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ABSTRACT: The primary goal of this review is to present a clear chemical perspective of
borates in order to stimulate and facilitate the discovery of new borate-based optical
materials. These materials, which exhibit structures as varied as they are complex, are needed
to meet the urgent technological milestones. In the current period of rapid socio-
technological breakthroughs, the need for the rational design and discovery of novel borates
with superior performance is greater than ever before. Through the sustained efforts of
chemists and material scientists, more than 3900 boron-containing compounds, including
borate minerals and synthetic borates, have been documented in the scientific literature.
This review provides a survey of all the reported anhydrous borates and an analysis of their
complex structural chemistry. State-of-the-art progress related to technological advances in
borate-based nonlinear optical, birefringent, and self-frequency-doubling materials is
surveyed, with special emphasis on the relationships between structural architectures and
optical properties. More importantly, this review serves both as a scientific introduction for

s
e

P N \ L NN NN NN

" Self-frequency-doubling material

graduates and post-doctoral researchers to the chemical richness of solid-state borates and as a comprehensive reference for

researchers interested in borate-based optical materials.
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1. INTRODUCTION

Borates consisting of boron oxyanions are a rapidly growing
part of solid-state chemistry with important and well-
established functionality.' ™ During the past several decades,
newly discovered borates have been in the research spotlight
due to the large number of complex molecular, one-, two-, and
three-dimensional (0D, 1D, 2D, and 3D) structures found in
no other mixed metal oxides.”” Because metal- and mixed-
metal borates exhibit both unique structures and modes of
boron—oxygen (B—O) bonding, many borates are key
components in the field of laser science and in modern
optoelectronic devices.””” The progress in borate investiga-
tions is so great that every year an increasing number of new
borate structures are discovered and reported (Figure 1)o7

It follows then that borates with unique structures can be
applied as advanced functional materials, such as optical
materials,”*~”'® flame retardants,'* and detergents,l‘ etc.
Thousands of borates are characterized by the great variety
in their crystal structures, which is caused by the varied linkage
in boron—oxygen/fluorine (B—O/F) fundamental building
blocks (FBBs). From the performance perspective, one of the
most exciting aspects of borates is their potential to be applied
as novel optical materials, and

" Borates exhibit ever-greater possibility
to form noncentrosymmetric structures, have wide optical

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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Figure 1. Number of all the available borate structures included in
ICSD versus per year through 2019. Composition search criteria: B
and O. ICSD with the version of 4.3.0, the latest release of ICSD-
2019/02.

transparency windows, maintain excellent chemical stability,
and also demonstrate large polarizabilities to achieve the
coexistence of suitable second-order NLO coefficients and
birefringence, making borate a unique and special class of the
candidates for optical applications.”*™>'%"** Several borate
crystals including KB;Og4-4H,0O, f-BaB,0O,, LiB;O;, CsB;0;,
CsLiB4O,, a-BiB;Og, Sr,Be,B,0,, and KBe,BO;F, have been
developed as novel NLO materials to generate UV and deep-
UV coherent light.g”u_27 In addition, metal borates, such as a-
BaB,0,, Ca;(BO;), Ba;Y(B304), Ba,M(B;O4), (M = Mg
and Ca), and Ca(BO,),, with large birefringence are promising
birefrin§ent materials for light polarization in deep-UV spectral
region.”” >’ The active ions doped rare-earth borates
YAL(BO,),, RECa,O(BO;); (RE =Y, Gd), and La,CaB,,0;,
can be employed as practical SED laser crystals to create the
high power, hi%h efficiency lasers with certain characteristic
wavelengths.** ¢

In the meantime, natural and even synthetic borate crystals
have reached the limits of their structural diversity and the
creation of new borates with optical active structures is mainly
restrained by theoretical, methodological, and also technical
problems. Thus, at the present time, scientific research is
highly concerned with understanding the chemical basis of
structure—property—function relationships occurring in the
borate systems. Several reviews have appeared in recent years
that summarize the synthesis and applications of bo-
rates, 2 HO82 122037745 byt these reviews, while very useful,
focus either on a specific structural group of borates, or on
specific properties. It is thus the right time to write a
comprehensive and up-to-date review that summarizes the
structural chemistry of borates and their varied structure—
property—function relationships for optical applications based
on all the available anhydrous borates from the year 1931 to
2019. In this review, the syntheses, crystal structure features,
symmetries, and different types of B—O/F FBBs of many
borate-based NLO, birefringent, and SFD laser materials are
summarized and analyzed. In the following six sections,

Structure—property relationship studies focusing on the
influence of B—O/F building blocks on the optical properties
will be a key feature of these sections. This paper aims to be a
comprehensive, authoritative, critical, and accessible review of
general interest to both chemistry and materials science
communities.

1132

The review is organized as follows. In section 1, we start
from a brief description of the research status of borate, with
empbhasis its importance on related solid-state chemistry and
optical materials. In section 2, about a thousand anhydrous
borates were chosen to discuss the structural chemistry of
borate system. In this section, structural diversity of borates is
highlighted and unconventional borates with interesting
structure characteristics are discussed. We also provide a
comprehensive summary of many borate-based optical crystals
as high performance NLO (section 3), SFD laser (section 4),
and birefringent (section 5) materials. The recent efforts and
active advances in searching of borate-based optical crystals
and in understanding of their structure—property relationships
are the key of these sections. Finally, this review ends with the
giving of conclusions as well as discussing of perspectives and
challenges related to the borate chemistry and borate-based
optical materials (section 6).

2. STRUCTURAL CHEMISTRY OF ANHYDROUS
BORATES

Since the first single crystal structure of a borate formulated

with Be,BO;(OH) was determined by Zachariasen®® at the

University of Chicago in 1931, more than 3900 boron-

containing crystal structures (Figures 1 and 2), including

3974 1846 965

Exclude H, C,
Si,P,V,N, S

Exclude duplicate,
disorder and error

Figure 2. Search and simplification process of target anhydrous
borates. ICSD with the version of 4.2.0, the latest release of ICSD-
2019/01.

borate minerals and synthetic borates, have been synthesized,
and their structures have been determined to build a huge
database for the chemistry and materials science communities.
The flexibility of anhydrous borate structures provides a strong
impetus for the extensive exploration of their crystal chemistry
shedding light upon the relationships among structure,
property, and function. Thus, anhydrous borates with their
extremely rich structural chemistry form the basis of this
review. The available anhydrous borates (composition search
criteria: B, O, —H, —C, —-Si, —P, =V, —N, —S§; “—” means
exclude the related elements) were checked by screening the
web-assisted Inorganic Crystal Structure Database®” (ICSD
with the version of 4.2.0, the latest release of ICSD-2019/01).
Note that where multiple refinements were available for the
same phases and structures, the most reliable and correct result
was selected. Those structures with disorder and obvious
errors were not considered in the statistical data. Finally, 965
anhydrous borates (Figure 2 and Tables S1—S4 in the SI) that
satisfied the above criteria were chosen to discuss the structural
chemistry and applications as optical materials. One point
should be noted that there are still some borates not included in
ICSD but showing interesting structural features or excellent
optical properties. Thus, in this review, some of them are also
within the scope of the discussion but not in the statistical data.

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202
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2.1. Space Group Statistics and Chemical Constituents of
Borates

2.1.1. Space Group Statistics. Examination of the
selected structures of anhydrous borates reveals rich diversity
in the chemical constituents and adopted space groups. The
collected statistics demonstrate that the borates cover all the
available seven crystal systems: triclinic, monoclinic, ortho-
rhombic, tetragonal, trigonal, hexagonal, and cubic systems.
The related proportions are found to be 7.2, 37.2, 26.7, 3.5,
16.9, 5.9, and 2.6% for these seven branches, respectively. Out
of a total of 230 space groups in three dimensions, 97 types are
observed in the borate system, occupying approximately 42.2%
of available types. Among them, the most common space
group is monoclinic P2,/c (no. 14), and about 19.0% of all
entries are reported to crystallize in this space group, which
makes it retain its position as the highest-ranking space group
type. This trend is consistent with the space group frequency
ordering summarized by Cambridge Structural Database
(CSD) based on all of the available 986 061 CSD structures
on January 1, 2019.*® In addition, C2/c, P1, Pnma, and R32
make up the rest of the top five space group types. In contrast
to these common space groups, there are still many other space
groups that are not assigned to any borates. For the rarest
types, there are 26 space groups, including Pm, Pmc2,, Amm2,
Aba2, Fdd2, Cmca, Cmma, Fddd, Ibca, P4,, 14/m, P4,22, I4cm,
I4ycd, P42, I4c2, 142m, P4,/nmc, I4,/acd, P3, R3, P3,21,
P3ml, R3m, Ia3, and P43m, that are assigned to one sole
borate structure.

With respect to borate structures in the 32 crystallographic
point groups, no example is found in crystallographic point
group 432. Also, TI(BO,),* Cu,(AlB,0,,),”" and BaBgO,;"'
are the sole cases that are assigned to the crystallographic point
groups of 4, 4/m, and 422, respectively. The occurrence
frequency of structures that crystallize in the branches of 6/
mmm, m3, m3m, 6, and 622 is very low, and less than five
borates belong to the corresponding crystallographic point
groups, respectively. In contrast to these examples, 2/m and
mmm are the two most common point groups, and 312 (about
32.3%) and 150 (15.5%) cases of borates are assigned to these
two branches and they are all centrosymmetric. For the
noncentrosymmetric branch, mm2 (8.3%) and 32 (6.6%) are
the two classes with high proportion. The classical NLO
crystals LiB;Os,”> CsB;0s,>" CsLiB4O,o,”> and KBe,BO;F,”’
belong to the above two point groups. It is noteworthy that the
corresponding proportions of borates are in total 34.9% and
65.1% for the branches of noncentrosymmetric and centro-
symmetric borate structures (Figures 3a,b), whereas for all the
inorganic crystal structures, the structures belonging to the
noncentrosymmetric structures is only approximately 15%,”
which is considerably lower than that of borates systems.
Therefore, the probability that a new borate structure lacks a
center of symmetry is more than double that for non-borate
structures. Thus, borates can be regarded as a rich source of
functional materials that require a noncentrosymmetric
structure, such as second-order NLO, piezoelectric, ferro-
electric, photorefractive materials, as well as electro-optic
crystals with both Pockets (linear optics) and Kerr (nonlinear
optics) effects, efc >0~%1%17:2037,3841,43—4s

2.1.2. Chemical Constituents. The frequency of
occurrence of the related elements as chemical constituents
in borate system is shown in Figures 4 and 5. Apart from B and
O elements, the most common constituents that are beyond
10% in proportion are the element Ba (129), Na (114), Li
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(a)

222

Non-centrosymmetric
337 (34.92%)

(b) .

4/mmm m3m

m3

2 6/mm
1 aim

6/m

Centrosymmetric
628 (65.08%)

2/m

Figure 3. Analysis of the noncentrosymmetric (a) and centrosym-
metric (b) crystal database based on all the available borates. The
corresponding proportions of borates are in total 34.9% and 65.1% for
the branches of noncentrosymmetric and centrosymmetric borate
structures. Inset: number in black gives the occurrence frequency of
specific point groups (in blue).

(109), and F (97), corresponding to the species of barium
borates, sodium borates, lithium borates, and borate fluorides
(or fluorooxoborates). These examples are a reflection of the
functionality of related species with certain chemical
constituents. For optical and electronic devices, such as optical
parametric oscillators (OPO),” laser frequency multipliers,
and pyroelectric devices, they exploit the microcosmic nature
of core materials, in which the core materials are borate
fluorides, fluorooxoborates, and barium borates for nonlinear
optics as well as sodium/lithium borates for temperature-
responsive anion conductors. It is noteworthy that fluorine
containing borates are ranked top-five in terms of the
frequency of occurrence of fluorine. This is reasonable when
considering the positive roles of fluorine on broadening the
structural chemistry and regulating the optical properties of
borates in the following crucial aspects:**>>*>*

(a) The fluorine with the largest electronegativity (3.98) can
reduce the negative effective charges of terminal oxygen
in borate system and shift the absorption edges to the
shorter wavelength region, resulting in widened trans-
parency area. This will make the target borate-based
crystals require higher energy for electronic excitation
when irradiated by the laser source (see section 3.9).

The fluorine often forms fluorine-centered distorted
polyhedra, which can serve as the secondary building
units to adjust the local environments to improve the
second harmonic generation (SHG) efficiencies in
related NLO materials.

The fluorine can substitute for oxygen to form
oxyfluoride [BO,_,F,] units, which exhibit stronger
polarizability anisotropy and hyper-polarizability com-
pared to [BO,] units, thus [BO,_,F,] units can be
considered as new chromophores to balance the

(b)

(c)

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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multiple criteria among the critical parameters for NLO
and birefringent materials (see section 2.2.4).
Structurally, when compared with the borate family, the
incorporation of fluorine into borates to construct borate
fluorides and fluorooxoborates reduces the symmetry
and improves the probability of achieving a non-
centrosymmetric structure. This can be further verified
by the increased proportions of noncentrosymmetric
structures from borates (35%) to borate fluorides (38%)
and especially to fluorooxoborates (65%).

The element K (91), Sr (86), Ca (63), Pb (62), Cs (54), Zn
(51), Cl1 (51), Y (49), and Al (48) are also important in the
dataset as a whole, and the related proportions are all above 5%

(d)
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(see Figures 4 and S). Alkali and alkaline-earth metals are the
most abundant elements in borates and they are all free of d—d
or f—f electronic transitions, which is beneficial for good
transparency in the UV spectral region with deep-UV
absorption edges below 200 nm. Thus, they become the best
alternative elements with respect to the design and synthesis of
deep-UV transparent materials with large bandgaps (see
sections 3.2 and 3.3). Other metallic elements, like Pb, Al
and Zn, also have the positive roles on enhancing the
polarizability anisotropy and hyper-polarizability of borates,
which can result in enlarged birefringence and NLO effects
(see sections 3.5, 3.6, 3.7 and 3.8). The anomalously large
number of rare earth elements (RE =Y, Sc, La, Ho, etc.) is due

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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to the formation of RE-based deformed polyhedra to enhance
the NLO coefficients in rare earth borates, which can increase
the output power and efficiency when used as host materials in
SED laser crystals (see sections 3.4 and 4.2).

For anhydrous borates, high-temperature syntheses are used
more often than aqueous solution methods. These reaction
temperatures, however, are too high to synthesize many rare
earth borates. That is why the number of rare earth element
containing borates is less than that of alkali and alkaline-earth
metal borates. For the rarest chemical constituents, there are
less than 10 borates that contain Se, Ag, Sn, Te, W, TI, As, In,
I, Mo, Ti, Ta, Hg, Zr, Hf, and Pd, with the corresponding
proportions less than 1% (Figures 4 and S, Tables S1—S4 in
the SI). For example, among them, PdB,0, is the sole case that
contains Pd element in borates.”® Unlike other halogens,
iodine is rare in borates owing to the difficulty in synthesis of
such borate iodides. For high-temperature synthesis process,
iodine sublimes at high temperatures®® and can display phase
transitions, which makes borate iodides difficult to synthesize.
For low-temperature solution methods, iodates”” and borates
have totally different favorable acid—base environments, which
makes it difficult to find suitable potential of hydrogen (pH) to
synthesize the borate iodides.

2.2. Structural Diversity of B—O/F Basic Units

Compared to carbonates, nitrates, silicates, phosphates,
sulfates, and vanadates, the crystal chemistry of borates is
unique and shows many structural and functional fea-
tures. "> *>*1#437% Uplike the fixed coordination environment
of central cations (coordinated with O/F atoms) in carbonates
([CO,)), nitrates ([NO,]), silicates ([SiO,] and [SiO4_,F.]),
vanadates ([VO,] and [VO,_,F,]), phosphates ([PO,_,F.]),
and sulfates ([SO,_,F,]), the overlap of atomic B 2s and 2p
orbitals can result in sp, spz, and sps—hybridized orbitals, which
can further bond with O/F atoms to construct the linear
[BO,], triangular [BO;], and tetrahedral [BO,_,F,] units,
respectively. Thus, seven B—O/F basic units, including [BO,],
[BO,], [BO,], [BOsF], [BO,F,], [BOFE,], and [BF,] units,
have been identified to date (Figure 6). The variety of existing

Two- Three-
coordinated Boron coordinated
—_— -
1s22s22p!
Oxidation state
+3

BO. Four- [BO,]

[Boz coordinated [BO,.F.d *
! 1
[BO,] [BO,F] [BO,F,] [BOF,] [BF,]

Figure 6. Geometric configuration of the available seven B—O/F
basic units in borates. The atoms in black, red, and blue are B, O, and
F atoms, respectively.

and possible structural connection modes of these basic
building blocks contributes to the diverse structural chemistry
of borates and to the many borates constantly being reported
with new unique structures.

2.2.1. Linear [BO,] Units. Among the three series of B—
O/F basic units with different coordination environments, the
two-coordinated [BO,] with linear configuration is the rarest
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motif and fewer than three or four-coordinated B—O/F units.
Geometrically, the central B atoms (Figure 6) are bonded with
two O atoms to construct linear [BO,] units with the B—O
bond lengths and O—B—O angles close to their statically
averaged values of 1.221 A and 180°, but there are still no
disorder-free borates with [BO,] units available to date. To the
best of our knowledge, the sole case with linear [BO,] units in
a borate is Gd,(BO,)O;F°® obtained under the closed
experimental environment, in which the F(1) and O(4)
atoms are assigned to occupy the same position with equal
proportion. Even in the other phases, the linear [BO,] units
are also extremely rare and are only observed in a few apatite-
type structures,”” for example, Sr9_402Na0.209(PO4)6(B0A99502),60
Sr,Laz[(POy), 5(8i04);3(BO4), 5] (Boz);él and
Sr10(PO,)55(BO,)o5(BO,).”” The common structural charac-
teristic of these [BO,] units in the aforementioned structures is
their special coordination positions. The linear [BO,] units in
these related apatite-type structures locate within the channels
formed by metal-based polyhedra and running along the three-
fold inversion axis. Whereas for the [BO,] units in Gd,(BO,)-
OsF, they locate between the layers built up by the Ga—O/F
polyhedra and hold the layers together to form the overall 3D
architecture. Owing to this special feature, the [BO,] units in
apatite-type structures can be replaced by X (X = F-, CI~, Br’,
I, OH", 0%) units.”> Thus, the dimeric [BO,] units with
only one electron short to electronic shell closing and high
electron affinity can be regarded as the super-halogen in the
cluster chemistry.”> The [BO,] units also belong to the family
of molecular moieties with the “magic” number of 16 electrons,
just like fulminate [CNO]~, carbide-borate [CBC]®", and
nitride-borate [BN,]>".

2.2.2. Triangular [BO;] Units. Statistics show that 838
and 527 cases of anhydrous borates contain and are only
composed of the [BO;] units, respectively. The proportions in
the two categories are as high as 86.8 and 54.6%, respectively,
which makes the [BO;] motifs the most common B—O basic
unit. Among these many phases, although their elemental
compositions are extremely different, however, the geometric
characteristics of the [BO;] units are consistent and share
many common features. The central B atoms (Figure 6) are
bonded to three O atoms to construct planar [BO;] triangles
with the average B—O bond lengths and O—B—O angles close
to their statically averaged values (1.371 A and 120°). The
triangular [BO;] units feature 7-conjugated structure with the
P.—P. configurations of 3, which can delocalize the x
electrons across all the adjacent aligned p orbitals. Owing to
this configuration, the [BO;] units will exhibit a large optical
anisotropy between the two directions, which is parallel and
perpendicular to the plane.”” When the [BO,] units polymer-
ize into the highly polymerized B—O groups by sharing the
terminal O atoms along the same plane, the improved optical
anisotropic polarizabilities are expected in them when
compared with isolated [BO,;] units. Thus, borates with B—
O units polymerized by [BO,] units are the preferred system
to search the optical materials that require large anisotropic
polarizabilities. On the basis of this, Sr,Be,B,0, with [BO;]
units,” KBe,BO;F, with [BO,] units,”” and $-BaB,0O, with
[B,O¢] units** as novel NLO materials as well as a-BaB,0,
with [B;Og4] units,”® Ba,M(B;04), (M = Mg and Ca) with
[B,O¢] units,””** and Ca(BO,),”” with '[BO,]., infinite
chains as birefringent materials were developed and inves-
tigated in great detail. Among the borates only containing
[BO;] units, only four polymerized B—O groups can be

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202


http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.0c00796/suppl_file/cr0c00796_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig6&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00796?ref=pdf

Chemical Reviews

formed; to date, there are the dimeric [B,Os], ring-like [B;O¢],
trimeric [B;0;], tetramerized [B,Og] groups as well as 1D
'[BO,],, infinite chains.

2.2.3. Tetrahedral [BO,_,F,] (x = 0—4) Units. There are
438 cases of anhydrous borates containing the four-
coordinated [BO,F,] units. The tetrahedral units can be
[BO,], [BO;F], [BO,F,], [BOF;], and [BF,] units (Figure 6).
Among them, the [BO,] units are the most frequent
tetrahedral B—O/F units and about 422 and 118 anhydrous
borates contain and are only composed of [BO,] units,
respectively. The most noticeable features of borates that
consist exclusively of tetrahedral [BO,] units are their synthesis
conditions, and more than half were obtained under high
pressure-driven conditions. As expected, the high-pressure
borates exhibit four-fold-coordinated B with O, which is in
accordance with the pressure coordination rules.”**® The
triangular [BO;] groups can also be transformed into
tetrahedral [BO,] units with the drive of high pressure,
which is associated with the anomalous pressure dependence
of viscosity and topological disorder. Both trends demonstrate
that high pressure-driven conditions are favorable for the
syntheses of borates that consist exclusively of tetrahedral
[BO,] units. Structurally, the oxyfluorinated tetrahedral
[BO,_,F,] units can be evolved by substituting the terminal
O positions of [BO,] templates with F atoms. Compounds
with oxyfluorinated units offer a new materlals platform from
which superior functionality may arise.°*°” In these tetrahedral
units, the [BOF;] and [BF,] derivatives are uncommon species
and are only observed in BaBOF; (Pnma)®® and (ClO,)-
(BE,),% respectively, in which the two types of B—O/F units
are in isolated configurations. However, borates with
tetrahedral units of [BO;F] and [BO,F,] are more prevalent
because of the rapidly growing number of studies of
fluorooxoborates with unique B—F bonds in recent years.
The aurivillius-like BaBOF, (P2,/c)’° and MB,OF, (M = Ba,
Pb, Sn)”'~7? are the two series that only contain [BO,F,] and
[BO,F] units, respectively. These basic B—O/F units further
condense into 1D infinite chains for BaABOF; (P2,/c) and 2D
single-layers for MB,O;F, (M = Ba, Pb, Sn). It is worth noting
that, in only [BO,_,F,] units containing borates, different types
of isolated and polymerized B—O/F units can be formed, such
as, 0D [B,0;], OD [B;0,], and 0D [B;O;F,] units as well as
1D '[BO;]., 1D '[BOF,]., and 1D ![B,OF]. infinite
chains.

2.2.4. Microstructure and Electronic Properties of B—
O/F Basic Units. To further investigate the microstructure of
these B—O/F basic units at the molecular level, their frontier
molecular orbitals were visualized by using the density
functional theory implemented by the Gaussian09 package
(Figure 7).”* To ensure the reliability of the results, all seven
B—O/F basic units, including [BO,], [BO;], [BO,], [BO;F],
[BO,F,], [BOF,;], and [BF,] units, are all based on the
experimentally obtained single crystal structures rather than
build related ideal linear, triangular, and tetrahedral B—O/F
models. The origin of these seven B— O/F basic units is
Gd,(BO,)OF*® for [BO,], KBe2B03F2 for [BO,], AsBO,
(14)” for [BO,], StBsO,F,’° for [BO,F], BaBOF; (P2,/c)”°
for [BO,F,], BaBOF; (Pnma)®® for [BOF,], and (ClO,)-
(BF,)* for [BF,] units, respectively. Figure 7 shows the
calculated frontier molecular orbitals of seven available B—O/F
basic units, including the highest occupied molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO).
It is evident that the HOMO is mainly occupied by the
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Figure 7. Frontier molecular orbitals of seven B—O/F basic units in
borates, including HOMO and LUMO. The pink, red, and blue balls
represent the B, O, and F atoms, respectively. The corresponding
geometric models of [BO,], [BO;], [BO,], [BO;F], [BO,F,],
[BOF;], and [BF,] units are established by using the experlmentally
obtained single structures of Gd4(BOZ)O E,*® KBe,BO,F,,* AsBO4
(14),7D SrB O7F3, 76 BaBOF; (P2, /c),”° BaBOF; (ana) and
(ClO,)(BE,),* respectively.

nonbonding orbitals of O 2p in [BO,], [BO;], [BO,], [BO;F],
[BO,F,], and [BOF;] units with some involving of F 2p
orbitals in [BO,F,] and [BOF;] units. The F 2p orbitals are
not significantly involved in the HOMO because of its large
electronegativity (see Figure 7). The HOMO of the [BF,]
units is occupied by F 2p orbitals, showing different molecular
orbital features. The LUMO of all seven anionic groups consist
of the anti-6c B—O/F bonds (Figure 7). It is noteworthy that
the introduction of F in [BO,] to form [BO,_,F,] units can
result in the enhanced anisotropy in both HOMO and LUMO
due to their B—O/F-based tetrahedral distortions, which can
further lead to large optical anisotropy.

In addition, we theoretically analyzed the polarizability
anisotropy of seven B—O/F anionic groups and the polar-
izability anisotropies of [BO,_,F,] units are larger than those
of [BO,] and [BF,] units but still smaller than those of linear
[BO,] and triangular [BO;] units (Table 1). The polarizability
anisotropy of [BO,] units ranks first among the seven B—O/F
anionic groups, and thus a large birefringence determined by
polarizability anisotropy in [BO,] containing borates can be
expected. Besides, all the seven typical B—O/F units are deep-
UV transparent with large bandgaps changing from 8.48 eV in
[BO,;] to 15.51 eV in [BF,] units. That means, when the
dangling bonds of terminal O atoms in the related borates are
effectively eliminated, the bandgaps can be blue-shifted to get
close to their theoretical values. Taking the classical
KBe,BO,F, crystal without O dangling bonds as an example,
the bandgap of KBe,BO;F, is as large as 8.44 eV
(corresponding to a short absorption edge of 147 nm),”’
which is quite close to the HOMO—LUMO bandgap of [BO;]
units (8.48 eV), indicating the feasibility of evaluation of
macroscopic optical properties of borates based on the
microscopic properties of their B—O basic units, especially
for alkali and alkaline-earth metals, in which the metal cations
contribute less to their optical properties.”’ Besides, the largest
hyper-polarizability tensor of [BO;F], [BO,F,], and [BOF,]
units is much larger than those of [BO;] (~3—S times), [BO,]
(~10—16 times), and [BF,] (~7—11 times) units, indicating

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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Table 1. Basic Electronic Properties of [BO,], [BO;], [BO,], [BO;F], [BO,F,], [BOF;], and [BF,] Anionic Units, Including
HOMO-LUMO Bandgap (E,), Eigenvalues of Polarizability Tensor (¢), Polarizability Anisotropy (6), Hyperpolarizability
Tensor (f,y,), and Largest Hyperpolarizability Tensor ()"

property direction [BO,] [BO,]
HOMO 22.82 15.95
LUMO 32.64 24.42
Eg (eV) 9.82 8.48
€ 1 9.10 21.04
2 9.10 21.04
3 22.34 14.03
o 13.23 7.01
Py XXX 0.00 0.00
xxy 0.00 —10.79
xyy 0.00 0.00
»y 0.00 10.80

xxz 0.00
xyz 0.00 0.00

yyz 0.00
xzz 0.00 0.00
yzz 0.00 —0.01

zzz 0.00
Prnax 0.00 10.80

“These values were calculated by building7
units from Gd,(BO,)OF,*® KBe,BO;F,,”

[BO.]
28.80
39.56
10.76

20.84
20.84
19.28

1.56

0.00
0.00
0.00
0.00
3.61
0.00
-3.61
0.00
0.00
0.00

3.61

[BOSF] [BO,F,] [BOF] [BE,]
22.82 15.93 8.77 —-345
32.64 26.10 18.31 12.06

9.82 10.17 9.54 15.51
17.45 18.31 12.97 10.97
20.68 16.71 13.50 10.86
18.35 14.28 15.92 10.77

3.23 4.03 2.95 0.20

—38.04 —0.65 —-7.99 —-0.59
—1.69 —6.14 16.98 —1.00

—25.49 -3.70 —2.23 0.63

6.53 —48.15 32.01 —1.22

0.00 -3.62 0.00 1.30

0.00 1.57 0.00 —4.27

0.00 —16.75 0.00 —1.64

—25.74 1.63 —17.96 —1.08
-7.79 —9.69 12.51 —0.22

0.00 —13.61 0.00 -0.36

-38.04 -48.15 32.01 -4.27

the corresponding geometric models of [BO,], [BO;], [BO,], [BO,F], [BO,F,], [BOF,], and [BF,]
AsBO, (14),”® SrB;O.F;,’° BaBOF; (P2,/c),”” BaBOF; (Pnma),*® and (ClO,)(BE,),” respectively.

that larger second-order nonlinearities can be expected in
fluorooxoborates than those in related borates.”*>>*

2.3. Structural Chemistry of FBBs

Structurally, B—O/F building units can further connect in
different ways (corner-sharing or/and edge-sharing) to
condense and form the typical B—O/F polynuclear anions,
which can be regarded as the FBBs of borates chemistry. Along
with the rapid development in potential applications of borates
as optical materials, the classification and description of new
FBBs urgently demand further investigation that covers the
newest aspects of borates in structural chemistry and
structure—property relationships. In borates, polynuclear
anions are formed by [BO,] and [BO,] units, sharing corners
and edges so that a compact insular group generally results, in
which these groups are called FBBs.”'~*> The FBB, should be
the simplest units that can reflect the basic structural
information on an assigned crystallographic frame, which is
different from the repeat unit of a borate structure.”” Generally,
the repeat unit of a borate structure should contain at least one
FBB. These FBBs can polymerize into complex borate
polyanions, such as those with infinite chains, layers, and
network anions. The great diversity in the crystal structure of
borates makes it necessary to introduce the algebraic
descriptors for B—O units, which are the basis for structural
classification schemes for borate systems. Thus, structural
classification and topological description of FBBs was first
introduced by C. L. Christ and J. P. Clark in 1977,”% where
they introduced the notation (n: iA + jT) for each FBB which
includes the total number of B atoms (n), [BO;] triangles (i),
and [BO,] tetrahedra (j) as well as the symbols for a [BO;]
triangle (A) and a [BO,] tetrahedron (T). By using the above
convenient shorthand notation, they can distinguish the cases
of borates with the n value changing from 1 to 9. For example,
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the FBB of a-CsBsOg’” can be written as 5:4A +1T and it has
five B atoms, in which four and one B atoms adopt [BO;]
triangles and [BO,] tetrahedra, respectively. Researchers have
widely used this approach to analyze and classify the structure
of borates for several decades.

In 1995, Burns et al.®® further developed the modern
descriptors for borate clusters in every FBB with more
emphasis on the connectivity between [BO;] and [BO,]
units as well as the linkage within and between the rings
formed by [BO;] and [BO,] units. In this descriptor, the
[BO;] triangles and [BO,] tetrahedra are represented as A and
[, respectively. The delimiter ({ )) indicates that borate
polyhedra form a single cyclic ring, and the symbols “—

“«_»

or “=
indicate the number of shared polyhedra between two rings,
“~” for one and “=” for two polyhedra, respectively.*” Thus,
the borates consisting of isolated [BO;] triangles and [BO,]
tetrahedra can be denoted as 1B:1A:A and 1B:1[]:[1],
respectively. With this descriptor, the FBB of penta-borate a-
CsB,Oy”? can be written as SB:4A:1[J:(2A0)—(2A0),
which can better describe the connectivity between two
three-membered B—O rings in [B;O,,] FBB. A few years later,
Strunz®' developed a classification system for mineral borates
based on the recognition of FBBs according to Christ and
Clark. The B—O clusters that underlie the grouping of borates
as mono-, di-, tri-, tetra-, penta-, and hexa-borates were referred
to as FBBs in related borates.®’ Within each category, the B—O
anionic groups of borates are further classified to soro- (isolated
groups), ino- (chain), phyllo- (layered), and tecto- (framework)
units according to the polymerized dimensions. Later on,
Touboul et al.** updated the notation of B—O FBBs of borates,
and the shorthand notation is symbolized as

n: oo’ a[(m: bA + cT) + (m': A + 'T) + -]

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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Table 2. Basic Structural Information of Several Representative FBBs Categories with the Number of B Atoms Ranging from 1

to 63 in a Borate System”

no. chemical formula N FBBs
1 KBe,BO;F,”’ 1 [BO,)
2 AsBO, (14)7 1 [BO,]
3 CaB,0,* 1 (BO,]
4 7-LiBO,** 1 (BO,]
5 AlBO, % 2 [B,0;]
6 Se,B,0,% 2 [B,O,]
7 TIBO," 2 [B,04]
8 f-BaB,0,” 3 [B;04]
9 a-KBe,B;0,*’ 3 [B;0]
10 K,B,SbO¢** 3 [B;05]
11 GdBO, (R32)¥ 3 [B;0,]
12 NaBeB,0," 3 [B,0,]
13 KSeB;0,” 3 [B;0,]
14 LiB;0;” 3 [B,0,]
15 LigB,0,”" 4 [B,Os]
16 Rb,GeB,O,” 4 [B,O,]
17 Gd4B4011F293 4 [B4011]
18 AgBO,” 4 [B,O,]
19 Na;Zn(B;0,,)” 5 [BsOo
21 YBe,B;0,,” 5 [BO,,
22 a-CsB;Oy,”’ 5 [BsOyo
23 a-KB,Og” 5 [BsOyo
24 KZnB,0,”*'% 6 [BsOy,
25 Ba;Ge,Bs0,6' " 6 [BsOys
26 CsLiBO,o>° 6 [BsOy;
27 Li,Cs;B,0,,'” 7 [B,Ou
28 Na;B,0,,'” 7 [B,046
29 MgB,0,;Cl (F43¢)'** 7 [B,Oy5
30 K,BaB,40,4' " 8 [BsOy¢
31 Na,B,0,'% 8 [BsO,,
32 K,B,0,"” 8 [BsOy,
33 LiRbB,O,'” 8 (B0,
34 Pby(By0,,)F! " 9 [ByOsy
35 B-NaBO,' " 9 [BsOuo
36 Na,Cs,BaB,30;,'" 9 [ByOyo
37 a-Na,Bs0,' " 9 [BsO,o
38 Pbe(Bloou)lH 10 [B100,:]
39 Pb4Zn2B10021] ' 10 [BIOO?AJ
40 CsszBloowll6 10 [B100,]
41 5-CsBsO¢"” 10 [B100,-]
42 Lists(Bnozz)u8 11 [B1,0,,]
43 Li;NaBaBO,,""” 12 [B1,054]
44 p-T1,B,0,"* 12 [B1,05]
45 Rb;B,0,,'** 14 [B14030]
46 Sr2B16026]24 16 [B1603]
47 SrsMgB 5056 ! 18 [B15036]
48 KB,03, 122 19 [B1sO3s]
49 NagCsB,, 034" >° 21 [B,,034]
50 Cs;B130,,' 26 [B26Ous]
51 Cs;B,0,,'** 63 [Bg;0133]

“Np refers the total number of B atoms in corresponding FBBs.

shorthand notation

1:[(14)]
1:[(1T)]
1:00'[(1:A)]
1:003[(1:T)]
2:[(24)]
2:[(2T)]
2:00'[(2:A + T)]
3:[(34)]
3:[(34)]
3:[(3:A + 2T)]
3:[(31)]
3:00'[(34)]
3:00'[(3:2A + T)]
3:00°[(3:2A + T)]
4:[(4A)]
4:[(4:2A +2T)]
4:[(2:A) + (2:T)]
4:00'[(4:2A + 2T)]
5:[(5:4A + T)]
5:[(5:3A +2T)]
5:00[(5:4A + T)]
5:003[(5:4A + T)]
6:[(6:4A +2T)]
6:[(6:2A +4T)]
6:002[(3:2A + T)]
7:(2(3:22A + T) + (1:A)]
7:003[(3:2A + T) + (3:A + 2T) + (L1:A)]
7:00%[(5:5T) + (1:A) + (1:T)]
8:00°[(5:4A + T) + (3:2A + T)]
8:00°[(5:3A + 2T) + (3:2A + T)]
8:00°[(4:5A + 2T) + (3:A +2T) + (1:A)]
8:00°[(5:4A + T) + (3:A + 2T)]
9:[(3:3T) + 6(1:A)]
9:002[(5:4A + T) + (3:2A + T) + (1:T)]
9:00°3[(3:2A + T)]
9:003[(5:4A + T) + (4:2A+2T)]
10:2[(4:2A + 2T) + (1:A)]
10:00%2[(3:A + 2T) + (1:A) + (1:T)]
10:0022[(5:3A + 2T)]
10:00%2[(5:4A + T)]
11:[2(5:3A+2T) + (1:A)]
12:[6(1:A) + 6(1:T)]
12:003[(7:4A + 3T) + (5:2A + 3T)]
14:00°[2(5:3A + 2T) + (3:2A + T) + (1:T)]
16:00°[3(3:2A + T) + (5:4A + T) + 2A]
18:[6(3:3A + T)]
19:00%2[(5:4A + T) + (3:2A + T) + (1:A) + 0.5(1:T)]
21:003[4(5:3A + 2T) + (1:T)]
26:002[2(5:4A + T) + 4(3:2A + T) + 4(1:A)]
63:00%[(7:3A + 4T) + 10(5:3A + 2T) + (5:2A + 3T) + (1:T)]

in which 7 is the number of B atoms in each FBB. r is the
dimension of B—O anionic structure and can take the value of
1 for 1D chains, 2 for 2D layers, and 3 for 3D networks. When
the B—O anionic structure is isolated and the part of “co™ will
be removed for clarity. b(b’) and c(c ') represent the number
of [BO;] triangles and [BO,] tetrahedra in each FBB,
respectively, while m (m’) represents the total number of B
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atoms, thatis, m =b+¢,m' =b" + ¢, a=n/(m + m’), when a
= 1, a will be removed for clarity. According to above notation,
the FBB of penta-borate a-CsBsOg’” can be simplified to S:
[(5:4A + T)]. By using this shorthand notation, several
representative FBBs categories can be symbolized with the
number of B atoms ranging from 1 to 63 in borates (see Table
2):

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202
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NaBaB,O;s,''* as well as the 3D framework of
(a) The FBBs with one B atom, such as, 0D [BO;] 1:[(1A)] 3[ByOi5)e 9:00°[(5:4A + T) + (4:2A + 2T)] built up

(b)

(c

(d

)

)

()

(g

(h

@

)

)

~—

in KBe,BO3F,”” and its isomorphic phases, 0D [BO,] 1
[(1T)] in AsBO, (I4),”” the 1D infinite chain of
'[BO,]s 1:00'[(1:A)] constructed by [BO;] FBBs in
CaB,0,% and the 3D framework of *[BO,].
1:00°[(1:T)] constructed by [BO,] FBBs in y-LiBO,.™

The FBBs with two B atoms, such as, 0D [B,O;] 2:
[(2A)] in ALBO,;,** 0D [B,0,] 2:[(2T)]
Se,B,0,,% and the 1D infinite chain of '[B,O;],, built
up by [B,O4] FBBs 2:00'[(2:A + T)] in TIBO,.*

The FBBs with three B atoms, such as, 0D [B;Oq4] 3:
[(3A)] in a- andﬂ BaB,0,,””** 0D [B,0,] 3:[(3A)] in
a-KBe,B,0.,°” 0D [B,0g] 3:[(3:A + 2T)] i
K2B3Sb08,88 0D [B;0,] 3:[(3T)] in GdBO, (1{32),89
the 1D infinite chain of '[B;Oy], 3:00'[(3A)] built up
by [B;0,] FBBs in NaBeB;Oy,"” the 1D infinite chain of
'[B;04]eo 3:00'[(3:2A + T)] constructed by [B,0-]
FBBs in KSeB;0,,”’ as well as the 3D network of
3[B;04] ¢ 3:00°[(3:2A + T)] built up by [B;0,] FBBs in
LiB;04.>

The FBBs with four B atoms, such as, 0D [B,Og] 4:
[(4A)] in LigB,0y,”" 0D [B,O,] 4:[(4:2A + 2T)] in
szGeB4O9,92 0D [B,0,,] 4:[(2:A) + (2:T)] in
Gd4B4OHF2,( and the 1D infinite chain of '[B,Og]
4:00" (4 :22A + 2T)] constructed by [B,O,] FBBs in
AgBO2

The FBBs with five B atoms, such as, 0D [B;O,,] S:
[(5:4A + T)] in Na,Zn(Bs0,,),”” 0D [B50,,] 5:[(5:3A
+ 2T)] in YBe,BsO,,,”° the 2D infinite layer of
2[BsOgle 5:00%[(5:4A + T)] constructed by [B;O,]
FBBs in a-CsB;Og,’’ and the 3D network of 3[B;0s],
5:00%[(5:4A + T)] built up by [B;O,,] FBBs in a- and
SKBOg

The FBBs with six B atoms, such as, 0D [B4O;,] 6:
[(6:4A + 2T)] in KZnB,0, """ 0D [B4O,4] 6:[(6:2A
+ 4T)] in Ba,Ge,Bs0,¢,'"" and the 3D framework of
3[B4O10leo 6:00°2[(3:2A + T)] constructed by [B4O;]
FBBs in CsLiB4O,,.>

The FBBs with seven B atoms, such as, 0D [B,O,,]
7:2[(3:2A + T) + A] in Li,Cs;B,0,,,'** the 3D network
of 3[B,0},]e 7:00°[(3:2A + T) + (3:A + 2T) + (1:A)]
constructed by [B,O,4] FBBs in Na;B,0,,,'"* and the
3D framework of 3[B,0;]o 7:00°[(5:5T) + (1:A) +
(1:T)] built up by [B,O,5] FBBs in MgB,0,;Cl
(F43c)."*

The FBBs with eight B atoms, such as, the 3D network
of *[BgO 3] 8:00°[(5:4A + T) + (3:2A + T)] built up
by [BgO,4] FBBs in K,BaB 40, " the 3D framework
of 3[BgO4]ee 8:00°[(5:3A + 2T) + (3:2A + T)]
constructed by [BgO,,] FBBs in Na,B,0,,'" the 3D
network of 3[BgO1,]., 8:00°[(4:5A + 2T) + (3:A + 2T)
+ (1:A)] constructed by [B3O,,] FBBs in K2B4O7'°7
and Rb2B4O7, as well as the 3D network of *[BgO 4]
8:00%[(5:4A + T)+(3:A + 2T)] constructed by [B5O;,]
FBBs in LiKB,O,'"® and LiRbB,0.."’

