions (Fig. 15). Conversely, in Y**
codoping, the primary mechanism involves the generation of
more active [Nd*-Y*] centers, effectively mitigating
concentration quenching. In 2016, Zhu et al. [196] further
successfully prepared CaggsSrg;NdysF,¢s ceramics with a mean
grain size of 0.5 pm through HP. The in-line transmittance of the
ceramic sample (2 mm in thickness) reached 86% at wavelengths
ranging from 250 to 1400 nm. In addition, the emission intensity
of Cagg;Sro;Nd osF, 5 sample was significantly greater than that of
Nd:CaF, sample, which was attributed to the modulation effect of
Sr** ions. With the aid of HP, Zhou et al. [180] successfully
prepared Nd:Ca,_Sr.F, (x = 0, 0.1, 0.2, 0.25, 0.3, and 0.5) TCs via
coprecipitation of synthetic nanopowders. As x increased from 0
to 0.2 in Nd:Ca,_,Sr,F, ceramics, there was a notable increase in
the luminescence intensity, emission lifetime, and emission cross
section. However, this variation scarcely impacted concentration
quenching. The luminescence intensities and emission lifetimes
between samples with x values of 0.2 and 0.25 exhibited minimal
disparity, suggesting the probable formation of SrF, phase in the
x=0.25 sample.

By ceramizing single crystals, Jiang et al. [107] successfully
prepared Nd:Ca,_Y,F,,, laser ceramics with the same optical
properties as those of precursor single crystals. CW laser
operation, yielding an output power of 35 mW, was successfully
achieved via a fiber-coupled laser diode emitting at a central
wavelength of approximately 808 nm (Fig. 16). They subsequently
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Fig. 15 Schematic of symmetry breaking mechanism for Sr** codoping. Reproduced with permission from Ref. [180], © Elsevier B.V. 2019.
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used. Reproduced with permission from Ref. [107], © Elsevier Ltd. 2016.

investigated the effects of the deformation rate on the
crystallization behavior, microstructures, mechanical properties,
and optical performance of 0.8 at% Nd and 5 at% Y:CaF, ceramics
[266]. Nd,Y-codoped CaF, ceramic sample (Aa = 62%)
demonstrated  exceptional ~characteristics, including high
transparency (transmittance above 91% over a thickness of 3 mm,
ranging from 250 to 1200 nm), minimal light scattering, superior
fracture toughness (with K. of approximately 0.71 MPa-m"),
intense fluorescence emission, prolonged lifetime (1 = 348.72 ps),
and a wide full width at half maximum (FWHM) of 29.2 nm.
These attributes make it a promising candidate for high-power
laser applications.

High-entropy fluoride ceramics have evolved from the concept
of high-entropy alloys (HEAs), which are characterized as solid
solutions featuring a single-crystal structure comprising five or
more metallic elements [288]. Each element is incorporated in an
isoatomic or near-isoatomic ratio, typically ranging from 5 to
35 at% [289,290]. Nd* and various lanthanide cations, such as
La*, Y*, Gd*, and Lu*, can be effectively doped into fluoride
transparent ceramics, as mentioned above [167,169,173-175,266].
Fluoride has a typical fluorite-type cubic structure with numerous
interstitial sites, providing a broad transmission range along with a
low phonon energy and refractive index. Consequently, rare-earth-
doped fluoride serves as an ideal substrate system for high-entropy
TCs [11,189]. In 2020, Chen and Wu [291] successfully fabricated
the first high-entropy transparent fluoride laser ceramics with a
CeNdCaSrBaF,, (CNCSBF) composition. The ceramic sample
with an average grain size of 20 um exhibited the highest
transmittance of approximately 60% at 1000 nm. A NIR
photoluminescence (PL) emission band was detected at 1057 nm,
accompanied by a visible-range PL emission band at 440 nm
(Fig. 17). These findings suggest that distinctive optical properties
are suitable for laser-based applications. Chen et al [15]

747w | Sci@pen

subsequently prepared Nd,:(LagosLugosGdsYo0s)Cags Fazex (X =
0.0-1.2) high-entropy TCs through HP coprecipitation of
synthetic ~powders. The  Ndys:(LagesLugesGdogsYoos)CagsFa7
ceramic sample exhibited the best transmittance of 86% at 1200 nm.
The average grain sizes of fabricated high-entropy TCs initially
decreased and then increased with increasing Nd* doping
concentration. Additionally, the luminescence intensity and
fluorescence lifetime of 1.0 at% Nd:(LaggsLug0sGdg s Y005)CagsFaa
TCs surpassed those of 1.0 at% Nd:CaF,.