The FBBs with nine B atoms, such as, 0D [ByO,,] 9:
[(3:3T) + 6(1:A)] in Pby(By0,,)F,""" the 2D infinite
layer of *[ByO;s] 9:00°[(5:4A + T) + (3:22A + T) +
(1:T)] constructed by [B9019] FBBs in /-Na,B,0,,,""
the 3D framework of *[ByO;5]s, 9:00°3[(3:2A + T)]
built up by [ByO,s] FBBs in Na,Cs,BaB;sO;," % and
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by [ByO;5] FBBs in @-Na,B404,." "
(j) The FBBs with ten B atoms, such as, 0D [B,;,O,;]
10:2[(4:2A + 2T) + (1:A)] in Pb(B,,0,,),""" the 2D
infinite layer of 2[B;50,; s 10:00%2[(3:A +2T) + (1:A)
+ (1:T)] constructed by [B;,0,,] FBBs in
Pb,Zn,B,,0,,,""" the 2D infinite layer of *[B;,017]e
10:00%2[(5:3A + 2T)] constructed by [B,,0,,] FBBs in
C52K2B10017,11 as well as the 3D network of
3[B1¢016)co 10:00°2[(5:4A + T)] built up by [B,,0;,]
EBBs in 6-CsB;Og.""”

(k) The FBBs with more than ten B atoms, such as, 0D
[B1;0,,] 11:[2(5:3A + 2T) + (1:A)] in
LigRb(B,,0,,),"'® 0D [B,,0,,] 12:[6(1:A) + 6(1:T)]
in Li;NaBaB¢O,,,'"” 0D [B,305] 18:[6(3:3A + T)] in
NaSr,Al(B,3034)"*° and SrSMgB18036,121 the 3D frame-
work of 3[B,0,;]e 12:00°[(7:4A + 3T) + (5:2A +
3T)] constructed by [B;,04] FBBs in -T1,B,0,,"> the
2D infinite layerof *[B,0,,]c 14:00%[2(5:3A + 2T) +
(3:2A + T) + (1:T)] built up by [B,,05] FBBs in
Rb;B,0,,,'>’ the 3D framework of 3[B,s0,4]e
16:00°[3(3:2A + T) + (5:4A + T) + 2A] built up by
[B,s0;,] FBBs in Sr,B,c0,'>* the 3D frameworkof
3[B19031]0 19:00%2[(5:4A + T) + (3:2A + T) + (1:A)
+ 0.5(1:T)] constructed by [B;4035] FBBs in
KsB,903;,'*® the 3D frameworkof *[B,,0,;]
21:00°[4(5:3A + 2T) + (1:T)] built up by [B, O]
FBBs in NayCsB,;Os,'*° the 2D infinite layer of
2[BysOurles 26:00°[2(5:4A + T) + 4(3:2A + T) +
4(1:A)] constructed by high polymerized [B,sO.s]
FBBs in Cs3B13021,127 as well as the 2D infinite layer
of [Be;O 108 ] 63:00%[(7:3A + 4T) + 10(5:3A + 2T) +
(5:2A + 3T) + (1: T) ] built up by the largest [B4;0,3;]
FBBs in Cs.3B7O12

This approach proposed by Touboul et al.** allows us to
characterize and classify most borates with different B—O
FBBs, but the structure of borates is regularly complicated,
particularly the connection characteristics in these FBBs, which
makes the classification and description of their structural
characteristics difficult to be correctly identified to date. In
some cases, the borates with the identical notation of FBBs
have different FBBs and even structural characteristics, such as
the shorthand notation of a-KBe,B;0,*” and -BaB,0,” are
identical and can be expressed as 3:[(3A)], even though they
are both composed of three [BO;] units, their FBBs and
structural characteristics are completely different. The [B;0,]
FBBs of a-KBe,B;0- are in chain-like configuration, while the
[B;O¢] FBBs of -BaB,0, are in ring-like configuration. Facing
with this, Xue et al. proposed a new classification and algebraic
description of the borates by including the polymerization of
each FBB,”” which can reflect more structural information on
FBBs than previous approaches. They classified all the available
FBBs of borates into seven categories, namely, single ([Bg,]
and [Bg,]), branched, normal-ring, bridge-ring, “8”-shaped-
ring as well as combined-ring FBBs, in which ¢ can be O*~ and
OH". Then they introduced a new algebraic description based
on their topological classification and previous description
schemes. The updated notation can be written as

n: oor[<bAcT>+m’(b’Ac’T)h+m”(b”Ac”T>8+...]

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202
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Similar to previous description schemes, 7 is the number of
B atoms in FBBs, and r reflects the dimension of B—O anionic
structure, whereas the characteristic strings in bracket contain
the information on connectivity of polyhedral groups (and
rings) in and within the FBBs. In addition, several new
symbols, including &, | |, and TT, are also included to
distinguish some complex linkages, namely, & to separate two
unconnected B—O parts, | | for B—O units which are
connected by more than two other polyhedra or clusters,
and TT for edge-sharing [BO,] tetrahedra. By using this
approach, several borates with rare linkage type or complicated
FBBs can be expressed as follows: Na;GaB,0, (4:
[(242T)"]),"” a-CsBsOg (S:00”[(4AT)®]),” Pb,B;O,l
(5:00°[(2A3T)*]),"*" BaBgO,; (8:00°[(4AT)® + (A2T)]),”"
Na;Zn(Bs0;o) (5:[(4AT)*]),” Dy,BsOy5 (6:00'[2T + TT +
2T]),"*! Na,B,0, (8:00°[(3A2T)* + (2AT)]),'*° CaB,O,
(P2,/c) (8:00°[(2A2T)* + T + (2AT)]),"** BaB,O,
(8:00°[(3A2T(® + (A2T)]),"** B-NaB;O5 (9:003[(4AT)® +
(2AT) + T]),"** Rb;B,0,, (14:00°[(3A2T)® + T + (A2T) +
(A2T)*]),">® K(B,oO;; (19:00°[2((4AT)® + A + (2AT)) +
T]),"” and Cs;B,0;, (63:00°[((4A3T)** + 10(3A2T)° +
(2A3T)® + T)]).””® Obviously, when compared to those
previous description schemes, the above notation can reflect
more detail about the connection characteristics within these
B—O FBBs. On the basis of these approaches, modified
descriptors for the description of FBBs in borates were also
worked out by many other researchers, which makes it possible
to re-assign those new borates with updated descriptors and
also reveal structural features among them to open new
thoughts on the structure—property—function relationships.
Lacking still are some descriptors for linear [BO,] and
fluorinated [BO,_,F,] units, which need to be investigated and
expanded in the further studies.

2.4. Dimensionality of B—O/F Anionic Groups

In this section, the distribution of the dimensionality of B—O/
F anionic frameworks in anhydrous borates is examined
(Tables S1—S4 in the SI). Classification of the available 965
anhydrous borate structures stored in the ICSD according to
their specific dimensionality is shown in Figure 8. It is shown
that the frequencies of occurrence for B—O/F anionic
framework in these borates are as follows: 0D isolated clusters
(65.5%, see Table S1 in the SI), 1D infinite chains (6.1%, see
Table S2 in the SI), 2D infinite layers (10.3%, see Table S3 in
the SI), and 3D frameworks (18.1%, see Table S4 in the SI).
This distribution of frequency is highly consistent with the

700 Isolated
cluster

600 -

10.26%
500 -

6.11%

2 300 - 65.50%

Framework

200 - Infinite
Infinite layer
100 - chain H
0 EN
oD 1D 2D 3D

Dimensionality

Figure 8. Distribution of borates with specific dimensionality of B—
O/F anionic framework. Inset: corresponding proportion in %.
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dimensionality frequency orderings of B—O anionic frame-
works summarized by Becker in 2001 and Xue et al. in 2007
based on the selected anhydrous and hydrous/anhydrous
borates, respectively.””'*

2.4.1. Borates with 0D B—O/F Isolated Clusters. The
most common dimensionality is 0D, and more than half
borates (65.5%) contain only isolated B—O clusters (Figure 8
and Table S1 in the SI). It should be noted that most borates
with isolated B—O clusters are composed of metal cations with
strong covalence, including Zn, Be, Al, Mg, and Cd atoms, etc.,
that is mainly because cations with a higher valence state (like
transition-metal cations) have stronger coordination ability to
form rigid coordinated bonds and break the B—O anionic
groups into 0D configuration to achieve the coordination
distinction. With respect to the borates with 0D B—O/F
isolated clusters, about 65.5% of all these available borates
belong to this sort with 66.3% represented by borates with
isolated [BO;] (419) units. Other categories occurring often
include isolated [B,Os] (50), [BsO,,] (34), [B;O¢] (25), and
[BO,] (22) units (see Figure 9). Likewise, the formation of
isolated B—O/F groups with low polymerization degree of B
atoms is more preferred, particularly, for mono-, di-, tri-, tetra-,
and penta-borates. And about 97.0% of anhydrous borates
contain isolated B—O/F clusters with the total number of B
atoms less than six in their FBBs (Table S1 in the SI). This
trend is similar to that found by Becker et al'’ and
Hawthorne et al,,'* respectively, the corresponding propor-
tions from two groups are all about 90% from their
independent analysis of 460 anhydrous borates and 80 borate
mineral structures. Structurally, further condensation of above
isolated B—O/F units can lead to a larger cluster via shared
[BO;] and [BO,] units. Several highly polymerized B—O/F
clusters are formed by the condensation of mono-, di-, tri-,
tetra-, and penta-groups consisting of different numbers of B—
O/F polyhedra, but the high polymerized B—O/F clusters are
seldom observed experimentally and less than 3.0% borates are
found to possess such units. Several B—O clusters, however,
have been found in isolated form with the high polymerization
degree (n > 6), such as, [BsOy,], [BsOss), [B;014], [BsOs1],
[B19021), [B1102,], [B12054], and [B;505] units (Figure 9 and
Table Sl in the SI)'99—IOI,110,114,118—121

A unique hexa-group is found to be [B4O,] in
KZnB,04 """ which is formed by condensing two three-
membered [B;0,] rings in a particular fashion way: two groups
are linked via two edge-sharing [BO,] tetrahedra. The longest
B—O o bonds in [B4O,,] clusters that connect the edge-
sharing [BO,] tetrahedra provide a stable solid framework for
KZnB;O4. The detailed discussion about the formation of
edge-sharing [BO,] tetrahedra in KZnB;O4 will be given in
section 2.5, whereas the cyclic [B4O,4] units in M;Ge,B4O14
(M = Sr and Ba)"*""*” are formed by two [BO;] triangles and
four [BO,] tetrahedra and they can also be conceptually
constructed from two [B;O,] units. To date, the isolated
[B,0O,4] unit constructed by three continuous linked rings is
rare in borates and only found in ABa,Mg,B,,0,5F; (A = Na,
K)"*®'*? with atomic disorder and disorder-free
Li,Cs;B,0,,.'"” The three compounds, Pbg(B,O,,)F,""’
PbeB,,0,;,"* and LigRbs(B,;0,,), ' are the sole examples
of the [ByO,,], [B190,1], and [B;;0,,] clusters, respectively.
The [ByO,;] cluster is composed of a central [B;O,] unit and
six [BO;] triangles interlined by sharing terminal O atoms. The
[B10O,;] cluster is composed of a central [B,O;] and two
[B,O,] units that are interconnected by two of its four terminal

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202
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Figure 9. Structural chemistry of borates with different dimensionality of B—O/F anionic frameworks. The count of specific isolated clusters in

anhydrous borate system is given in the last row with different marked colors.
information file of each structure that stored in the ICSD.

All of the structure diagrams were drawn by using the crystallographic

Table 3. Basic Information of Borates with Two Kinds of Isolated B—O Clusters”

no. chemical formula space group anionic cluster Ny ICSD code
1 Ni,U(BO;),(BO,),0, Pnnm [BO;]+[BO,] 2 65676
2 Ho3,0,(B05)3(BO,)s R3 [BO;]+[BO,] 2 421761
3 Na,Be,(BO;),(B,0;) P1 [BO;]+[B,0s] 3 237764
4 Cuy5(BO;)4(B,05),0, P1 [BO;]+[B,0s] 3 35201
S CuyTi,(BO;),(B,05),04 P1 [BO;]+[B,0s] 3 400772
6 K45r4(U02)13(BO3)2(B205)2012 P1 [BO;]+[B,0s] 3 254478
7 Sr,8¢,(BO;),(B,05) P1 [BO;]+[B,0s] 3 86435
8 Sr,LiBe(BO;)(B,05) P2,/c [BO,]+([B,04] 3 262730
9 Ba,Sc,(BO;),(B,05) C2/c [BO;]+[B,0q] 3 86436
10 Bas(BO,),(B,0;) P2,2.2, [BO;]+[B,0s] 3 172399
11 Pb,B,0,/Pbg(B0O;),(B,05) 04 Ama2 [BO,]+([B,0s] 3 183637
12 Ca;oGe4(BO,),(B,0,),0, Pba2 [BO,]+[B,0,] 3 261970
13 K;Beg(BO;);(B;0¢), P2, [BO,4]+[B;04] 4 248204
14 CsZn,B;0,/Cs;Zng(BO;);(B;30¢), Cmc2, [BO;]+[B;0¢] 4 238088
15 Cs3Zng(BO;);(B;04), Cmc2, [BO;]+[B;04] 4 194211
16 La,(BO;)(B;0;)F, P2,/c [BO;]+[B;04] 4 420439
17 Ca;Bes(BO;),(B;0,0)F P6;/m [BO;]+[B;04] 4 192456
18 a-Pb,Ba,Zn,(B,05) (BsO,3), P1 [B,O]+[B4013] 8 238677
19 f-Pb,Ba,Zn,(B,05)(B:013), Ce [B,0;]+[B4O,;] 8 238676
20 7-Pb,Ba,Zn,(B,05)(B4013), P3, [B,0]+[B40,5] 8 238678
21 Cs1sMgg(BsO10)3(B;014),F C2/c [B5O,0]+[B;04,] 12 428172
22 Rb,sMgg(B;0,0)3(B,01,),F C2/c [BsOy0]+[B,04] 12 428171
23 Ca;Na,LiBe,B,(0,,F/CagNagLi,Beg(BO;)s(B1,0,4)F, R3 [BO,]+([B1,0,,] 13 238295
24 Cd;Na,LiBe,B,(0,,F/Cd¢NagLi,Beg(BO;)5(B1,0,4)F, R3 [BO;]+([B1,0,,] 13 429574
25 Sr;LiNa,Be,B1y0,,F/Sr¢NagLi,Beg(BO;)(B1,0,4)F, R3 [BO;]+([B,0,,] 13 429575
26 BagAl,B14033/BagAl,(BO3)y(Bs013) (BsO1s) r1 [BO3]+[Bs013]+[Bs014] 13 242282

“Np refers the total number of B atoms in two corresponding clusters. The compounds on either side of the “/” sign are the same one in the

chemical formula column.

O atoms. Quite different for the previous two examples, the
[B;;0,,] cluster is constructed by five continuously linked
three-membered rings. Further polymerization of single rings
to form larger B—O groups is realized in Li;NaBaB,O,,""” and

1141

its isomorphic phases. The [B;,0,,] units in them are formed
by the condensation of three-membered [B;Oy] single-rings
consisting of one [BO;] triangle and two [BO,] tetrahedra.
The most complex isolated B—O cluster to date is cyclic

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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[B,30;6] unit in NaSr,Al(B,3044)"*° and SrgM(B,3034) (M =
Mg, Zn, Cd)."*""** The exceptional complexity of this family is
caused by the further condensation of six [B;0,] units to form
highly polymerized [B;3O34] clusters via corner-sharing. The
orientations of these [B;0;] subgroups in [B;305¢] clusters fall
into three pairs, where every two [B;O,] rings are arranged in
parallel, and the dihedral angles between these pairs are nearly
120°, which is consistent with their centrosymmetric point
group R3m.

More importantly, the surprising discovery of two (or more)
isolated B—O clusters in one compound significantly expands
the structural diversity of borates with 0D configurations. In
contrast to borates with only one isolated unit, the number of
borates with two types (or more) of isolated clusters is much
smaller and only 26 cases belong to this species (Table 3).
Most of them (25/26) contain [TO,] (T = Be, Al, Zn, Cu, Tj,
Ni, La, Sc, Y, Mg, etc; n = 4, 6) tetrahedra with comparatively
strong T—O covalence bonds, in which the [TO,] units may
play a “bond terminator” role to reduce the B—O anionic
framework and introduce low dimensionality and separate the
isolated B—O units in the meantime. Among them, the
simplest one is the combination of isolated [BO,] and [BO,]
units in high-pressure synthesized Ho;;0,,(BO;);(BO,)s "
and high-temperature synthesized Ni;B,UOs.'** It is note-
worthy that all of the [BO;] and [BO,] units in them are
isolated without any linkage to each other, which is the first
and sole borate that contains such B—O configurations. The
most frequently occurring types are [BO;] + [B,O], which are
found in the structures of M,Sc,B,0,, (M = Sr, Ba),'"
Na,Be,B,0,,,"** and Li;Ba,Sc;(BO;)4(B,05),."** It should be
noted that the [B,O;] units in Sr,Sc,B,0;; adopt an unusual
geometry and exhibit a planar orientation with a B—O—B angle
of 180° and the central O atom occupying a site with inversion
symmetry. It is interesting to note that all the [BO;] and
[B,Os] units in Sr,Sc,B,0,, are in coplanar configurations,
which is totally different from other borates with isolated
[BO,] and [B,O] units."*> Many other polyborates, includin%
M;Na,LiBe,B,,0,,F (M = Ca, Sr, Cd),'*®'*
Ba4Na2Zn4(B3O6)2(B12024),]48 and AlsMgs(Bsolo)(B7014)2F
(A = Rb, Cs),"* were found to exhibit two types of isolated
polyborate groups. After analyzing the topological arrangement
of polyborate anionic units in A;sMgg(BsO4,)(B,0.4),F (A =
Rb, Cs) and related compounds, one can observe that their
topological structures are a result of substituting [BO;] and
[B,Os] clusters in Na,Be,B,O,; with high polymerized
[BsOyo] and [B,O,,] units, respectively, with different layer
connectors. Additionally, the coexisting B—O clusters in any
one borate tend to have similar structures to decrease the
conflict with Pauling’s fifth rule.'*’ It should be noted that
BagAl,B,,05; exhibits three different isolated clusters,">’
namely, [BO,], [BsO,;], and [B4O;,] units, which is the first
and sole case of such a configuration. Fortunately, the number
of new borates with 0D isolated configurations is continuously
growing, with ongoing research activities focused on the cause
of formation and general building principles to achieve more
controllable preparation.

2.4.2. Borates with 1D B—O/F Infinite Chains. In
principle, the above isolated B—O/F clusters can further
polymerize to 1D infinite chains through corner-sharing and
edge-sharing connection models, but very few such 0D clusters
experimentally condense to 1D infinite chains in related
borates (Table S2 in the SI). According to the composition of
a 1D chain, all of the available 1D B—O/F infinite chains in
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borates can be divided into the following six types: the type A
chain consists of [BO;] units, the type B chain consists of
[BO,] units, the type C chain consists of [BO,F,] units, the
type D chain consists of [BO;] and [BO,] units, the type E
chain consists of [BO,], [BO;F], and [BO,F,] units, and the
type F chain consists of [BO,] and [BO;F] units (Figure 9).
Among them, borates with the structural motif of infinite
chains of trigonal [BO,] groups are the simplest one (type A).
The '[BO,], chain consisting of [BO;] triangles was first
discovered in CaB,0,,** in which they are all almost coplanar
and further linked by Ca-based polyhedra to form the final 3D
crystal structure.

After that, more borates, including a-LiBO,,"! SrBZO4,152
REMoBO; (RE = Ce, La),"”® UB,0,""* NaBeB;O°  and
CeB,0,F'>° with the structural motifs similar to CaB,O, are
discovered experimentally. The CeB,O,F series are obtained
under high-pressure driven conditions, showing the first and
sole F-containing borate with such structural motifs.">
Different from the coplanar configurations in CaB,O,, the
'[BO,], chains in CeB,O,F show a wave modulation with the
formal wavelength of A = g, and the linkage of individual [BO;]
triangles occurs by O(2,3) atoms, whereas the O(1,4) atoms
locate on the terminal positions of these chains.'” Besides the
above infinite chains, the type B ![BO;], chains solely built up
by corner-linked [BO,] tetrahedra were discovered in
RE,GeB,0¢ (RE = Nd, Sm—Tb),"*° and REMBO; (RE =
La, Pr; M = As, Ge) series.”>” Their structures feature 1D
infinite chains of corner-sharing [BO,] tetrahedra that are
further bridged by [MO,] (M = As, Ge) tetrahedra via corner-
sharing to form 2D anionic layered frameworks, in which the
[BO,] and [MO,] (M = As, Ge) tetrahedra are in an
alternated arrangement. When all of the terminal O atoms are
replaced in the above '[BO;], chains with F atoms,
fluorinated type C '[BOF,], chains can be formed. Recently,
this type of chains were experimentally found in BaBOF; (P2,/
¢) for the first time by Pan et al,”’ in which the [BO,F,]
tetrahedra connect with each other via corner-sharing to form
a fluorinated [BOF, ], chain. Besides, BaBOF; (P2,/c) with
the wave-like [Ba,F,] single-layers can be regarded as the new
member of pseudo-Aurivillius type compounds. Structurally,
BaBOF; (P2,/c) is the first crystal that possesses two types of
F atoms, therefore it simultaneously possesses the structural
characteristic of both borate fluorides and fluorooxoborates.”’

The type D chains consisting of [BO;] and [BO,] units can
also occur in several borates with difference in the linkage of
these basic blocks, and the '[B,O;],, chain in CaBeB,O;
belongs to this type.">* The [B(2)0,] tetrahedra in MBeB,Os
(M = Ca, Sr)"*¥"? closely polymerize into '[BO,], chains via
sharing O(1) atoms that extend along the b axis. These chains
are alternately bridged by sharing vertices O(2) atoms of
triangular [B(1)O5] units to final '[B,Os], chains alon§ the a
axis. We note that REB;O,4 (RE = Tb, Sm, Pr, Nd)'®° also
exhibit the 1D '[B,0,],, chains consisting of four-membered
[B,Oy,] rings, in which [BO;] and [BO,] units are alternately
linked, and there is no linkage between [BO;] and [BO;] or
[BO,] and [BO,] units. Besides, ASeB;O, (A = Na, K)90 series
are found to possess a type D chain that is composed of
corner-sharing [B;O,] clusters. In the ASeB;0; (A = Na, K)
phases, the [B(2,3)0,] and [B(1)O,] units form a cyclic
[B;0;] group via corner-sharing, and they are interconnected
via O(S) atoms to build a 1D '[B;Og],, chain along the ¢ axis.
With the increase of B—O polymerization, high polymerized
type D chains are formed. The polymorphisms of (Pb,O)-
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Pb,B0,,"*"** are found to possess similar type D '[B4O 4]
chains, which consist of two crystallographically different
[B,O;] rings. The structure of P1 phase (Pb,O)Pb,BO,, can
be described as the centrosymmetric modification of P1 phase,
forming infinite anti-parallel '[B¢O,] chains via [OPb,]
tetrahedra and Pb** cations. The main difference of '[BsO,,]
chains in the two phases is the different arrangement of the
chains in the unit cell: one is anti-parallel and the other is
parallel.

Among the six types of 1D chains, two fluorinated chains,
namely types E and F, are the rarest types and can only be
observed in fluorooxoborates Li,B;O,F; (type E)'*® and
BiB,O,F (type F),'** respectively. The '[B;O,F;],, chains of
fluorinated [B;O¢F;] rings along the b axis in Li,B;0,F;
consist of [BO;] triangles, [BO;F], and [BO,F,] tetrahedra.
The [B;O4F;] rings exhibit a twisted-boat conformation with
the maximum dihedral angle of B—-O—B—0, which is due to
the insertion of tetrahedrally coordinated B atoms and in
accordance with the fluorinated B—O/F rings found in other
lithium fluorooxoborates. Unlike the type E chain in
Li,B;0,F;, the type F chain in BiB,O,F consisting of
[B;O4F] rings is totally different. The [B(1)O,] tetrahedra
in BiB,O,F closely polymerize into '[BO;],, chains via sharing
O(1) atoms extending along the c axis. These chains are
alternately bridged by sharing O(2) and O(3) vertices of
tetrahedral [B(2)O;F] units to form '[B4O,F,], infinite
helical chains that run along the ¢ axis. The Bi** cations are
located within the cavities of the borate helices. In this sense,
the structure of BiB,O,F can be regarded as a helix of borate
chain that captures metal cations. In addition to the above six
chain types (A—F), there are also examples of borates with two
or more than two 1D B—O chains. This type of B—O anionic
framework was experimentally found in LisA,B,0,, (A = Rb,
Cs) "% with two different 1D B—O chains, namely '[BO,],
and '[BsO,;], chains. Structurally, these chains can be
considered as the combination of types A and D chains. The
'[BO,], and '[B;O;,], chains are composed of [B(3)0;]
triangles and [B;O1,] units by sharing the vertices of the O(3)
and O(8) atoms, respectively. Another interesting example is
ABe,B,0, (A = K, Rb).*” Here, two B—O frameworks with
different dimensionality coexist in one single structure. The
ABe,B;0; (A = K, Rb) crystals exhibit isolated 0D [BO,]
triangles and 1D '[B;Og], chains, which is the first and sole
case of such a configuration. Different types of 1D chains with
varied representative compounds reflect the fact that
structurally simple borates have been most studied. To this
point, the general current trend is towards the elucidation of
borates with increasing complexity and rare structural types,
such as borates with type E, type F, and mixed 1D chains.

2.4.3. Borates with 2D B—O/F Layered Configura-
tions. Generally, borates with layered structures mainly refer
to the following two types according to their structural
characteristics: (a) The B—O/F anionic groups polymerize
into B—O/F layer configurations, such as Cs,Na,B,,0,,,""°
RE;B.O,, (RE = Er—Lu),"*” and LiBsO,F,"*® and (b) The B—
O/F anionic groups are combined with [TO,] (T = Be, Al, Zn,
Cu, Ni, Mg, etc; n = 4, 6) polyhedra to construct M—B—O/F
layered configurations, in which T—O bonds show compara-
tively strong covalence, such as KBe,BO3;F, and its
derivatives.”” Thus, in both types, the layers tend to exhibit
covalent features. However, in this review, the focus will be on
the layers solely built up by B—O/F anionic groups and the
following discussions will mainly focus on this type because
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there are an infinite number of different B—O/F types and also
an infinite number of geometrically varied connections of FBBs
in layered configurations. The classification and comparison of
varied types of B—O/F layered structures will be centered on
analyzing structural features of corresponding crystal struc-
tures. By analyzing all the available 99 anhydrous borates with
layered configurations, three types of 2D layers can be
identified according to their structural characteristics, namely
single, double, and triple layers (Figure 9 and Table S3 in the
SI).

2.4.3.1. Borates with Single-layered Structures. The first
borate with single-layers was observed in pentaborate a-
CsB;Og,”” which exhibits a novel zigzag 2D *[B;Os],, layer
built up from [B;O,,] FBBs that consist of four [BO;] triangles
and a [BO,] tetrahedron, which are then condensed to a
double ring via a common tetrahedron. The corrugated layers
are composed of chains of [B;O,,] FBBs with 2, screw axis
symmetry paralleling to the b axis. It can also be characterized
as 5:00°[(5:4A + T)] according to the descriptor, and they are
similar in shape to the pentaborates AMB;Oq (A = Na, K; M =
Ca, Sr, Ba, Pb),'”~'"> MREBO,, (M = Mg, Co, Zn, Ni, Cd;
RE trivalent rare earth metal)'”*'’* series, and
La,CaB,0,,,°° but they are topologically different. The 2D
[BsOy], layers in AMB;O, (A = Na, K; M = Ca, Sr, Ba, Pb)
series are composed of [B;O;;] FBBs, which consist of two
[BO,] tetrahedra and three [BO;] triangles and as a result
exhibit five terminal oxygens. Four of them are shared with
other [B;O,;] FBBs to form a 2D 2[B;O,],, layer, and one of
them remains as terminal oxygen, while the 2D *[B;O ],
layers in MREB;O;, (M = Mg, Co, Zn, Ni, Cd; RE = trivalent
rare earth metal) series are composed of [B;O;,] FBBs, which
consist of three [BO,] tetrahedra and two [BO;] triangles and
as a result exhibit six terminal oxygens. Four of them are shared
with other [BsO;,] FBBs to form a 2D *[B;O,,], layer, and
two of them remain as terminal oxygens. In contrast, all of the
O atoms in a-CsBsOg are bridging oxygen that are linked to
establish 2D *[BsOg], layers,”” which is why the number of O
atoms in defining 2D layers in a-CsBsOy is one and two fewer
than that of other two families, respectively. Compared to
these pentaborates, the 2[B;O4]., layers in a-BiB;0™° (C2)
are built by linear [B;O;] FBBs, in which [BO;] triangles and
[BO,] tetrahedra are in a ratio of 1:2. These FBBs are linked
via corners to form a 2D network with six-fold coordinated Bi
atoms alternating arrangement with *[B;Oq],, single layers.
With further polymerization, the *[B,s0,,]s layers in
Cs;B30,, are formed,'”” which consist of [B,sO,5] FBBs
formed by three kinds of B—O units: [BO;] triangles, [B;0;]
rings, and [B;O,,] double rings.

All of the above single-layers are composed of [BO;] and
[BO,] units. In contrast, layered borates solely built by [BO,]
units are much scarcer. Also, the number of single-layered
borates solely built by [BO,] units is extremely limited. The
exception is Mo,B,O,, obtained by Huppertz et al. under high-
pressure and high-temperature conditions.'”> Mo,B,0,
achieves three important “first” structural characteristics: the
first layered borate with the Mo atoms occurring in the form of
tetrahedral metal clusters, the first thoroughly characterized
molybdenum borate, and the first compound incorporating
transition-metal clusters into an anionic borate crystal
structure.'”” A [B(1)O,] tetrahedron and two [B(2)O,]
tetrahedra in Mo,B,O, condense into a [B;O,] ring, and
four such rings are further linked by sharing [BO,] tetrahedra
to construct a [BgO,] “vierer” ring. Within the ab plane, each
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Figure 10. Structural evolution from B—O/F basic units (a,b), FBBs (a,b), single-layers (c,d), to final framework (e,f) of PbB,O5F, and BaB,0;F,,
respectively. All the structure diagrams were drawn by using the crystallographic information file of PbB,O5F, (ICSD: 263596) in ICSD and

BaB,O,F, from ref 71.

ring is linked to four neighboring rings to form a 2D *[BgO 5]
corrugated layer. Similar to Mo,B,Oo, the strongly corrugated
2[B;0¢]s layers in orthorhombic meta-oxoborates REB;Og
(RE = Dy—Lu)'”® were also built up from corner-sharing
[BO,] tetrahedra. The FBBs in this series are constructed from
two three-coordinated O atoms, that is [OB;], which represent
a rare feature of bridging of [BO,] tetrahedra in oxoborate
chemistry.'”®

When F atoms are incorporated into B—O polyanionic
architectures, the F atoms can act as depolymerizers to reduce
the dimensionality and generate more flexible B—O/F anionic
networks. In this way, layered configurations are formed more
easily and thus fluorooxoborates exhabit layered structures.
LiB4OgF is the first fluorooxoborate with layered configuration,
which exhibits a fluorinated 2D *[B4OoF],, layer built from
[B¢O,,F] FBBs that consist of three-membered [B;O;] and
[B3O4F] rings.'®® These strongly corrugated single layers in the
be plane with large channels (about 7 A) are further packed
along the a axis and interconnected by Li ions. More
interestingly, the connectivity of the three-membered B—O/F
rings inside the single layers of LiBsOoF, as well as the
arrangement of these layers, is related directly to the structure
of black phosphorus according to the topological analysis.'®®
Further research on fluorooxoborate system has revealed that
another type of fluorinated single-layer was found in the
AB,OF (A = NH,, Na, Rb, Cs, K/Cs, Rb/Cs) family.'””~'*
They feature similar 2D *[B,OF],, single layers with the A-
site cations located between these single layers or filled in the
18-membered ring tunnels. Although all six fluorooxoborates
exhibit the similar formula of AB,O¢F, they possess distinctly
different *,[B,O¢F] layered structures and thus crystallize into
a number of different noncentrosymmetric space groups, which
can be regarded as the results of regulation by the A-site
cations. These space groups change from monoclinic C2 in
NaB,O4F,"*” orthorhombic Pna2, in AB,O¢F (A = NH,, Rb,
Cs),"7°7"7? trigonal P321 in CsKBgO,,F,,'”® and hexagonal
P62¢ in RbCsBgO,F,.'”® The A-site cations affect the
arrangement of the B—O/F anionic groups and lead to several
configurations. The most notable features are the composition
and flatness of the 2D *[B,O4F],, layers. First, all of the single-
layers are composed of [B,O4F] FBBs, however they are
constructed by [B;O¢] and [BO5F] units in Cs, K/Cs and Rb/
Cs analogues, whereas in NH,, Na and Rb analogues, they are
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built up by [B;O¢F] and [BO;] units. Second, the flatness
value of 2[B,O4F], layers in AB,O4F (A = NH,, Na, Rb, Cs,
K/Cs, Rb/Cs) family decreases with the A-site cation size
increasing from NH," to Cs*,'”® revealing that the *[B,O¢F],
layers become flatter as the A-site cations become larger.

A similar fluorinated single-layer was observed in the first
alkaline-earth metal fluorooxoborate BaB,O¢F, discovered by
Hoppe et al.,'®" which also exhibits a 2D *[B,O4F,], layer but
differs in its formation. Unlike AB,O4F (A = NH,, Na, Rb, Cs,
K/Cs, Rb/Cs) family, the single-layers in BaB,O4F, are built
up from [B,OgF] FBBs that consist of a [BO;] triangle and
one [B;O¢F,] ring. These layers are stacked along the b axis
with the formation of 18-membered [ByO,] rings and the Ba
atoms filling in it. When the Ba ions in BaB,O¢F, are replaced
by its vertical neighbors Sr and Ca elements, the whole
structure and the space group remain unchanged.'® Also in
alkaline-earth metal fluorooxoborates, another new type of
fluorinated single-layer is found in MB;O,F; (M = Ca, Sr, Pb,
Cd)7*'%371%¢ series, which show completely different struc-
tural characteristics compared to above *[B,O4F,],, single-
layers in AB,O(F (A = NH,, Na, Rb, Cs, K/Cs, Rb/Cs) family.
The MB;O,F; (M = Ca, Sr, Pb, Cd) famliy features 2D zigzag
*[B;O,F;],, layers with the M-site cations residing in the
layers. Within them, three different crystallographic [BO;] and
[BO;F] units are enclosed into [B;O¢F,] single rings, and then
two such rings further condense into [B;O4F;] double rings by
sharing the edged B—O bonds of [BO,F] tetrahedra. The
naphthalene like [B;OoF;] FBBs with near-planar configu-
ration yields the 2D zigzag *[BsO,F;],, single layers. When the
[BO,] triangles in AB,O¢F (A = NH,, Na, Rb, Cs, K/Cs, Rb/
Cs) and MB,O,F; (M = Ca, Sr, Pb, Cd) series are removed, a
simpler fluorinated single-layer solely built up from [BOF]
units formed in the MB,O,F, (M = Pb, Sn) series.”””*> The
single-layer (see Figures 10c,e) in this family can be expressed
as *[B,0,F]., which is constructed by [B,OF,] FBBs via
sharing terminal oxygen of the [BO,F] tetrahedra (Figure
10a). More interestingly, when replacing the Pb and Sn atoms
in MB,OsF, (M = Pb, Sn) family with Ba to generate
BaB,0O;F,, the layered configuration shows totally different
features.”" The wave-like 2D 2[B,0;F], layers (Figures 10d,f)
in BaB,O,F, include both tetrahedral [BO,] and [BO5F] units,
which are further linked to form [B,O4F] FBBs (Figure 10b).
Structurally, BaB,O;F, is analogous to the Aurivillius-type
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layered oxides, which can be regarded as the results of chemical
substitution strategy by taking the classical Aurivillius-type
layered Bi,MoOy as a template.”’ That is to say, the layered
constituents of *[Bi,0,], and *[Mo0Q,],, in Bi,MoO, were
simultaneously replaced by *[Ba,F,],, and 2[B,O;F], in
BaB,0;F,. It should be noted that several new types of
fluorinated 2D single layers can also be found in other
fluorooxoborates, and although they are not included in ICSD,
we list them here. These examples are the *[B;OoF, ], single-
layers in Na,B4OoF,,""” the 2[B4OyF;], layers in K;B4OuFs," %
the 2[B,O4F],, layers in BaBgO,,F,,'*” and the *[B,O¢F;]
layers in KNiB,O4F;.'""

2.4.3.2. Borates with Double-layered Structures. Com-
pared to single-layered borates, the number of borates
consisting of double B—O/F layers is limited and only a few
cases exhibit such configurations. For example, the structures
of Cs,A,B,00,, (A = Na, K, T1)'**"'¢ involve a 2[B;;0,7]w
infinite double layer, which corresponds to the juxtaposition of
two pentaborate [B;O,;] groups. As such, a [B;Oy;] unit
contains six O atoms and five of them are bonded to B atoms,
thus five different formulations are possible for the
condensation of [B;O;;] groups through the five terminal
oxygens. The polymeric [B,,0,;] FBBs in the Cs,A,B,,0,, (A
Na, K, Tl) family sequester the Cs atoms within the
polyborate matrix, whereas the A-site atoms bridge the
neighboring *[B,,0;,], double layers. Similar *[B;;0;7]s
double-layers are observed in Rb,Ba,B,,0;,Br, and related
borate halides,'”" and they all have the same five-connected
[B;O,;] FBBs, in which the [B;O,;] units successively stretch
in the ac plane to form the *[B;O,],, infinite single layers, then
the adjacent layers are further linked to form the *[B;,0;7]s
double layers. As we discussed above that pentaborate
AMB,O, (A = Na, K; M = Ca, Sr, Ba, Pb)'* 7% are also
built up from [B;O;;] FBBs, however, the difference is the
layered configurations that are formed by [B;O,;] FBBs:
single-layered configurations in this series and double-layered
structures in the Cs,A,B;,0;; (A = Na, K, Tl) and
Rb,Ba,B,;0;,Br, series. That can be seen by analyzing the
arrangement between pentaborate blocks axes and layer plane
in all of the pentaborates.'”"”" Pan et al. proposed that the
layered structures of pentaborates are mainly affected by the
relationship between the orientation of [B;O;;] FBB’s axes and
layer plane, and the different number of terminal oxygen in the
initial [B;O;;] blocks. That is to say, when the pentaborate
blocks axes are parallel to the B—O layers, it can be condensed
into double layers, like in Cs,A,B,00,; (A = Na, K, T1) series.
While when the pentaborate blocks axes are perpendicular to
the B—O layers, it can be condensed into single layers, like in
AMB.O, (A = Na, K; M = Ca, Sr, Ba, Pb).

Also in polyborates, another type of double layer was found
in lanthanum calcium borate by Wu et al** The [B;O,,]
double-ring groups in La,CaB,,O, are further condensed by
five of the six terminal oxygens to form the [B,,0,;] FBBs and
final 2D *[B,y0}]s double layers. The Ca-based polyhedra
are sequestered within the polyborate matrix, whereas the La-
based polyhedra bridge the neighboring *[B,,0;,], layers. By
increasing the content of boron, more borates with double
layers can be obtained, such as A,M;B,c0,5 (A =Rb, Cs; M =
Ca, Cd)""""** and Na;;B,,0;X, (X = Cl, Br)."”> The two
series are both based on polymerized FBBs with a large
number of B atoms. The FBB in A,M;B;4,0,5 (A = Rb, Cs; M
= Ca, Cd) series'”""”” is found in a boat-shaped [B3O,s] unit,
which contains two [B;O;] rings and two [BO;] units. These
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FBBs extend in the bc plane to form single layers that are
further bridged by oxygen to yield the *[B;4O,5],, double
layers. Another similar B-rich *[B,;0;4], double-layer is
observed in two isotopic borate halides Na;;B, 05X, (X =
Cl, Br). Four three-membered rings with different crystallo-
graphic positions, namely three [B;O,] and one [B;Og] rings,
are bridged by oxygen to form a fan-like [ByO,4] super-
structure. Structurally, the 2[B,;O54], double layers in
Na;;B,,04X, (X = Cl, Br) are formed by the condensation
of *[BeO;gls single layers that are composed of [ByOg]
superstructures. The Na atoms with different crystallographic
positions reside in holes or between the double layers.
Topological analysis reveals that the double layers in
Na,;B,,034X, (X = Cl, Br) can be viewed as a graphene-like
layer, in which [B;O,] and [B;Og] rings are equivalent to the
C atoms in graphene.'”” With respect to the fluorinated double
layers, Ba;B,,0,,F,-0.1KF'”* with disordered neutral KF is the
first and sole example that exhibits unique double-layered B—
O/F arrangement. The FBB of Ba;B,,O,;F,-0.1KF is
determined as the [B;y0,,F] unit, which consists of four
different B—O/F blocks: a [B;O,;] double-ring, a [B;O,F]
fluorinated ring, a [BO;] triangle, and a [BO,] tetrahedron.
These FBBs are further linked with neighboring ones to form
the 2D corrugated *[B,,O,,F,], double layers, which are
directly separated by the Ba** cations with the disordered
neutral KF salt located within the channels. Ba;B;,0,-F,-0.1KF
exhibits a shorter interlayer space and the increased bonding
force between adjacent layers, which is beneficial to retain
reduced structural convergence factors and improved structural
stability.

2.4.3.3. Borates with Triple-layered Structures. Compared
to the above single- and double-layered borates, the number of
triple-layered borates is extremely limited. To the best of our
knowledge, Rb3B,O,,,'>* Cs;B,0,,,"** K;;RbB,3O,,'"" and f-
CsByO,,"*""” (not included in ICSD) are the exclusive
examples that exhibit such rare configurations. Similar to the
association of FBBs that build single and double layers, the
association of [B1,O5], [Be3O133], [BysOs7], and [ByOy5]
FBBs build the complex 2D triple-layers in these alkali metal
borates, respectively (Figure 11). These FBBs are common in
the formation of the final triple-layered structures, creating
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Figure 11. Structural expression and stacking mode of B—O triple-
layered structure in (a) RbsB,O;,, (b) Cs;B,04,, (c) K;;RbB,5Oys
and (d) f-CsByOy,. The triangle and tetrahedron in green are [BO;]
and [BO,], respectively. All of the structure diagrams were drawn by
using the crystallographic information file of Rb;B,0,, (ICSD:
412539) in ICSD and Cs;B,0;,, K;;RbB,3O,5, and S-CsByO,, from
refs 128,195,197.
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three types of sublayers, namely A, B, and C single layers, that
are bridged and stacked along the ¢ axis. In Rb;B,0, (Figure
11a),"* the upper (A) and lower (C) single layers contain the
same pentaborate [B;O;;] units formed by three [BO;]
triangles and two [BO,] tetrahedra, and layer C can be
deduced from layer A by simply using the two-fold axis.
Whereas the intermediate single-layers (B) are formed by the
alternately connection of the [BO,] tetrahedra and [B;0,]
rings. Then the adjacent single layers are further linked along
the [001] direction in the —ABA’ABA’—(A’=C) sequence via
bridging oxygen to generate the final 2D *[B},0,,], infinite
triple layers. The Rb atoms in Rb3;B,O,, locate between the
adjacent triple layers or in the cages of these layers.

In the case of Cs;B,0,, (Figure 11b), it is even more
complicated,'”® and it consists of triple layers that are
constructed by highly polymerized [B4;0,3;] FBBs, with
every oxygen being common to two polyhedra in these
FBBs. In Cs;B,0,,, the triple layers are constituted by three
sublayers of corner-sharing polyhedra. Sublayers A and C can
be regarded as a quasi-regular arrangement of [B;Oy,] groups
formed by three [BO,;] triangles and two [BO,] tetrahedra;
similar to that in Rb;B,O,,, the sublayer C in Cs;B,0;, can
also be deduced from layer A by operating the two-fold axis,'**
whereas the sublayer B is complex without the same regularity
compared to sublayers A and C, forming from four distinct B—
O units, namely [B,O4] units constituted by three [BO,]
triangles and four [BO,] tetrahedra, [B;O;,] units built up by
three [BO;] triangles and two [BO,] tetrahedra, [B;O;,] units
constituted by two [BO;] triangles and three [BO,] tetrahedra,
as well as mono B—O units ([BO;] or [BO,]). Then the
adjacent sublayers are further linked along the [001] direction
in the —ABA’ABA’—(A'=C) sequence via bridging oxygen to
build the final 2D infinite *[Bg;0105) o triple layers. Such a rare
layered configuration leads to the occurrence of very large unit
cell parameters of a = 59.991 A, b = 11.520 A, ¢ = 34.525 A,
and V = 23386.36 A’ resulting in a very complex structure.
Th}lgsé its total information content is equal to 6062.598 bits/
uc.

The B—O anionic framework of K, RbB,3O,s'”* also adopts
the —ABA’ABA’'—(A’=C) triple-layered arrangement (Figure
l1c), in which monolayers A and C contain [BgO,,] units
formed by the condensation of two [B;O,] rings and two
[BO,] tetrahedra, whereas the monolayers B are composed of
another type of [BgO,,] unit that is built up by a [B;O,] ring, a
[B;O4] ring, a [BO;] triangle, and a [BO,] tetrahedron. Next
four different [BO;] triangles between these monolayers join
them to create a novel [B,3Os,] FBB and a 2D ?[B,3045]c0
infinite triple layer arranged parallel to the ab plane. With
respect to the location of Cs atoms, two distinct groups are
observed. The Cs atoms with small displacement parameters
locate between the triple layers to insure electrostatic binding.
The Cs atoms with high displacement parameters are split and
located in tunnels created within these layers. In f-
CsBy0y,,"""""7 it also adopts the —ABCABC—(C=A’)
triple-layered arrangement, there are A and C monolayers
that contain three-membered [B;O,] rings, whereas the B
monolayers are composed of [B4O;,] units that are built up by
the condensation of two [B;O,] rings via edge-sharing [BO,]
tetrahedra (Figure 11d).

2.4.4. Borates with 3D B—O/F Frameworks. The above
low-dimensional borates, in principle, can construct various
extended high-dimensional structures by condensation reac-
tions with the elimination of nonbonding states of the oxygen
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in their FBBs under the suitable synthetic conditions forming
borates with complicated 3D frameworks. Analysis of 175
available borates with 3D structures (Table S4 in the SI) shows
that the frameworks of this class can be classified into the
following four types according to the combination mode of the
different B—O/F basic blocks: (1) type A framework solely
consists of [BO,] tetrahedra, (2) type B framework consists of
both [BO,] and [BO,] units, (3) type C framework from
[BO,;], [BO,], and [BO;F] units, as well as (4) type D
framework built up by [BO;], [BO,], and [BO,F,] units. In
terms of frequency of occurrence, the first two types are far
more common compared to the residual two types and the
number of borates in each are 47, 126, 1, and 1 for the four
classes. The MB,O, (M = Ca, Sr, Ba, Pb, Sn, etc.)'”” ™" series
with the space group of Pmn2;, MnB,O;;Br’** and its
isomorphic phases in cubic F43¢, SrB,0,,”” and MnB,0,**
and their isomorphic phases with the space group of P2,/c and
Pa3, as well as the RE,B;O,; (RE = La, Nd, Pr)*"” series all
belong to the type A framework. All of them are exclusively
constructed by [BO,] tetrahedra that are strongly intercon-
nected via sharing corners to form complicated 3D frameworks
that host the M-site cations within the channels formed by B—
O anionic frameworks. The majority of them are the new
polymorphs of borates with existing formula, which are
discovered under extreme experimental conditions of high
pressure and high temperature. For example, the RE,BzO s
(RE = La, Nd, Pr)*”" series were successively obtained by
Huppertz et al. in a Walker-type multianvil apparatus at high
pressure (5.5 GPa) and high temperature (1100 °C)
conditions. A new FBB was identified that consists of four
[BO,] tetrahedra and written as [B,O,] units. In each [B,O,,]
FBB, three [BO,] tetrahedra are condensed to a three-
membered ring, and the fourth [BO,] tetrahedron is bonded to
a [B;0,] ring via the three-fold bridging oxygen. The alternate
connectivity of [B,O,,] FBBs through vertices gives rise to a
3D framework with the helical channels running along the a
axis that are filled by the RE atoms.

Two new polymorphs of BiB;O4 are found to possess a
similar type A 3D framework reported by Lin et al”*® and
Huppertz et al,”” even though they are obtained under
different pressure and temperature, namely autogenous
pressure at 240 °C for y-BiB;0¢*" and high pressure (5.5
GPa) at 820 °C for 5-BiB;04.>"" Structurally, y-BiB;O4 and 5-
BiB;Og are the only bismuth borates known so far that contain
a 3D borate framework. The FBB of y-BiB;Oy is a [B;O,] ring
consisting of three corner-sharing [BO,] units,”*® which is
further linked by adjacent ones to produce 3D frameworks
with three-, four-, six-, and ten-membered borate rings running
along the ¢ axis. The Bi atoms are coordinated into irregular
coordination polyhedra and located within the largest channels
formed by the ten-membered rings. While the structure of -
BiB;Oy is exclusively built up of [BO,] tetrahedra,””” which
share common oxygen to form layers and are further
interconnected by zigzag chains of [BO,] tetrahedra to
generate a 3D network structure with six- and ten-membered
borate rings running along the b and ¢ axes, respectively.
Similar to y-BiB;Oy, the Bi-based irregular polyhedra locate
within the channels formed by the ten-membered rings. In
both polymorphs, if the lone electron pairs accompanied by the
Bi atoms in related structures are included, the Bi-based
polyhedra are distorted octahedra rather than pyramidal
configurations.

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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Figure 12. (a)b) The structural evolution from [B,,0,s] cage to 3D framework in Zn,B4O,;. (c) The variation of the refined cell parameters of
Zn,B4O,; with respect to temperature. Inset: evolution of the cubic (004) peak Bragg reflection as the temperature changes, and the peaks of Ka2
have been removed by Gaussian peak fitting. Reproduced with permission from ref 212. Copyright 2016 John Wiley and Sons. (d,e) The as-grown
and fabricated Zn B0, crystal with the dimensions of 40 X 40 X 18 mm?® and 20 X 20 X 10 mm?, respectively. Reproduced with permission from
ref 212. Copyright 2016 John Wiley and Sons. Parts a and b were drawn by using the crystallographic information file of Zn,B;O,; (ICSD: 34085)

in ICSD.

Zn,B0,; (also written as Zn,O[B40,,])*'" also adopts a
type A 3D framework with sodalite structures, in which
[B,4O45] sodalite cage (Figures 12ab) is composed of 24
[BO,] tetrahedra by sharing O(2) atoms and the whole 3D
framework can be extended by sharing the common oxygen in
[B,4O45] cages. The O(1) atoms are surrounded by four
[ZnO,] tetrahedra to construct a radial [Zn,O,3] cluster that is
filled in [B,,O45] cages by relatively strong Zn—O covalent
bonds. Interestingly, Zn,B4O;, with the ultramarine structure,
shows unprecedented high hardness compared to related
ultramarines, which is due to the chemical bond peculiarities in
Zn,B¢O; as follows according to the study of Belokoneva et
al”'' The electron density peaks in [BO,] tetrahedra are
higher than usual (~1.2 e/A%), which corresponds to strong
covalent bonds between the overlapping B sp® orbitals in
[BO,] tetrahedra and bridging O(2) p orbitals in the
framework. In additions, the oxo-centered [OZn,] tetrahedra
cannot be characterized as nonframework ions because they
are bonded with O(2) atoms in the framework. Thus, the
bonds can explain the high hardness of Zn,B4O; crystals. Lin
et al. reported the near-zero thermal expansion behavior in
ZnBO,; crystals and expanded the near-zero thermal
expansion materials family to borate systems for the first
time (Figure 12c).”'> As shown in Figures 12d,e, optically
perfect Zn,B4O,; crystals can be easily grown and fabricated as
an optical device, indicating the feasibility as a practical near-
zero thermal expansion material. First-principles calcula-
tions’'”> demonstrate that the unprecedented thermal ex-
pansion is mainly due to the invariability of the solid [B,,O,g]
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truncated cages that are fixed in place by [Zn,O,;] units in
Zn,BsO;.

In comparison, the number of borates in type B 3D
framework is three times as high as that of borates with type A.
The M,B;0,X (M = Ca, Sr, Ba, Pb, Sn, Eu; X = C|, Br, 1,
etc.)?”?137217 “series with the space group of Pnn2,
MgB,0,;CL,*"* and its isomorphic phases in orthorhombic
Pca2,;, Na,Co,B,,0,,,”"" AMB,O, (A = Li, Na; M = Sr, Ba)
series,"'> f-LaB;O,,”*" and A;B40,0X (A = K, Na, Rb/Na; X =
Cl, Br)**'7>* series all belong to the type B framework. All are
constructed from [BO;] and [BO,] groups that are further
condensed to complicated 3D frameworks with A- and M-site
cations located in the channels or intervals formed by B—O
anionic frameworks. Herein, a few with interesting structural
features are discussed. For example, Na,Co,B;,0,, with a 3D
network was reported by Nazar et al,”'’ which is the first
infinite borate containing a discernible tunnel structure. The
tunnels in Na,Co,B,0,, are bonded by the 12-membered
[B1,0,4] rings composed of symmetry-related pairs of [BO;],
[B;O;], and [B,O,] units. These rings are further stacked
along the b axis to create the tunnel structure with the cross-
sectional dimensions up to 4.5 A X 8.8 A, and the void spaces
and open channels are occupied by Ni* and Na® cations,
respectively. These cations stabilize the void regions within the
anion structure by adopting the charge compensating and
space filling roles. More importantly, the Na* cations in the
large tunnels are mobile and are readily exchangeable with the
preservation of original crystal structure, which guarantee the
feasibility of ion exchange in Na,Co,B,,0,,.>"’
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Another interesting type B framework is observed in f-
LaB;O, discovered by Lin et al,”*” which contains buckled
nine-membered ring layers that are interlinked by [BO;]
triangles to build a 3D framework. Structurally, the 3D
structure of f-LaB;O, can be considered as the further
polymerization of corresponding 2D layers. The FBB in f-
LaB;O, is [B5O;,] consisting of a three-membered [B;Og] ring
and two [BO,] triangles, which is totally different from the
[B;O;,] double rings in the MREB;O,, (M = Mg, Co, Zn, Nj,
Cd; RE = trivalent rare earth metal)'””'”* series, even though
they exhibit the same formula for the FBB. Within these
[B;O;,] FBBs in ff-LaB;O,, [B;Og] rings link with one of the
two [BO,] triangles to form the *[B,Og],, layers, these single-
layers are further condensed by the residual [BO;] triangles to
form the 3D framework. It should be noted that the structure
of Li,Sr,B,0,,”"" is an interesting example of two B—O
frameworks with different dimensionality coexisted in one
structure, namely isolated 0D [B,0O;] dimers and 3D
3[BgOy5)e framework. Such a configuration is extremely rare
and only has been observed in Li,Sr,B;,0,;.

Moreover, the symmetrical characteristic type B framework
formed in the A;B;0,,X (A = K, Na, Rb/Na, K/Na; X = CI,
Br) series are fine-tuned by different A-sited cations and
halogens. The potassium borate bromide K;BsO,(Br with the
space of R3m is the first member of this family reported by
Belokoneva et al. in 2006,”*" in which the 3D perovskite-like
framework is composed of A-site [B¢O;o] FBBs and Br-
centered [BrKq] secondary building blocks (B-site). Thus,
when taking the classical perovskite ABX; as a template, the
formula of K;B;O;oBr can be represented as [B4O;o]BrKs.
Soon afterward, another new member of this family K;B,0,,Cl
which processes the same 3D configurations to its isomorphic
K;BsO,oBr was discovered by Pan and Poeppelmeier et al.***
The NLO properties of K;Bs0,0X (X = Cl, Br), including
second-order NLO coefficients, phase matching wavelength,
output power, temperature bandwidths, and laser conversion
efficiency that mainly rely on its polar architecture, were
systematically characterized based on large single crys-
tals.”>>*** All of these results indicate that K;B40,oX (X =
Cl, Br) series (see section 3.9.1) are excellent NLO crystals,
and the perovskite-like frameworks are responsible for such
balanced optical properties. Activated by this, more new
members, Na;B40,,Cl,”** Na;B40,,Br,”*> RbNa,B40,,Cl,***
RbNa,B40,,Br,”** and K, Na,BO,,Br,”*® were continuously
obtained by Pan et al. Interestingly, although these members
exhibit similar perovskite-related frameworks, they crystallize
with different space groups changing from centrosymmetric
Pnma, noncentrosymmetric chiral P2,2,2, to polar R3m. Such
unusual phenomena are found to be related to A-site cations
and halogens. For example, the change in K;_,Na,BcO,,Br’*°
occurs from the polar framework for the members containing
relatively more K* content (~x > 0.7) to the centrosymmetric
structure for those with more Na* content (~x < 0.7). The
larger radius of K* compared to Na" cations results in a more
flexible *[BO,¢],, framework and weakens interaction among
the [B4O,3] FBBs, allowing the [B¢O,;] units to arrange
parallel rather than antiparallel to the [Br(K/Na)] lattices.
Owing to the weak Na—Cl bonds in the [CI(Na/Rb)]
octahedra of Na;B40,,X and RbNa,B,O,,X (X = CI,
Br),”****° the magnitudes of out-of-center distortion in the
[CI(Na/Rb)s] octahedra are much larger than those of
[Br(Na/Rb)] octahedra. These make the connecting angles
among the [X(Na/Rb)s] octahedra different and further
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influence the overall symmetry of perovskite-related framework
in this family. Therefore, the Cl-based members in this series
crystallize in the space roup of P2,2,2,, whereas the Br-based
ones belong to Pnma.”***

With respect to the remaining two types, the fluoroox-
oborates PbB,OgF*** and Li,B4O,F,** are the sole borates
that are assigned to the types C and D 3D framework,
respectively. PbB;OgF was found to be the first lead
fluorooxoborate and rationally designed following the strategy
of fluorine introduction into borates.””® The structure of
PbB;OgF includes two independent interpenetrating 3D
networks composed of unprecedented [B;O,,F] FBBs and
distorted [Pb,0,,] dimers with the stereochemically active 6s
lone pairs located in the interstitial voids (Figure 13a).
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Figure 13. Topological expression of representative borates with two
or three independent interpenetrating 3D frameworks, in which the
[BsOyoF], [BgOyiF,], [ByOysl, [BoOy;], and [BgO;3] FBBs are
regarded as four, four, six, six, and six-connected nodes for PbB;OgF
(a), Li,BsOgF, (b), @-Na,Bs0, (c), @-CsByOy, (d), and f-Na,BsO;
(e), respectively. All of the structure diagrams were drawn by using
the crystallographic information file of PbB;OgF (ICSD: 256206),
Li,BcOoF, (ICSD: 423435), f-Na,B0,; (ICSD: 59748) in ICSD and
a-CsByO, from ref 197.

Li,B4OgF, was reported as a new member of lithium
fluorooxoborates by Jansen et al in 2011,>* in which the
3D anionic network is related to the polymeric anion of y-
CsB;Og.”*" After substituting one bridging oxygen of 3[B;Og] s
network in y-CsB;Ojg with a [BO,F,] tetrahedron, the resulting
3[B4OyF, ], anionic network is identical to the one formed in
Li,B4O0F,. Similar to PbB;OgF, the topological network of
Li,B4OF, also exhibits three independent interpenetrating 3D
frameworks (Figure 13b). Such configurations are rare, and
most of them are polyborates with a relatively high content of
B atoms. For example, the B—O anionic framework of a-
KB;Og”” a- and -Na,B0O,;,>*"*** Li,B,0,,>** a-CsByO,,,>*"
and @-LnB;O,”* are 3D networks, formed by two inter-
penetrating, infinite and separate 3D subframeworks (Figures
13c—e).

2.5. Unconventional Borates with Edge-sharing [BO,]
Tetrahedra

In the terms of structure, the borates are fully characterized by
the great variety of connectivity of their FBBs, and the
connections of B—O/F basic blocks via corner-sharing have
long been a main contributor to the structure diversity of
borates, thus most borates contain corner-shared clusters or
anionic framework. Additionally, the structural characteristics

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig13&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00796?ref=pdf

Chemical Reviews

pubs.acs.org/CR

of borates are also supplemented by edge-sharing [BO,]-
tetrahedra. Although borates with such configurations are
extremely rare, these unique features lead to a variety of
unusual structural arrangements that are not found in any
other homonuclear polyoxyanions with the same coordination
environment. For compounds built by cation-centered
polyhedra, including borates, phosphates, and silicates, efc.,
sharing edges or faces by two polyhedra may increase the
repulsion between adjacent anions and cations, resulting in low
stability of the ionic structures according to the Pauling’s third
and fourth rules as well as the orbital interpretation rules.*****®
Thus, the corner-shared connection of B—O/F basic blocks is
usually more favorable in energy than the edge-shared ones in
the structure of borates. With respect to the edge-sharing
connection, it only occurs between two [BO,] tetrahedra in
very few borates, and there are still no borates with the linkage
of [BO;] and [BO;], as well as [BO;] and [BO,] via edge-
sharing. Different synthesis approaches have led to several
borates with edge-sharing [BO,] tetrahedra, for example, high
pressure and atmospheric pressure synthesis conditions, which
is the classification standard used in the next section.

2.5.1. High Pressure Synthesis of Borates with Edge-
sharing [BO,] Tetrahedra. The first edge-sharing [BO,]
tetrahedra were observed in rare earth borate Dy,BsO;5 by
Huppertz and van der Eltz in 2002"*" under the high-pressure
and high-temperature conditions of 8.0 GPa and 1000 °C. The
anionic framework of Dy,B4O;s contains a 2D *[B4O;s]s
single-layer built up from [B¢O,5] FBBs that exclusively
consist of [BO,] tetrahedra. Within them, the [BO,]
tetrahedra are connected via both corner-sharing and edge-
sharing, in which two edge-sharing [BO,] tetrahedra
containing [B,04] dimers link with neighboring [BO,]
tetrahedra to form a six-membered [B4O,,] ring. The linkage
of these rings by further two corner-sharing [BO,] tetrahedra
leads to ten-membered rings that construct the final corrugated
2D ?*[B¢O;s]y single layers. Shortly after, isomorphic phase
Ho,B¢O,s>*” and a new series of rare earth borates with the
composition of @-RE,B,O, (RE = Eu, Dy, Sm, Ho, Gd, Tb)***
were continuously discovered by Huppertz et al. between 2003
and 2005, which also possess the edge-sharing [BO,]
tetrahedra. The structures of a-RE,B,Oy (RE = Eu, Dy, Sm,
Ho, Gd, Tb)*** family exhibit a complex 3D network of linked
[B10046] FBBs, which contain corner-sharing and edge-sharing
[BO,] tetrahedra with the ratio of 18:2. The linkage of the
FBBs gives rise to further a 3D network with three different
types of infinite channels formed by five-, six- and fourteen-
membered rings, respectively. All of the channels along the b
axis are occupied by crystallographically different RE-site
cations. Later on, a new series of edge-sharing [BO,]
tetrahedra containing borates with the composition of hi%h—
pressure MB,O,, (high pressure = HP; M = Fe, Ni, Co)>*”~**'
were obtained in a reaction of high pressure and high
temperature starting from the stoichiometric mixture of related
transition metal oxides and B,O;. The biggest highlight of their
structural features is that each [BO,] tetrahedron in HP-
MB,0, (M = Fe, Ni, Co) series shares a common edge with a
second [BO,] tetrahedron, and such a connectivity style was
previously unknown. The structures of HP-MB,0O, (M = Fe,
Ni, Co) series are found to have single-layered configurations
composed of [BO,] tetrahedra. Two tetrahedra construct a
[B,Og] dimer through edge-sharing, and these dimeric units
are linked to each other through common vertices to form
*[B,0,] single layers that spread to form in the bc plane.
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These layers stack along the a axis and are further condensed
by the [MOg] octahedra to complete the whole structure.

All of the above borates with edge-sharing [BO,] tetrahedra
exclusively consist of tetrahedral [BO,] units, without
involving any [BO,] triangles. This unique situation changes
with the discovery of HP-KB;O; and HP-CsB;Ojg series by
Huppertz et al,***** which exhibits both [BO,] and [BO,]
motifs. It is noteworthy that HP-KB;Oj is the first case that
possesses three different possible conjunctions simultaneously,
namely, corner-sharing [BO;] groups, corner-sharing [BO,]
units, and edge-sharing [BO,] units. The 3D *[B;O0]s
network contains ribbons composed by [BO,] tetrahedra
along the ¢ axis, which are further interconnected by trigonal
planar [BO;] units to form channels with the A-based
polyhedra situated in them. It is noteworthy that the B-based
precursors for all the above borates are B,O3, and only when
B,0; is replaced by H;BO; during the synthesis process can
more H,O or OH™ containing hydrated borates with the
structural motif edge-sharing [BO,] units be expected. The
discovery of M¢B,,0;9-H,O0 (M = Fe, Co),***
C0,B,,0,,(0H),-2H,0,”* and La;Bc0,3(OH)**® under
high-pressure and high-temperature conditions, as well as a-
Ba;[B,,0,,(OH),]**" under hydrothermal conditions, verifies
the earlier assumptions. Interestingly, M¢B,,039-H,0 (M = Fe,
Co)*** and Co,B,,0,,(OH),-2H,0°* are structurally similar,
which exhibit the intermediate (the former series) and final
(the later one) states in the formation of edge-sharing [BO,]
tetrahedra. Both are constructed by multiple corrugated layers
of corner-sharing [BO,] units, which are interlinked by [BO;]
units. The linking [BO;] units in M¢B,,030-H,0O (M = Fe,
Co)*** are distorted and very close to the configuration of
[BO,] tetrahedra if the additional O atoms of the neighboring
[BO,] tetrahedra are considered in the coordination sphere.
This situation may be considered as an intermediate state on
the way to edge-sharing [BO,] tetrahedra proposed by
Huppertz et al.”**

However, the connectivity in the structure of
La;B40,3(OH)** exhibits “ideal” edge-sharing [BO,] tetrahe-
dra, not an intermediate state like the above hydrated borates
MB,,0,9-H,O (M = Fe, Co).”** The B—O anionic framework
of LayB40,3(OH) is based on the 2D *[B¢O;],, single-layers
extended in the bc plane, which is formed by the polymer-
ization of six-membered rings [B4O;;] FBBs. Both corner-
sharing and edge-sharing [BO,] units are observed in the
[B¢O,;] FBBs with the ratio of 4:2. Unlike the symmetric
feature of overall structure in all of the above edge-sharing
[BO,] units containing borates, La;Bs0;;(OH) adopts a
noncentrosymmetric structure with the space group of P2, (no.
4), which makes La;B;0,;(OH) the first and sole borate with
such edge-sharing [BO,] tetrahedra that has the potential to be
used as an NLO crystal.246 La;Bc0;(OH) is also the first
borate with different crystalographically B atoms inside these
[BO,] tetrahedra. Another hydrated borate a-
Ba,[B,,0,,(OH),] was synthesized in aqueous solution with
hydrothermal approach by Lii et al®*” The synthetic
conditions are as follows: raw materials were sealed in a gold
ampule to create a condition of S00 Pa (estimated according to
the P—T diagram of H,0) and 500 °C. Such a condition is
milder than the high-pressure (~3-10 GPa) and high-
temperature (~600-1150 °C) environment set up by Huppertz
et al. during the synthesis of the above other borates discussed
in this section.

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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2.5.2. Atmospheric Pressure Synthesis of Borates
with Edge-sharing [BO,] Tetrahedra. Previously, partic-
ularly before 2010, it was generally accepted that edge-sharing
[BO,] tetrahedra containing borates can only be obtained
under the extremely conditions of high pressure and high
temperature in a sealed atmosphere. Thus, such a rare
structural motif of edge-sharing [BO,] units was found to
exist exclusively in few metastable borates obtained under high-
pressure conditions. However, KZnB;O4 with the structural
motif of edge-sharing [BO,] tetrahedra was synthesized under
ambient pressure by the two independent groups of Professor
Chen and Professor Wu, demonstrating that high pressure is
not an indispensable condition to synthesize borates with edge-
sharing [BO,] tetrahedra for the first time.””'"" KZnB;Ojq
exhibits a 0D [B,O,] hexa-group, in which two [B;0,] three-
membered rings are further condensed via two edge-sharing
[BO,] tetrahedra. The [B;O,,] FBB can be regarded as a six-
connected node to link with the closest six [Zn,Og] units to
form a 3D framework with two channels running along the
[110] direction composed of six- and ten-membered rings, and
the [KO,] polyhedra locate in the zigzag ten-membered rings.
KZnB;Og¢ could be preserved from room temperature up to its
melting point, indicating the improved thermal stability in
KZnB;O4 compared to high-pressure borates.

Besides, the corner-sharing KZnB;O4 was established
theoretically by Chen et al.'*® via replacing the Cd with Zn
atoms in known KCdB;Og. Further study shows that edge-
sharing KZnB;Oy is indeed energetically more favorable than
another hypothetical structure of KZnB;O4 with corner-
sharing [BO,] tetrahedra, indicating that the existence of
edge-sharing KZnB;O4 obtained under ambient atmosphere is
not an accident but a certain event of energy minimization. To
further investigate the origin of the phase stability in edge-
sharing KZnB;Oy, theoretical analyses, including molecular
dynamics, lattice dynamics, as well as electronic properties of
edge-sharing KZnB;O4 and corner-sharing KZnB;O4 associ-
ated with their structural stabilities were carried out by Zhao et
al.>** From the analysis of lattice dynamics in both phases, they
believe that the vibrational modes of edge-sharing [BO,]
tetrahedra are dynamically stable and all modes have real
frequencies in edge-sharing KZnB;O4 While in the case of
corner-sharing KZnB;O, there is a soft mode at the G point
with an imaginary frequency, and this dynamically unstable
feature has its origin in the linkage of deformed [ZnO;]
polyhedra. Structurally, the [ZnO;] polyhedra and [BO,]
triangles in corner-sharing KZnB;Og repel each other because
of steric hindrance and Coulomb repulsion effects, resulting in
stretched Zn—O bonds with the smallest covalent nature and
the least orbital overlap in deformed [ZnO;] polyhedra.”**
Such stretched Zn—O bonds lead to a decrease of the force
constant, resulting in the soft mode associated with the [ZnOj;]
polyhedra in corner-sharing KZnB;Og4 On the basis of the
analysis above, it is concluded that the structural instability of
corner-sharing KZnB;Og4 is mainly due to the deformed
[ZnO;] polyhedra. The lack of strong corner-sharing
competitors could be the key factor that allows this edge-
sharing KZnB;O4 to prevail. However, the origin that is
responsible for the formation of the edge-sharing [BO,]
tetrahedra in KZnB;Oy in an energy-favorable way still remains
unclear.

In contrast to the high-pressure metastable edge-sharing
borates, KZnB;O4 can survive up from room temperature to
close to its melting point in ambient pressure conditions and
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also without any detectable phase transition occurring,
indicating the rigid feature of its [B;O,,] FBBs and [Zn,0q]
units. Thus, the thermal expansion property associated with
the structural peculiarities and nature of chemical bonds was
studied from room temperature to 1013 K by Chen et al. for
the first time.”*” KZnB;O4 shows an quasi-unidirectional
thermal expansion over the entire measured temperature
ranging from 298 to 1013 K. Specifically, it exhibits an area
zero thermal expansion of (—1.06 + 0.42) X 107° K™! and
(0.56 + 0.31) x 107 K along the X1 and X2 axes, as well as
a very lar%e expansion along the X3 axis of (44.81 + 0.79) X
107¢ K™1.**’ Even though it is accepted that borates exbibit
large anisotropic thermal expansion compared to other
inorganic systems, quasi-unidirectional thermal expansion is
extremely rare and peculiar. Theoretical analyses indicate that
the unusual thermal expansion in KZnB;Og4 mainly originates
from the hinge rotations of [B4Oy,] and [Zn,0] rigid units.
Further, also by Chen et al.,” the driving force for the quasi-
unidirectional thermal expansion of edge-sharing
K,_,A,ZnB;O4 (A = Na, Rb; x = 0.5) was investigated. Partial
substitution of K with Na/Rb can regulate the thermal
expansion behavior of this family from zero thermal expansion
to area negative thermal expansion. The partial density of
phonon states in A-site cations of this famliy shows decreased
localized harmonic oscillator from KZnB;0y, K, Rb, sZnB;0
to Ky sNay sZnB;0g, indicating that the broadening of the low-
energy peaks leads to an increase in volume thermal expansion.
Thus, we can conclude that the low-energy vibrational modes
of A-site alkali metals also play an important role in this
unusual quasi-unidirectional thermal expansion behavior.”*

Subsequently, several new nonpressurized members, includ-
ing Ba,Na,Zn,(B;0¢),(B,0,,), " with disordered cations,
Li,Na,CsB,0,,**" BaAlBO,,~” and S-CsB,0,,""*""” have
been discovered under atmospheric pressure by Pan’s and
Chen’s groups, which have expanded the number of borates
with the structural motif of edge-sharing [BO,] tetrahedra
formed without pressurization. The first three compounds
exhibit 0D B—O anionic frameworks, namely isolated [B;Oq]
and [B;,0,,] clusters for Ba,Na,Zn,(B;0¢),(B;,0,4),
[B,4Oy] clusters for Li,Na,CsB,O,4 and [B,O,,] clusters
for BaAIBO,, respectively. These clusters are composed of
[BsO13], [B,Og4l, and [B,O;] intermediates via edge-sharing
[BO,] tetrahedra, respectively. In the case of -CsByOy,, it
possesses the triple-layered structures with the arrangement
—ABCABC—(A=C’), in which B monolayers consist of
[B¢Oy,] units that are built up by the condensation of two
[B;O;] rings via edge-sharing [BO,] tetrahedra. Besides,
inspired by the unusual thermal expansion behavior in
KZnB;0Og, the thermal expansion coeflicients of
Li,Na,CsB,O,, were calculated based on the indexed lattice
constants at different measured temperatures. Thermal
expansions with the highly anisotropic behavior can be
observed with the increased temperatures, and Li,Na,CsB,0,,
might be used as a thermal expansion material.*'

Analyses of all of the available edge-sharing [BO,] tetrahedra
containing FBBs in related borates show that these FBBs can
be structurally evolved by replacing the four nodes of [B,O]
prototype with different B—O blocks (Figure 14).>*' For type
A model according to the classification by Pan et al, the
replaced nodes are the same B—O blocks, like the [B4O;,]
FBBs in KZnB;Oy, [ByO;,] FBBs in f-CsByO,4 [BsO,5] FBBs
in RE,B4O;s (RE = Dy, Ho), and [B,;,O,¢] FBBs in a-RE,B,O,
(RE = Eu, Dy, Sm, Ho, Gd, Tb) family can be extended out by
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| borates with edge sharing [BO,] tetrahedra, and the B—O

) 4 m e bonds are further elongated from the statically averaged B—O
A N W > ,2&% bond length of 1.4775 A (in tetrahedral coordination) up to

" Boares [BO1FBB  [B,Oy] FBB 5'\““‘*ﬁ unprecedented lengths, and the largest B—O bonds can reach
. ';‘[;5]\“ h—d [B.40.] FBE to 1.607 A in BaAIBO,.*>” In addition, significant expansion of
asic [B,0g] unif f o . . . .
with four nodes. 'JZEQ hZE‘ _ the B--B interatomic distances cause a narrowing of the O—
[ Vi ]ZISI Edge-sharing [BO,] tetrahedra j . .
~ < A [BO,] triangle B—O angles. Thus, the B-B interatomic distances all fall
[B;0,] FBB [B1.0zs] FBB [7] (8O, tetrahedron between 1.9884 and 2.2306 A (Figure 15b), far longer than the

Figure 14. Structural peculiarities of edge-sharing [BO,] tetrahedra in two other undeformed edge-sharing [BO,] tetrahedra (1.700

R . ) 251
two types of models. The triangle in black, square in gray, and double- A), such as, Li,Na,CsB; 0,4 (2.0257 A), a-Gd,B,0, (2.040

238 131 246
square in jacinth are [BOs;], [BO,], and edge-sharing [BO,], A),”" Dy,BO1s (e2'0170% A), La336013(O°H%4§2.077 A),
respectively. Reproduced with permission from ref 251. Copyright KZHB?,Og (22-079 A), p-FeB,0, (2;0823 A); HP-NiB,0,
2019 Royal Society of Chemistry. (2.088 A),”** HP-CoB,0,, (2.090 A),**' BaAIBO, (2.098

A),”* a-Ba,[B,,0,,(OH),] (2.169 A),**” HP-CsB,Oy (2.170
A),** and HP-KB;O; (2.210 A).*** These structural
peculiarities, when taken together, confirm the existence of
edge-sharing [BO,] tetrahedra in a newly determined

replacing the four nodes of [B,O¢] prototype with identical
[BO;], [BO;], [B,0,], and [B,O,3] units, respectively. In the
case of the type B model, the replaced nodes are the varied two

B- i has [B B its for HP-AB A= structure.
K OCE)alrss,e:il;Z :: [wgf] :: d[gg(? Zﬁ] l::llds [O]; 0,] SS:S( for 2.5.3.2. Spectral Properties. 1t is possible to make a further
¢ 3 sO11

Li,Na,CsB,0,,, respectively. confirmation of edge-sharing [BO,] tetrahedra according to

2.5.3. Identification of the Edge-sharing [BO,] the spectral properties when we have synthesized the
Tetrahedra. With the increasing of edge-sharing [BO,] polycryst.alline samples of target compougds. UP to. now,
tetrahedra containing borates, the identification of such rare three primary measurement approaches, 1nc.1ud1ng infrared
structural motifs seems especially important and urgent. Up to spectro§copy, Raman spectroscopy, and solid-state nuclear
now, several pieces of evidence can be used to confirm the magnetic resonance (NMR) spectroscopy, have been per-

linkage of edge-sharing [BO,] tetrahedra, covering structural formed for the experimental confirmation of edge sharing
peculiarities and spectral properties. [BO,] tetrahedra. Generally, there are two observable and

2.5.3.1. Structural Peculiarities. Although the borates in characteristic peaks that can be assigned to the modes of edge-
this subsection were obtained under different syntheses sharing [BO,] tetrahedra i.n both infrared and Raman spefltra.
conditions of high pressure and atmospheric pressure, the For examglﬁ’ the characteristic peaks at 1271 and 14351““ in
structural features are highly consistent and share many Dy,BsO,s " (Raman-active), 1253 and 1431 cm™ in a-

common features, which can help us identify the edge-sharing Gd,B,0, (Raman—active),2328391262 and 1444 cm™' in HP-
[BO,] tetrahedra. Owing to the effects of like-charges NiB,O, (Raman-active), 212695 and 1438 cm™! in
repulsion, the B** ions with higher valence in the edge sharing La;B¢0,5(OH) (Raman-active),”*® 1287 and 1445 cm™ in

. . . . . .\ 251
[BO,] tetrahedra will be displaced to minimize the electro- LiyNa,CsB,0,, (infrared-active),”" as well as the 1253 and
. . . -1 . .\ 197
static potential and thus result in the reduced O—B—O angles 1435 cm™ in B-CsByO,, (infrared-active). By contrast,
and elongated B—O bonds (Figure 15a). Thus, the O—B—O solid-state NMR is rarely used to identify and characterize the
angles within the [B,0,] rings are reduced from the ideal local atomic level environments of borates with edge-sharing
tetrahedral value of 109.48° to the region of 92.0-94.4° in these [BO,] tetrahedra. To the best of our knowledge, HT-
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Figure 15. (a) Geometric configuration of edge-sharing [BO,] tetrahedra. dj_g is the shortest interatomic distance of the two B atoms inside the
[B,0,] ring, dg_o, and dy_o, represent the B—O distances inside the [B,O,] ring, dy_o; and dp_o, represent those outside the ring. (b)
Comparison of the bond lengths and interatomic distances inside the edge-sharing [BO,] tetrahedra of currently representative borates. d; (1.700
A) represents the ideal B--B interatomic distances of two undeformed edge-sharing [BO,] tetrahedra. d, (1.475 A) represents the statically
averaged B—O bond length in [BO,] tetrahedra.
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Figure 17. Summary of absorption edge (a) and type I SHG limit (b) of borate-based NLO crystals stored in ICSD. Only those with estimation of
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1064 nm, respectively. Note that a short cutoff edge does not always guarantee a short type I SHG limit.