In addition to the research on Nd:CaF, laser ceramics,
investigations of Nd:SrF, TCs are also being conducted
simultaneously. In 2015, Li et al. [274] prepared 0.15 at% Nd and
5 at% Y:SrF, ceramics by deforming Nd,Y:SrF, single crystals. The
ceramic sample achieved a peak output power of 0.583 W when
subjected to an absorption pump power of 2.164 W,
corresponding to a slope efficiency of 31.9%. Additionally, the
mechanical properties of Nd,Y:SrF, ceramics surpassed those of
single crystals. On the basis of these findings, Zhang et al. [275]
further investigated the laser performance of 0.15 at% Nd and
5 at% Y:SrF, ceramics in both CW and Q-switched regimes.
During CW operation, a dual-wavelength laser peaking at 1050.5
and 10580 nm was achieved, delivering a maximum average
output power of 750 mW. In passively Q-switched operation, the
shortest pulse width obtained was 169 ns, with a corresponding
single pulse energy and peak power of 192 pJ and 113 W,
respectively. Therefore, Nd:Y:SrF, laser ceramics exhibited
promising performance in the 1.06 pum region, making them
suitable for high-power ultrashort pulse generation. Furthermore,
Qin et al. [201] compared 0.5 at% Nd and 5 at% Y:SrF, TCs
fabricated through two methods—hot-forming and HP
techniques—to single crystals. Compared with hot-formed
ceramics and single crystals, hot-pressed ceramics have superior
mechanical properties but exhibit low density, reduced

J Adv Ceram 2024, 13(12): 1891-1918
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Fig. 17 (a) Photograph, (b) in-line transmittance of CNCSBF TCs sintered at 700 and 750 °C by HP, (c) excitation spectrum monitored at 1064 nm, and (d) emission
spectrum excited by 578 nm radiation. Reproduced with permission from Ref. [291], © The American Ceramic Society 2019.

transmittance, and failure to achieve laser output. The hot-formed
ceramics displayed enhanced mechanical properties and laser
performance relative to those of the single crystals. In 2019,
Jiang et al. [110] applied the single-crystal ceramization (SCC)
technique combined with thermal drive-induced grain regrowth
(TDIGR) treatment to fabricate Nd,Gd:SrF, ceramics. The results
indicated that TDIGR could effectively address the reclustering of
Nd* ions during SCC without affecting the transmittance of
ceramics.

Zhou et al. [200] utilized the coprecipitation method to
synthesize Nd:SrF, and SrF, nanopowders. The effects of the
reactant concentration and Nd* doping concentration on the
morphology and size of the powders were investigated. The hot-
pressed ceramic sample (2 mm thick) exhibited a transmittance of
80% at 1060 nm. Furthermore, Zhou et al. [215] fabricated
0.5-5 at% Nd:SrF, ceramics through HP. 5 at% Nd:SrF, ceramic
sample (2.5 mm in thickness) exhibited the highest transmittance
of 853% at 1060 nm. The emission spectra indicated
concentration quenching at Nd* concentrations of 1%-2%. The
optimal Nd* doping level for achieving the desired spectral
properties in Nd:SrF, transparent ceramics appeared to be
approximately 1%. By applying Judd-Ofelt theory, Zhou et al. [179]
analyzed the optical performance of Nd* in SrF, and CaF, hosts.
Nd:SrF, ceramics exhibited a reduced line strength, extended
radiative lifetime, and decreased (2, value, indicative of increased
ionic Nd*-ligand bonding and enhanced symmetry in Nd*
environment. These characteristics facilitate population inversion
and robust emission, thereby enhancing laser performance. In
addition, Zhu et al. [203] investigated the effect of La* ion
codoping concentration on the microstructure and spectral
properties of 1 at% Nd:SrF, laser ceramics fabricated via HP. The
addition of La™ as a buffer ion clearly enhanced the absorption