KB;0,,>** KZnB,04>** and La,BsO,3;(OH)**® are the
exclusive examples. The isotropic shifts of 2.4, 1.75, and 2.0
ppm can be assigned to the tetrahedral B atoms of edge-
sharing [BO,] units in HT-KB;O;, KZnB;O, and
La;B;0,;(OH), respectively. Any of these spectral properties
will help to make a further confirmation about the existence of
edge-sharing [BO,] tetrahedra in a new obtained structure.

3. BORATE-BASED NLO MATERIALS

In recent years, there has been continuous research and
incremental improvements on the second-order NLO materials
associated with laser-driven interference photolithography,
precise micromachining, nano- and picosecond pulse gen-
eration, as well as laser detection.”>® At the first stage, radiation
at the double frequency was first observed when the
fundamental light passes through a quartz crystal using a
ruby laser.”>* Since then, nonlinear optics have attracted much
attention and rapidly become one of the especially important
branches of modern optics. However, few natural crystals can
cause NLO effects, in this context, new synthetic NLO
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materials both in organic and inorganic systems with optimized
optical properties, continue to be of special interest for many
chemists and material scientists. In principle, NLO effects>
mean that one or two laser beams are directed into suitable
materials in which an output beam of the desired frequency is
generated, which includes the harmonic generation, sum
frequency generation, difference frequency generation, and
parametric oscillation. In this review, the NLO materials refer
to frequency doubling crystals with the NLO effects of SHG,
except where noted. To date, the most important class of single
crystals used in nonlinear optics has been inorganic materials,
as it is particularly well-suited to the physics of NLO process.
After the discovery of the NLO effects in potassium
pentaborate KB;Og-4H,O by Dewey et al,”' the search for
new NLO crystals has mainly focused on the borate system,
especially suitable for being used in UV and deep-UV spectral
regions. The large difference in the electronegativity of B and
O is believed to be responsible for the high transmittance in
the shorter wavelength region. The conjugated 7 orbital and
high anisotropic distribution of electrons in the B—O/F FBBs
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of borates is beneficial for a large second-order susceptibility
and birefringence. Besides, borates have a wide spectral range
of transparency combined with a high laser damage threshold
as well as good chemical and mechanical stability. These
superiorities make borates crucial materials for the generation
of the second harmonic light, and thus borates can be regarded
as a rich source of NLO materials, particularly in UV and deep-
UV regions (Figures 16 and 17). Therefore, in this section, we
will mainly focus on all of the available borate-based NLO
crystals stored in ISCD. According to the chemical
constituents of borates, this section is divided into nine
categories to discuss, and we will start with the consideration
of necessary requirements for a practical NLO crystal based on

the available experimental and theoretical data revealed in the
: < 2,6,7,9,12,20,37,38,43—45,256,257
previous studies.

3.1. Necessary Requirements for a Practical NLO Material

3.1.1. Crystal Symmetry. Crystallizing into the effective
noncentrosymmetric space group is the prerequisite for crystals
to be applied as NLO materials.”*® Among all the 21
noncentrosymmetric point groups, the second harmonic
coefficients of the crystals that belong to the point groups of
422 and 622 with low dispersion are zero under the restriction
of Kleinman symmetry. Also, owing to their isotropic nature,
crystals in 23, 432, and 43m point groups are excluded because
they are all non-phase matchable (see section 3.1.4). Thus,
materials that may exhibit practical NLO properties must
crystallize in one of the following 16 noncentrosymmetric
crystal classes: Ci-1, Ci-m, C,-2, D,-222, C, -mm2, C4-4, S-4,
Cy-4mm, D,4-42m, C4-3, D3-32, Cy,-3m, C4-6, Cy,-6, Cy;,-62m,
and Cg,-6mm. Studies have shown that the second-order NLO
coefficients of crystalline materials are closely related to their
structures rather than any particular space group. That is to
say, as long as one crystal belongs to one of the above 16 point
groups, considerable NLO coefficients can be observed when
their basic blocks are in NLO-favorable arrangement.
Technically, those NLO crystals that belong to the uniaxial
space group (hexagonal, tetragonal, and trigonal) are more
favorable when making property characterization and practical
application than those in biaxial class (orthorhombic,
monoclinic, and triclinic).

3.1.2. Effective Second-order NLO Coefficients. The
light—light frequency conversion efficiency is proportional to
the square of effective second-order NLO coefficient (d.g),
thus NLO materials should exhibit large NLO coeflicients in
order to have high efficiency in frequency doubling conversion.
With respect to those NLO materials that are used in different
wavelength from UV and deep-UV, visible light, to infrared
spectral region, the corresponding d g coeflicients need to be
larger than that of KH,PO, (KDP, 0.39 pm/V), KTiOPO,
(43 pm/V), and AgGaS, (13.4 pm/V), respectively. In
principle, the d.¢ coeflicient can be derived once the individual
NLO coefficients (d;;) are experimentally obtained for a crystal.
Individual d;; coefficients can be measured by both Maker
Fringe technique and phase matching method by using
indexed and polished single-crystal plates. It should be noted
that the largest d;; coefficients are meaningless if they are not
included in the formula of d g coefficients.””” When sizable
single crystals are not available to test the d; and d.
coefficients, the powder SHG measurements with the Kurtz
and Perry”*® method are usually taken to initially evaluate the
NLO properties.
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3.1.3. Transparency Range. Different types of materials
are capable of producing the coherent light from deep-UV to
far-infrared spectral ranges. Thus, the NLO crystals should
have high transparency under both fundamental and doubling
frequency light. For example, the transparency ranges of deep-
UV NLO materials are always required to blue-shift to less
than 200 nm and also retain high transparency in UV region at
the same time. In the case of infrared NLO materials, the
infrared absorption edges should exceed 10 ym. Generally, the
transparency ranges determined by spectral properties are
controllable and predictable by analyzing the chemical bonding
behavior and chemical constituents of NLO materials. For
example, alkali, alkaline-earth, and partial rare-earth metals
without d—d or f—f electronic transitions are beneficial for
good transparency in the UV and deep-UV region; NLO
crystals without terminal dangling bonds of O atoms are more
blue-shifted than those with the dangling bonds; the chemical
constituents of infrared NLO materials are free of oxygen to
aviod the characteristic absorbing of M—O (M = Metal)
vibrations in the infrared spectral region. As shown in Figure
17, a short absorption edge does not guarantee a short SHG
limit.

3.1.4. Birefringence. One of the most important features
for a practical NLO material is the phase matching behavior,
which is mainly determined by the birefringence with the
possible contributions from atomic dispersion and symmetry of
structures.”>” Thus, a moderate birefringence is required for
phase matching, an optical direction in the material where the
refractive indices are equal, ie, n(w) = n(2w). When the
birefringence of NLO materials is too small or too large, the
non-phase matching behavior and walk-off effects will occur.
For UV and deep-UV NLO materials, birefringence of An =
0.05—0.10 at 1064 nm is suitable to ensure phase matching
and retain small walk-off angles. As shown in Figure 17, owing
to the small birefringence, vew few borate crystals can achieve
the phase matching in UV region below 266 nm. Therefore,
birefringence, as the shortest plank, severely restricts the SHG
phase matching of borates in the UV and deep-UV region.
Exactly how the birefringence impacts the phase matching
beilivior of NLO materials is discussed by Halasyamani et
al™

3.1.5. Crystal Growth Habit and Optical Quality.
Growing large size single crystals with high quality and
homogeneity is extremely important and it is also the most
paramount and hardest challenge. Thus, easy growth of
sizeable bulk single crystals with high optical quality and
favorable growth habit is required, particularly no strong
layering tendency. The optical quality of a crystal can be
identified by conoscopic interference and X-ray diffraction
patterns. The full-width at half maximum on crystal plate
should not exceed 100 arc-seconds; of course, less is better.
Technically, those congruently melting NLO crystals are easy
to grow from their stoichiometric ratios by the Czochralski
method, Bridgman method, and Kyropoulos growth method,
etc.

3.1.6. Laser Damage Threshold and Stability. NLO
materials experience long exposure to laser light, thus the
ability to resist to laser damage is required. Studies have shown
that the laser damage thresholds of NLO crystals are closely
related to their bandgaps and optical homogeneity. A crystal
with larger bandgaps and high optical quality is beneficial to
achieve sufficiently high laser damage thresholds. For high-
power NLO applications in UV and deep-UV region, a high

https://dx.doi.org/10.1021/acs.chemrev.0c00796
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laser damage threshold of S GW/cm?® with a nanosecond pulse
at 1064 nm is required, and of course, higher is better. More
importantly, NLO crystals should be chemically and physically
stable before, during, and after operation in a laser system, and
also the mechanical and thermal stability are important factors
to be included. These require that NLO materials should be
hard to crack, not decompose, or deliquesce during operation.

3.2. Alkali Metal and Alkaline-earth Metal Borates

3.2.1. Alkali Metal Borates. 3.2.1.1. LiB30;. LiB;Oj; is one
of the most well investigated NLO materials and is
commercially available. The crystal structure of LiB;Os was
determined by Konig et al. in 1978, with the space group of
Pna2, (no. 33).°° It shows that a 3D 3[B;O], anionic
framework consists of [B;O,] FBBs, which contains ten-
membered ring tunnels running along the ¢ axis that are
occupied by Li" jons (Figures 18a,b). The potential application
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Figure 18. (a)b) Crystal structure of LiB;O;. Top (c) and side (d)
view of the as-grown LiB;Oj crystal at 2 kg-level in Li,O—B,0;—
MoO; ternary system with the dimensions up to 160 X 150 X 77
mm®, Reproduced with permission from ref 267. Copyright 2011
Elsevier. (e) Pulse shape of the output laser measured by an
autocorrelator with the pulse width of 18.6 fs after Gaussian profile
fitting based on the all OPCPA technique with LiB;O; crystal.
Reproduced with permission from ref 269. Copyright 2017 Optical
Society. Parts a and b were drawn by using the crystallographic

information file of LiB;O5 (ICSD: 1585) in ICSD.

of LiB;Os used as an NLO crystal was first found and
demonstrated by Chen et al. in 1989” with the guidance of
anionic group theory. In their works, sizable LiB;Oj crystals
with dimensions up to 30 X 30 X 15 mm?® have been grown by
high-temperature solution top-seeding method. The high-
quality crystals allow them to obtain the basic linear and NLO
properties based on the indexed and polished LiB;O; crystal
plates. LiB;O; exhibits a relatively large angular acceptance
bandwidth which permits effective frequency doubling of
multimode laser radiation.”®> On the other hand, LiB;Oj crystal
possesses the highest optical damage threshold amongst known
NLO crystals and stronger nonlinearity than KDP. Stated thus,
it should be noted that LiB;O; crystal is a very useful NLO
material, especially for SHG of high-intensity laser radiation,
intracavity SHG, deep-UV sum-frequency generation (SFG),
and OPO applications. In the same year, the NLO character-
istics of LiB;Oj crystals were investigated by Chen et al. in
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great detail. The independent NLO coeflicients are measured
to be dy; = £2.51 (1 + 0.09) X d3,(KDP), d;, = +2.69 (1 +
0.12) X dys (KDP), dy3 = +£0.15 (1 % 0.10) X d;5 (KDP)
according to type I Maker fringes with maximum envelope
functions at normal incidence, which can get better results than
that of t}ége II Maker fringes with vanishing envelope
functions.”® The broad temperature-tuned noncritical phase
matching ability of LiB;O; crystals are demonstrated, with the
tuning range from 273 to —9 °C for temperature and 0.95 to
1.34 pm for wavelength, respectively.

With respect to crystal growth, LiB;Og crystal melts
incongruently and can be grown by the flux method under
the deviated stoichiometric ratio. In the early research of
1990s, B,O; is the most commonly used self-flux, and thus
centimeter crystals can be grown by optimizing the crystal
growth parameters, including the ratio for LiB;O;/flux,
rotation, pulling and cooling rate, temperature distribution,
as well as selected seed direction.”®'™>** Unfortunately, the
high viscosity of flux system often leads to a low growth rate,
entrapment of the solution, and the inclusion of unknown
phases, and therefore, the as-grown LiB;Os crystals are
extremely limited in size and optical quality. The growth of
LiB;O; crystals in molybdenum oxide fluxes has brought
considerable progress in LiB;Og growth technology. It has
been demonstrated that the addition of MoO; to the flux
system largely decreases the viscosity of LiB;O;—B,0; high
temperature solution and therefore enables the growth of
optically perfect LiB;Os crystals with much larger size.”****
With these fluxes, high-quality crystals were grown from
crucibles of 80—100 mm in diameter by the Kyropoulos
method with the weight less than 300 g.

In 2010, Kokh et al. proved that the Kyropoulos method can
substantially improve the as-grown LiB;Oj crystals in size and
optical quality by controlling the heat field symmetry and its
rotation. On the basis of this, a large LiB;O; single crystal with
the dimensions of 148 X 130 X 89 mm® has been grown and its
weight reached 1379 g.”° Frequency doubler was cut based on
the above as-grown LiB;Oy crystal for either or both types I
and II phase matching directions. Efficiencies over 90% were
obtained using a 53 mm collimated top-hat beam in a LiB;O;
crystal (¢ 65 mm X 12 mm) with an average intensity of 900
MW/cm® High-energy NLO experiments based on this
sample show the ability to produce 115 J of green light (4 =
527 nm) with the high efficiency of 85%.”°° Further analysis of
the viscosity in the Li,O—B,0;—MoOj system by Hu et al.
enabled the growth of LiB;Oj crystal with the dimensions up
to 160 X 150 X 77 mm?® (Figures 18¢c,d), and its weight was
close to 2000 g.**” The as-grown LiB;Oy crystals with very
large size of high quality manufactured samples are proven to
be optically perfect with high optical homogeneity (3.8 X 10°
cm™'), high transmittance (over 90%) from the wavelength
region of 200 to 380 nm, and a sufficiently high laser damage
threshold (11.2 GW/cm?* under 1064 nm and 7.5 ns).

The breakthrough of crystal growth on wide-aperture
crystals enables the application of LiB;Ojs crystals in ultrafast
laser systems. The gain bandwidth of LiB;Oj crystal is broader
than 70 nm, approximately 800 nm in wavelength, allowing the
amplification of large bandwidth stretched pulses recompres-
sible to the sub 20 fs pulse duration. In the last year, LiB;O;
crystals with clear apertures of more than 100 mm in diameter
were grown. Under these conditions, Xu et al. constructed a
high-energy and high-conversion-efficiency broadband para-
metric chirped-pulse amplification (OCPCA) laser system by
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using a manufactured wide-aperture (100 X 100 X 17 mm?®)
LiB;O; crystal in 2015.”*® Within this system, an amplified
energy of 45.3 J was achieved with the efficiency of 26.3% and
the peak power was as high as 1.02 PW with a compressed
duration of 32 fs, which is the first reported OCPCA peak
power higher than 1 PW.”*® Furthermore, the large bandwidth
stretched laser pulses at 800 nm, 3 ns pulse duration, was
successfully amplified up to 168.7 J, 105 mm X 105 mm beam
size, 65 nm spectral bandwidth,”*” in an OPCPA laser system
based on two type I phase matching wide-aperture LiB;O4
crystals with the dimensions of 165 X 120 X 10 mm® and 130
X 130 X 10 mm?®, respectively. A compressed pulse shorter
than 20 fs is achieved in a PW-class laser facility for the first
time (Figure 18e). The maximum output peak power of the all
OPCPA system is 4.9 PW, and in principle the output power
can be furthered increased with the increase of the effective
diameter of wide-aperture LiB;Oj crystals.”*” In 2015, Naftaly
et al. expanded the application wavelength of LiB;Oj crystals to
terahertz range.”’’ Dispersion equations for the entire
transparency range of LiB;Oj crystals were developed for the
first time, and the birefringence of An = 0.42 under measured
terahertz region was measured in LiB;Ojs crystals at the same
time. The estimation of phase matching for terahertz down-
conversion was done based on the established dispersion
equations, which makes LiB;O; crystal one of the most
promising crystals for terahertz generation by down-conversion
from near-infrared.””

3.2.1.2. CsB30;. Both lattice parameters and single crystal
structure of CsB;O; were determined by Krogh-Moe et al. in
1958 and 1974, respectively.'”**”" CsB;O; crystallizes in the
space group of P2,2,2; (no. 19), and it shows a 3D *[B;O;],,
anionic framework that is composed of [B;0,] FBBs with Cs*
ions located in the ten-membered ring tunnels. The NLO
capabilities of CsB;Og were confirmed first by Chen et al. in
1989,> and they theoretically analyzed the NLO coefficients of
CsB;0; together with LiB;Oj crystals. In 1993, also by Chen et
al., large size CsB;Oy crystals have been grown and subjected
to linear and NLO properties characterization in great detail.”*
The CsB;Oj crystal is transparent far into the deep-UV region
(167—3400 nm) and can be phase matchable for both type I
and type II SHG or third harmonic generation (THG) of 1064
nm. The large effective NLO coefficient for type II THG of
1064 nm and laser damage threshold under 10 ns pulses at
1053 nm are found to be d.z = 1.15 pm/V and 26 GW/cm?,
respectively, which can be comparable to those of LiB;O;
crystals.

The CsB;Ojs crystals melt congruently, and as such bulk
large size single crystals were obtained from stoichiometric
melts with Czochralski and Kyropoulos techniques by many
groups.”’>*”* Further studies have shown that slight enrich-
ment of Cs,O flux melt can make improvement of as-grown
crystal in optical quality and size. The UV light of 355 nm was
generated by using a type II 8 mm lon% CsB;Oy crystal as a
sum frequency of 1064 and 532 nm light.””* The output power
of 3.0 W was obtained at a repetition rate of 31 kHz and the
conversion efliciency of this process reached 30%, which was
1.5 times higher than that obtained with a type II LiB;Oq
crystal under the same laser system.”’* In 2016, a higher 355
nm laser was produced by THG process of an acousto-optic Q-
switched quasicontinuous wave of 1064 nm laser in CsB;O;
crystal by Xu et al.””® The 28.3 W UV laser has been achieved
by a 30 mm long type II CsB;O;s crystal through the sum
frequency of fundamental light (1064 nm) and second
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harmonic (532 nm) of a nanosecond Nd:YVO, laser. The
conversion efficiency from the fundamental light to the third
harmonic laser reaches 13.5%, which is even higher than that
obtained with a type II LiB;O;s crystal under the same
experimental conditions.””> It should be noted that the
temperature bandwidth is much broader than that of LiB;Oq
crystals. Thus, CsB;O; is superior to LiB;Og in the sense of
conversion efficiency and temperature sensitivity for THG of
355 nm laser. Unfortunately, CsB;Oj crystal is hygroscopic at
room temperature and in an air atmosphere, which extremely
limits its further applications.

3.2.1.3. a@-RbB;O; and TIB;0s. RbB;O; polymorphism was
studied for a long time and low temperature modification of a-
RbB;O; refined by the Rietveld method was found to be
isostructural to CsB;O5 with the space group of P2,2,2, (no.
19).”° The anionic framework of a-RbB;Os is constructed by
three-membered [B;0,] rings, which are further linked to form
infinite channels with the Rb-based polyhedra filling the
channels. Whereas TIB;O,”" is also isostructural to CsB;Os
and a-RbB;Og with the slight differences in the oxygen
coordination of Rb, Cs, and Tl atoms because of the size
effects of the A-site (A = Rb, Cs, and T1) cations. Although the
experimental NLO properties of @-RbB;O; and TIB;O; are not
known, according to the anionic group theory”” and analysis of
structure—property relationship, equally or comparable ex-
cellent NLO performance of a-RbB;Os and TIB;O5 can be
expected once the sizable crystals are grown.

3.2.1.4. CsLiB4O,, and f-CsLiBsO;4. CsLiBsO,, is one of the
most well investigated NLO materials and is commercially
available. It was determined first by Mori et al. in 1995 and
then immediately shown to be a very promising NLO
material.”> CsLiB4O, is a negative uniaxial crystal and belongs
to a tetragonal space group I42d (no. 122), which is different
from the biaxial LiB;Og (Pna2,) and CsB;Os (P2,2,2,)
crystals. The molecular formula of CsLiB4O,, can be regarded
as the combination of LiB;O; and CsB;Os, and its anionic
configuration is similar to them and can be derived from the
full condensation of the simple three-membered [B;0,] rings
by sharing vertices. Sites in channels extending along the a and
¢ axes are occupied by the [CsOg] and [LiO,] polyhedra.

CsLiB4O, crystals melt congruently, and as such bulk large
size single crystals can be obtained by either stoichiometric
melt or from solution. In the same year of 1995, a large and
high quality CsLiB4O,, single crystal with the dimensions of
140 X 110 X 110 mm® was grown within three weeks by the
top-seeded Kyropoulos method by Mori et al*> The
transmission range of CsLiB4O,, single crystals was deter-
mined to be 180—2750 nm, which makes CsLiB;O,, a
relatively high bulk laser-induced damage threshold of 26 GW/
cm® at 1064 nm with a 1.1 ns pulse width. Fourth harmonic
and fifth harmonic generations of 1064 nm Nd:Y;Al;O,,
(Nd:YAG) laser radiation with type I phase matching were
realized in 1995 by Mori et al.”> The Sellmeier equations of
CsLiB4O,, crystals were reported and revised, then based on
type I and II phase matching conditions, the shortest type I
and II phase matching wavelengths were shown to be 236.5
and 318 nm, respectively. The blue-shifted phase matching
wavelengths of CsLiB4O;, compared with those of LiB;O5 and
CsB;O; crystals are due to the enlarged birefringence (An =
0.050@1064 nm). The NLO coefficients of CsLiB4Oj, crystal
have been determined and updated for visible-to-ultraviolet
second-harmonic wavelengths in 2001 by Shoji et al.””® The
dss coefficients of CsLiB4O, crystal are found to be 0.92, 0.83,
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and 0.74 pm/V under 532, 852, and 1064 nm, respectively.
Thus, the corresponding effective NLO coefficients are
determined to be 0.82, 0.48, and 0.38 pm/V under 532, 852,
and 1064 nm, respectively.

Owing to these superior properties, CsLiBsO,, crystal is
considered as a highly promising NLO crystal, and thus more
attention has been paid to the generation of short wavelength
UV radiation. For example, high pulse energies of nanosecond-
level fourth- and fifth-harmonic generation of an Nd:YAG laser
have been obtained with a CsLiB¢O, crystal by Sasaki et al. in
1996.>” Thus, stable 266 and 213 nm lasers with the high
pulse energies of 500 and 230 mJ have been realized. The
corresponding conversion efficiencies of the initial fundamental
input energy reach 50 and 10.4%, respectively.””” In 2000,
Sakuma et al. proved that CsLiB¢O,, crystals can be used to
generate the high power, narrow-bandwidth, deep-UV
radiation below 200 nm as well as around 242 nm by sum-
frequency mixing method. They obtained the UV radiation of
greater than 3 W at 241.6 nm, which was subsequently mixed
with the residual 1047 nm light to produce the deep-UV
radiation of 1.5 W at 196.3 nm.”* Turéidova et al. used
CsLiB4O, crystals to generate deep-UV light with the pulses
shorter than 10 ps for the first time, and they obtained a 6 W
laser at 257.5 nm by fourth harmonic generation (FHG) with
high conversion efficiency of 10%. Owing to the smaller walk-
off effects of CsLiB4O,, crystals, the deep-UV laser beam
quality is effectively improved (Figure 19a).”*' In 2015,
Sakuma et al. reported a deep-UV laser output at 193.4 nm
with an estimated line width less than 200 kHz by using
CsLiB4O,, crystals.”® The source is based on the frequency
conversion of three single-mode and single-frequency fiber
amplifiers. The generated maximum output power is about 120
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Figure 19. (a) Optical scheme of the SHG and FHG setup, in which
the MM, M, BD, DM, HWP, and P refer motorized mirror, mirror,
beam dump, dichroic mirror, half-wave plate, and polarizer,
respectively. (b) FHG output power dependence on the SHG in f-
BaB,0, (BBO, coated) and CsLiB;O;, (CLBO, without coated)
crystals. The input pulse energy tuning was done by the first half-wave
plate, HWP 1. (c) Relevant FHG spectra for f-BaB,O, and
CsLiB4Oyy. Reproduced with permission from ref 281. Copyright
2016 Optical Society.
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mW, which is the highest solid-state continuous-wave 193 nm
laser to date. In addition, they demonstrated that the SHG —
FHG conversion in the CsLiBsO, crystal is even higher than
that in the -BaB,0, crystal with closely spaced FHG spectral
bandwidths of 0.22 and 0.20 nm for two crystals, respectively
(Figures 19b,c).

In addition, the high average output power of 40 W at the
wavelength of 266 nm was obtained by Sasaki et al. by using
CsLiB4O, crystals in hi§h—power Nd:YAG laser at 1064 nm
through SHG process.”® Yoshimura et al. generated 355 nm
UV laser in CsLiB4O, crystal by the sum frequency process,
and the maximum output power of 30.9 W has been achieved
from the fundamental source of 64 W at a repetition rate of
300 kHz.*** The remarkable conversion efficiency of 48.3%
could be reached, which is about 1.2 times higher than that
using LiB;O; crystal. Interestingly, a reversible and partial
transition to a new modification, S-CsLiB4O,, was observed
during cooling crystalline and moist samples of CsLiBsO,, to
—25 °C. The new phase B-CsLiBsO,, belongs to the
orthorhombic P222, (no. 17),”*° in which four nonequivalent
triborate rings [B;0,] constitute the B—O framework with Li-
and Cs-based polyhedra located in positions similar to those in
CsLiB4O, crystal.

3.2.1.5. y-LiBO, and TIBO,. In the early work at Bell
Telephone Laboratories, M. Marezio and J. P. Remeika
discovered that the centrosymmetric @-LiBO, can be
converted to the noncentrosymmetric phase of y-LiBO, in
pressure of 15 kbar at 950 °C with a flux of LiCl. y-LiBO, is a
negative uniaxial crystal and belongs to a tetragonal space
group of [42d (no. 122).** The structure of y-LiBO, consists of
an infinite 3D framework of tetrahedral [BO,] and [LiO,]
units, and the stacking of these tetrahedra is the same as one of
the zinc-blende structure. In 2008, the convenient hydro-
thermal synthesis and growth of sizable y-LiBO, single crystals
at a moderate temperature and pressure were achieved by Kolis
et al.”*® By using the as-grown and polished y-LiBO, crystals,
the UV transparency measurement was performed. The y-
LiBO, crystal exhibits high transmittance for all the measured
wavelengths with an extremely short cutoft ed§e of 135 nm,
corresponding to a large bandgap over 9.19 eV.**® Such a short
absorption is shorter than those of almost all the borate-based
optical materials. The SHG efficiency for 1064 nm radiation is
approximately 250 times that of a quartz standard with non-
phase matching behavior. This is not surprising for y-LiBO,
because borates that contain only [BO,] tetrahedra generally
have a birefringence that is too small to ensure the phase
matching behavior. In the case of TIBO, with the non-
centrosymmetric space group P4, (no. 76, ICSD: 36404),
experimentally optical and NLO properties are still missing.

3.2.1.6. AA'B,0;, (A = Li, Na; A’ = Li, Na, K, Rb). All the
mixed-alkali metal borates with the similar formula of AA'B,O,
(A = Li, Na; A’= Li, Na, K, Rb), including Li,B,0,, Na,B,0,
LiKB,O,, LiRbB,O,, and LiNaB,O, adopt the noncentrosym-
metric space groups but exhibit different structural features
which are fine-tuned by A-site cations. The lithium tetraborate
Li,B,O, with the space group of I4;cd (no. 110) is the first
member of this series reported by Krogh-Moe et al. in 1962.>**
The structure of Li,B,O, is formed by two interpenetrating,
infinite, and separated 3D *[B,0,],, subframeworks with ten-
membered ring tunnels running along the ¢ axis that are
occupied by Li* ions. The FBB of Li,B,0, is a twisted [B,O,]
double ring consisting of two triangular [BO;] and two
tetrahedral [BO,] units. Li,B,O, crystal is proved to be a
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promising NLO material for frequency conversion including
the fourth- and fifth-harmonic generation of the Nd:YAG laser.
Large Li,B,O, crystals with diameter of 2.0—2.5 inches were
successfully grown by the Czochralski method by Komatsu et
al. in 1997.”" Li,B,O, crystals were optically transparent to
170 nm, which can be comparable to those of other lithium
borates. The Li,B,O crystal is uniaxial and optically negative,
and the shortest SHG wavelength was found to be 243.8 nm
for the phase matching angle (90°). On the basis of this, the
fourth- and fifth-harmonic generations were obtained success-
fully with the output power of 160 and 70 m], respectively.
The laser damage threshold of Li,B,O, crystals was 40 GW/
cm? under the radiation of Nd:YAG laser (1.5 J, 10 Hz, 10 ns),
even higher than those of any other borate-based NLO
materials. Unfortunately, Li,B,O crystals suffer from low NLO
output responses and the effective NLO coeflicient d is only
0.16 pm/V at 532 nm, which is much lower than those of other
borate-based NLO materials and thus limits its application.”*®

In 2000, Komatsu et al. reported two new isostructural
members of this series, LiKB,O, and LiRbB,O, with the space
group of P2,2,2, (no. 19)."%” Both crystals exhibit totally
different structural features compared to Li,B,O,. Both
LiKB,O, and LiRbB,O, possess similar 3D 3[BgO;,]s
frameworks with alkali metal cations in the channels or
intervals formed by condensing of [B;Og] and [B;O,,] units.
The three-membered [B;O;] rings construct the infinite spiral
chains parallel to the a axis and are interconnected by sharing
O atoms with [B;O,,] units to form final 3D anionic
framework. Optical measurements show that the as-grown
LiRbB,O, crystal exhibits an absorption edge of 187 nm, a
birefringence of 0.03 is across the visible region, the shortest
type I SHG wavelength of 317 nm, and an NLO coefficient d,,
of 0.45 pm/V.**" In the case of LiKB,O, it shows comparable
or su??erior properties compared with isostructural LiRb-
B,0,.””° Experimentally, the SHG radiation of Nd:YAG
continuous laser power of 8 W has been observed on a
manufactured LiKB,O, crystal with an aperture and thickness
of 4 mm.””® Another new member of this series, LiNaB,O,
with the space group of Fdd2 (no. 43), was obtained first by
Maczka in 2007,””" which exhibits similar structure and optical
properties compared with Li,B,O,, although they are not
isostructural. For example, LiNaB,O, shows an interpenetrat-
ing *[B,O,] framework composed of [B,O,] FBBs, an optical
absorption edge lower than 180 nm, and a relatively low SHG
signal of 0.15 X KDP@1064 nm.””" The new polymorph of
sodium tetraborate HP-Na,B,O, was obtained under high-
pressure/high-temperature conditions by Huppertz et al. in
2012.*%% Tt crystallizes in the trigonal chiral space group of
P3,21 (no. 154), and its 3D anionic framework was
constructed by the interconnected “sechser” rings of
alternating corner-sharing [BO;] and [BO,] groups. The
channels along the ¢ axis in anionic framework are occupied by
sodium ions. There is no further work, however, that concerns
its NLO properties to date.

3.2.1.7. Li,Ax_1By_1Ous_y (A = Cs, Rb, x = 3, 4, 6). Six
noncentrosymmetric mixed-alkali metal borates, includin§
LisRb,B,0,,,'°° Li,Cs,B,0,,,'°® Li,Rb,;B,0,,,’
Li,Cs;B,0,4,'%* LigRbiB;;0,,""* and LiyCs,B;0,0,""* were
continuously discovered by Pan et al. from 2011 to 2015,
which can be reduced to a general formula of
LiA, By, 104, (A = Cs, Rb, x = 3, 4, 6). The varied
structural characteristics are tuned by the A-site cations, and
the dimensionality of B—O anionic framework changes from
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1D in the first two compounds to OD in the other four
structures. Among them, Li;Rb,B;O, and LisCs,B,0,, are
isostructural and belong to the orthorhombic Ama2 (no.
40)."°>1% Both of them feature 1D anionic frameworks that
are composed of two different 1D infinite chains of '[BO,],
and '[B;O,,],, along the c axis, which are sequestered by Li
and Rb/Cs atoms. In the case of Li,Rb;B,O0,, and
Li,Cs3B,0,,,'7" they crystallize in the trigonal space
group of P3,21 (no. 152) with OD isolated [B,O,,] FBBs.
Whereas LigRb;B;,0,, crystallizes in the monoclinic space
group C2 (no. 5) with a 0D highly polymerized [B,,;0,,] FBB
that is constructed by five continuously linked three-membered
rings.''® Similarly, the structure of LiyCs,BsO, is also built by
0D [B;O,,] FBBs, but differently, it crystallizes in the
orthorhombic C222;, (no. 20) compared to the above
borates.””* In terms of optical performance, the absorption
edges of above compounds are all reported to be below 200
nm, but more exact values were not given owing to the lack of
optically perfect single crystals for the transmittance test. All of
them exhibit exceedingly small macroscopic SHG coeflicients,
which are much less than KDP under 1064 nm. That is
because the unfavorable arrangements of the [BO;] and [BO,]
NLO active units in their FBBs and structures weaken their
SHG effect. To further identify the spatial distribution of the
electronic states dominating the SHG responses, the SHG
density method was utilized by Pan et al. for this family. The
results reveal that the “charge-transfer excitation” from the
non-bonding 2p occupied states of O atoms to the p* and 2p
unoccupied states of [BO;] substructures in their FBBs is the
key mechanism of NLO properties of this series.””

3.2.1.8. NagAB,;034 (A = Rb, Cs), a-CsByO,, and K,LiBO;.
Owing to their congruently melting features, two boron-rich
mixed-alkali metal borates, namely, NagRbB,;O;s and
NagCsB,,05¢, have been synthesized from their stoichiometric
melts by Pan et al. in 2017."*° They are isostructural and
belong to the same asymmetric space group of I4(no. 82).
Their FBBs are found to be the unprecedented [B,;O5¢] units,
co-templated by four-connected [BO,] and five-connected
[BsO;,] units. The terminal O atoms of [B,;O54] FBBs act as
linkers to yield the 3D B—O anionic framework with two types
of channels running along the ¢ axis, which are filled with the
Rb/Cs and Na atoms. Although they are all UV transparent
with short deep-UV absorption edges about 200 nm, their
SHG intensities are only about 1/10 that of KDP. Obviously,
the [BO;] NLO-active units in NagAB,, O35 (A = Rb, Cs)
adopt the opposite orientations and lead to the weakened SHG
responses, which is quite low for NLO application.
Furthermore, although a-CsByO,, and K,LiBOj; are reported
to crystallize in the noncentrosymmetric space group of P222,
(no. 17) and C2 (no. 5) with interpenetrating 3D *[ByO14] o,
frameworks and 0D [BO,] units, respectively, the linear and
NLO properties are not reported.234’295 However, the
calculated SHG coeflicients of K,LiBO; are given by Li et
al.>*® Thus, it remains to be seen if the above two compounds
can be used for NLO applications.

3.2.2. Alkaline-earth Metal Borates. 3.2.2.1. f-BaB,0,.
p-BaB,0, is one of the most well investigated NLO materials
and is commercially available. The crystal structure of low
temperature phase f-BaB,0, was reported by Liebertz et al. in
1983.*”7 During the crystallization of BaB,O, melts, two
phases appear, namely @- and $-BaB,0,. The melting point of
BaB,0, is 1095 + S °C and a—f phase transition occurs at 925
+ 5 °C.** The high (a-BaB,0,)** and low (f-BaB,0,)*

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00796?ref=pdf

Chemical Reviews

pubs.acs.org/CR

temperature phase crystallize in centrosymmetric R3c (no.
167) and noncentrosymmetric R3¢ (no. 161), respectively.
Both phases exhibit 0D isolated [B;O¢] FBBs that are
separated by the Ba-based polyhedra (Figure 20ab). The

@ 532 nm

70 80 90 100 110 120 130 140 150 160
Pulse repetition rate (kHz)
(d) 16

@ 266 nm

-
>

Power (W)
N

70 80 90 100 110 120 130 140 150 160
Pulse repetition rate (kHz)

Figure 20. (a,b) Crystal structure of 8-BaB,0O,. (c,d) Power output of
the 532 and 266 nm laser at high pulse repetition frequency, in which
type I phase matching LiB;O and -BaB,0, crystals were used as the
extracavity frequency doubled and quartered crystal, respectively.
Reproduced with permission from ref 310. Copyright 2008 Institute
of Physics. Parts a and b were drawn by using the crystallographic
information file of #-BaB,0, (ICSD: 30885) in ICSD.

potential of f-BaB,0, as an NLO material was determined first
by Chen et al. in 1985 and then immediately became a very
promising NLO material.”> They grew large transparent f-
BaB, 0, crystals with the dimensions up to ® 30 mm X 10 mm
by the high-temperature solution top-seeded method. Using
these crystals, the transmission region (189—3500 nm),
birefringence (0.1140@1079 nm), effective SHG coefficients
(3.5 + 0.187 X d;5(KDP), and 4.23 + 0.56 X d;5 (KDP) were
measured by two different methods), laser damage threshold
(2 GW/cm? under 1064 nm, 150 mJ, 7.5 ns) were obtained,
demonstrating that f-BaB,0, is an excellent crystal for NLO
applications.

For this purpose, large size and optically perfect $-BaB,O,
crystals are in great demand and thus many techniques have
been proposed over the past 35 years. Several techniques have
been used in order to optimize the crystal growth process of f-
BaB,0, crystal, including Czochralski, top-seeded solution,
laser-heated pedestal, optical floating zone, traveling solvent-
zone meltin%, and immersion-seeded solution crystal growth
technique.”” % Among them, the top-seeded solution
growth method is more appropriate, in particular, for the
growth of large size f-BaB,0, crystals without inclusions. Most
of above method should involve suitable flux system, and thus
there are a number of fluxes that have been applied with
different advantages for the growth of #-BaB,O, crystals up to
now.””* 7% For example, monocomponential B,0;, Li,O,
Na,O, NaF, and BaF, as well as dicomponential Na,O-NaF
and Na,0-B,0; are the most common fluxes used for growing
p-BaB,0, crystals. The growth process in boron-enriched
systems, for example, self-flux B,O;, is hindered by the high
viscosity of the solution. This results in the constitutional
undercooling and related cellular growth, preventing the
formation of large high-quality crystals. By contrast, the flux
with fluoride can decrease viscosity of the solution and become
one of the most suitable options. For example, a large f-
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BaB,0, crystal with the dimensions up to @ 100 mm X 40 mm
has been grown by high-temperature solution top-seeded
method with the NaF flux by Wang et al. in 2003.°* The as-
grown crystal is free of inclusions and has a high transmissivity
from 190 to 2800 nm, indicating its high optical quality.
Poeppelmeier et al. demonstrated that the thermal decom-
position of the incongruently melting phase LiBa,B;O, can be
used to grow f#-BaB,0, crystals with different scales in 2007.%
By 2019, Simonova et al. reported the growth of f-BaB,O,
crystal by using the solvent of LiF and Li,O with low volatility,
providing an optional method for growing p-BaB,O, bulk
single crystals.””

With respect to the application of -BaB,O, crystal in laser
system, Cheng et al. reported the OPO technology of p-
BaB,0, crystal first in the visible and near infrared spectral
region in 1988.°° The stable oscillation tuning from 0.45 to
1.68 pim has been achieved with a 354.7 nm pumped f-BaB,O,
OPO, and the maximum total energy conversion efficiency
reached 9.5%.°° Later on, Cheng et al. also demonstrated that
a new two-crystal, walk-off compensated device can signifi-
cantly improve the conversion efficiency of -BaB,0, OPO.””’
The oscillator is pumped at 354.7 nm, and the stable
oscillation tuning from 0.42 to 2.3 um has been achieved
with the overall conversion efficiencies as high as 32%. It
should be noted that this approach can be used for any other
critically phase matching frequency conversion process, leading
to the lar%e improvements on corresponding conversion
efficiency.’”” In the same year of 1989, Imai et al. reported
the first cascading THG by light from an alexandrite laser using
p-BaB,0O, crystals.’®® The UV light generation in the
wavelength region of 244—259 nm has been achieved with
the maximum efficiency of 24% by using type I mixing. In
1998, long-term operation of more than 1000 h of a 266 nm
all-solid-state laser at 100 mW continuous wave output has
been achieved in $-BaB,O, crystals by Kondo et al.>*” The p-
BaB,0, crystals are used to double the 532 nm light which was
produced by an intracavity frequency-doubled of Nd:YVO,
laser (Figure 20c). Even higher 14.8 W UV laser of 266 nm
was obtained at the pulse repetition rate of 100 kHz with the
conversion efficiency of 18.3% from green to UV light by Liu et
al. (Figure 20d).”"” The highest peak power of 21 kW has also
be(i?oachieved at 80 kHz with the average output power of 14.5
W

Moreover, f-BaB,0, crystals can also be used to generate
shorter light through sum frequency generation. For example,
in 1999, the tunable pulse generation from 192 to 197 nm at 7
kHz repetition-rate inside the -BaB,0, crystals employing all-
solid-state lasers was demonstrated first by Masuda et al., even
though it was very close to the absorption edge (189 nm) of -
BaB,0, crystals.”'' The average power generation at 196 and
193.3 nm are 31 and 10 mW, respectively. In 2001, also by
Masuda et al. they demonstrated an all-solid-state, continuous
wave laser operating at less than 200 nm by SFG of a
frequency-quadrupled Nd:YAG laser at 266 nm with a
Ti:sapphire laser at 745 nm. The generated power in the -
BaB,0, crystal is about 3 mW with the bandwidth of 0.84 pm
at about 195 nm, which is the highest power of continuous
wave light below 200 nm.*'* In 2018, Nikolaev et al. studied
the optical properties of f-BaB,O, crystals in the terahertz
range.‘?’13 It was found that at long wavelengths, f-BaB,O,
crystals possess low optical absorption coefficient, and it is
phase matchable for downconversion of near infrared lasers
into this range. Thus, accounting other well-known attractive
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physical properties of f-BaB,O, crystal, wide application in
terahertz technique can be forecasted.”” Very recently, Dai et
al. established a narrow line width OPO with a 452 nm signal
radiation output, and pumped by a 355 nm single frequency
Nd:YAG laser.”'* The OPO is built up by two $-BaB,O,
crystals with arrangement in a linear cavity configuration. The
maximum output pulse energy realized for the 452 nm signal is
11 mJ with the pump energy of 45 mJ. Unfortunately, /-
BaB,0, crystal suffers from the large walk-off angles that limit
the nonlinear interaction length.

3.2.2.2. a-5rB,0,, p-SrB,0,, and (-CaB,O;. The structure
of a-SrB,O, was determined first to belong to the space group
of Pmn2, (no. 31) in 1964 by Krogh-Moe.200 Its structure is
exclusively constructed by the [BO,] tetrahedra that are
strongly interconnected via sharing corners to form a 3D
3[B,0,],, framework that hosts the Sr cations within the
channels. The needle-shaped a-SrB,O, single crystals were
grown from the stoichiometric melts with Czochralski and
Kyropolus method. Since then, a-SrB,O, crystals have been
attracting much attention as an NLO crystal with the following
benefits: a transparency down to 120 nm, the highest damage
threshold, and no hygroscopicity.”'**'® The decrease of the
SHG intensity with the increasing of the particle size confirms
the absence of phase matching for SHG under 1064 nm laser
with a-SrB,O; crystals, which is due to its small birefringence
of 0.0021@1064 nm.’'>*'® Although it is non-phase
matchable, Petrov et al. demonstrated a practical application
of a-SrB,O, crystals for diagnostics of femtosecond UV pulses
by non-phase matching SHG within the coherence length. In
this process, femtosecond pulses can be converted to
wavelengths as low as 125 nm, which is very close to the
transparency limit of a-SrB,O, crystals.”’” By 2016, also by
Petrov et al, the tunable coherent radiation is successfully
generated in the vacuum UV down to 121 nm using random
quasi-phase matching method in a-SrB,O- crystals, which is
the shortest wavelength ever produced with a second-order
NLO process in a solid-state material.’'® Meanwhile, they
obtained unexpectedly four orders of magnitude enhancement
compared with the non-phase matching case. The obtained
SHG conversion efficiency of 107° starting with an amplified
femtosecond Ti:sapphire laser system result in single pulse
energies on the nJ level at 133 nm (sixth harmonic).”"*

By 2010, a new noncentrosymmetric polymorph of
strontium tetraborate 3-SrB,O, with the space group of P3
(no. 143) was determined first by Vasiliev et al.’"” Within the
structure, pairs of [BO;] triangles and [BO,] tetrahedra are
linked via common corners to form chains that are further
constructed to form a 3D framework with the channels
running along the ¢ axis, and the Sr** ions reside in the
channels and exhibit strongly distorted polyhedra. Owing to
the introduction of [BO;] triangles in its structure, the
birefringence is enhanced to 0.030 compared with ortho-
rhombic a-SrB,0, (0.0021@1064) in Pmn2, (no. 31),**°
which might result in different phase matching behavior, but
there is no further work reported on its NLO properties to
date. In the case of #-CaB,0,, it was obtained first under high-
pressure and high-temperature conditions by Huppertz et al. in
2014."”° f-CaB,0, is isomorphic to a-SrB,O, with Pmn2; (no.
31) and shows similar framework that is solely built up by
[BO,] units. To date, the related NLO properties have not
been reported.

3.2.2.3. CaB,0, CayB,0s) and CaMg(B,Os). The high
pressure phase CaB,0, was obtained first by Marezio et al. in
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1965 under the conditions of 20 kbar and 900 °C.**' CaB,0,
crystal belongs to Pna2,; (no. 33) and exhibits a 3D *[B40,, ]
framework that is composed of [B¢O,,] FBBs. The
orthorhombic phases of Ca(B,O;) and CaMg(B,O;) are
shown to crystallize in the noncentrosymmetric space group of
P2,2,2, (no. 19) and Pca2, (no. 29), respectively, which show
0D framework of isolated [B,O;] FBBs that are separated by
M-site anions.”””*** As of yet, SHG properties of the above
three borates have not been reported, and thus it remains to be
seen whether they have the potential in NLO applications.

3.2.2.4. BaBgO;3, Bas(BO;),(B,0s) and Sr,B;,0,s. Although
BaBgO,; belongs to the noncentrosymmetric space group of
P4,22 (no. 91),”" the SHG coefficients of BaB3O,; with low
dispersion are zero under the restriction of Kleinman
symmetry. This implies that the BaBgO,; crystals are unable
to be used as an NLO material. Another barium borate
Bay(BO,),(B,05) was reported by Furmanova et al. in
2006,>** which contains two different isolated [BO,] and
[B,O;] units with the symmetry of P2,2,2; (no. 19). At
present, NLO properties information about Bas(BO;),(B,0;)
is still unknown. Later on, a new noncentrosymmetric member
of SrO-B,0O; system, Sr,B;,O,;, has been synthesized by
Kudrjavtcev et al. in 2003.7% 1t belongs to Cmc2, (no. 36) and
possesses a 3D framework consisting of three-membered
[B;Og] rings. The Sr,B;,O,; crystals with sizes up to 20—25
mm in diameter and 10 mm in length were obtained by top-
seeded solution growth method. The UV absorption edge of
Sr,B,,0,; was determined to be less than 190 nm.*** But,
Sr,B 40,5 is metastable and decomposes, on long-term storage,
into strontium di- and metaborate, thus the further optical
characterizations are still untaken.

3.2.2.5. Sr,Be,B,0; Sr,Be,B,0, was considered first as a
potential deep-UV NLO material by Chen et al. in 1995.°
Sr,Be,B,0, crystal belongs to the space group of P62c (no.
190) and features NLO-favorable *[Be,B,0,],, double-layers
(Figures 21ab), in which the isolated NLO-active [BO;]

Modules representation

[BO;]  [BeO,] [sr]

Figure 21. (a) Crystal structure of Sr,Be,B,0; (b) Modular
description of the arrangement of [BO;] and [BeO,] modules in
Sr,Be,B,0;. (c) Optimally aligned arrangement of [BO;] NLO active
units in Sr,Be,B,0,. (d) Representation of [BO;], [BeO,], and [Sr]
modules. Parts a and ¢ were drawn by using the crystallographic
information file of Sr,Be,B,0, (ICSD: 79025) in ICSD.

triangles aligned optimally (Figure 21c), and the [BeO,] units
eliminate the dangling bonds of [BO;] units and also provide
stronger interlayer interactions. The SHG response of
Sr,Be,B,0; is observed to be 3.8 X KDP under 1064 nm
laser radiation. The Sr,Be,B,0, crystals are transparent down
to 155 nm with the suitable birefringence (cal. 0.062@589
nm), which might allow Sr,Be,B,0; crystals to produce the
coherent light below 200 nm by the direct SHG process.
Although the optically perfect Sr,Be,B,0- crystals can be easily
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grown to 3 mm in the thickness, the cohesion forces between
the 2[Be,B,0,], layers cannot be eliminated or weakened,**®
which make the structure of Sr,Be,B,0, crystal unstable and
extremely limit its further applications.
3.3. Mixed Alkali Metal and Alkaline-earth Metal Borates
3.3.1. AMBO; and AM,(BO3); (A = Na, K, Rb, Cs; M =
Mg, Ca, Sr). The 0D structures of both series are composed of
isolated [BO;] triangles that are further separated by A- and
M-site cations (Figures 22ab). The noncentrosymmetric

Wea
(3 ?\9;,0@5

AM,(BO;);

(a)

AMBO,

Figure 22. (a,b) The crystal structures of AMBO; and AM,(BO;); (A
= Na, K, Rb, Cs; M = Mg, Ca, Sr) series. Parts a and b were drawn by
using the crystallographic information file of KMgBO; (ICSD:
174336) and KCa,(BO;); (ICSD: 171422) in ICSD.

mixed metal borates in the above two series include cubic
KMgBO;,””” RbMgBO,,*** CsCaBO;,**” and RbCaBO;™* as
well as orthorhombic KCa,(BO;);, KSr,(BO;);, and Na-
Ca,(BO;);. """ The crystallized space groups for the two series
are determined to be P2;3 (no. 198) and Ama2 (no. 40),
respectively. The birefringence of crystals crystallizing in P2,3
is zero because of their isotropic nature, which also makes
them non-phase matchable. Thus, AMBO; (A=K, R, Cs; M =
Mg, Ca) series in this class is incapable of being used as NLO
materials, even though they are transparent down to the UV
spectral region. By contrast, the crystals in AM,(BO;); (A=K,
Na; M = Ca, Sr) series are reported to be phase matchable,
with the SHG responses rangl ng from 1/3 to 2/3 X KDP
under 1064 nm laser radiation.”” It should be noted that the
[BO;] triangles in these phases are distributed in a parallel
manner along six different lattice planes (Figure 22b), thus
most of the anisotropic polarizations are cancelled, which is
consistent with the observed SHG coeflicients. However, large
crystals of this series have not been grown, thus the SHG
coefficients, birefringence, and related optical data have not
been reported.

3.3.2. NaBeB;Og, f-KBe,B30;, y-KBe,B;0;, RbBe,B;0;,
Na,Be,B,0,;, Na,CsBesB;0,5, and LiNa;Be;,B;,03;.
Motivated by the positive effects of [BeO,] tetrahedra with
strong relatively strong covalence on eliminating the non-

bonding states of O atoms in B—O units and shifting the
absorption edges to deeper regions, a series of beryllium
borates have been obtained as new types of NLO materials
(Table 4). Among them, NaBeB;Og (Pna2;, no. 33)," p-
KBe,B,0, (Pmn2,, no. 31),"" y-KBe,B;0, (P2, no. 4),*
RbBe,B,0, (Pmn2,, no. 31),%” and Na,CsBesB;O,s (C2, no.
5)**" were continuously discovered by Ye et al. in 2010 and
2011, respectively, whereas Na,Be,B,0;; (P1, no. 1)'** and
LiNagBe,,B,,0;; (P, no. 7)"** were obtained by Chen et al. in
2013. They exhibit low dimensional (0D and 1D) B-O
anionic frameworks that are solely composed of [BO;]
triangles in different arrangement. The linear [B;O,] FBBs
built up by three [BO;] triangles in NaBeB;O4 further
condense into 1D infinite '[B;Og4l,, chains. Whereas in
isostructural f-KBe,B;O0, and RbBe,B;0,, in addition to
'[B3O¢] o chains, they also have isolated 0D [BO;] triangles,
which make them the first and sole borate that achieves the
coexistence of 0D and 1D B—O units in one structure. In
contrast, the residual five beryllium borates in this class only
contain 0D isolated units, such as Na,CsBesBsO,s with [BO;]
triangles, Na,Be,B,O,, and LiNasBe ,B ,0;; with [BO;] and
[B,Os] units, as well as y-KBe,B;0, with [BO;] and [B;Oq]
units. All of them only exhibit z-conjugated [BO;] or [B;Oq]
units with the coplanar configuration, which make them exhibit
strong anisotropy resulting from their differentiated polar-
izabilities in different directions. Therefore, benefiting from the
NLO favorable configuration, they exhibit considerable NLO
effects.

SHG measurements at 1064 nm on the powder samples
indicate that NaBeB;O4, f-KBe,B;0, y-KBe,B;0-,
RbBe,B;0,, Na,Be,B,0,;, Na,CsBecB;O,;, and Li-
NasBe|;,B|,0;; are all phase matching crystals, with the
observed SHG coeflicients of approximately 1.60, 0.75, 0.68,
0.79, 1.3, 1.17, and 1.4 times as large as that of KDP,
respectively (see Table 4).*”'*»>*! The difference among them
is due to the density of NLO active [BO;] groups and their
alignment. For example, the enhanced NLO effects have been
achieved in Na,Be,B,O;; and LiNagBe ,B;,0;; through
cationic structural design, in which the flexible [B,O;] groups
are used as connections to construct the compact crystal
structure. The absorption edges for all seven beryllium borates
are reported to be below 200 nm; more accurate values await
large single crystals.””'***" Only both Na,Be,B,0,, and
LiNasBe,B,,03; have been grown to sizeable crystals. On the
basis of transmittance spectra measurements, the UV short-
wavelength absorption edges of Na,BeB,0;; and Li-
NagBe,B,0;; are reported to be 171 and 169 nm,
respectively.'** They also exhibit high transmittance (>70%)
in the measured region of 190—380 nm. More tests for SHG

Table 4. Structural Information and Optical Properties of NaBeB;O, -KBe,B;0,, 7-KBe,B;0, RbBe,B;0,, Na,Be,B,0,;,

Na,CsBe¢B;0,;, and LiNajBe,,B,,0;;

formula space group anionic framework SHG response cutoff edge
NaBeB;Og4 Pna2, 1D '[B;0¢]e 1.60XKDP <200 nm
f-KBe,B;0, Pmn2, 0D [BO,] + 1D '[B;04]e 0.7SXKDP <200 nm
7-KBe,B;0, P2, 0D [BO,] + 0D [B,04) 0.68XKDP <200 nm
RbBe,B,0, Pmn2, 0D [BO,] + 1D [BsO¢l 0.79XKDP <200 nm
Na,CsBe¢B;O c2 D [BO 1.3XKDP <200 nm
Na,Be,B,0,, Pl D [BO,] + 0D [B,Os] 1.17XKDP 171 nm
LiNasBe;,B,,03; Pc 0D [BO,] + 0D [B,0s] 1.4xXKDP 169 nm

“All the data were collected from refs 87,144,331.

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig22&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00796?ref=pdf

Chemical Reviews

pubs.acs.org/CR

(a)

-
o
o

—

~1

=<
o

d) Intensity at 532 nm (GW.cm?)
g; 0 1 2 3 4 5 6
512_ N 120%
] L 100 3
510 — 1209 )
L 8 L 80 o
& -
® 6. L 60 &
g o
o, L 40 3
! 3
> 2 r20 &
< =
o <
oo T T T T 0
0 200 400 600 800 1000

o
=

Energy at 532 nm (uJ)

o

6
40 |
2

I
0 1

Transmittance (%)

o L/

120 160 200 240 280 320 360
Wavelength (nm)

(g) - -

Figure 23. (a) Crystal structure of REM,0(BO;); (RE = rare-earth metal; M = Ca, Cd) series. (b,c) Photographs of large aperture YCa,O(BOj;),
crystal elements with the size of 80 X 60 X 50 mm® and 102 X 100 X 18 mm®. Reproduced with permission from ref 344. Copyright 2020 Elsevier.
(d) Conversion efficiency from 532 to 266 nm (red line) and output energy at 266 nm versus input energy and intensity at 532 nm (black line).
The FHG at 266 nm was achieved by using a type I YAL;(BO;), crystal from a Q-switched microchip laser Nd:YAG/Cr*:YAG frequency doubled
with a LiB;O; crystal. Reproduced with permission from ref 35S. Copyright 2014 The Optical Society (e) Crystal structure of RET;(BO;), series
(RE = rare-earth metal; T = Al, Ga). (f) Transmittance spectra of YAl;(BO;), crystal that is grown in both non-oxygen atmosphere (red line) and
open air (black line). Reproduced with permission from ref 353. Copyright 2012 Elsevier. (g) Photographs of two UV beams at 266 nm in
YAL;(BO,), crystal with two different positions. Reproduced with permission from ref 355. Copyright 2014 The Optical Society. Parts a and e were
drawn by using the crystallographic information file of Ca,SmO(BO;); (ICSD: 66369) and YAl;(BO;), (ICSD: 20223) in ICSD.

coefficients and birefringence data have not been reported for
these beryllium borate crystals.

3.3.3. AMBy,O,5; (A = Li, Na; M Ba, Sr) and
K,BaB;50,6. Three isostructural polyborates LiBaByOj,
NaBaByO;;, and LiSrByO,s exist in two different phases,
namely noncentrosymmetric R3¢ (no. 161) and centrosym-
metric R3¢ (no. 167). The noncentrosymmetric phases are
discussed here as they might exhibit NLO effects.''” The
structures consist of 3D *[ByO5], frameworks that are formed
by the juxtaposition of three-member [B;O,] units. Every
[B;O,] ring is further condensed around the three-fold
through sharing the vertex of one [BO,] tetrahedron from
the first [B;0,] ring and one [BO;] triangle from the second
[B;0,] ring, and the 3D frameworks form with the channels
running along the ¢ axis that are occupied by A- and M-site
anions. The NaBaByO,; crystals with dimensions up to ® 17
mm X 50 mm have been grown through Czochralski pulling
method by Xu et al. in 2009.>*> The as-grown crystals are
chemically stable and are not hygroscopic. The UV absorption
edge for NaBaByO,5 crystals occurs slightly below 185 nm.
The birefringence is only 0.02@589 nm, which can only satisfy
the type I phase matching conditions under or near the 1064
nm and the shortest SHG type I wavelength is determined to
be 406 nm. NaBaByO 5 possesses a very weak effective NLO
coefficient, smaller than 0.25 pm/V, which makes it not
competitive compared to other borate-based NLO materi-
als.>** Similarly, LiBaByO,s and LiSrByO,s crystals show
similar performance compared with their isostructural
NaBaByO;;. Another polyborate K,BaB 0,4 is obtained by
Pan et al. in 2017 with noncentrosymmetric space group of
€222, (no. 20).'" It shows a 3D 3[B3O,3]., framework with
three different types of channels, in which two of them are
filled with the Ba—O and K—O based polyhedra. K,BaB ;0,4
possesses a short deep-UV absorption edge blow 190 nm, but
the opposite orientations of NLO-active units in K,BaB;40,4
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seriously weaken the SHG intensities to only 1/5 X KDP,
which is quite low for NLO application.'”

3.3.4. CsBaB;O4. The structure of CsBaB;O4 was
determined first by Wu et al. in 2007.>>* CsBaB,Oy exhibits
the similar structure to BaB,O, series but crystallizes in
different space group of P321 (no. 150), in which the isolated
[B;O¢] units are perpendicular to the three-fold axis and tilting
in the ab plane. The Cs and Ba atoms alternately locate
between the [B;O4] pseudo-sheets and form layers constructed
by Cs- and Ba-based polyhedra. The UV short-wavelength
absorption edge of CsBaB;Og is reported to be 190 nm, which
is quite close to that of the BaB,O, series with similar
configurations. However, the SHG efficiencies are much lower
than those of $-BaB,0O, crystal, and no second-harmonic signal
was detected during the SHG test.”*® This can be explained by
the following structural aspects: the [B;O] units in two
neighboring pseudo-layers are almost in opposite arrange-
ments, which completely offsets the NLO effects in CsBaB;O.

3.3.5. LisSr(BOs),. The Li,Sr(BOj;), crystal was obtained
first by Luo et al. in 2014 with the low symmetry of Cc (no. 9;
not included in ICSD).*** The OD anionic framework of
Li,Sr(BOs;), is composed of isolated [BO;] triangles that are
further separated by Li and Sr cations. Li,Sr(BO;), crystals
without layering tendency were initially grown by the top-
seeded solution growth method from the self-flux system. A
deep-UV absorption edge of 186 nm has been measured based
on Li,Sr(BO;), powders. Owing to the optically aligned of the
NLO-active anionic groups in the structure of Li,Sr(BO;),, the
SHG efficiencies of Li,Sr(BO;), powders are detected to be
~2.0 X KDP and 1/3 X f-BaB,0, under incident laser at 1064
and 532 nm, respectively.”’* The derived birefringence is
0.056@532 nm for Li,Sr(BO;),, and it is sufficient for the
phase matching in the SHG process of 1064 and 532 incident
laser, which is in good agreement with the SHG measure-
ments.”>* Attributable to the lack of large single crystals, the
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SHG coefficients, laser damage threshold, and experimental
birefringence have not yet been reported.

3.4. Rare-earth Metal Borates

In rare-earth metal borates, the structural characteristics of B—
O and RE—O groups determine their UV transparency, high
polarizability, and capability of resisting against radiation-
induced damage, which implies that many rare-earth metal
borates are attractive candidates for laser hosts and NLO
materials with enhanced nonlinearities activated by the
distorted RE-based polyhedra. Thus, many studies have been
focused on the searching of NLO candidates in rare-earth
metal—borate system. Therefore, rare-earth metal borates,
closely approach 100 cases, with the general formulas of
RECa,0(BO;);, Na;RE;O;(BO;);, RE(BO;), RE;BWO,,
RET;(BO;), RE,M;(BO;), NajRE,(BO;); A3RE,(BO;);,
REM;(BO;);, and A;MRE,(B;0,);, etc., have been discov-
ered, in which RE is a trivalent rare-earth metal, A is
monovalent alkali metal, M is divalent alkaline-earth metal, and
T is trivalent metal (Tables S1—S4 in the SI), but only the
crystal chemistry or fluorescence properties of above
substantial rare-earth metal borates are concerned rather
than their NLO properties. Herein, in this section, we will
discuss several representative candidates for NLO applications.

3.4.1. RECa,O(BO;); (RE = Rare-earth Metal). Rare-
earth calcium oxyborate family with the general formula of
RECa,O(BO;); (RE = Rare-earth metal) is one of the
commonly used rare-earth metal borates for NLO and laser
applications. The first member of this family with the chemical
composition of SmCa,O(BO;); was obtained and structurally
determined by Khamaganova et al. in 1991.>*° The subsequent
studies on this family prompt the discovery of other
RECa,O(BO;); members with RE = Y, La, Gd, Nd and Lu,
etc.”>*3%%7 Structurally, RECa,O(BOs;); crystals belong to the
monoclinic Cm (no. 8) with 0D anionic framework of isolated
[BO,] triangles (Figure 23a). They contain two sets of isolated
[BO;] units, which are roughly parallel to ab plane for one
[BO;] triangle and are skewed by approximately 30° for the
other one. All of the [BO;] units will almost fully add their
contributions to the total NLO properties of this family. The
RE- and Ca-based octahedra locate in the mirror plane. By
replacing the Ca with Cd atoms with polar displacement, three
new cadmium rare earth oxyborates, Cd,REO(BO;); (Re = Y,
Gd, Lu; not included in ICSD), have been synthesized by Ye et
al. in 2012.>** They exhibit the similar 0D anionic framework
of [BO;] units with above RECa,O(BO;); series. The SHG
measurements indicate that the phase matching SHG
responses are approximately 5.2, 5.0, and 5.3 X KDP at 1064
nm for Y-, Gd-, and Lu-phases, respectively. They have wide
transparent regions ranging from UV to near IR with the
absorption edges of 328, 326, and 335 nm, respectively.”*® The
RECa,O(BO;); series are attractive NLO candidates for
frequency conversion as they possess large NLO coefficients,
high laser damage threshold, moderate birefringence, and
favorable growth habit.

Now in this section, we choose the most commonly studied
YCa,0(BO;); and GdCa,O(BO;); as representatives to
discuss the potential NLO applications of this family. The
YCa,O(BO;); and GdCa,O(BO;); crystals melt congruently
with the melting points of 1510 and 1480 °C, respectively,
which were conventionally grown by Czochralski and Bridg-
man methods.*>**7****** YCa,O(BO,); is a biaxial mono-
clinic crystal with the measured birefringence of 0.041 at 1064
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nm, which is larger than that of its isostructural GdCa,O-
(BO3); (0.033@1064 nm). Owing to the enhanced
birefringence, it follows that the shorter fundamental wave-
length limit for type I SHG along the Y axis is 720 nm for
YCa,O(BO;); and 840 nm for GdCa,O(BO;);, respectively.*”
The deep-UV transmittance spectra for both crystals indicate
that the absorption edges are all near 200 nm, which facilitate
their applications in the UV spectral range.””**”****** Because
RECa,0(BO;); (RE = Y, Gd) crystals belong to the low
symmetric system of Cm, which exhibit six independent NLO
coeflicients, and two independent quadrants are needed to
determine the completely distribution of the effective
coefficients (d.z). Thus, several sets of (6, ¢) angles in
RECa,0(BO;); (RE =Y, Gd) crystals have been proposed by
Shao et al. under the laser emission of 1064 nm. Id.4(6, ¢)!
with varied orientations change from 0.42—1.73 pm/V for
YCa,0(BO;); and 0.44-1.68 pm/V for GdCa,O(BO;)s,
respectively.”*" It is obvious that the maximum d.4(6, @) is
not in the principal plane or the first quadrant, but in the
second quadrant. The maximum ld.(6, ¢)| are measured to be
1.73 and 1.68 pm/V with (6, ¢) = (67, 143.5°) and (66.8,
132.6°) for YCa,O(BO;); and GdCa,O(BO;); crystals,
respectively. On the basis of these, the SHG efliciencies
reach 41.5 and 48% for S mm long YCa,O(BO;); (113.2,
47.4°) and 6 mm long GdCa,O(BO;); crystals (113, 36.5°),
respectively.”*’

The continuous wave SHG output power of 2.35 W was
generated in the phase matching direction of (6, ¢) = (64.5,
35.5°) with the conversion efficiency of 18.1% in YCa,O-
(BO;); crystals by Liu et al. in 2000.°*" In the case of
GdCa,O(BO;); crystals, similar laser system gave the
GdCa,O(BO;); crystals the continuous wave SHG output
power of 2.81 W with the conversion efficiency of 18.7%.**
The high output SFD power of 245 mW at 530 nm was
achieved in Nd;:YCa,O(BO;); by Hammons et al. in 2000.**
The power scaling is achieved by diode pumping using a novel
technology of combining the output of up to four high-
brightness laser diodes. Very recently, YCa,O(BO;); crystals
were grown by the Bridgman method to 102 X 100 X 18 mm?,
which is the largest grown aperture up to now (Figures
23b,c).*** By using it, the highest SHG conversion efficiency of
73% was obtained from the fundamental source with 2 Hz
repetition rate and S0 ps pulse duration at 1053 nm in a 10
mm long crystal.>**

3.4.2. RET;(BOs), (RE = Rare-earth Metal; T = Trivalent
Metal). The first series of RET,;(BO;), family were
synthesized by Ballman in 1962, which were classified as
the part of huntite family with space group of R32 (no. 155).
The subsequent studies on this family prompt the discovery of
other new members with varied noncentrosymmetric struc-
tures of C2 (no. 5), Cc (no. 9), and P3,21 (no. 154).7%73%
Studies have shown that rare earth borates with huntite type
structure, including their derivatives, are very attractive for
NLO applications due to their favorable physicochemical
properties, for example, good stability, high transparency, high
thermal coeflicient, and in particular very high NLO
coefficients. Among them, YAL;(BO;), crystal with hexagonal
R32 polytype appears to be an excellent NLO material, and we
will discuss it in this class. The YAL;(BO;), crystal was
discovered first by Ballman in 1962, and it exhibits 0D anionic
framework of isolated [BO;] triangles with the Y and Al ions
occupying the local D; point symmetry and octahedral sites,
respectively (Figure 23e).>*® The YAL(BO,), crystal melts
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incongruently at 1280 °C, and it can be only grown from flux
solutions. Up to now, several flux systems, like K,Mo0;0,-
B,0,—KF, Na,B,0,, Li,B,0,—B,0;, PbO-B,0;, and Li,CO;—
B,O; have been used to grow the large size YAL(BO,),
crystals.”** 733 On the basis of the as-grown optically
perfect crystals, YAL;(BO,), is proved to be an excellent NLO
crystal with extremely short absorption edges from 160 to 170
nm depending on the quality of as-grown crystals, a highly
effective coefficient of dgg = 0.69 pm/V, a suitable large
birefringence (0.0684@1064 nm) to ensure the generation of
532 and 266 nm harmonic light within 1064 nm laser, a small
walk-off angle of 1.9° and a high laser damage threshold. The
FHG of a frequency doubled Nd:YAG laser, from 532 to 266
nm, was carried out with YAL;(BO;), crystals doubler for the
first time by Hu et al. in 2010.”>* The average output power of
2.4 mW was obtained at 266 nm with the conversion efficiency
of 15.6%. Later on, the average power of 266 nm UV laser is
increased to 5.05 W at 65 kHz pulse repetition frequency by
Liu et al.*** by using the type I phase matching YAL;(BO;),
crystal, the conversion efficiency from 532 to 266 nm is
reported to be about 12.3%. In 2014, the 240 kW peak power
at 266 nm with a mean conversion efficiency of 12.2% from
532 to 266 nm has been obtained by using a 2.94 mm thick
type I phase matching YAL;(BO;), crystal by Loiseau et al.
(Figures 23d,g).>>> But, the YAl;(BO;), crystals grown in the
open system tend to have serious absorption in the UV region
of 200—300 nm, which seriously reduces the conversion
efficiency. Thus, non-oxygen atmosphere is used to grow
YAL;(BO;), crystals without UV absorption by Liu et al.
(Figure 23f),>>® which indeed has removed the abnormal
absorption in UV region.

3.4.3. La,CaB,;0,5. A new lanthanum calcium borate
La,CaB,,O, was discovered to crystallize in the monoclinic
space group of C2 (no. 5) by Wu et al. in 2001.%° The [B;O,]
double rings in La,CaB,jO;9 condense to form the 2D
*[B1y010)c double-layers by sharing five of the six terminal
oxygens in [B;O;,] units. The Ca-based polyhedra are
sequestered within the polyborate matrix, and the La-based
polyhedra bridge the neighboring *[B;,0,9]s layers.
La,CaB,jO,y crystal exhibits an optical SHG effect about
twice as large as that of KDP, and its effective coeflicient is 1.05
pm/V.356 The absorption edge for La,CaB;;,0, crystal is 170
nm, and the high laser damage threshold of >8 GW/cm? under
35 ps and 1064 nm is also observed. A suitable birefringence of
An 0.053@1064 nm shifts the type I shortest SHG
wavelengths to 288 nm.**° More importantly, extremely large
crystals, over centimeter level, have been grown by top-seeded
growth method.”” Thus, La,CaB;,0,, crystal is a promising
NLO material for high power frequency conversion. For the
first time, Wu et al. performed the THG experiments by using
types I and II La,CaB,,O,y crystals in 2011.>>* The 355 nm
UV light output of 5.0 and 3.5 mW with conversion efficiencies
of 28.3 and 21.1% was generated under a picosecond Nd:YAG
laser by types I and II La,CaB,,O, crystals.”>® By 2014, the
maximum output power of 5.3 W of 355 nm UV laser was
obtained from 1064 nm fundamental laser with optical
conversion efficiency 15.1% from 1064 to 355 nm.”’

3.4.4. Naj;La,(BO3); and Nas;LagO;(BO;)s. The
Na;La,(BO;); crystal was reported in 1983 by Mascetti et
al.”>® and was discovered to be NLO active in 2001 by Zhang
et al.*®" Na,La,(BO,); crystallizes in orthorhombic Amm?2 (no.
38) with OD anionic framework of isolated [BO5] triangles that
are separated by Na and La atoms (Figures 24a,b). Sizable
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(b)

Figure 24. (ac) Crystal structures of NasLa,(BO;); and
Na;LagO5(BO;)s. (b,d) Modular descriptions of the arrangement of
[BO;] modules in Na;La,(BO;); and Na;La,O5(BO;)s. Different
color represents varied crystallographic positions of [BO;] units,
namely [B(1)O;] and [B(2)O;] units in light-black and light-blue.
Parts a and c were drawn by using the crystallographic information file
of Na;La,(BO,); (ICSD: 151884) and Na,La,O,(BO,); (ICSD:
245228) in ICSD.