https://doi.org/10.26599/JAC.2024.9220986

and emission intensity by suppressing [Nd*-Nd*] clusters. In
2021, Liu et al. [210] first fabricated a novel transparent
SrF,/Nd:SrF,/SrF, composite ceramic sample with a sandwich-like
laminar configuration via HP. The transmittance of 2 mm thick
SrF,/Nd:SrF,/SrF, composite sample at 500 and 1200 nm was
approximately 49.6% and 62.3%, respectively. Additionally, the
thermal conductivities of the ceramic samples were greater than
those of Nd:SrF, sample. In 2022, Zhou et al. [216] proposed a
novel coprecipitation method, spray coprecipitation, to fabricate
Nd:SrF, TCs with high optical quality. Compared with the
traditional coprecipitation method, the nanoparticles synthesized
via the spray coprecipitation method displayed a more uniform
and diminutive morphology, and Nd:SrF, ceramic sample
produced through HP using these nanoparticles demonstrated
superior transmittance across all wavelengths.

In addition to codoping with buffer ions such as Y*, Gd*, and
La* to disperse Nd* ion clusters within the matrix materials and
mitigate concentration quenching, another approach involves
introducing other rare earth ions (such as Yb*, Ce*, or Cr*) as
sensitizers to increase the luminescence efficiency of Nd*
[292-294]. In 2023, Zhang et al. [14] fabricated 0.5-2.0 at% Nd
and 0.6 at% Ce:SrF, ceramics with high optical quality. 2.0 at% Nd
and 0.6 at% Ce:SrF, ceramic sample (2 mm in thickness) exhibited
the highest transmittance of 82% at 400 nm and 92.5% at
1054 nm. The incorporation of cerium ions altered the crystal field
environment surrounding Nd* ions, leading to a redshift in the
emission peak from ‘Fy, > ‘I;;,. This adjustment effectively
mitigated the phenomenon of concentration quenching. The
simplified energy levels and possible energy transfer model of the
Nd,Ce:SrF, system are shown in Fig. 18.

Few studies on BaF,-based laser ceramics have been reported.
In 2018, Li et al. [143] successfully fabricated 5 at% Nd:BaF, TCs
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Fig. 18 (a) Photograph and transmittance of Nd,Ce:SrF, ceramics, (b) emission spectra of Nd,Ce:SrF, ceramics under 796 nm excitation at room temperature,
and (c) simplified energy levels and possible energy transfer model of Nd,Ce:SrF, system. Reproduced with permission from Ref. [14], © Elsevier Ltd. 2023.

via a one-step vacuum sintering method at a temperature of
1200 °C for 10 h. Nd:BaF, powders with particle sizes ranging
from 100 to 200 nm were synthesized through the coprecipitation
method, followed by washing by pumping filtration and low-
temperature calcination in argon. The resulting ceramic sample,
with a thickness of 1 mm and a large average grain size of 420 um,
achieved a maximum transmittance of approximately 70% within
the infrared wavelength range. Additionally, it exhibited an
emission peak located at 1058 nm, which was excited by 808 nm

light.
33 2-3 um band rare earth ion-doped fluoride laser
ceramics

Er* and Ho™ ions possess multiple energy levels, resulting in
emission peaks spanning a broad wavelength range from the
visible to the infrared spectra. Erbium-doped and holmium-doped
lasers are crucial in various fields, including eye-safe research,
optical communications, medical treatments, and laser detection
[5]. Research on other 2-3 pm band rare earth ion-doped fluoride
laser ceramics is limited to materials such as Tm:CaF, [119-121],
and a detailed description is not provided here.

3.3.1 Er*doped fluoride laser ceramics

Using a hot-forming technique, Sulc ef al. [122] prepared Er:CaF,
ceramics with a 3% slope efficiency of MIR (2.7 um) radiation
under pulsed 968 nm laser diode pumping in 2013. By SCC, Jiang
et al. [123] successfully prepared 3 at% Er:CaF, TCs with excellent
optical quality. The samples displayed a distinct polycrystalline
structure alongside impeccable transmittance and exceptional
MIR performance, surpassing those of hot-pressed and hot-
formed ceramics.