Na;La,(BO;); crystals have been grown by top-seeded
solution growth method and subjected to performance
measurements. NajLa,(BO;); crystal possesses a short UV
absorption edge at 213 nm with the effective coefficient d,g for
type I phase matching reaching 1.44 pm/V, which is even
larger than that of LiB;Oq crystal.**> Theoretical analyses
indicate that such large SHG effects mainly originate from the
synergistic effects of 7-conjugated [BO;] units and La-centered
polyhedra with large polar displacement. Owing to the
relatively small birefringence inNa;La,(BO;); (An = 0.023@
1014 nm) and its isostructural derivatives, the generation of
shorter harmonic light like 355 and 266 nm is limited.**>
Another ternary borate of sodium and rare earth metal,
Na;LayO;(BO;),, was discovered by Pechev et al. in 2002°%
and was reported to be an NLO crystal by Zhang et al. in
2005.** NayLagO,;(BO;)s belongs to the space group of
P62m(no. 189) with three types of crystallographically
independent isolated [BO;] units paralleling to the ab plane
that are interlinked by Na and La atoms (Fi§ures 24¢,d). The
absorption edge of approximately 270 nm*** was determined
for NazLagO5;(BO;)g crystal, which is thought to be
attributable to the full connectivity of [BO;] units with
terminal oxygen atoms. The Sellmeier equations fitted by the
least squares fitting method reveal that Na;La,0;(BO;)s
crystal has a large birefringence of An = 0.086@1064 nm,
which shift the shortest type I SHG phase matchin
wavelength (288 nm) to very close to its absorption edge.*
That means that the THG of Nd:YAG laser could be realized
in NayLay,05(BO,)g crystals. The sole non-zero independent
SHG coefficient, i.e., d,,, was found to be dy, = (5925 +
0.171) X dx(KDP) = (2.31 + 0.07) pm/V, which is even
larger than those of f-BaB,0O, and LiB;04.%°° With respect to
the effective NLO coefficients d g they range from 0 to 2.06
pm/V and 0 to 1.44 pm/V for types I and II SHG process,
respectively, which are related to the angles of (6, ¢). The
energy conversion efficiency of 58.3% for SHG at 532 nm was
obtained for Na;LagO;(BO;)s crystal,**® however for LiB;O;
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with at the same incident power intensity, it was only 21.5%.
Similarly, the 355 nm light was obtained by THG process with
Na;La,04(BO;); crystal for the first time by Wu ef al. in 2012.
A 355 nm UV light output of 1.9 mW was obtained
successfully under a picosecond Nd:YAG laser by using type
I Na;La,0;(BO;)s crystal, corresponding to the conversion
efficiency of 9.3%.”” More importantly, both SHG and THG
conversion efficiencies can be increased if the larger
Na;LayO05(BO;); crystals are utilized.

3.4.5. A;MRE,(B50,(); (A = Alkali Metal; M = Divalent
Metal; RE = Rare-earth Metal). A series of mixed-metal rare
earth borates with the general formula of A;MRE,(B;O,,);
were continually reported by many groups,***~*"* in which A
represents mono-alkali metal or mixed alkali metals, M site can
be alkaline-earth metal or divalent post-transition metal (like
Zn, Cd, Pb, etc.), and RE refers rare-earth metal. The number
of this family is continually increasing due to the easy
achievement of substitution and co-substitution in cognate
atoms. All of the A;MRE,(B;O,,); crystals belong to trigonal
R32 (no. 155) with the 0D isolated [BsO;,] clusters. For those
mixed alkali and alkaline-earth metal members consisting of
the RE atoms with closed-shell electronic configurations or
half-occupied 4f orbitals, i.e., Y, Sc, La, Gd, and Lu, they can be
transparent down to 190 nm.***~*"**”* Their SHG responses
range from 0.4 to 2.1 X KDP under 1064 nm, which is tuned
by different A-, M-, and RE-sites anions, but such NLO effects
are not competitive compared with those of other rare earth
NLO materials.***™*"® It should be noted that more borates
can be obtained by chemical substitution and co-substitution
strategy based on the template of A;MRE,(B;O,,);, which
provides a good model to study the effects of A-site metal
cation on structure and property. At present, large single
crystals of this family have not been grown, as such
birefringence, SHG coefficients, and laser damage threshold
have not been measured or determined experimentally.

3.5. Borates with SOJT Distorted Cations
3.5.1. Pb,0(BO3), and (Pb,0)Pb,Bs0;,. By introducing

Pb** cations with stereoactive lone pair into borates, two novel
lead oxyborates, Pb,O(BO,),”"* and (Pb,0)Pb,B40,,,"" were
discovered to be NLO active by Pan et al. in 2012 and 2016,
respectively. They crystallize in the noncentrosymmetric space
groups of Aba2 (no. 41) and P1 (no. 1) with 0D and 1D B—O
anionic frameworks, respectively. The isolated [B,Os] and
[BO;] units in Pb,O(BO;), are in a parallel arrangement in bc
plane and alternately stack along the a axis. Among them,
[BO;] triangles are optimally aligned with the same
orientations to produce large optical anisotropies. In the case
of (Pb,O)Pb,B4O,,, it features 1D parallel spiral '[B4O 4]
infinite chains that are composed of [B4O;5] FBBs. In the
highly distorted [PbO,] (n = 3-S) and [PbO,] (n = 6-9)
polyhedra in Pb,0(BO;), and (Pb,0)Pb,B,0,,, respectively,
all of the O atoms fall within the same hemisphere around Pb,
suggesting the stereoactive features of Pb*" cation in the
opposite direction. The isolated [Pb,O] tetrahedra are
observed first in (Pb,0)Pb,B40,,. The SHG efficiencies of
approximately 3.0 and 3.5 X KDP were determined for
Pb,O(BO;), and (Pb,0)Pb,BcO,, powders,"*"*”* which are
thought to be attributable to the synergistic effects of the
[PbO,] polyhedra with stereoactive feature and B—O units.
However, the 6s — 6p electronic transitions in both lead
borates give rise to an intense absorption in the UV region,
thus relatively high absorption edges of 280 and ~370 nm were
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observed in Pb,0(BO;), and (Pb,O)Pb,B0,,.'"°"*"* At
present, large single crystals of this family have not been
grown, as such birefringence, SHG coefficients, and laser
damage threshold have not been measured or determined
experimentally.

3.5.2. PbB,O; and #-SnB,0;. The structures of PbB,O,
and f-SnB,O; are all reported to be isomorphic to a-SrB,O,
with the space group of Pmn2, (no. 31),”°"*°**'* which are
solely constructed by [BO,] tetrahedra that are interconnected
to form 3D 3[B,0,],, frameworks with Pb** and Sn** cations
located within the channels. PbB,O, melts congruently with a
low melting point of 782 °C, which was conventionally grown
by top-seeded growth technique. PbB,O, crystal has a
absorption edge of 240 nm and the laser damage threshold
was found to be ~20 GW/cm? for 17 ns Nd:YAG (1064 nm)
laser radiation, but the extremely small birefringence of
0.0064@1064 nm was observed in PbB,O, crystal, which is
ultimately responsible for the absence of angle phase
matching.>"> In the case of $-SnB,O,, it was obtained first
under high-pressure and high-temperature conditions by
Huppertz et al. in 2007.2%% To date, the related NLO
properties have not been reported.

3.5.3. @-BiB;0g, 6-BiB3Og¢, and BiB;Og4 (P1). The bismuth
triborate of @-BiB;O¢ was discovered first in 1962 by Levin et
al>” from the Bi,O;—B,0; binary phase diagram. The single
crystals were grown in 1982°7° by Liebertz and its monoclinic
(€2, no.5) crystal structure was solved by Frohlich et al. in
1984 for the first time.””” By 1998, a-BiB;O, was recognized as
an excellent NLO material by Hellwig et al.*® a-BiB;O4 melts
congruently with the melting point of 826 °C, which was
conventionally grown by top-seeded growth technique.””® a-
BiB;Oy features the 2D *[B;O¢],, layers that are built up by
linear [B;Og] FBBs, in which the [BO;] triangles and [BO,]
tetrahedra are in a ratio of 1:2 (Figure 25a). These FBBs are
linked via corners to form a 2D network with six-fold
coordinated Bi atoms alternating arrangement with *[B;Og]
single-layers. a-BiB;Og4 crystals possess high transmittance
above 80% and wide transparency ranges covering the visible
and near-infrared regions with a short absorption edge of 270
nm. The laser damage threshold of a-BiB;Og crystals is

(a) (b)

Os

. Osi o O-BiB;O;
Figure 25. (a—c) Crystal structures of a-BiB;Og, BiB;O4 (P1), and &-
BiB;O;. (de) Modal profiles of fundamental and second harmonic
continuous wave light at 1064 and 532 nm from a-BiB;O4 optical
cladding waveguide. Reproduced with permission from ref 382.
Copyright 2012 Japan Society of Applied Physics. (f,g) Modal profiles
of pulsed fundamental and second-harmonic light at 1064 and 532 nm
from a-BiB;Oq optical cladding wave guide. The dashed lines indicate
the spatial location of the wave guide. Reproduced with permission
from ref 382. Copyright 2012 Japan Society of Applied Physics. Parts
a—c were drawn by using the crystallographic information file of a-
BiB,0, (ICSD: 48025), BiB,O, (P1) (ICSD: 173746), and 8-BiB,O,
(ICSD: 416822) in ICSD.
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comparable to that of high-quality LiB;Og crystal. The
exceptionally large NLO coefficient and birefringence are
measured to be d g = 3.2 pm/V for a type I SHG process and
An = 0.1605 at 1014 nm, which are higher than those of most
borate-based NLO crystals.”**””

The wide tuning range of phase matching directions
together with the monoclinic symmetry allows a broad variety
of applications, and therefore, a-BiB;O4 crystals have been
used to generate harmonic light with varied different
wavelengths. For example, the continuous wave SHG output
power of 364 mW was generated by using a-BiB;Og crystals at
the type I phase matchin§ direction of (6, ¢) = (168.9°, 90°)
by Du et al. in 2001, and the corresponding effective
intracavity SHG efficiency is as high as 32.4%. Besides, Ishii et
al. demonstrated the octave-spanning optical parametric
amplification of infrared pulses in the range from 1100 to
2200 nm by using a a-BiB;O4 crystal and 800 nm pump
pulses.”®" In 2012, the guided-wave SHG at 532 nm green light
has been achieved by Chen et al. under continuous and pulsed
wave pump at 1064 nm within the type I birefringent phase
matching configuration of a-BiB;O4 crystals with the
conversion efficiencies of 0.083 and 25%, respectively.”®
They also demonstrate the multimodal of fundamental and
second-harmonic light (Figures 25d—g). Very recently, Huang
et al. measured the refractive index and absorption coefficient
in the terahertz frequency range and predicted that a-BiB;O4
crystal can be an efficient terahertz radiation generator under
intense laser pumping.383

Two new noncentrosymmetric polymorphs of BiB;Oq,
namely, BiB;O¢ (P1, no. 1) and &-BiB3O4 (Pca2,, no. 29)
were reported by Dinnebier et al.*** and Huppertz et al.,””’
respectively. BiB;Og (P1) can be obtained by pressurizing to
6.86—11.6 GPa on the phase of a-BiB;O4 On closer
inspection of the 2D layered anionic configurations in
BiB;O4 (P1) and a-BiB;Oq, differences can be seen in the
small reorientations of the [BO;] and [BO,] units (Figures
25a,b) and in the higher coordination of Bi cations between
two phases. But, to date, the related linear and NLO properties
of BiB;O¢ (P1) have not be given, thus it remains to be seen if
BiB,Og4 (P1) can be used for NLO applications. In the case of
5-BiB; 0y, it is exclusively built up of [BO,] tetrahedra, which
share common oxygen to form layers and are further
interconnected by zigzag chains of [BO,] tetrahedra to
generate a 3D network structure (Figure 25c).209 Its single
crystals and optical properties have been grown and measured
by Aleksandrovsky et al. The transmission range (50%
transmission level) of §-BiB;O4 crystal is from 315 nm to
more than 3500 nm. The effective NLO coefficient and
birefringence are measured to be d. = 1.2 pm/V and An =
0.0756 at 1014 nm, which are smaller than those of monoclinic
phase a-BiB;04.** These results indicate that 5-BiB;O¢ crystal
is suitable for doubling the laser with a wavelength 1.32 pum,
especially as the concentrated SFD laser crystal for this
wavelength.

3.5.4. CaBi,B,0, SrBi,B,0; Bi,BgO;5, Bi,Cus;B,0,
and Bi;TeBO,. Two new borates, CaBi,B,0, and SrBi,B,0,,
were discovered first during the exploratory syntheses in the
corresponding ternary systems by Barbier et al. in 2006.°%
Although they share similar formula, they are not isostructural
and crystallize into the different space groups of Pna2, (no. 33)
and P6; (no. 173) for Ca and Sr analogues, respectively. Both
structures, however, are constructed by the stacking of pseudo-
layers that match the stoichiometry of the compound built of
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corner-sharing [BO;] triangles and [MO] trigonal prisms with
the Bi atoms located in the six-membered rings (Figures
26a,b). The measurement of the powder SHG efficiency for
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SrBi,B,0, (P6,)

CaBi,B,0, (Pna2,)

Figure 26. (a,b) The crystal structures of CaBi,B,0, and SrBi,B,0;.
All of the [BO;] units adopt opposite arrangement, therefore the
polarization of the [BO;] units were largely cancelled and thus made
small contribution for the SHG response. Parts a—c were drawn by
using the crystallographic information file of CaBi,B,0, (ICSD:
245016) and StBi,B,0, (ICSD: 245017) in ICSD.

CaBi,B,0, reveals a value of 2.0 XKDP under 1064 nm,**’
while for SrBi,B,0,, it is expected to display a moderate SHG
efficiency, but no exact results are given. The structure
difference betweent them is that all of the [BO;] units in
SrBi,B,0; adopt opposite arrangement (Figures 26a,b), which
make the polarization of [BO;] units largely cancel each other
and thus make a small contribution to the SHG response.
Therefore, the SOJT distorted Bi** cations are responsible for
the considerable SHG responses in both CaBi,B,0, and
SrBi,B,0,.

The bismuth tri-borate of Bi,BgO,s was discovered first in
1962 by Levin et al. from the Bi,O;—B,0; binary phase
diagram.””® Large crystals were grown by Becker et al. with a
top-seeded solution growth method.*®” Bi,B3O crystallizes in
the space group of P2, (no. 4) and it shows 2D *[BgO ]
layers built from [BgO,s] FBBs with the Bi atoms located
between the layers. Optical measurements of Bi,BgO,5 reveal
that the UV absorption edge is 267 nm, and the powder SHG
response is about 1.2 times that of KDP.**® The structure of
Bi,CusB,O,, was initially thought to crystallize in the
centrosymmetric space group of P1(no. 2),”*" but this was
re-determined to a new non-centrosymmetric class, P1(no. 1),
by Poeppelmeier et al.** in 2008. The SHG efficiency of
Bi,CusB,O,, crystal, using 1064 nm radiation, is only about
one half time that of KDP. Another new borate Bi;TeBOgy with
different types of second-order Jahn—Teller distorted cations,
ije., Pb*" and Te*, was reported by Lin and Li et al. in 2016.>"
Bi;TeBO, crystallizes in a polar hexagonal space group of P6;
(no. 173) and exhibits 0D anionic of isolated [BO;] triangles.
The additive contribution from [BiO4], distorted [TeOy]
octahedra, and 7-orbital planar [BO;] units results in an
extremely large powder SHG response of approximately 20
times that of KDP in Bi;TeBO,, which is the largest value and
sets a new record among borates.””"

3.5.5. ATB,O; (A = K, Rb, Cs, Tl; T = Nb, Ta), ASbB,0¢
(A =K, Rb), and K;T3;B,0,, (T = Nb, Ta). The first members
of mixed borates in ATB,04 (A = K, Rb, Cs, Tl; T = Nb, Ta)
family with A = Rb, Tl and T = Nb, Ta, were reported first by
Baucher et al. in 1975.%°> More members of this crystal family
have continuously been discovered by many laboratories. All
present OD anionic framework of isolated [B,0;] units, which
approximately reside in the bc plane and further interlinked by
adjacent octahedral chains that lie approximately along the a
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axis. Owing to the flexibility [TOg4] octahedra and [B,O;]
units, the member of family is reported to crystallize into the
different noncentrosymmetric space groups ranging from the
monoclinic Pc (no. 7) to orthorhombic Pmn2; (no. 31), and
Pna2, (no. 33).”*7°% The crystals of KNbB,O4 and
CsNbB,Og4 have been grown by top-seeded solution growth
method and subjected to performance measurement.’”****
The absorption edges of KNbB,O4 and CsNbB,Og¢ crystal
occur at 274 and 277 nm, respectively, considerably shorter
than those of LiNbO; (350 nm) and KNbO; (400 nm). Both
crystals were found to have SHG responses about five times
that of KDP under 1064 nm but differ in their phase
matchability. The SHG with KNbB,Oj crystal is not critically
phase matchable at the fundamental wavelen%th of 1064 nm,
while for CsNbB,Oy, it is phase matchable.”**** Birefringence
is key when considering the main factor influencing the phase
matching wavelength, i.e. the CsNbB,Oy crystal with a larger
birefringence (An = 0.044@632.8 nm) than KNbB,Oy crystal
(An = 0.028@632.8 nm) can result in shorter phase matching
wavelength.*”**”

The ASbB,Oq (A = K, Rb) crystals were obtained by Mao et
al. with the space group of Cc (no. 9).*>**° Their structures
feature OD configuration of isolated [B,O;] units that are
separated by 1D infinite chains of corner-sharing [SbOg]
octahedra, but these phases exhibit very weak SHG responses,
which is caused by the small distortion of [SbOg] octahedra
and opposite arrangement of [B,O;] units in ASbB,O¢ (A = K,
Rb) crystals. The structures of K;T;B,0,, (T = Nb, Ta) with
the space groups of Pmc2; (no. 26) and P62m (no. 189) are
reported to be NLO active,”” however, no exact values were
given.

3.5.6. Se,B,0,, ZngSe,(BO,),,, PbAsBO;, and
Pbg(AsO,)(B(AsO,),). A newselenite borate Se,B,0, with
the symmetry of P2,2,2; (no. 19) was obtained first by Mao et
al., and it was immediately shown to be a promising NLO
material.** The structure of Se,B,0, features a 0D anionic
network with isolated [B,O,] units that are interconnected by
Se atoms. The SHG measurements reveal that Se,B,0, powder
exhibits a moderate SHG efficiency of about 2.2 times that of
KDP under 1064 nm. Other crystals in this subsection,
including ZngSe,(BO,),,>"® PbAsBO,,**” and Pby(AsO,)B-
(AsOy), i adopt noncentrosymmetric space groups of 143m
(no. 217), P3, (no. 144), and P4 (no. 81), respectively, but the
related optical properties, including SHG coeflicients, trans-
mission spectra, and birefringence have not been reported.

3.6. Borates with d'° Transition Metals

3.6.1. BaZn,(BO;),, Ba,Zn(BOs),, and BasZn,(BO;).
Two new borates, BaZn,(BO;), and Ba,Zn(BO;),, have been
prepared by Smith et al. in 1992 and 1994, respectively.*”*""
They belong to the orthorhombic systems of P2,2,2; (no. 19)
and Pca2; (no. 29). Both form a 0D anionic framework
consisting of isolated [BO;] units that are interlinked by
[ZnO,] tetrahedra (Figures 27ab). Both experimental and
theoretical results confirm that the SHG efficient for
BaZn,(BO;), is quite small and to be only approximately
10% of that of KDP. In contrast, Ba,Zn(BO;), crystal is
theoretically predicted to be NLO active with d,, = 0.61 pm/
V.*% In 2016, Ba,Zn(BO;), crystals were grown by the top-
seeded solution growth method under the optimized
conditions by Halasyamani et al."”> The Ba,Zn(BO,), crystal
has an absorption edge of 230 nm. The powder SHG
measurements reveal the type I phase matching behavior
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Figure 27. (a—c) Crystal structures of BaZn,(BO;),, Ba,Zn(BO;),,
and Ba;Zn,(BO;)s. (d—f) The arrangement of [BO;] NLO active
units in BaZn,(BO;),, Ba,Zn(BO;),, and BasZn,(BO;)s All of the
structure diagrams were drawn by using the crystallographic
information file of BaZn,(BO;), (ICSD: 72193), Ba,Zn(BO,),
(ICSD: 75606), and BayZn,(BO;)s (ICSD: 254298) in ICSD.

under both 1064 and 532 nm laser radiations with the
efficiencies of approximately 1.5 X KDP@1064 nm and 0.58 X
B-BaB,0,@532 nm, respectively."””> A new member of mixed
zincborate Ba;Zn,(BO;)s has been obtained by Li et al.
(Figure 27c) in 2017, with the OD anionic framework of
isolated [BO;] units.*** It belongs to the acentric space group,
Pc (no. 7), and its structure is composed of the stacking of
[Zn,(BO;),0¢] layers along the ¢ axis. The smaller interlayer
spacing and stronger bond between these neighboring layers
provide Ba;Zn,(BO;), a better growth habit without a strong
tendency to layer. The absorption edge of BasZn,(BO;)s
crystal is below 223 nm and the SHG efliciency is about 2.6
X KDP at 1064 nm. Such a large SHG response is attributed to
the synergistic effects of [ZnO,] and [BO5] units.*** As shown
in Figures 27d—f, the [BO;] NLO active units in these three
compounds adopt different arrangements, and they exhibit
different SHG efliciencies ranging from 0.1 X KDP in
BaZn,(BO,),, 1.5 X KDP for Ba,Zn(BO;),, and 2.6 X KDP
in Ba;Zn,(BO;)s.

3.6.2. Cs3ZngBy0,; and CsZn,B;0,. In 2014, two new
noncentrosymmetric zincborates, Cs;ZnsByO,; and
CsZn,B;0,, were synthesized independently by Pan’s and
Luo’s groups.””***> They are the same compounds with a
different expression of formula depending on the determintion
of Z value. Their space group is orthorhombic Cmc2; (no. 36).
They present 0D B—O configurations of isolated planar [BO;]
and [B;O¢] units that are interlinked by the [ZnO,] tetrahedra
to construct the whole framework with two 1D channels
running along the a and ¢ axes. Cs;ZngByO,; is transparent
down to the UV spectral region with short absorption edges at
about 200—218 nm and is phase matchable with ]5:>owder SHG
efficiencies of 1.5—3.3 X KDP at 1064 nm.*****> Theoretical
analyses reveal that the large SHG effects in Cs;ZngByO,;
originate from the synergistic effects of co-parallel [BO,]
triangles and distorted [ZnO,] tetrahedra in the
*[Zn,BO;0,],, layers. However, the lack of large crystals
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makes it difficult for accurate evaluation of its optical
properties and applications.

3.6.3. CdZn,(BO3), and Cd;Zn;(BO3),. Two new borates,
CdZn,(BO,), and Cd;Zn,(BO;),, were initially discovered in
the ternary phase diagram by Harrison et al. in 1959 and
Whitaker et al. in 1993,"”” respectively. Both crystals were
recognized to be NLO active by Shen et al.”****” Both crystals
crystallize in the trigonal system, R3¢ (no. 161), and exhibit
isolated [BO,] units that are separated by [ZnO,] and [CdO,]
tetrahedra, in which the coplanar [BO,;] triangles are
perpendicular to the ¢ axis and tilted in the ab plane. The
[BO;] units in two neighboring pseudo-layers orient in almost
the same direction and only slightly rotate around the threefold
axis. The self-flux system is ideal for the growth of
CdZn,(BO;), and Cd;Zn,(BO;), crystals at the temperature
below their decomposition points of 834 and 750 °C.***** As
large crystals have not been grown large enough, NLO
coefficients of 1.04 and 0.96 pm/V have been evaluated from
the powder SHG test under 1064 nm laser radiation for
CdZn,(BO;), and Cd;Zn;(BO;), compounds, respec-
tively, 105409

3.6.4. a-LiCdBO; and CsCdBOs. The a-LiCdBO; crystal
was reported first in 1978 by Kazanskaya et al.”'’ and was
discovered to be NLO active in 1985 by Chen et al.*'' a-
LiCdBO, crystal crystallizes in hexagonal P6 (no. 174) with
0D anionic framework of isolated [BO,] triangles with nearly
coplanar and aligned arrangement. Powder SHG test confirms
the asymmetric structure of a-LiCdBO;, and the SHG effect is
estimated to be ~3 X KDP at 1064 nm.”"' In the case of
CsCdBO,,*"? it is isostructural to the above AMBO; (A = K,
Rb, Cs; M = Mg, Ca) series with P2,3 (no. 198) and shows
similar non-phase matching behavior owing to its isotropic
nature (An = 0).

3.6.5. Na,ZnB¢O;;, Zn,;B;0,;, and Cd,,Ge;;B30;s.
Na,ZnB4O,;, a novel hexaborate, has been synthesized and
determined structurally by Liang et al. in 2010.""° The
compound crystallizes in the monoclinic space group Cc (no.
9) with 2D ?[B40,,], layers built up from [B4O,,] FBBs. The
hexagonal [B4O,,] double-ring is formed by the polymer-
ization of two three-membered [B;0,] single rings. Although
Na,ZnBO,; is reported to have a noncentrosymmetric
structure, its NLO properties have not been reported and
still need to be further studied. Cubic ZnB4O,; is reported to
belong to the space group of [43m (no. 217).”'° Zn,B4O;
(also written as Zn,O[B40,,]) adopts a 3D *[BsO,;]e
framework with sodalite structures, in which [B,,0,s] sodalite
cage is composed of 24 [BO,] tetrahedra by sharing O(2)
atoms and the whole 3D framework can be extended by
sharing the common oxygens in [B,,0,5] cages. Similar to the
other borates in cubic system, Zn,B4O,; is predicted to be
non-phase matchable because of its isotropic nature (An = 0).
A new borogermanate, Cd;,Ge;;B3Oss, was obtained by Mao
et al. in 2011.""* It belongs to the acentric space group, P4 (no.
81), and its structure is composed of 0D [B,O,] units that are
interlinked by 1D '[Ge, O], chains to form 1D tunnels of
five-, six-, and seven-membered rings along the ¢ axis that are
occupied by the Cd** cations. But, Cd;,Ge;BsOs5 shows a
very weak SHG response (0.1 X KDP@1064 nm),""* which is
due to the antiparallel arrangements of [BO,] tetrahedra. Such
configuration makes the polarization of [BO,] units largely
cancel with each other and is unfavorable with respect to a
large macroscopic polarization.
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3.6.6. p-HgB,O; NiB,O, CdB,0, Ags;B;0, Ags;BO;,
AgB;0s, and Ag,CsB;50,,. The utilization of high-pressure
and high-temperature conditions with Walker-type multianvil
apparatuses led to the discovery of three new hi§h pressure
borates A-HgB,0,°”> NiB,0,""° and CdB,0,, 1o starting
from their corresponding stoichiometric mixtures of oxides by
Huppertz et al. All three phases are exclusively built up from
corner-sharing [BO,] tetrahedra, forming layers which are
interconnected to form final 3D networks. Among them, f-
HgB,0,”” is isostructural to the known ambient pressure
phases MB,O; (M = Sr, Pb) and the high-pressure phase f-
CaB,O; crystallizes in the space group of Pmn2, (no. 31). In
the case of NiB,O, and CdB,0, crystals, they belong to the
varied hexagonal space §roups of P6:22 (no. 179) and P6; (no.
173), respectively."'>*'° These four silver borates were
deduced to be NLO active because they all belong to the
noncentrosymmetric space group of P2,2,2, (no. 19) for
Ag;B;Oy, R32 (no. 155) for Ag;BOs;, Pna2, (no. 33) for
AgB;O;, and P2,2,2 (no. 18) for Ag,CsB;sO,, respec-
tively.""~*° Unfortunately, all of the above compounds
were only subjected to structural chemical analysis without
evaluation of NLO characteristics.

3.7. Borates with Mixed d'° Transition Metals and SOJT
Distorted Cations

3.7.1. Cd,BiO(BOs);. A new mixed metal borate, Cd,BiO-
(BOs);, has been prepared using the hi%h temperature solid-
state reaction by Cheng et al. in 2010.*" The Cd,BiO(BO;),
crystal is isostructural to the RECa,O(BO;); (RE = rare earth
metal) family with the same monoclinic space group of Cm
(no. 8). Its structure exhibits 0D anionic framework of [BO;]
units that are interconnected via corner- or edge-sharing with
distorted [BiO4] and [CdO,] (n = 6, 7) polyhedra (Figure
28a). One of the most excellent properties of Cd,BiO(BO;);
crystal is its NLO effect. An extremely large, phase matchable
SHG intensity of 6.0 X KDP is observed at 1064 nm, much
larger than in its isostructural compounds.*”’ Such a strong
SHG response can be attributed to the cooperative effects of
three different NLO chromophores, namely z-delocalized
[BO,] groups (Figure 28b), [BiO4] octahedra with second-

m-delocalized
[BO,] groups (b)
—

oAbl

AL 3 A
(c)
SOJT distorted
Bi cations
— —
(d)
]_» QP
d'° Cd cations with | “ -

polar displacement ’
—

6.0 XKDP
Qcc Qs

Osi Qo
Figure 28. Crystal structure Cd,BiO(BO;); (a) and the arrangement
of its three NLO active chromophores, 7-delocalized [BO,] units (b),
[BiO4] octahedra with SOJT distorted Bi cations (c), and [CdO,]
polyhedra with a polar displacement of d'° Cd cations (d). All of the

structure diagrams were drawn by using the crystallographic
information file of Cd,BiO(BO,), (ICSD: 248027) in ICSD.
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order Jahn—Teller (SOJT) distorted Bi cations (Figure 28c),
and [CdO,] polyhedra with a polar displacement of d'° Cd
cation (Figure 28d),*' but the related optical properties,
including SHG coeflicients, transmission spectra, and
birefringence, have not been given owing to lack of sufficient
large single crystals.

3.7.2. Bi;ZnB,0;. A new ternary bismuth borate
Bi,ZnB,0, was reported first in 1991 by Liebertz et al.***
and was considered as a potential NLO material in 2005 by
Barbier et al**> The compound crystallizes in the ortho-
thombic space group of Pba2 (no. 32) with OD anionic
framework of isolated [BO;] triangles. The structure of
Bi,ZnB,0,; can be regarded as an alternating stacking of
*[ZnB,0,], and *[Bi,Og], layers along the ¢ axis. All of the O
atoms directly bond with B atoms, except for O(2) atoms, As a
result, Bi,ZnB,O, is an oxyborate with the formula of
Bi,ZnOB,0. The [BiO4] polyhedra in Bi,ZnB,0; are indeed
significantly more asymmetric and thus lead to a reduced
cancellation of Bi—O bond polarizabilities and a large SHG
response of approximately 4.0 X KDP at 1064 nm. Bi,ZnB,0,
crystals melt congruently at 692 °C and thus have been grown
using a top seeded growth method from stoichiometric melt by
Pan et al.”**** A wide transmission range from 330 to 3000
nm is observed in Bi,ZnB,0, crystals. Bi,ZnB,0, has been
proved to be a positive biaxial optical crystal with a large
birefringence (An = 0.0906@546.1 nm) and wide SHG phase
matchable range (~490—2260 nm).*** The independent NLO
coeflicients of Bi,ZnB,0-, crystal are measured to be dj; =
(2.34 + 0.05) X dys(KDP), d;, = (7.90 + 0.16) X dy(KDP),
and di; = (2.60 + 0.06) X d;(KDP) by the Maker fringes
method at 1064 nm.*”> Unfortunately, the largest NLO
coefficient dj, is not included in the effective NLO coefficient
formula and cannot be used to improve the SHG conversion
efficiency. Theoretical analyses indicate that the contributions
of [BiOg] and [B,Os] NLO-active units are dominant in
Bi,ZnB,0, crystals for producing the large microscopic
second-order susceptibilities.**®

3.7.3. a-, f-, and y-Pb,Ba;Zn,B,403,. The first examples
of a borate with all polar polymorphs were achieved in the
Pb,Ba,Zn,B,05, family by Pan and Halasyamani et al. in
2015.**7 These three polar polymorphs, a-, f-, and y-
Pb,Ba,Zn,B,,0;;, were structurally solved to belong to the
polar space group of triclinic P1 (no. 1), monoclinic Cc (no.
9), and trigonal P3, (no. 145), respectively. All of them are
constructed by two types of 0D isolated units, [B,Os] and
[BsO13]). Their whole structures can be formed by alternating
stacking of *[Pb,B,0;],, and *[Zn,B,,0,4], layers along the ¢
axis. In *[Pb,B,0;],, layers, all the isolated [B,Os] units
possess the same orientation that are interconnected by the
[PbO,] polyhedra. In the case of *[Zn,B,,0,4]., layers, there
are two types of [B¢O,;] units with different orientations that
are further connected by [ZnO,] tetrahedra and dimeric
[Zn,04] units. The experimental and theoretical evaluations of
SHG properties reveal that three polar polymorphs exhibit
moderate SHG efficiency of about 0.6—1.1 times that of
KDP.*” The [PbO,] polyhedra were shown to give greater
contribution to SHG response than other asymmetric units.

3.8. Borates with Other Metals

3.8.1. BaAl,B,0, and SrAl,B,0;,. A new barium
aluminum borate BaAl,B,0, with trigonal space group R32
(no. 155) was initially reported by Chen et al. in 1998 and
immediately shown to be a novel NLO material.**® The crystal
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structure of BaAl,B,0, is characterized by *[Al,B,0,]
double-layers built from isolated [BO;] triangles and [AlO,]
tetrahedra with Ba cations between those layers for charge
balance. BaAl,B,0, crystals melt incongruently and thus have
been grown by the top seeded flux method. Optical
measurement on BaAl,B,O, crystals reveals a short UV
absorption edge of 180 nm. The powder SHG response is
about 1.7 times that of KDP at 1064 nm, and d;, was measured
to be 0.75 pm/V.429 The derived birefringence is 0.05 at 1064
nm for BaAl,B,0- crystal and which is sufficient for the phase
matching in the SHG process with a 1064 nm incident laser,
which is in good agreement with the powder SHG measure-
ments. The structure of SrAl,B,0, is reported to be
isostructural to that of BaAl,B,O, but no more optical
properties have been given.

3.8.2. K,Al,B,0;, -Rb,Al,B,0,, K,T,B,0; (T = Ga, Fe),
and f#-SrGaBO,. The structure of K,Al,B,0, was redeter-
mined nearly simultaneously as NLO active trigonal P321 (no.
150) rather than a hexagonal space group by both the
Chen’s* and Hu’s™’ groups independently. Similar to
BaAlLB,0,, K,ALB,0, has *[Al,B,0,],, double-layers that
are stacked along the ¢ axis, in which the [BO;] groups are in a
coplanar arrangement, extending in the ab plane with their
three terminal oxygen atoms linked with [AlO,] tetrahedra.
K,ALLB,O, crystals have been grown by the top-seeded
solution growth method with NaF as a flux. The K,AlB,0,
crystal is transparent far into the deep-UV region (180—3600
nm), which can be phase matchable for both type I SHG and
FHG at 1064 nm due to the large birefringence of An
0.070@1064 nm.”" The shortest wavelength of type I SHG is
calculated to be 232.5 nm using the derived Sellmeier
equations. The NLO coefficient and laser damage threshold
are found to be d;; = 0.45 pm/V and 15 GW/cm?* under 10 ns
pulses at 1064 nm, respectively.*’’ The UV beam at 266 nm
was obtained by FHG of 1064 nm Nd:YAG laser radiation
through a K,ALB,0O, crystal for the first time with a optical
conversion efficiency of 13%.*** Unfortunately, for a long time,
K,ALB,0; crystal is shown to exhibit abnormal UV absorption
around 230 nm, which is proved to be caused by Fe impurities
and thus reduce the conversion efficiency from 532 to 266 nm.
Faced with this, large and optically perfect K,Al,B,0O; crystals
were grown in a non-oxygen atmosphere by Chen et al. in 2011
for the first time,” which effectively eliminated the abnormal
absorption in UV spectral region. By using the as-grown
K,AlLB,O, crystal, a 280 mW average output power was
obtained through FHG with a conversion efficiency as high as
33.4%,"** which is much higher than the above values.

S-Rb,Al,B,0O, was reported to exhibit a similar structure to
its isostructural K,Al,B,O, by Halasyamani et al. in 2017.***
The $-Rb,AlB,0, polycrystalline exhibits a wide transparency
window with a short absorption below 200 nm. Powder SHG
tests of f-Rb,Al,B,O, using 1064 and 532 nm radiation
revealed stronger SHG efliciencies of approximately 2 X KDP
and 0.4 X B-BaB,0,, respectively.””* The enhancement of
SHG response in f-Rb,AL,B,0, compared with K,Al,B,0, is
interpreted as the results of two factors: (1) the more eclipsed
and planar arrangement of [BO;] NLO active units and (2)
the greater cation variance.”* To date, the SHG coefficients
and birefringence of #-Rb,Al,B,0; are still unknown, only the
theoretical values are given.

Although K,T,B,0, (T = Ga, Fe) crystals are isostructural
with K,Al,B,0,, there are still no further reports on their
crystal growth and optical properties.”*>**° The SHG response
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Table S. Structural Information and Optical Properties of a Series of Mixed Alkali Metal Borogermanates”

formula sace group anionic framework SHG response (XKDP) bandgap
Rb,GeB,O, P2, 0D [B,O,] 2.0 5.54 eV
Cs,GeB,0, 14 0D [B,O,] 2.8 6.26 €V
K,Ge;B,0,, C2 oD [BO,] weak 538 eV
Rb,Ge;B(O, Ce 0D [B,0,] 1.3 542 eV
RbGeB,0, Pna2, 0D [B;0,] 1.3 5.58 eV
CsGeB;0, Pna2, 0D [B;0,] 1.5 5.76 eV
KGe,BO, P2,2,2, oD [BO,] N/A N/A
Ca,oGesBsOs; Pba2 0D [BO,] + 0D [B,0,] weak 547 eV
Ca;,Ge,;BgO54 P4 0D [B,0,] weak N/A

“All the data were collected from refs 92,414,441—445. N/A means not given in the related reference.

of K,Fe,B,0, is reduced to only about 0.4 times that of
KDP," which is due to the opposite arrangement of [BO;]
NLO active units between the adjacent layers of K,Fe,B,0..
Besides, a new compound, S-SrGaBO,, has been obtained
through the solid phase transition from a-SrGaBO, at high
temperatures by Yang et al. in 2002.*” Owing to the lack of
suitable single crystals, the crystal structure of f-SrGaBO, was
determined using powder X-ray diffraction techniques. It has
an orthorhombic space group of P2,2,2 (no. 18) with 0D
isolated [BO;] units. The powder SHG measurement confirms
its noncentrosymmetric feature and the corresponding
efficiency is only about 0.5 X KDP at 1064 nm.

3.8.3. BaZr(BO;),, BaHf(BO;),, Als(BO;)O4 and
Ba;Ti;O4(BO;),. Two isostructural borates with 0D anionic
framework of isolated [BO;] units, BaZr(BO;), and BaHf-
(BO,),, have been prepared.”*® They crystallize in the trigonal
system of R3¢ (no. 161), and show the dolomite-like structure
doubled in the ¢ direction, which is built up by alternating
layers of [HfO4] octahedra and [BaQg4] distorted trigonal
prisms that are further linked by [BO;] triangles. Structural
analyses show that the deviations from centrosymmetric
structure are small for both crystals, which indicate the SHG
effects of them might be weak, but no exact values are given.43’8
Al(BO,;)Og crystallizes in the polar noncentrosymmetric space
group, Cmc2; (no. 36), with OD isolated [BO;] units that are
linked by distorted [AlO,] (n = 4-6) polyhedra. The SHG
intensity of Al{(BO;)Oq crystal is observed to be only 0.2
times that of KDP and is not phase matchable, which is due to
the relatively small birefringence (cal. An = 0.02)."’

The Ba;Ti;O4(BO;), crystal has been reformulated from
previously reported Ba,Ti,B,0, by Barbier et al. in 2003.**
The crystal structure has been re-determined to a hexagonal
system of P62m (no. 189). Its structure consists of 0D isolated
[BO;] groups which are interlinked by [TiOg] octahedra. The
Ba cations locate in the irregular pentagonal tunnels parallel to
the ¢ axis. All of the [BO;] triangles in Ba;Ti;O4(BO;), exhibit
a strictly planar, regularly triangular geometry and are parallel
to [100] and [110] two-fold axes of the structure with only a
small twist angle of 3.1°, such a configuration is favorable for
inducing large SHG coeflicients. The SHG efficiency of
Ba;Ti;04(BO;), is found to be about 0.95 X LiNbO; at
1064 nm."** Apart from the [BO;] NLO active units, the
asymmetrical Ti—O bonds in the [TiO4] octahedra also
contribute to the large SHG efficiency of Ba;Ti;O04(BO;),.

3.8.4. A,GeB,0,, AGeB;0; Rb,Ge;B¢0;;, K,Ge;B,0,,
KGe,BOg, Ca;,B;Ge 405, Ca;,Ge;,B3055, and LiGeBO, (A
= Rb, Cs). Six noncentrosymmetric alkali metal borogerma-
nates have been obtained via the high-temperature solid-state
reactions by Mao et al. from 2008 to 2013.>**"*** They
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crystallize into the varied noncentrosymmetric space groups,
monoclinic P2, (no. 4) for Rb,GeB,0,,°> C2 (no. 5) for
K,Ge;B,0,0,"*" Cc (no. 9) for Rb,Ge;B40,,,”> orthorhombic
Pna2, (no. 33) for AGeB;0, (A = Rb, Cs),”* and tetragonal I4
(no. 82) for Cs,GeB,O,,"** respectively (Table 5). Their
structures are all characterized by 0D B—O anionic frameworks
of [BO;] triangles, [BO,] units, [B;O,] three-membered rings,
and [B,O,] double-rings for different borogermanates. They
are all transparent down to the UV region, with the large
bandgaps ranging from 5.38 to 6.26 eV, corresponding to the
absorption edges from 230 to 198 nm (Table 5). 7244342 The
powder SHG measurements at 1064 nm revealed the type I
phase matching behavior and efficiencies of approximately 1.3
X KDP for RbGeB;O; and Rb,Ge;B;0;,, 1.5 X KDP for
CsGeB;0,, 2.0 X KDP for Rb,GeB,O,, and 2.8 X KDP for
Cs,GeB,0, respectively,””**"*** whereas the SHG signal of
K,B,Ge;0 is very weak to be detected. The difference among
them is due to the alignment of varied B—O anionic clusters
and also their density in unit cell. Other members of
borogermanates, namely, KGe,BO4; (P2,2,2;, no. 19),**
CaoBsGesOs; (Pba2, no. 32),*'* Ca;,Ge,BgOss (P4, no.
81),"** and LiGeBO, (I4, no. 82)*" were also reported to
exhibit noncentrosymmetric structures, but they all show weak
or non-phase matching SHG efficiencies (Table ).

3.8.5. LigCuB40,. The extensive search in the unexplored
Li,O-CuO-B,0; ternary system has led to the discovery of
LizCuB,O,, by Poeppelmeier et al. in 2006.** LizCuB,O,,
crystallizes in the noncentrosymmetric space group P1 (no. 1)
and contains isolated pseudo-symmetric [CuB,O,] polyanions
which are interconnected by [LiO,] polyhedra. LizCuB,O,
crystal melts congruently and as such bulk single crystals can,
in principle, be grown from its stoichiometric melts. Because
LigCuB,O,, lacks a center of symmetry, it exhibits distinct
NLO efficiency which is similar to that of KDP and is also
phase matchable under 1064 nm.** The SHG coefficients and
birefringence have not been reported due to the lack of large
LizCuB,O,, crystals, but the Cu atom has a serious absorption
in the UV spectral region, which limits its application as UV
NLO materials.

3.8.6. Borates without Evaluation of NLO Properties.
In this subsection, there are still several noncentrosymmetric
metal borates, to our best knowledge, which are not to be given
NLO performance characterization. Regardless of the extensive
study on the synthetic methods and structural features, their
NLO properties are poorly examined (Tables S1—S4 in the
SI). They include CuB,O, (I42d, no. 122, ICSD: 9087),
PdB,0O, (I42d, no. 122, ICSD: 32539), Fe,BO, (P, no. 7,
ICSD: 417972), LiMnBO; (P6, no. 174, ICSD: 94318),
CaAIBO, (Ccc2, no. 37, ICSD: 27647), CaGaBO, (Ccc2, no.

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202


http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.0c00796/suppl_file/cr0c00796_si_001.pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00796?ref=pdf

Chemical Reviews ubs.acs.org/CR Review
P 9
10
, 280
8
< 60
S
=
° 'E 40
7}
=20 147 hm 12 .
0 i . : : . 1.35 T T r T
120 160 200 240 280 320 360 0 04 08 12 16 20
Wavelength (nm) 3 Wavelength (um)
= 600 §3.u
——o—— Experimental data £
£ 5007 T Without absorption - €25
© 400 With absorption .-’ 820
1Y) & S1s
£ o
¢ E 200 | £ 10
! ¥ 2 1001 g 305
AL ()| £°%(h
2 4 6 8 100 % 05 10 15 20 25 30

(9)

364.7 nm power (W)

Pump power at 330 nm (W)

1.DUV laser-based high energy resolution angl
2.DUV photoemission electron microscopy

olved phot:

spectroscopy system

3.DUV laser-based spin- and angle-resolved photoemission spectroscopy
4.DUV laser-based angle-resolved photoemission spectroscopy with tunable photon energy

5.DUV laser-based angle-resolved time-of-flight ph
6.DUV Raman spectroscopy
7.DUV laser photoluminescence spectroscopy

spectr py

8.DUV laser-based photc istry reaction sy with in situ time-resolved spectroscopy measurements
9.DUV laser based-ph 1 scanning tt microscopy
Structure S Property 3 Function
(a, b) (c,d, e, f) (9)

Figure 29. Diagrammatic sketch from structure (a,b), property (c—f) to function (g) by taking the classic KBe,BOsF, NLO crystal as a
representative. (a) Crystal structure of KBe,BO;F,. (b) Optimally aligned arrangement of [BO;] NLO active units in KBe,BO;F,. (c)
Transmittance spectrum of KBe,BO;F, crystal in the UV spectral region from 120 to 380 nm. Reproduced with permission from ref 27, Copyright
2009 Springer-Verlag. (d) Dispersion of the refractive indices (1, and n,). Insert gives the photograph of the KBe,BO;F,-based prism. Reproduced
with permission from ref 27, Copyright 2009 Springer-Verlag. (e) Output power of six-harmonic generation at 177.3 nm versus the 354.7 nm pump
power for KBe,BO,F, crystal (1.58 mm in thickness). The pulse width and repetition rate are 10 ps and 1 MHz, respectively. Reproduced with
permission from ref 457, Copyright 2015 Springer-Verlag. (f) Deep-UV output power at 165 nm versus pump power at 330 nm for KBe,BO,F,
crystal with an effective length of 2.7 mm. The experimental and simulated data are shown in black and red, respectively. Reproduced with
permission from ref 458, Copyright 2016 Institute of Physics. (g) Nine advanced instruments based on the deep-UV diode pumped solid-state laser
that is generated by KBe,BO,F, crystals. Parts a and b were drawn by using the crystallographic information file of KBe,BO,F, (ICSD: 77277) in

ICSD.

37, ICSD: 93390), CaB,U,0,, (C2, no. 5, ICSD: 62751),
AsBO, polymorphs (I4, no. 82, ICSD: 26891; P3,21, no. 154,
ICSD: 413436), BaAsBOs (P3,, no. 144, ICSD: 404439),
UB,Og (C2, no. S, ICSD: 248127), Co,B40,; (I43m, no. 217,
ICSD: 96561), CsAlBe,B,,0,, (P43m, no. 215, ICSD:
17018), BaCuB,0; (C2, no. 5, ICSD: 84683), and SrCu,B,0;
polymorphs (I4cm, no. 108, ICSD: 247206; I42¢, no. 120,
ICSD: 247205; 142m, no. 121, ICSD: 80592).

3.9. Halide containing Metal Borates

3.9.1. Borate Halides. 3.9.1.1. ABe,BO;F, (A = Na, K, Rb,
Cs, Tl, NH,). The structures of ABe,BO;F, (A = K, Rb, Cs)
were thought initially to crystallize in monoclinic C2 (no.
5),"*7** but this was corrected to trigonal R32 (no. 155) by
Chen et al.”” Except Na analogue in C2 (no. §),"**** other
members in this family with the composition of A = K, Rb, Cs,
T1, NH, belong to trigonal R32 (no. 155).27%507%2 Al of them
exhibit 0D isolated [BO,] units that are linked by the
fluorinated [BeO,F] tetrahedra to form *[Be,BO,F,], single
layers with the A-site cations resided between the layers, in
which the weak A—F (A = Na, K, Rb, Cs) or N—H bonds serve
as linkers to connect the adjacent single layers (Figure 29a).
The strong layering tendency in ABe,BO;F, (A = Na, K, Rb,
Cs, T1, NH,) family is observed, and the largest thickness of as-
grown KBe,BO;F, crystals with high optical quality is
reoported to be only 3.7 mm.”>’ More importantly, the
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[BO;] triangles in this family are aligned optimally (Figure
29b), which is beneficial to obtain large optical anisotropy and
hyper-polarizability, corresponding to a large birefringence
(Figure 29d) and high NLO coefficients. Besides, the dangling
bonds of [BO,] triangles in them are effectively eliminated by
the rigid [BeO,F] tetrahedra, which can help to obtain the
blue-shifted deep-UV absorption edges (Figure 29¢). Thus, the
ABe,BO,F, (A = Na, K, Rb, Cs, Tl, NH,) family possess
excellent linear and NLO properties, including short deep-UV
absorption edges (147—155 nm), moderate SHG efficiencies
(1.15—1.5 X KDP at 1064 nm), large birefringence (An =
0.057—0.077), and short type I SHG phase matching
wavelengths (161—202 nm).”***7%2 These excellent optical
properties make this family promising candicates that could
produce UV or deep-UV coherent light by the direct SHG
process.

Thus, the quasi-continuous wave output has been achieved
by using optically contacted, prism-coupled KBe,BO;F,
crystals by Togashi et al. The maximum output power of this
process is about 2.5 mW in 2003 and is increased to 12.95 mW
in 2008 by optimizing the laser system and conditions.">***
Meanwhile, they also achieved the second harmonic generation
with a frequency-doubled laser at 172.5 nm and sum-frequency
mixing laser at 163.3 nm. Soon after that, an average output
power as much as 1.2 W at 200 nm by using KBe,BO;F,
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NH,Be,BO;F, and y-Be,BO,F from ref 452

crystals has been generated by Kanai et al. in 2009.**° Watt-
level tunable average-power was generated in the deep-UV
region from 185 to 200 nm. Then the output power of 200
mW at 177.3 nm has been generated by Lin et al. in 2015,
which is the highest power at 177.3 nm ever generated in any
NLO crystals (Figure 29¢).*” In the case of RbBe,BO;F,
crystal, a high average power was achieved with the tunable
wavelengths ranging from 180 to 232.5 nm by Wang et al. in
2008. The output power over the whole wavelength range
exceeds 2 mW, the highest being 43.3 mW at 202.5 nm. For
the deeper region, emission below 170 nm was demonstrated
first in 2015 and then a 165 nm laser was generated with the
output power of mW level by the eighth harmonic generation
process within the 1319 nm Nd:YAG laser by Xu et al. in 2016
by KBe,BO,F, crystal (Figure 29f).** Thus, we can come to
the conclusion that, currently, as an NLO material, KBe,BO;F,
crystal is probably the best in all of its deep-UV applications.
More importantly, several laser systems and advanced
instruments have been developed based on KBe,BOF, crystals
(Figure 29g), which lead to the observation of various new
phenomena and the amassment of new data in the fields of
high temperature superconductivity, topological electronics,
Fermi semi-metals, and so forth.*’

3.9.1.2. NaCaBe,B,04F, ASr;BesB;0,F, (A = Li, Na),
BaBe,BOsF;, and Be,BOs;F Polymorphs. To obtain new
competitive NLO candidates with improved growth habit
and structural stability, studies have been concentrated on the
beryllium borate fluorides by Chen et al. and Ye et al. Several
new noncentrosymmetric beryllium borate fluorides, including
NaCaBe,B,O4F (Cc, no. 9),*° ASr;Be;B,O,F, (A = Li, Na; Li
analogue is not included in ICSD) (R3m, no. 160),*014>
BaBe,BO,F; (P6, no. 173),** and Be,BO;F (C2, no. § and
R32, no. 155 for a and y phases; y phase is not included in
ICSD)**** polymorphs, have been prepared, which show
KBe,BO;F,- or Sr,Be,B,0-like structures. All of them present
0D anionic framework of isolated [BO,] units that are
connected by fluorinated [BeO5F] tetrahedra to form varied
framework, ie, *[Be;B3;O¢F;], double-layers in NaCa-
Be,(BO;),F,*” *[Be3B;O,F],, framework in ASr;Be;B;O4F,
(A = Li, Na),**"** 2[Be,BO,F,], single layers in
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BaBeZBO3F3,463 and *[Be,BO;F,],, single layers in Be,BO;F
polymorphs. #5464

The [BO;] NLO active units in ASr;BesB;00F, (A = Li, Na)
and y-Be,BO;F are nearly coplanar and aligned with the same
orientations to produce large optical anisotropies and SHG
responses of 4, 2.2, and 2.3 X KDP at 1064 nm,
respectively,*®"*°* whereas in a-Be,BO;F and NaCa-
Be,(BO;),F, they adopt opposite orientations. Thus, these
two compounds possess discrepant SHG intensities compared
with other crystals in this subsection with low SHG efficiencies
of 0.1 and 0.4 X KDP for BaBe,BO,F,"” and NaCa-
Bez(BO3)2F,460 respectively. Besides, all the crystals in this
class also have a wide transparent range with deep-UV
absorption edges far from 200 nm, i, NaCaBe,B,OF (190
nm),"*” NaSr;Be;B;0,F, (170 nm),*" LiSr;Be;B;00F, (175
nm),*> BaBe,BOF; (<185 nm),"® and y-Be,BOF (<190
nm).*? Structurally, y-Be,BO;F (Figure 30) can be regarded
as the derivative of successive evolution from KBe,BO,F,,
which retains the NLO favorable configuration of KBe,BO;F,
and also the layering tendency was greatly improved. Among
them, large size NaSr;Be;B;OgF, crystals were grown and
subjected to linear and NLO properties characterization in
great detail by Liu et al,*®s indicating that NaSr;Be;B;O4F,
crystal does allow achieving 266 nm UV light by simple
frequency doubling of second harmonic from the fundamental
laser at 1064 nm. On the basis of this, the 266 nm laser output
in NaSr;Be;B;O0F, crystal by the FHG process has been
generated for the first time by Liu et al. in 2017.*°° Within this
process, a 280 uJ 266 nm UV laser was obtained with the
conversion efliciency of 35.9%. Soon after, also by Liu et al.,
they obtained higher output power of 1.6 W at the wavelength
of 266 nm with the conversion efficiency of 10.3% by using
NaSr;Be;B;O4F, crystals.*®”

3.9.1.3. Ms(BO3)3X (M = Ca, Sr, Ba, Pb, Cd, Eu; X = F, Cl,
Br). The first apatite-type borate, Ca;(BO;);F, was obtained by
Lei et al. in 1989 with noncentrosymmetric space group Cm
(no. 8).*® Its structure consists of 0D isolated [BO,] units
that are further linked by [CaO,F,] octahedra to form a 3D
network. All the planar [BO;] triangles lie approximately
parallel to ab plane with the same orientation and thus can
produce large optical anisotropy. Structurally, Cas(BO;);F
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crystal is isostructural to RECa,O(BO;); (RE = rare earth
metals) series and it can be considered as the derivative from
RECa,0(BOs;); because RE is substituted by Ca and partial O
atoms are replaced by F to preserve the electroneutrality.
Contrarily to RECa,O(BO;); series, Cag(BO;);F crystal does
not present a congruent melting behavior, and thus it can be
grown by top seeded solution method with 10—20 wt % of LiF
as a flux. A wide transmission range is observed in as-grown
Cay(BO;)5F crystals with the UV cutoff wavelength near 190
nm, which is shorter than those of the RECa,O(BOj;); family.
The Cas(BO;);F crystal is a negative biaxial optical crystal with
a large birefringence of 0.053 at 589 nm, which shifts the
shortest type I SHG wavelength to 289 nm.**”*7° That
indicates that Cag(BO;);F crystal cannot be used to generate
266 nm UV light by simple frequency doubling from the
second harmonic of fundamental laser at 1064 nm. The largest
second-order NLO coefficient d 4 (0.63 pm/V) locates in the
XY plane for type II process.**”*"

Since then, borates with apatite family are considered as a
new source of NLO materials, thus, more members with the
formula of M5(BO;);X (M = Ca, Sr, Ba, Cd, Eu; X = F, Cl, Br)
have been characterized. The compounds in this family are
very similar in their architectures but are distinct in a
crystallized noncentrosymmetric space group and cation
coordinates. For example, Mg;(BO;);F with orthorhombic
Pna2, (no. 33),"”' My(BO,);X and Pb,Ba;(BO;),X (M = Sr,
Ba; X = Cl, Br) with orthorhombic €222, (no. 20),"*~*¢ and
Cas(BO;);F with monoclinic Cm (no. 8).*°® The SHG effects
in this family are quite distinct, varying from 0.5 X KDP in
Bay(BO;)5Cl to 3.8 X KDP in Cas(BO;);F, that are tuned by
the M and X site atoms. It is worth noting that the phase
matching SHG efficiencies of Pb,Ba;(BO;);X (X = Cl, Br)
series are found to be 3.2 and 3.1 times that of KDP at 1064
nm, respectively,’’*** and as high as six times that of
isomorphic Bag(BO,);CL The enhanced SHG response mainly
originates from a unique edge-sharing connection between
Pb—O and [BO,] NLO-active units.*”*

3.9.1.4. M3BsO;F, (M = Sr, Ba, Pb) and Ba,B;,0,,F. Three
fabianite-like borate fluorides with different templating cations
were synthesized by Kolis et al*”’ and Pan et al.”’*~* in
2012. They are isostructural and belong to the same
monoclinic P2, (no. 4) with the 3D *[B4O;;], anionic
framework that is built up by [B4O,,] FBBs."””~**" The F
atoms are coordinated to [FM;] secondary building blocks that
are further linked to form 2D [F,M,;] infinite layers with the
same orientation. The phase matching SHG efficiencies of this
family are detected to be approximately 2.5, 3.0, and 4.0 X
KDP under the incident lasers at 1064 nm for Sr, Ba, and Pb
analogues, respectively’’’~**" The absorption edges for the
three borate fluorides are reported to be below 230 nm without
given accurate values due to lack of large size crystals. The
positive roles of F atoms on absorption edges and SHG effects
were confirmed via theoretical approaches. Attributable to the
lack of large single crystals, SHG coefficients and birefringence
have not been reported in the experiment for the M;B40,,F,
(M = Sr, Ba, Pb) series.

Ba,B;;0,F with a polar structure (Cmc2,, no. 36, not
included in ICSD) was designed and synthesized by Pan et al.
in 2013."%" It features 3D B—O open framework constructed
by [B,;0,,] FBBs with the Ba—F—Ba infinite chains filled in
the tunnels and Ba-based polyhedra situated in the periphery
of tunnels. The Ba,B;;O,F crystals with high optical
homogeneity were grown at the optimal conditions by Pan et
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al. and Halasyamani et al.**> Ba,B,;0,0F crystal fully achieves
the coexistence a short absorption edge (190 nm) and large
SHG coefficients (dy; = 1.57, d, = 0.27, and dy3 = 0.46 pm/
V),* but, its relatively low birefringence of An = 0.0146@
1064 nm makes Ba,B;;O,F incapable of producing outout
shorter wavelength, like 266 and 355 nm or lower than that,
within the direct SHG method.

3.9.1.5. Pb,BO:X and M,Bs04X (M = Ca, Sr, Ba, Pb, Eu; X =
Cl, Br, I). The first member in the Pb,BO,X(X = CI, Br, I)
family, Pb,BO;Cl, was discovered by Ok et al. in 2016.** It
crystallizes in the trigonal polar space group P321 (no. 150)
with 0D anionic framework of isolated [BO;] units. The planar
[BO;] triangles are linked by [PbO;] trigonal pyramids to
build honeycomb-like >[Pb,BO;],, single layers in the ab plane
with the CI™ anions resided in the interlayer space. The
remarkably strong and type I phase matching SHG response of
about 9.0 X KDP is detected in Pb,BO;Cl crystal,*** which is
mainly activated by the p—x interactions between Pb and
[BO;] triangles. Soon after, the Br and I analogues, Pb,BO;Br
and Pb,BO;], were obtained by Ye et al.*** and Halasyamani et
al. in 2018.**° Both members are found to be isostructural to
Pb,BO;Cl with trigonal P321 (no. 150) and exhibit similar
structural features. The SHG efficiencies are observed to
slightly increase to 9.5 and 10 X KDP for Br and I analogues,
respectively, and thus the nonlinearity in the Pb,BOX (X =
Cl, Br, I) family is considered to be equivalent (Table 6).****%

Table 6. Basic Properties of Two Isostructural Series,
Pb,BO,X and Pb,B,0,X (X = Cl, Br, I)*

space anionic SHG response  bandgap
formula group framework (x KDP) (ev
Pb,BO,CI** P321 0D [BO;] units 9.0 3.99
Pb,BO,Br*** P321 0D [BO,;] units 9.5 3.33
Pb,BO,I*** P321 0D [BO,] units 10.0 ~3.45
Pb,BsO,CI"*®  Pun2 3D 3[B,Oy]., 0.7 3.33
network
Pb,BsO,Br'*®  Pnn2 3D 3[B,Oy]. 4.7 3.54
network
Pb,B,0,'*° Pnn2 3D 3[BOy)., 135 372
network

“All the data were collected from refs 130,483—48S5.

Whereas in the M,B;04X (M = Ca, Sr, Ba, Pb, Eu; X = C],
Br, 1) family with the space group of Pnn2 (no. 34),°%*"3 7217
that is utterly different. For example, great divergent of
nonlinearity in three Pb-based isomorphic Pb,B;0X (X = C|,
Br, I) is observed, with the SHG efficiencies ranging from 0.7
X KDP in Pb,B,04Cl, 4.7 X KDP in Pb,B;O,Br to 13.5 X
KDP in Pb,B;O,L."°° The large enhancement of SHG
efficiency originates from not only the lone pairs on Pb*"
cations but also the bonding state of halogen anions. Although
the reported SHG efliciency varies in this family, a general rule
could be observed that the SHG response increases along the
isostructural M,B;O,X (M = Ca, Sr, Ba, Pb, Eu; X = Cl, Br, I)
family with the following order: Ca < Sr < Ba < Pb for M site
cations and Cl < Br < I for X site anions. Very recently, large
Ca,B;04Cl and Sr,B;O,Cl crystals have been grown by Long
et al."* by the high temperature solution method in a sealed
silica tube. Their absorption edges locate at about 170 nm with
high transmittance in the UV spectral region. The moderate
SHG responses were found to be 0.84 (Ca) and 0.54 (Sr) X
KDP at 1064 nm, with phase matching for Ca, and non-phase
matching for Sr analogue, which is due to the larger
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Figure 31. (a,b) Perfect chemical co-substitution strategy performed from KBe,BO,F, to RbZn,BO;Cl, by replacing the [BeO5F] units in
KBe,BO;F, by [ZnO;Cl] tetrahedra. Parts a and b were drawn by using the crystallographic information file of KBe,BO;F, (ICSD: 77277) and

RbZn,BO,Cl, (ICSD: 253579) in ICSD.

birefringence in Ca than Sr analogue.*®® Thus, motivated by
the similar or divergent properties in the isostructural
structures, one should be noted that the contribution of
anions on optical properties is not negligible. Even the same
combinations, the differentiation might be obvious or small
depending on different system, like the nonlinearity in
Pb,BO;X and Pb,B;O,X series (X = Cl, Br, I).

3.9.1.6. AZn,BO:X,(A = NH,, Na, K, Rb; X = Cl, Br) and
ABa;,(BO3),F, (A = Li, Na). A new natural mineral borate
chloride, KZn,BO;Cl,, was found in the sublimates of active
fumaroles by Pekov and Zubkova in 2015."*” Soon after, a
series of novel beryllium-free NLO crystals, AZn,BO;X, (A =
NH,, Na, K, Rb; X = CI, Br), with KBe,BO;F,-like structure,
were reported nearly simultaneously by Li et al. and Ye et al. in
2016.7%%*? All of the members in the family are isostructural
to KBe,BO;F, and crystallize into chiral space group R32 (no.
155). Thus, from a chemical point of view, this series can be
regarded as derivatives of the chemical co-substitution strategy
based on KBe,BO,F, crystal by replacing [BeO;F] by
[ZnO;X] tetrahedra (Figures 31ab). The high consistency in
space group, lattice parameters, and crystallographic positions
of corresponding units further confirms the isostructural
behavior in KBe,BO;F, and AZn,BO;X, (A = NH,, Na, K,
Rb; X = Cl, Br) series. All of them present 0D anionic
framework of isolated [BO;] units that are connected by the
fluorinated [ZnO;X] tetrahedra to form *[Zn,BO;X,],, single
layers, in which [BO,] units align with same orientation and
fully add their contributions to the total NLO properties. The
powder SHG measurements reveal the considerable higher
efficiencies than that of KDP at 1064 and 532 nm.***** They
are transparent down to the UV spectral region and exhibit
short absorption edges from 190 to 209 nm. These results
indicate that AZn,BO,X, (A = NH,, Na, K, Rb; X = Cl, Br)
family has potential to generate the 266 nm coherent light by a
direct FHG process once the crystals are grown to large
size.”®***? Thus, the next step will be to grow large crystal and
verify the capacity for generating 266 nm coherent light.
Noncentrosymmetric modification of two barium borate
fluorides, ABa;,(BO;),F, (A = Li, Na), were reported by
Bekker et al. in 2016."° Although they crystallize in the
noncentrosymmetric tetragonal system, P4,bc (no. 106), the
SHG efficiencies have not given.

3.9.1.7. BaMBOsF (M = Ca, Mg, Zn) and Ba;Mg;(BO;);F;
Polymorphs. The structure of BaCaBO;F crystal was
determined first by Keszler et al. in 1993.*' BaCaBO,F
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belongs to the space group of P62¢ (no. 190) and features 0D
isolated [BO,] triangles that are linked with [CaOF,]
polyhedra to form 2[CaO,F,BO,],, single layers with Ba
cations situated between the layers. It was found that
BaCaBO;F crystal undergoes a reversible phase transition at
about 242 °C, that is, a-BaCaBO;F (R3, no. 146) & pS-
BaCaBO,F (P62¢, no. 190).*” The $-BaCaBOsF crystals melt
congruently with the melting point of 1096 °C and thus were
grown by Czochralski pulling method. Its UV absorption edge
occurs at about 210 nm with the effective NLO coefficient
(d.g) for type I SHG process of 0.23 pm/V.****** Better yet, -
BaCaBO;F crystal allows UV generation at 355 nm by THG of
an Nd:YAG laser operating at 1064 nm."”*

In the case of BAMBO;F (M = Mg, Zn) series, they were
synthesized first and determined structurally by Li et al. in
2010.* Their structures exhibit strong structural relations to
above BaCaBO;F polymorphs but belong to different non-
centrosymmetric space groups, i.e., Cc (no. 9) for Mg analogue
and P6 (no. 174) for Zn analogue. The changes in
coordination environments of M site cations have great
influences on the arrangement of the [BO;] NLO active
units and therefore the SHG effects. That can be confirmed by
the distinctive SHG response in BaZnBO,F (2.8 X KDP) and
BaMgBO;F (0.1 X KDP).*” In 2016, BaZnBO5F crystals have
been grown with BaF,—NaF flux by Li et al and its UV
absorption edge occurs at 223 nm.*”® The continued study in
this family has led to two new noncentrosymmetric phases of
BaMgBO,F, namely orthorhombic Pna2; (no. 33) and
hexagonal P62m (no. 189) polymorphs of Ba;Mg;(BO;),F;.*"”
It was found that Ba;Mg;(BO;);F; crystal undergoes a
reversible phase transition at about 450 °C, that is, Pna2; S
P62m. The two new Ba;Mg;(BO;);F; polymorphs show much
larger SHG intensities (1.8 and 2.0 X KDP) than above
monoclinic BaMgBO;F. Detailed descriptions of its growth,
phase transition, linear, and NLO properties have been

discussed elsewhere by Pan et al.*’

3.9.1.8. BaAIBO;F, Rb;AI3B;0;0F, Bay_(Srs.(BO3)s_yFy.sy
and Li3Cae(BOs),-2[LiF]. The structure of BaAIBO,;F, was
initially thought to be isotopic with that of BaGaBO;F, and
crystallizes in the centrosymmetric P65/m (no. 176) by Park et
al. in 2000,"® but this was finally corrected to the non-
centrosymmetric class P62¢ (no. 190) by Hu et al. in 2011.*"
BaAIBO,F, crystal consists of isolated [BO;] triangles that are
fully connected with [AlO;F,] trigonal bipyramids to from
*[AIBO,F, ], layers (Figure 32a). The BaAIBO,F, crystal was
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Figure 32. (a) Crystal structure of BaAIBO;F,. (b) Phase matching angle curves for type I SHG as a function of the second-harmonic wavelength
in BaAIBO,F, (shortened as BABF in figure) and Ga-doped BaAIBO,F, crystals. Inset: amplified curves with the second-harmonic wavelength
varied from 245 to 310 nm. (c) Output energy at 266 nm versus input energy at 532 nm, and the optical conversion efficiency of Ga-doped
BaAIBO;F, crystal from 532 to 266 nm. Reproduced with permission from ref 501. Copyright 2016 The Optical Society of America Publishing.
Part a was drawn by using the crystallographic information file of BaAIBO,F, (ICSD: 421141) in ICSD.

found to have a high phase matching SHG efliciency of 2.0 X
KDP and its absorption edge shifts to the deep-UV region
(165 nm). Large BaAIBO,F, crystals were grown with
optimized LiF-NaF-B,0; flux system and thus NLO coefficient
(dy, = 1.24 pm/V), birefringence (An = 0.0418@1064 nm),
and laser damage threshold (6.25 GW/cm? under 7.5 ns, 1064
nm) were determined by using the as-grown crystals.”” Thus,
BaAIBO,F, crystal can be used to generate 532 and 35S nm
light, but incapable of generating 266 nm light by direct FHG
due to its small birefringence. However, in 2016, Hu et al >
demonstrated that the birefringence of BaAIBO;F, crystal can
be effectively increased by doping the Ga ions, then blue-shift
the shortest type I wavelength to below 266 nm. Thus, the
FHG of UV light at 266 nm was achieved for the first time in
Ga:BaAIBO,F, crystals with the optical conversion efficiency of
3.2% from 532 to 266 nm (Figures 32b,c).”"" Further research
needs to be done to improve the output power and conversion
efficiency of 266 nm light in this process.

Another aluminum borate Rb;Al;B;0(F has been reported
in trigonal P31c (no. 159, not included in ICSD) with a
framework structure that preserves the NLO favorable
structural merits of KBe,BOF, by Luo et al. in 2015.°%
Thus, Rb;Al;B;0,0F possesses comparable optical properties
to KBe,BO4F, in SHG response (1.2 X KDP). Better yet, the
strong Al-O/F bonds in Rb;Al;B;0,F crystals make it exhibit
a remarkably stronger bonding interaction than that in
KBe,BO;F, crystals, and thus no layering single-crystal growth
tendency was observed.””” But the optical properties relating
to its buck crystals are still unrevealed.

Two new noncentrosymmetric orthoborate fluorides with
isolated [BO;] units, Ba,(BO;);Fs and Ba,Sr,(BO;);Fs, with
the general formula of Ba,_,Sr;,.(BO;),_,F,,3, were obtained
first by Keszler et al. in 1993.*”° They are isostructural and
belong to the hexagonal P6;mc (no. 186) with moderate SHG
intensities (~1/3 and 1/2 X KDP) and short cutoff
wavelengths (190 and 210 nm). The low SHG effects are
not competitive, and the SHG coefficients and birefringence
have not been reported. The single crystals of a new salt-
inclusion borate fluoride Li;Cay(BO;),-2[LiF] were obtained
via spontaneous crystallization by Pan et al. in 2013.°% It
crystallizes into the triclinic crystal system of P1 (no. 1) space
group with the 0D isolated [BO;] units. The SHG signal of
Li;Cay(BOj;),-2[LiF] was found to be about 1.0 X KDP, and it
can achieve the phase matching behavior.”” Theoretical
calculations analyses reveal that the optically active region
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near the Fermi level is mainly derived from the O 2p orbitals
and B 2p states, whereas the F 2p states locate far from the
Fermi level, resulting in contribution less to the optical
properties, which is quite different from the above-discussed
borate fluorides and this phenomenon is similar to that in
Cag(BO,)5F. Thus, the coplanar [BO;]*™ units are the major
NLO-active units without more direct or indirect effects of
fluorine on NLO properties. Attributable to the lack of large
single crystals, SHG coeflicients and birefringence of
Li;Cay(BO;),-2[LiF] have not been reported.

3.9.1.9. A;M;lLi,T,Bs0,0F, Ba,TB,0,Cl, and Na-
Ba,(TB,04),X; (A = K, Rb; M = Ba, Sr; T = Ga, Al; X = Cl,
Br). The first member in the A;M,Li,Al,B,O,F (A =K, Rb; M
= Ba, Sr) family, K;Ba;Li,Al,B;O,F, was reported with a
framework structure that preserves the structural merits of
Sr,Be,B,0, double-layer configuration by Luo et al. in 2016.°%*
It crystallizes in the hexagonal P62¢ (no. 190) with 0D anionic
framework of isolated [BO;] units. The planar [BO;] triangles
are linked by tetrahedral coordinated [AlO,] and [LiO;F]
units to form the *[Li,Al;B4O,0F],, double layers in the ab
plane. Better yet, K;Ba;Li,Al,BcO,oF crystal exhibits a deep-
UV absorption edge of 190 nm, a sufficiently large SHG
response of 1.5 X KDP and a suitable birefringence (An =
~0.068@852.1 nm), which make it have the potential to
generate the 266 nm coherent light by a direct FHG
process.””> In 2017, two more new members in this family,
K;Sr;Li, Al BsO,0F and Rb;Ba;Li,Al,BsO,0F, were reported
nearly simultaneously by Luo et al. and Halasyamani et
al>%°73% They exhibit a similar structure with KBa analogue
but crystallize in a distinctive space group, ie, R32 (no. 155)
for KSr analogue and P62¢ (no. 190) for RbBa (not included in
ICSD) analogue. Both crystals exhibit absorption edges below
200 nm, moderate birefringence (An = 0.0637 and 0.057@
1064 nm), and shortest type I SHG wavelengths below 266 nm
(224 and 243 nm). Thus, together with KBa analogue, they are
all potential candidates to generate 266 nm radiation by direct
FHG method.’*°™*% Xia et al. obtained two Ga-based new
members,”'” A;Ba,Li,Ga,BsO,F (A = K and Rb), with space
group of P62¢ (no. 190; not included in ICSD). They show
weaker SHG responses of 0.7 and 0.5 X KDP than other
members.”'? For the above crystals in this subsection, the next
step will be to verify the capacity for generating of 266 nm
coherent light.

Two new mixed borate chlorides, Ba,TB,04Cl (T = Ga, Al),
were obtained first by Barbier et al in 2007°'" with the
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tetragonal system (P4,nm, no. 102, not included in ICSD).
Only the powder SHG efliciency of Ba,GaB,OyCl is given to
about 0.95 X KDP.”'' A new mixed borate chloride
NaBa,Al,B;O,4Cl;, that is similar to the Ba,TB,0,Cl (T =
Ga, Al) series, was obtained by Wu ef al. in 2012 with the
tetragonal system, P4,nm (no. 102).>"* The crystal structure of
NaBa,Al,BgO,4Cl; is characterized by the 3D 3[BgO4]e
anionic framework that is built up from [B,O,] FBBs. The
NaBa Al B3O ;Cl; crystals have been grown to centimeter
level from the NaF-LiCl or NaF-NaCl flux systems by the top-
seeded solution growth method.”'**'* The absorption edge of
NaBa,Al,B3O4Cl; crystal was initially reported to occur at 230
nm, and then it was improved to 183 nm by using the as-grown
NaBa,Al,BgO,Cl; crystals without Fe>* impurity.”'> More
optical properties have also been obtained in great detail based
on the optically perfect crystals, such as birefringence (An =
0.017@808 nm), NLO coefficients (d;s = 0.49 pm/V, dy; =
0.88 pm/V), and thermal-expansion coefficients (a, =1.6 X
107%/°C and a, = 4.5 x 107%/°C).>"" Later on, three more
compounds, NaBa,Al,B;O,Br;, NaBa,Ga,B304Cl;, and
NaBa,Ga,B30,4Br;, were obtained by Pan et al,”'*'® which
are isostructural with NaBa,Al,B4O,4Cl; crystals. Thus, all of
the four crystals show similar structures and closely optical
properties. The relatively low birefringence of ~0.01 in this
famliy restricts them to outout shorter wavelength, like 266
and 355 nm or lower than that, within the direct SHG method.

3.9.1.10. A3Bs0,0X, NasB,0,X, MsB,0;3X, Li,B;0,,X, and (A
=K, Na, Na/Rb, K/Na; M = Mg, Zn, Fe, Mn, Co, Cr, Ni; X = Cl,
Br, I). A series of perovskite-like borate halides with the general
formula of A;B40,,X (A = K, Na, Rb/Na, K/Na; X = CI, Br)
have been continuously obtained by Belokoneva et al.”*' and
Pan et al.”*>~*****% They show rich structural diversity that we
have discussed in section 2.4.4, thus, in this category, only their
properties are compared and reviewed. Among them,
attributable to ease of growth of large crystals with high
optical quality, K;Bc0,,Cl and K;BcO,(Br crystals have been
tully investigated in great detail. The powder SHG efficiencies
of them are given to about 3.0 (Br) and 4.0 (Cl) X KDP at
1064 nm. K;B40,,Cl is a uniaxial crystal with the measured
birefringence of 0.0503 at 404 nm, which is larger than that in
its isostructural K;B4O,,Br (An = 0.046@1064 nm).***>'°!7
Owing to the enhanced birefringence, it follows that the
shorter wavelength limits for type I SHG is 272 nm for Cl
analogue and 289 nm for Br analogue, respectively. The deep-
UV transmittance spectra for both crystals indicate that the
absorption edges are all near 180 nm, which facilitate their
applications in the UV spectral range, but owing to the use of
PbO as a flux, the absorption in UV region of as grown crystals
is ineluctable and thus new PbO free flux need to be
introduced. Even so, both K;B;0O,,Cl and K;B¢O,(Br crystals
still can generate 532 and 355 nm UV light by SHG and THG
methoda from 1064 nm lasers.”>>*'**'” The maximum average
power of 19.3 W 355 nm light has been achieved by using type
I cut K;B4O,(Br crystals with the corresponding conversion
efficiency of 16.3% by Li et al.”'® Pan et al. have demonstrated
a 121 W 532 nm picosecond green laser via SHG process of
type I K;B40,,Cl crystals.”"® For the 10 Hz picosecond laser,
the output at 532 nm was 1.78 mJ/pulse with an optical
conversion efficiency of 36.0%. Detailed descriptions of the
output of different wavelengths and important applications of
K;B40,0Cl and K;B40,0Br crystals have been discussed.”"*>"”

Whereas for the Na;B,0,X, M;B,0,;X, and Li,B,0,,X (A =
K, Na, Na/Rb, K/Na; M = Mg, Zn, Fe, Mn, Co, Cr, Nj; X =
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Cl, Br, I) series, all of them crystallize into the non-
centrosymmetric crystal system but show poor non-phase
matching or unreported SHG properties due to the
unfavorable arrangement of B—O anionic framework. Although
M,B,0;X (M = Mg, Mn, Co, Cr, Ni; X = Cl, Br) series with
orthorhombic Pca2, (no. 29)'%*****'* are shown to have small
birefringence that is insufficient to achieve phase matching at
1064 nm. But they are capable of generating UV coherent light
via a quasi-phase matching technique with a periodically poling
method. For example, Long et al’®’ have grown the
Mg;B,0,;Cl crystals and achieved the generation of deep-
UV lights by avoiding the limitation of birefringence and walk-
off effect via quasi-phase matching technique, which provides
an effective method to generate deep-UV coherent light by
using non-phase matching NLO materials.>*’

3.9.2. Fluorooxoborates. 3.9.2.1. Li,B;0,F; LiBsO4F, and
Li,BsOgF,. Three new lithium fluorooxoborates were initially
reported and investigated as novel ionic conductors and NLO
materials by Jansen et al'®*'°®**° They belong to the
noncentrosymmetric space group of P2,2,2, (no. 19), Pna2,
(no. 33), and Cc (no. 9) with 1D '[B,O,F,], chain, 2D
2[B4OyF], layer, and 3D 3[B¢OyF,],, anionic framework for
Li,B;0,F;, LiB;OJF, and Li,B;O,F,, respectively (see Figure
33).19%19%22% The bandgap, birefringence and largest SHG

(a) /

(c)

[B;O5F;]

[BGO11F] [B5011F2]

Figure 33. Crystal structure (a—c) and FBB (d) of Li,B;O,F,,
LiBsOyF, and Li,B4OyF,. All of the figures were drawn by using the
crystallographic information file of Li,B;0,F; (ICSD: 423661),
LiBsOoF (ICSD: 420286), and Li,B;O,F, (ICSD: 423435) in ICSD.

tensors were calculated to be 8.425 eV, 0.05@1064 nm and d,
= 0.088 pm/V for Li,B;0,F5, 8.37 eV, 0.06@1064 nm and d,,
= 0.161 pm/V for LiB;OF, 8.05 eV, 0.07@1064 nm and d,; =
-0.536 pm/V for Li,BO4F,, respectively.””' The difference
among these can be explained by the varied orientation of B—
O/F units. Among them, Li,B4O0F, crystal was highlighted by
Pan et al, as it possesses even superior performances in SHG
response (0.9 X KDP) and absorption edge (<190 nm) than
other two compounds and the shortest type I phase matching
wavelength (192 nm) is down to the deep-UV spectral
region.””' Unfortunately, all of the three lithium fluoroox-
oborates exhibit very low decomposition temperature (~500°)
due to the easy break of B—F bonds, which increase the
difficulty of growing large size crystals. Thus, the SHG
coeflicients and birefringence are still unknown in experimental
study.