In 2011, Zhi et al. [157] synthesized Er:CaF, nanopowders with
different doping concentrations via the coprecipitation method.
An increasing Er** doping concentration resulted in a reduced
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grain size and crystallinity but concurrently led to a significant
increase in the lattice constant due to the formation of interstitial
fluorine ions. The fluorescence intensity of Er:CaF, nanoparticles
initially increased but then decreased with increasing dopant
concentration, indicating concentration quenching. Using HP,
Zhou et al. [163] fabricated 5 at% Er:CaF, TCs with an average
grain size of 8 um and added LiF as a sintering additive. The
transmittance of the ceramic sample was nearly 85% at visible and
NIR wavelengths. By hot-pressing coprecipitating synthetic
precursor powders, Liu et al. [232] prepared 1 and 5 at% Er:CaF,
TCs with a mean grain size of less than 1 um in 2014. Er:CaF,
ceramic sample reached a transmittance of 87% at 1200 nm. On
the basis of Judd-Ofelt theory, Xing et al [233] computed
radiative transition probabilities, radiative lifetimes, and integrated
emission cross-sections of several Er* transitions in CaF, TCs
fabricated via HP and measured the absorption spectra, emission
spectra, and decay times.

On the above basis, Liu et al. [164] further investigated the
influence of Er’* doping concentrations on the microstructure and
spectral properties of Er:CaF, TCs fabricated with HP. 5 at%
Er:CaF, ceramic sample (2 mm in thickness) presented the best
transmittance, 85% at 900 nm, and a low Er* ion doping
concentration (< 5 mol%) effectively reduced the grain size. On
the basis of the above research progress, Liu et al. [176] further
studied the influence of Er* doping concentration on the
microstructure and MIR properties of Er:CaF, ceramics prepared
via HP. The results demonstrated that the emission intensities of
NIR and MIR luminescence were significantly increased. The
intensified emission at 2.7 pm and the shortened NIR fluorescence
lifetimes suggested that a high concentration of Er** ions was
advantageous for mitigating the self-termination effect and
achieving a 2.7 um laser output. In 2019, 1-5 mol% Er:CaF,
ceramics with excellent optical quality were prepared by Yang et
al. [177] via hot-pressing precursor powders synthesized via the
coprecipitation method. For the 2 mm thick samples, 2 mol%
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Er:CaF, sample presented the best transmittance, reaching 75% at
400 nm and 93% at 2000 nm, which was very close to the
theoretical transmittance (approximately 94%). In addition,
strategies for different wavelengths of excitation were discussed.
Compared with single-wavelength excitation, two-wavelength
excitation clearly increased the intensity of upconversion (UC)
emission. This enhancement arises from reduced energy losses
due to photon-energy level transition mismatch and
multiwavelength relaxation, facilitated by the synergistic effect of
980 and 808 nm photons (Fig. 19).

Using the two-step sintering method of air presintering
combined with HIP posttreatment, Guo et al. successfully
fabricated fine-grained 1 at% Er:CaF, [128] and 1 at% Er:SrF,
[142] laser TCs with excellent optical quality. 1 at% Er:CaF, TCs,
presintered at 625 °C and subsequently HIP-treated at 650 °C,
demonstrated the highest optical quality, with an in-line
transmittance of 90.5% at a wavelength of 1600 nm (Fig. 20). This
finding suggested that a presintering temperature of 625 °C,
coupled with a HIP posttreatment temperature of 650 °C,
represented the optimal processing conditions for achieving
superior transparency in 1 at% Er:CaF, ceramics.
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In addition to pure phase ceramics, composite ceramics are also
increasingly favored by researchers. By combining multistep dry
pressing and HP sintering methodologies, Liu et al. [236]
successfully ~ prepared  Er(2%):CaF,/Er(5%):CaF,/Er(2%):CaF,
composite ceramics with a 150-200 um thick transition interface.
1.5 mm thick ceramic sample exhibited an optical transmittance
of 44.9% at 500 nm and 53.6% at 1200 nm and had much higher
thermal conductivities than Er:CaF, ceramics.

By HP chemically derived powders at 700 °C for 40 h, 5 at%
Er:SrF, TCs with high optical quality were successfully fabricated
by Liu et al. [198] in 2018. The grain growth kinetics of Er:SrF,
were elucidated. This was the first confirmation of lattice diffusion
as the grain growth mechanism in Er:SrF, TCs, and Er:SrF, TCs
achieved a peak in-line transmittance of 92% at 2000 nm. By hot-
pressing ball-milling mix powders, 0-10 wt% Er:SrF, TCs with
high optical transparency were fabricated by Liu et al. [208]. The
incorporation of ErF; effectively reduced the average grain size
and positively influenced the increase in the Vickers hardness of
Er:StF, TCs. 5 wt% Er:SrF, ceramic sample exhibited the best
transmittance of 87.9% and 89.5% at 500 and 1200 nm,
respectively. In 2021, Yang et al. [186] studied the effects of
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Fig. 19 (a) Transmittance and photograph of Er:CaF, ceramics (2 mm in thickness), (b) energy level diagram of UC mechanism in Er:CaF, upon two-wavelength
(980 nm + 808 nm) excitation. Reproduced with permission from Ref. [177], © Elsevier B.V. 2019.
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Fig.20 FESEM micrographs of 1 at% Er:CaF, ceramics presintered in air at different temperatures: (a) 575, (b) 600, (c) 625, (d) 650, (e) 675, and (f) 700 °C.
(g) Photograph and (h) intraline transmittance of 1 at% Er:CaF, ceramics (2.8 mm thick) air presintered at different temperatures and subjected to HIP at 650 °C.
Reproduced with permission from Ref. [128], © Elsevier B.V. 2022.
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different sintering temperatures and doping concentrations on
Er:SrF, TCs. The best transparency was achieved by 1 at% Er:SrF,
sample (2 mm in thickness) sintered at 900 °C, with values of 67%
and 92% at 400 and 2400 nm, respectively. Compared with
Er:CaF,, the green emission of Er:SrF, ceramics was much
stronger, whereas the red emission of Er:SrF, ceramics was almost
the same as that of Er:CaF, ceramics. The upconversion
luminescence lifetime of the Er:SrF, ceramics was longer than that
of Er:CaF,. Liu et al. [212] further investigated the effects of the
sintering temperature and soaking time on the microstructure
evolution of 5 wt% Er:SrF, fabricated via HP. Er:SrF, ceramic
sample (2 mm thick) hot-pressed at 900 °C for 2 h demonstrated
the highest transmittance, with values of 90.4% at 500 nm and
91.7% at 1200 nm. The grain growth kinetic mechanism observed
in the ceramics during the final sintering stage was associated with
solute drag.

In 2023, a series of 1 at% Er:SrF, ceramics were successfully
fabricated through air presintering at 550-650 °C for 2 h, followed
by HIP posttreatment at 600 °C for 2 h under 100 MPa Ar [142].
The results demonstrated that a higher presintering temperature
range of 550-650 °C facilitated the generation of pure phase
ceramics and the substitution of Er** for Sr** in the lattice structure.
The in-line transmittance of 1 at% Er:SrF, ceramics (2.5 mm in
thickness) presintered at 650 °C and subsequently subjected to
HIP posttreatment reached 83.4% at 2500 nm. The luminescence
lifetime of 1 at% Er:SrF, ceramics at 1530 nm was 49.6 ms.

Guo et al. [147] first utilized a novel and environmentally
friendly method (CSP) for the preparation of Er:SrF, TCs at
ultralow temperatures. 5 at% Er:SrF, nanoparticles were
synthesized through the coprecipitation method. Er:SrF, TCs
prepared at 300 °C and 468 MPa exhibited the best transmittance
in the visible range of 48.59%, whereas the transmittance at
1100 nm reached 76.94% (Fig. 21). A reduction in the sintering
temperature of SrF, TCs by CSP of at least 500 °C was achieved
compared with that of the conventional preparation process.

As mentioned above [173,202,266,274], strong cross-relaxation
phenomena were also observed between Er* ions, and it is
imperative to mitigate extensive clustering and enhance the spatial
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separation of active ions within fluoride matrix materials. In 2013,
Li et al. [160] fabricated 5 at% Er, 0-1.5 at% Na:CaF, TCs through
hot-pressing coprecipitating powders. The results demonstrated
that the introduction of Na ions into Er:CaF, TCs facilitated the
formation of a charge-neutralized [Er*-Na'] structure, thereby
impeding [Er*-Er*] clustering. Consequently, the enhanced
emission intensity and fluorescence lifetime could be ascribed to
the codoping of Na ions, which mitigated the cluster formation of
Er* and reduced the fluorescence quenching effect. On this basis,
Liu et al. [162,235,267] further investigated the effect of Yb* jons
on the spectral properties of Er:CaF, TCs fabricated via HP. The
best transparency was achieved by 1 at% Er, 5 at% Yb:CaF,
ceramics (2 mm in thickness), with 90% transparency in NIR
spectral region. The grain size decreased with increasing Yb
concentration, whereas the increase in the green, red, and NIR
emission intensities with increasing Yb concentration was
attributed to modifications in the interionic distance and
increased energy transfer between Yb and Er ions [267]. Li et al.
[214,234,237] subsequently investigated the effects of Y*, Dy*, and
Ho* codoping on Er:CaF, and Er:SrF, ceramics prepared via HP.

3.3.2 Ho*-doped fluoride laser ceramics

Popov et al. [265] successfully prepared Ca,_Ho[F,, (x =
0.001-0.03) ceramics by hot forming single crystals in 2012. The
results showed that doping with rare earth fluorides, accompanied
by the formation of solid solutions, sharply decreased the thermal
conductivity of CaF,. In 2017, Li et al. [238] used HP to prepare
2 at% Ho:CaF, TCs with precursor powders synthesized via the
chemical coprecipitation method. The transmittance within NIR
range closely paralleled that of pure CaF, single crystals. The
principal emission band of Ho™ ions in CaF, was centered at
2030 nm, indicating that the prepared Ho:CaF, ceramics hold
promise as laser materials for 2.0 um solid-state laser applications.
Subsequently, they fabricated Ca,_Ho,F,,, (x = 0.5, 1.0, 2.0, 3.0,
and 5.0 mol%) ceramics through HP method [239]. 2 mol%
Ho:CaF, ceramics showed the best transmittance at 1200 nm,
reaching a maximum value of 85% (2 mm thickness). The
emission intensity at 2 pm initially increased but then decreased

500

Wavelength (nm)

Fig.21 SEM profiles of preparation of 5 at% Er:SrF, TCs at different sintering temperatures: (a) 250 °C, (b) 300 °C, (c) 350 °C, and (d) 400 °C. (e) Transmittance
and (f) emission spectra of 5 at% Er:SrF, TCs. Reproduced with permission from Ref. [147], © Elsevier B.V. 2023.
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with increasing concentrations of Ho* ions. The fluorescence
lifetime at 2030 nm was also examined, further indicating the
potential of Ho:CaF, TCs as candidates for 2.0 pm laser emission
materials.

Additionally, via the HP method, Yang et al. [214] prepared
3 at% Er*, x at% Ho™:SrF, (x = 0, 0.05, 0.1, 0.5, 1, and 2) TCs with
precursor powders synthesized via the coprecipitation method in
2022. The best transmittance was 93% at a wavelength of 2500 nm
for 3 at% Er* and 2 at% Ho™:SrF, sample with a thickness of
2 mm, which almost reached the theoretical transmittance of SrF,
TCs (93.7%). The transmittance decreased sharply in the visible
range because of Rayleigh scattering. Furthermore, following the
introduction of Ho*, both MIR and NIR emissions of Er** were
suppressed. Nevertheless, the disparity in lifetimes between I,
and ‘I3, levels of Er* emissions at 2.7 pm notably diminished
from 8.50 to 1.12 ms as Ho™ concentration increased from 0.05 to
2 at%, underscoring the significant depopulation efficacy of Ho™.
This depopulation effect of Ho* stemmed from two energy
transfer processes: ET1 involving ‘I;;, (Er*) > °I; (Ho™) and ET2
involving ‘I;, (Er*) > °I, (Ho™) (Fig. 22). These results
demonstrated that incorporating Ho™ ions at an appropriate
doping concentration enhanced the potential for achieving 2.7 yum
laser output in Er*:SrF, TCs.

4 Conclusions and outlook

This review provides an overview of the research progress,
precursor powder synthesis, and ceramic fabrication of fluoride
laser ceramics. Among existing laser materials, fluoride ceramics

1911

demonstrate promising comprehensive performance, including
low phonon energy, long fluorescence lifetime, wide emission
band, good thermal-optical properties, and excellent size
scalability. Notably, ceramic synthesis technology enables the
fabrication of high-concentration and uniformly doped rare earths
compared with single crystals. Table 4 summarizes the laser
outputs of currently reported fluoride ceramics, showing
successful lasing in both the visible and infrared spectral regions.
However, fluoride ceramics exhibit relatively lower output power
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Fig.22 Energy level diagram of Er* and Ho* with the possible energy transfer
processes. Reproduced with permission from Ref. [214], © Elsevier Ltd. 2021.
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Table4 Summary of fluoride ceramic laser outputs

Ceramic Compaction method Laser output Ref.
CaF,-SrF,~-YDbF; Hot forming ng=45%, P=1.7 W, CW [105]
3 at%Yb:CaF, Hot forming ng=30%, P=0.7 W, CW [116]

5 at%Yb:CaF, Hot forming ng=35%, P=12W,CW [116]

3 at%Yb:CaF,-LaF; Hot forming 7 =35%, P=1.09 W, CW [280]
4 at%Yb:CaF, Air sintering ng=43%, P=1.6 W,CW [281]
Yb:CaF,-LaF, Air sintering + HIP ng=73.1%, P=3.97 W,CW [283]
Yb:CaF,-LaF, Air sintering + HIP ng =69.5%, P =436 W, CW [67]

5 at%Yb:CaF, Vacuum sintering + HIP 7y =23.6%, P =0.9 W, QCW [127]

5 at%Yb:CaF, HP 74 = 26%, P =0.809 W, CW [181]

3 at%YDb, 1 at%Y:CaF, HP ng=29.3%, P=1.1.6 W,CW [182]
3 at%Yb, 1 at%Y:CaF, HP N =5.1%, P=0.31 W, CWML [229]
5 at%Yb:CaF, Air sintering + HIP 19 = 22.6%, P = 0.81 W, QCW [189]

5 at%Yb:CaF, Air sintering + HIP g =9.2%, P=0.47 W, QCW [192]

5 at%Yb:CaF, HP + HIP q=11.6%, P=1.12 W, QCW [11]

5 alt&;)t?al?]((:l;g Nitrogen sintering + HIP Ha=19%, P=2.6W,CW [273]
lglgt‘z?}gcalﬁz Hot forming ng = 1.0%, P =35 mW, CW [107]
0.5 at%Nd:SrF, Hot forming ng=19%, P = 16 mW, CW [101]
% if;g/"sljg Hot forming 74=31.9%, P=0.583 W, CW [274]

g‘ ii;g’/"sljli Hot forming 7q=31.5%, P=0.75 W, CW (275]
1.81aat‘t;f)YI'\:Ig;F2 Nitrogen sintering + HIP ng=1.0%, P=37W,CW [273]
Pr:SrF, Hot forming ng=9%, P=7.5mW, CW [106]
Er:CaF, Hot forming ng = 3%, Py =0.48 m] [122]
Tm:CaF, Hot forming 7y =5.5%, P~ 11 mW, CW [121]
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and slope efficiency than single crystals do. They have rarely been
reported to be applicable in high-power and ultrashort pulse
lasers. Furthermore, compared with fluoride single-crystal
materials, the optical quality of fluoride ceramics still needs
optimization. The sharp decrease in transmittance at short
wavelengths leads to severe optical losses, hindering the realization
of higher power output. Future studies should prioritize
optimizing the optical quality of ceramic samples, reducing
preparation costs, increasing productivity, and ensuring the

X. Li, C. Hu, Q. Liu, et al.

reproducibility of fabrication processes. Furthermore, research on
eliminating defects in fluoride ceramics to enhance material
performance is inadequate and warrants further investigation.
Table 5 summarizes the common defects in fluoride ceramics
along with the proposed solutions for their elimination. Moreover,
the range of laser ceramics that utilize not only new hosts such as
BaF, but also other laser transitions and ions should be further
explored.

Table5 Common defects in fluoride ceramics and solutions for elimination

Defect type Cause

Elimination solution

Porosity Incomplete densification

Optimizing the sintering process, addition of sintering additives, and HIP

posttreatment

Raw material contaminants introduced in the

Purification of raw materials and controlling the introduction of impurities

Impurity preparation process during preparation
Se;(})lr;f:ry Easily hydrolyzed fluoride Sintering in an inert or reducing atmosphere
Cluster Rare earth ion aggregation Breaking up clusters by codoping

Internal stress Formatted during fabrication and process

Optimizing the sintering and processing processes; annealing to remove stress
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