3.9.2.2. AB,OsF (A = NH,, Na, Rb, Cs, K/Cs, Rb/Cs). This
family is one of the most promising NLO candidates, and they
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Table 7. Comparison of Structural Chemistry and Optical Properties among Three Fluorooxoborates Series, AB,O(F (A =
NH,, Na, Rb, Cs, K/Cs, Rb/Cs), MB;O,F; (M = Ca, Sr, Pb, Cd), and MB,0O;F, (M = Pb, Sn, Ba) Series”

formula AB,O4F
space group

FBBs

varied symmetries from C2, Pna2,;, P321 to P62c

same formula of [B,Og4F] units but shows different

formation: type A ([B;O¢] + [BO;F]) and

type B ([B;O¢F] + [BO;])
2D ?*[B,O¢F]., single-layer
between the layers or in the layers

anionic framework

position of metal anion
birefringence large
SHG response large

phase matching wavelength

all can be down to the deep-UV region

“All the data were collected from refs 72,73,76,177—180 and 183—186.

MB,O.F,
fixed class of Cmc2,

same formula of [B;O,F;] with
same formation

MB,0,F,
varied symmetries from P2, to P3,

different formula of [B,O;F,]
([BOsF] + [BO,F]) and
[B,OsF,] ([BO,] + BO;F])

2D ?[B,0,F,],, single-layer
between the layers

2D ?[B;O,F,],, single-layer
in the layers

moderate small

large extremely large for Pb and Sn phases

can be down to deep-UV region
with the composition of
M = Ca and Sr

cannot be down to deep-UV region
with the composition of
M = Pb and Sn

(a) (b)

FBB

Crystal
structure

ma. NN
Modular
description

BN N] HEN
modules [N NN

representation [NH,] [Cs] [sr]

[Pb]

(c) (d)

EEEEEN
HEEEEN

[BO,] [B3O4F] [BO,F] [B304] [B3O4F>]

Figure 34. FBB, crystal structure, and modular description of NH,B,O4F (a), CsB,O¢F (b), StB;O,F; (c), and PbB,O;F, (d). The modules
representation of different atoms or units are given in the last line. Parts a—d were drawn by using the crystallographic information file of
NH,B,O¢F (ICSD: 254160), SrB;O,F; (ICSD: 263469), and PbB,O,F, (ICSD: 263596) in ICSD and CsB,O¢F from ref 179

were all reported first by Pan et al. in the period of 2017—2019
and then immediately shown to be very promising deep-UV
NLO materials (Table 7).'777'% Although all of the six
fluorooxoborates take the similar formula of AB,O4F, they
crystallize in the different noncentrosymmetric space groups,
i.e, monoclinic C2 (no. 5) for NaB,O¢F,'*" orthorhombic
Pna2; (no. 33) for AB,O,F (A = NH, Rb, Cs, Figures
34a,b),"””~""? trigonal P321 (no. 150) for CsKBsO,,F,,'"" and
hexagonal P62c(no. 188) for RbCsBgO,,F,,""® respectively.
This family is reported to have a framework structure that
preserves the structural merits of KBe,BO,F, crystal. Better
yet, the as-grown crystals of AB,O/F (A = NH,, Cs) show no
strong layer growth tendency,'”””"”” which has obviously been
improved compared with KBe,BO;F, crystal. Carefully
structural comparisons reveal that the layer spacing is largely
reduced from 6.25 A in KBe,BO,F, to 3.81—3.96 A in AB,OF
(A = NH,, Na, Rb, Cs, K/Cs, Rb/Cs) family.” This was also
confirmed by the calculation of binding energy in the
neighboring layers, which indicates that the magnitude of
binding energy in this family is 5—6 times larger than that in
KBe,BO,F, crystal. With respect to the optical properties of
AB,OF (A = NH,, Na, Rb, Cs, K/Cs, Rb/Cs) family, covering
experimental and theoretical results, all of them exhibit suitable
sufficiently large powder SHG efficiencies (0.9—3.0 X KDP@
1064 nm), suitable large birefringence (An = 0.098—0.12@
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1064 nm), short deep-UV absorption edges (all lower than 180
nm), as well as the short deep-UV SHG phase matching
wavelengths (cal. 158—172 nm). These strongly suggest that
AB,O4F series are outstanding deep-UV NLO materials and
have great potential to generate deep-UV light once they are
grown to sizable crystals.'”’~"*" Detailed descriptions about
the comparison of structure and properties in AB,OsF (A =
NH,, Na, Rb, Cs, K/Cs, Rb/Cs) family and their potential as
competitive deep-UV candidates have been discussed else-
where.*® If necessary, please refer to the recent review entitled
“Emergent Deep-Ultraviolet Nonlinear Optical Candidates”.*

3.9.2.3. MB;O,F; (M = Ca, Sr, Pb, Cd). A series of alkaline-
earth metal fluorooxoborates with the general formula of
MBO,F; (M = Ca, Sr, Pb, Cd) are one of the recently
discovered competitive NLO crystals by Pan et al. and Ye et al.
(Table 7).71837186 They are all isostructural and belong to the
same orthorhombic Cmc2; (no. 36). The MB;O,F; (M = Ca,
Sr, Pb, Cd) family feature 2D zigzag *[B;O,F;],, single layers
with the M site cations resided in the layers (Figure 34c). The
Sr and Ca analogues are the first members in this family. It is
interesting to note that the naphthalene liked FBBs without
dangling bonds of [B;OyF;] show a more delocalized 7-
electron, which leads to the large SHG intensities of ~1.6—2.5
times that of KDP, short absorption edges below 180 nm, and
large birefringence of cal. 0.070 at 1064 nm.” %8318 Thys,
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both CaB;O,F; and SrB;O,F; crystals would be the very
outstanding NLO crystals for generating the deep-UV light
below 200 nm once their large optically perfect crystals are
obtained. Recent studies, including experimental and theoreti-
cal, have shown that the SHG response and birefringence can
be improved to 2—3 times that of its isotropic phases by
replacing the M site cations with Pb and Cd (Table 7),'%>'%
but the sacrifice of optical transparency windows is inevitable
at the same time. Similarly to the other fluorooxoborates
family, there is also a pressing need for large MB;O-F; crystals
(M = Ca, Sr, Pb, Cd), only once that is satisfied can they be
expected to generate UV and deep-UV coherent light.
3.9.2.4. BiB,O,f and MB,0OsF, (M = Pb, Sn, Ba). The
extensive search in bismuth borates with boric acid flux at low
temperature system has led to BiB,O,F by Lin et al. in 2005.'**
BiB,O,F crystallizes in the trigonal space group P3, (no. 145)
and contains 1D '[B4O,oF, ], infinite helical chains along the ¢
axis. The Bi** cations locate within the cavities of the borate
helices. Investigation on the optical properties on BiB,O,F,
together with its isotropic BiB,0O,OH reveals that BiB,O,F is a
phase matching crystal with exceptionally large SHG responses
of more than ~10 and ~4 times that of KDP and BiB,0,0OH,
respectively. Cong et al.’>> demonstrated that the incorpo-
ration of fluorine into BiB,O,F leads to a synergistic
enhancement of local polarizations in [BiOs] and [BO,F]
polyhedra and, hence, a very strong SHG efliciency. Two new
fluorooxoborates, PbB,O;F, and SnB,0;F,, were obtained by
Ye et al.”* through molecular engineering design from classic
Sr,Be,B,0; crystal. They are isostructural and belong to the
same noncentrosymmetric space group of P3;m (no. 157).
Their anionic frameworks are based on the *[B,0,F], single
layers that are further linked by M site cations with lone pair
electrons (Figure 34d). More interestingly, MB,O;F, (M = Pb,
Sn) series are reported to exhibit widely divergent SHG
responses, ie., 13 X and 4 X KDP for PbB,0O,F, and SnB,0;F,,
respectively (Table 7).”” Ye et al. demonstrated that the
different electrons’ activities on M site cations are responsible
for this discrepancy of NLO effects. Meanwhile, SnB,O;F, was
also reported by Hoppe et al. with the same structural
features.”” The absence of an inversion center and B—F bonds
in the structure of SnB,O,F, was proven by SHG experiments
and solid-state NMR spectroscopy.”> When replacing the Pb
and Sn atoms in the MB,O5F, (M = Pb, Sn) family with Ba to
generate BaB,O;F,, layered configuration shows totally
different features with different space group of P2, (no. 4,
not included in ICSD)”' but show much weaker SHG
response to be detected than Pb and Sn analogues. But, to
date, large crystals of MB,O5F, (M = Pb, Sn, Ba) series have
not been grown, which makes SHG coefficients and
birefringence still unknown in experimental study.

4. BORATE-BASED SFD LASER CRYSTALS

The compact all-solid-state light sources, including tunable
visible, UV, and near-infrared lasers, can be directly generated
when the upconversion lasers emitted shorter wavelength than
the pump source. Studies have shown that an alternative to
upconversion lasing is frequency conversion by the NLO
method. The most effective material for this purpose is SFD
laser crystal, in which laser effects and NLO process of
frequency doubling occur simultaneously in the same
crystal.'”>*>>** That is why SFD laser crystal can be
considered as a multifunctional crystal with both laser and
frequency doubling properties. The SFD laser crystals can
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combine their laser emission of optically active ions (Yb** and
Nd*) with host NLO materials and thus lead to certain laser
radiation by SFD. The first SFD laser was realized in Tm
doped LiNbOj; crystal by Johnson and Ballman in 1969.°*
SFD candidates were expanded to a borate system in 1981
with the development of the Nd:Al;(BO;), SFD laser crystal
by Dorozhkin et al.>*¢ Presently, borates, particularly rare earth
borates, are intensively investigated as novel candidates for
SFD laser crystals because the rare earth compositions can be
easily substituted by lasing ions without modification of the
acentric host lattice. Meanwhile, the superiorities of linear and
NLO properties in borates are reserved when they are
incorporated as SFD laser crystals. Thus, it is worth examining
the state of art in classical borate-based SFD laser crystals and
highlighting the multifunctionality of the borates system. In
this section, we still start with the consideration of necessary
requirements for a practical SFD laser crystal based on the
available experimental and theoretical data revealed in the
related literature.

4.1. Necessary Requirements for a SFD Laser Crystal

As we mentioned that SFD laser crystal is a type of
multifunctional material, a combination of laser and NLO
crystal, and therefore they should simultaneously satisfy the
criteria that are required for both laser and NLO applications.
Thus, the SFD laser crystal should first be an NLO crystal and
satisfy all the requirements that we have discussed in section
3.1. Many different demands are being placed on SFD laser
crystals as far as the laser properties are concerned:'”>**** (1)
The SFD laser crystals must accept the fluorescent doping
(most usually with Yb or Nd), which require that lattice of the
NLO host materials is suitable for doping with active ions.
Also, the broadband absorption with a large absorption peak
for the emission of diodes is indispensable for SFD laser
crystals. To obtain a highly efficient laser system with high
beam quality, additional laser properties are also required for
SED laser crystals, including long fluorescence lifetime, high
radiative quantum efficiency, large emission cross sections, and
low photon energy. (2) The requirements on the thermal
properties for SFD laser crystals are rather strict, such as a large
effective thermal conductivity to enable the efficient extraction
of heat from the host materials, low thermal focal effects to
minimize the negative effects of heat on the refractive indices
and thermal induced loss, and low thermal expansion
anisotropy to facilitate the crystal growth process.

4.2. Active lons Doped Rare-earth Borates

4.2.1. Active lons Doped REAI;(BO3), (RE = Rare-earth
Metals) Crystals. YAL;(BO;), crystal with high NLO
coefficients, a large laser damage threshold, and favorable
mechanical and thermal properties (the detail parameters are
available in section 3.4) can be considered as the ideal host
materials for SFD laser generation when doped with active
ions. The Nd doped YAL(BO;), crystal was developed first
and identified as a new SFD laser crystal by Dorozhki ef al. in
1981.°*° The SFD red laser of 660 nm pumped by a flash lamp
was generated in Nd:YAL;(BO,), crystal, which is the first SFD
laser obtained by borate-based NLO host crystal.”*® After that,
many studies have been fully carried out to obtain different
light sources with improved output power by using the active
ions doped YAL;(BO;), SFD crystals. Early in 1981, the
experimental realization of SFD green laser from 1060 to 530
nm by Nd:YAL;(BO;), crystal was difficult owing to the strong
absorption of Nd ions at 530 nm, > but this was achieved with
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Figure 3S. (a,b) Crystal structures of GdCa,O(BO;); and La,CaB (O ,. The excitation position means the crystallographic sites that are doped and
occupied by active ions. (c) Nd:GdCa,O(BOj); laser output power versus absorbed pump power. Inset: Nd:GdCa,O(BO,); SFD laser spectrum
at the center of 545.5 nm and its beam profile at the output power of 1 W. Reproduced with permission from ref 541. Copyright 2020 The Optical
Society of America. (d) Output powers of Nd:La,CaB,,0,, SFD green laser with different excitation wavelengths (795 and 808 nm) and different
doping concentrations (8 and 10 at %) versus incident pump power. Reproduced with permission from ref 545. Copyright 2017 The Optical
Society of America. (e) Summary of the SFD lasers output power (generated by different host crystals) versus time. Reproduced with permission
from ref 541. Copyright 2020 The Optical Society of America. Parts a and d were drawn by using the crystallographic information file of
GdCa,0(BO,), (ICSD: 39716) and La,CaB,,0,s (ICSD: 92866) in ICSD.

the first generation of SFD green laser from 1060 to 530 nm in
Nd:YAL(BO;), crystal with the optimized ratios of Nd:Y by
Lu et al.””” But the threshold energy is measured to be less
than 2 mJ and the output energy of green light is only S m]J
with the conversion efficiency of 12.5%.%” Later on, an output
of 10 mW at 532 nm was achieved by Schiitz et al,>**
indicating that SFD diode pumped Nd:YAL(BO,), crystal
laser can be a simple laser system for the generation of green
continuous wave laser radiation, but the above 532 green light
output levels are extremely low compared with a continuous
wave SFD Nd:YAG laser pumped at the same power level. As a
result of substantial improvements on crystal optical quality
and available diode power, approximately S1 mW 531 laser
output was achieved with optical-to-optical conversion
efficiency of 4% from the Nd:YAL;(BO;), crystal by Hemmati
in 1992.°* Better yet, the optimized laser system allows to
generate the SFD Nd:YAl;(BO;), green laser output of 225
mW with the efficiency of 14% when pumped by the combined
beams of two 20-stripe diode arrays.”*’ A high 531 nm output
of up to 450 mW with conversion efficiency of 20% has been
realized by using the diffraction-limited output of a Ti:sapphire
laser as a pump source.””

All the above YAL;(BO;), host materials work well with the
same Nd active ions, however, more attractive SFD laser
crystals can also be obtained using Yb as the active ions.
However, the use of trivalent Yb as the alternate active ions to
replace Nd is especially advantageous for 1 um laser
applications using YAl;(BO,), SFD crystals.””' The simple
two-state energy level scheme of Yb, that is, ’F, 1, ground state
and °F;/, excited state, avoids the detrimental effects of
luminescence concentration quenching, upconversion losses
and excited state absorption that normally exist in Nd-based
laser media. Improvement in the optical conversion efficiencies
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are due to the lack of any absorption lines in the visible spectral
region. Besides, the thermal loads for Yb lasers are far lower
than that of Nd lasers, which can avoid reducing the second
harmonic output power. The Yb doped crystals also exhibit
longer radiative lifetimes than Nd doped counterparts.
Therefore, Yb:YAL;(BO;), SFD laser crystals were reported.
In 1998, the longer lifetime, negligible visible absorption, and
better crystal optical quality of Yb:YAlL;(BO;), SFD laser
crystals compared with Nd doped counterparts were
experimentally verified by Dawes et al>**> The continuous
wave SFD green laser and wavelength tenability over 33 nm
(tunable from 513.0 to 545.8 nm) in the visible from diode-
pumped Yb:YAL(BO,), have been achieved for the first time
by Dawes et al.>>> The maximum green output power of 160
mW was obtained with the pump—green conversion efficiency
of 11.3%.%%* Soon after, the higher continuous wave SFD green
laser of 1.1 W was realized in Yb:YAL,(BO;), crystals by
Dekker et al. under the pump power of 11 W with the
wavelength of 977 nm in 2001.°*° The diode-to-green
conversion efliciency is as high as 10%. They also reported
the plano—plano microchip operation of Yb:YAL;(BO,),
crystal and an infrared output of more than 4.3 W at 1042
was achieved, corresponding to the diode-to-infrared con-
version efficiency of 36%. For a microchip style cavity, the SDF
green laser with output power of 600 mW was also obtained
with the diode-to-green conversion efficiency of 5.5%.°%° A
much anticipated highlight is that the related conversion
efficiencies can be improved by decreasing the intracavity
mode size and narrowing the infrared line width.

The SFD properties of other members in REAL;(BO;), (RE
= rare-earth metals) crystals were also studied. For example,
GdAL;(BO,), crystals have a wide optical transparency window
(310—3450 nm), a large effective NLO coefficient (d.; = 1.186
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pm/V), and a small dispersion angle (2.396°). Thus, it too can
be a promising host material for the generation of green and
red SFD lasers when doped with active ions. The SFD green
laser with the maximum power of 119.5 uJ/pulse for a 2.75
m]J/pulse pump was obtained in Nd:GdAl;(BO;), crystals by
Brenier et al,””* corresponding to the conversion efficiency of
4.3%. Further, also by Brenier et al., the SFD laser operation of
Nd:GdAly(BO,), crystals near 1338 nm was reported. The red
SED laser at 669 nm was detected with the maximum power of
about 19 pJ /pulse for a 4.65 mJ/pulse pump.>** The value ican
be increased by changing the phase matching orientation.
Detailed descriptions about the output of different wave-
lengths, including yellow, blue, and UV laser by a self-sum-
frequency mixing method in Nd:GdAl;(BO;), crystals were
discussed elsewhere.”>">**

4.2.2. Active lons Doped RECa,O(BO;); (RE = Rare-
earth Metals) Crystals. The calcium rare earth oxyborates
RECa,0(BO;); (RE = rare-earth metals) were shown to be
the excellent NLO crystals with better optical properties in
practical use (the detail parameters are available in section
3.4). This family offers the opportunity of suitable sites for
activator ions emitting around 1 pm. Among them,
Nd:GdCa,O(BO;); has already been proved to be an efficient
SFD material with either Ti:sapphire or diode pumping. The
unique combination of exceedingly good NLO properties with
favorable mechanical performance makes Nd:GdCa,O(BO;),
an excellent crystal for low cost microchip lasers. Thus, in this
section, we will take Nd:GdCa,O(BOs); as representative of
this efficient family SFD material to discuss and analyze
(Figure 35a). Nd:GdCa,O(BO;), c1;ysta1 was recognized as a
SFD material by Aka et al. in 1996,>*” and thus a 530 nm green
laser was observed by using an Nd (4%) doped GdCa,O-
(BO,); crystal that is fabricated in the XZ plane with (6, ¢) =
(90, 46°).>*° The Nd:GdCa,O(BO;); SED crystal shows even
greater advantages compared with above Nd:YAL(BO,),
crystal, such as congruent melting behavior and small
absorption coefficient at 530 nm. Later, in 1998, the first
SFD diode-pumped Nd:GdCa,O(BO;); laser was obtained.
The output of 21 mW continuous wave green laser radiation at
530.5 nm has been obtained for an absorbed pump power of
820 mW under laser diode pumping.>®” An efficient SFD has
been reported in a diode-pumped microchip configuration by
Lucas-Leclin et al.”*® They optimized the laser cavity and
replaced the Ti:sapphire laser with a pump laser diode to
maximize the output power of 115 mW at 545 nm.”*® The
lasting operation of Nd:GdCa,O(BO;); crystal in a plano—
plano cavity offers an highest output power of 22 mW at 545
nm.

In the SFD Nd:GdCa,O(BO;); laser system, the doped
concentration of Nd in GdCa,O(BO;); crystal and its crystal
length are significant parameters that determine the SFD
output power and optical conversion efficiency. Thus, in
principle, the optimization of above two parameters can help
us obtain higher output power and conversion efficiency. After
that, the highest SFD green power sets new records. Wang et
al.>*® obtained the watt-level SFD lasers in 2010 with
Nd:GdCa,O(BO;); crystals. The output power is as high as
1.35 W with the maximum optical conversion efliciency of
17%. They also found that much improvement on output
power compared with its isomorphic Nd:YCa,O(BO;); is
related to the direction of crystals that cut.*’ In 2011, the
maximum output power of 3.01 and 1.32 W SFD lasers at the
wavelengths of 545 and 530 nm were realized also by Wang et
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al>** by optimizing the laser configuration and cut orientation
of Nd:GdCa,O(BO;); crystals. The corresponding optical
conversion efficiencies are as high as 20.7 and 6.5%,
respectively.”*’ Very recently, by employing a partially end-
pumped slab structure and optimized laser-diode pump
wavelength by Yu et al>*' pushed the SFD output power to
an unprecedented of 17.91 W at the wavelength of 545.5 nm in
Nd:GdCa,O(BO,); laser crystals (Figures 3Sce), which
represents the highest output power in SFD lasers. The
correspondingi{ optical conversion efficiency reached 20% at the
same time.”*’ On the basis of this, Nd:GdCa,O(BO;); is
confirmed to be an excellent SFD laser crystal, but a relatively
low thermal conductivity has been proved to be the sole
drawback of Nd:GdCa,O(BO;); crystals.”** Thus, to obtain
the highest possible laser output power, special attention to the
cooling process is required.

Owing to the superiority of Nd:GdCa,O(BO,); crystal in
SED green laser generation, it has been manufactured as the
core device in the green laser pointer and also is being brought
to market in China. Currently, the combination of Nd:YVO,
and KTiOPO, is the most commonly used model in a
commercialized green laser pointer, but it still has some
disadvantages, such as the laser system is a complex which
needs two independent crystals (Nd:YVO, and KTiOPO,) to
achieve the function of laser and SHG. The extra optical
attenuator was also needed to decrease the output power to
eye-safe region (< 1 mW). However, the green laser pointer
made with Nd:GdCa,O(BO;); crystals can effectively over-
come the above problems.”** First, Nd:GdCa,O(BO;); crystal
with high optical quality can be easily grown in a short time
with the commercial Czochralski method. Moreover,
Nd:GdCa,O(BO;); crystal has a smaller emission cross-
section and NLO coefficient compared to Nd:YVO, and
KTiOPO,, respectively, which offers the tunable absorbed
pumped power range that is easier to decrease the output
power to eye-safe region (< 1 mW). Furthermore,
Nd:GdCa,O(BO;); crystals are expected to have potential
for applications in laser displays and self-mode-locking laser
devices.

4.2.3. Active lons Doped La,CaB;;,0,, and LaBGeO;
Crystals. La,CaB (O, crystal is a novel NLO crystal with a
highly effective NLO coefficient (d.z = 1.05 pm/V), a wide
transmission range (185—3000 nm), and favorable mechanical
and thermal properties (detailed parameters are available in
section 3.4). Thus, it is possible to dope this borate with active
ions to create an Nd:La,CaB,,O,y SFD crystal. The Nd ions
occupy the crystallographic positions of La and Ca atoms in
the La,CaByO,¢ host crystal and split the emission spectra.
Thus, the SFD properties in two laser channels have been
investigated by Brenier et al,”" which correspond to the
spectral wavelength peaked at 1343 and 1322 nm for *F,,, —
*F13/, as well as 1051 and 1069 nm for *F;,, = *F};/,. On the
basis of this, SFD green and red lasers have been obtained, but
the maximum output power of 525 nm laser is still limited to
be only about 100 mW in Nd:La,CaB,,0,y SFD crystal,”**
which is quite low compared with those in Nd:GdCa,O(BO;),
and Yb:YAL(BO,), crystals. However, the maximum output
power of 801 mW SFD laser in Nd:La,CaB,O,, crystal has
been obtained by Yu et al. (Figure 35d);°* this occurs by
exciting the Nd ions in the Ca crystallographic positions
(Figure 35b) in La,CaB;;O;o. These studies also confirmed
that the selective excitation of active ions can result in a large
difference in the output power. For example, the maximum
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Figure 36. (a) Summary of available borate-based deep-UV birefringent materials concerning on the two critical properties of absorption edge and
birefringence in deep-UV spectral region of 253.7 nm. All of the listed birefringent data are collected from their experimental results at 253.7 nm or
derived from the corresponding Sellmeier equations. (b—e) Four different types of B—O anionic framework (0D [BO;], [B,Os], [B;O;] units, and
1D '[BO,], chains) with coplanar arrangement. (f) Dipole—dipole interaction model. Adapted with permission from ref 33. Copyright 2018 The
American Chemical Society. Parts b—e were drawn by using the crystallographic information file of Ca;(BO;), (ICSD: 23664), a-BaB,0, (ICSD:
14376), Ca(BO,), (ICSD: 34641) in ICSD, and Li,Na,B,O; from ref 560.

output power of 801 mW was achieved with the SFD laser at
the wavelength of 533 nm with the citation of Nd ions in the
Ca positions,”* however, the enhancement of output power
was as large as 7.8 time greater than by excitation of Nd ions in
the La positions.

The REBGeOj (RE = rare-earth metals) family exhibits two
different types of structures depending on the ionic size of the
rare-earth metals, namely stillwellite- and datolite-type
structures. We were concerned in this section with the former
one because of its acentric and polar with the trigonal space
group P3; (no. 144), while the later one belongs to the
centrosymmetric space group P2,/c.’*® The stillwellite-type
REBGeO; family features 1D chains of corner-sharing [BO,]
tetrahedra along the ¢ axis that are capped by the [GeO,]
tetrahedra. Among them, LaBGeOj crystal was investigated in
great detail on its ferroelectricc NLO, and laser properties.
LaBGeOs crystals melt congruently at the melting point of
1200 °C, and thus it can be grown by the Czochralski
method.”*” LaBGeOjs crystals are transparent in the spectral
region from 190 to 4500 nm. The derived birefringence is
0.0372 at 1064 nm, which is suflicient for the phase matching
required by the SHG process of 1064 nm incident laser.”*’
More than 300 mW of 355 nm generation was confirmed by a
cascaded configuration from 1064 nm in a LaBGeOj crystal by
Hirohashi et al.>*® Furthermore, LaBGeOj crystals can also be
easily incorporated with Nd active ions and thus can serve as
SFD materials. In 1998, Capmany et al. obtained the SFD
green laser radiation first at 524 nm using the fundamental
laser line at 1048 nm in type I phase matching Nd:LaBGeOq
crystals.”* The output power is extremely limited and less
than 100 yW, which is due to the low NLO coefficients of
LaBGeOjs crystals.”*’ The *F;,, = *Fy;/, laser channel of Nd
ions in Nd:LaBGeOj crystals makes it possible to perform laser
radiation at 1314 and 1386 nm, corresponding to the z and &
polarization.”” Thus, the SFD red laser generation of 657 nm
radiation is demonstrated with an output power of
approximately 0.8 mW in Nd:LaBGeOy crystals by Capmany
et al.>>® Overall, the SED performance of Nd:LaBGeOj crystals
is too weak to stay competitive compared to other crystals for
practical SFD laser applications.
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4.3. Active lons Doped Borate Fluorides

4.3.1. Active lons Doped Ca;(BOj);F Crystal. As
discussed in section 3.9.1, Cag(BO,),F crystal was charac-
terized as a promising NLO material, consequently, its SFD
properties were investigated first by Li et al. in 2012.°°" An Nd
ions (2%) doped Cas(BO;)5F crystal with sizes up to S1 X 48
X 8 mm® has been grown by top seeded solution growth
method with the Li,0—B,0;—LiF flux system, in which Nd
occupied the Ca sites with simultaneously substituting partial
O with F to preserve the electroneutrality. Thus, the formula
was determined to be (Ndyp,Cagos)s(BO;3)3F0900. The
Nd:Cas(BO;);F crystal shows long fluorescence lifetime of
51.8 us with the quantum efficiency reaching 9.09%, which is
slightly smaller but about equal with other famous borate-
based SED crystals.”>' Thus, Nd:Cas(BO;);F crystal may be a
new SED material once the output of a stable SFD laser can be
achieved with high power and optical conversion efficiency.

4.3.2, Active lons Doped BaCaBO;F Crystal. The
potential of Yb:BaCaBO;F crystal for both lasing at 1034 nm
and self-doubling the laser light to generate 517 nm is
particularly attractive because the Yb ions do not exhibit an
absorption loss at the frequency of the doubled light. Thus, the
spectroscopic analyses and laser-pumped laser experiments of
Yb:BaCaBOsF crystal were performed first by Schaffers et al. in
1996.>> The Yb:BaCaBO,F crystals were grown by the
Czochralski technique, in which the Yb ions were used to
occupy the Ca sites instead of the Ba positions because the size
of the Yb ion is most closely suited to the seven-coordinated
Ca sites. The Yb:BaCaBOjsF laser has been demonstrated with
a measured slope efficiency of 38% for the fundamental laser
output and threshold output power of near 100 mW.>>* The
polarized spectroscopic properties of Yb:BaCaBOsF crystal
were studied by Zhao et al. in 2011, indicating the
absorption cross sections of 1.5 X 107*° cm?® at 534 nm for
0 polarization, which is much larger than those of
Nd:YAL(BO,), and Nd:GdCa,O(BO;); SFD laser crystals.
But, in the meanwhile, such a large absorption at 534 nm is the
most probable obstacle to realizing SFD output for
Yb:BaCaBOsF crystal at 534 nm. Thus, there is no report on
its output of 534 nm green laser to date.
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5. BORATE-BASED BIREFRINGENT MATERIALS

Birefringent materials that can modulate the polarization of
light are essential components of modern optical materials as
they can be utilized as prism polarizers, phase compensators,
and beam displacers, etc.'®>***® The availability of short
wavelength polarization light, including the UV and deep-UV
spectral regions, has greatly facilitated the work of academic
and industrial to requirements. To date, several commercial
birefringent materials are available, including CaCO;, YVO,,
TiO,, MgF,, and a-BaB,0, crystals. Among them, only MgF,
and a-BaB,0, crystals can be used for light polarization in the
deep-UV spectral region. However, the birefringence of MgF,
is fairly small (0.0136@193 nm) and the absorption edge of a-
BaB,0, (189 nm) is very close to the boundary value of deep-
UV region (200 nm), which hinders their utility for light
polarization in the deep-UV region. Therefore, high-perform-
ance birefringent materials in the deep-UV region are still
urgently needed, and thus many borate-based birefringent
crystals have been continuously discovered, studied, and
characterized with large birefringence and deep-UV absorption
edges (Figure 36a). Therefore, in this section, we will mainly
focus on the deep-UV borate-based birefringent crystals that
are characterized by large as-grown crystals. We believe that
these selected crystals provide an idea of the current status and
future opportunities for researchers interested in the field of
optical devices that require deep-UV birefringent materials.
Similarly, we will start with the consideration of necessary

re(}uirements for a practical deep-UV birefringent materi-
o] 16:28—33,557-566

5.1. Necessary Requirements for a Practical Birefringent
Material

First, crystallizing into the effective non-cubic crystal system is
the prerequisite for crystals to be applied as a birefringent
material. These structures in cubic systems are excluded here
because their birefringence is zero owing to their isotropic
nature. In addition, those uniaxial crystals in hexagonal,
tetragonal, and trigonal systems with two independent
refractive indexs (n, and n,) are more favorable in practical
use than biaxial crystals in orthorhombic, monoclinic, and
triclinic systems with three independent refractive indexs (n,,
n, and n,). Second, a sufficiently large birefringence of more
than 0.10 at 589 nm is required for deep-UV birefringent
materials. Third, the absorption edges of deep-UV birefringent
materials are always required to blue-shift to as far as possible
below 200 nm (the lower, the better) and also retain high
transparency (>70%, the higher, the better) in the UV region
at the same time. Fourth, large crystals should be grown easily
(>cm®) with high quality, and also the favorable growth habit
is extremely important. Birefringent materials should also
possess favorable thermal expansion coefficients. The tremen-
dous anisotropy among different axes can cause the as-grown
crystals to crack along the cleavage face when the tension stress
is larger than the critical stress. Generally, the possible cleavage
face can be predicted by analyzing its structure and also can be
avoided by choosing the appropriate orientation of seed
crystals. For example, the ¢ axis is the sole main axis of a-
BaB,0, crystal, thus the main section perpendicular to the ¢
axis is its cleavage face. Thus, a-BaB,O, crystals without
cracking can be grown from the direction that is perpendicular
to the ¢ axis. Technically, those congruent melting crystals are
easier to grow starting from their stoichiometric ratios by the
Czochralski and Bridgman method. Last but not least, the ideal
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deep-UV birefringent materials should have high laser damage
threshold and high chemical, physical, and mechanical
stabilities. Thus, a birefringent crystal should be chemically
and physically stable before, during, and after operation in a
laser system, and also the beneficially mechanical and thermal
stability are important factors to be included. These require
birefringent crystals hard to crack, do not decompose, and
deliquesce during operation.

5.2. Borate-based Birefringent Materials with OD B—O
Anionic Groups

5.2.1. Borate-based Birefringent Materials with 0D
[BO;] Units. 5.2.1.1. Cas(BO;),. The structure of Ca;(BO;),
was solved and reported for the first time by Schuckmann and
re-determined by Vegas et al.”*® The compound crystallizes in
the trigonal space group R3¢ (no. 167) and contains 0D [BO,]
triangles. The structure was constructed by the cation-centered
polyhedra, with eight-coordinated Ca located at the center of a
distorted square antiprism and [BO;] units. All the coplanar
[BO;] triangles are perpendicular to the ¢ axis and expand in
the ab plane. The behavior of the corresponding electron
configuration is markedly different when the electrical field
direction of an incident light wave is within or perpendicular to
the planes formed by coplanar [BO;] triangles. Thus, a large
birefringence in Ca;(BO;), crystal can be predicted because
[BO,] triangles are all in planes perpendicular to the optical
axis. The Ca;(BO;), crystal melts congruently (1479 °C) and
was grown by the Czochralski method. As-grown Ca;(BO;),
crystals are likely to cleavage along the ab plane, however, the
use of seed crystals with [001] direction can avoid the cleavage
phenomena. Thus, colorless and transparent Ca;(BO;), crystal
with dimensions of 30 X 30 X 15 mm® has been grown
successfully by Zhang et al.”’ The absorption edge of
Ca,(BO;), crystal occurs at 180 and 3800 nm for UV and
infrared spectral region, respectively, accompanying with a high
transparency (>70%) in the region of 280—2500 nm. The
ordinary (n,) and extraordinary (n,) refractive indices were
measured at 12 different wavelengths between 404.7 and 1068
nm via the minimum deviation method, which reveals that
Ca;(BO;), crystal has a large birefringence of An = 0.0927—
0.1020 at the measured region.29 Meanwhile, the Sellmeier
dispersion equations have been fit from the measured refractive
indices. The thermal expansion coeflicients for ¢ and b axes of
Ca;(BOs,), crystal are measured to be 4.690 X 10~° and 1.367
X 1075 K™, respectively.”>” The expansion difference (a./a;, =
3.43) is obviously smaller than that of benchmark a-BaB,0,
(9.0) crystal, which indicates that Ca;(BO;), crystal exhibits a
favorable anisotropic thermal expansion, which will effectively
protect the crystals from cracking. Thus, Ca;(BO;), crystal is a
promising deep-UV birefringent material. To date, its laser
damage threshold and physicochemical stability are still
unknown.

5.2.1.2. Ba,Mg(BOj3),. The buetschliite-type borate, Ba,Mg-
(BOs),, was initially reported as a luminescent material by
Keszler et al. in 1995.°°° It belongs to trigonal space group
R3m (no. 166) and exhibits isolated 0D [BO,] units that are
interconnected via corner- or edge-sharing Ba- and Mg-based
polyhedra. The pseudo-layers of [BO;] triangles extend
orthogonal to the crystallographic ¢ axis (Figure 36b).
Interleaved between these pseudo-layers are double-layers of
Ba sites and single-layers of Mg sites, respectively. The
Ba,Mg(BO;), crystal was proposed first to be a potential
negative birefringent material with theoretical studies by Li et
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al. in 2011."° Ba,Mg(BO3), crystals melt congruently at 1247
°C and were recently grown to large size by Lu et al. via the
Kyropoulos technique.””” Similar to Cay(BO;), crystal, a
[001]-oriented seed crystal was also used to grow Ba,Mg-
(BO;), crystals, and thus a optically perfect single crystal with
the dimensions up to 37 X 25 X 17 mm?® was obtained. The 1
mm thick and double-side polished Ba,Mg(BO;), crystal is
shown to exhibit a high transmittance larger than 80% in the
spectral range of 300—3000 nm with the UV absorption edge
located at about 187 nm.”*” The as-grown Ba,Mg(BO;),
crystal was cut as a right-angle prism with an apex angle of
30.12° to measure the refractive indices at 13 different spectral
lines changing from 253.7 to 1529.6 nm, which reveals the
typical negative feature (n, > n.) with relatively high
birefringence (An 0.0834—0.1302) at measured wave-
1engths.559 Therefore, the large birefringence combined with
a short deep-UV cutoff edge of Ba,Mg(BO;), make it a
potential birefringent crystal in UV and deep-UV region.
However, its thermal, chemical, physical, and mechanical
stabilities are still unknown to date.

5.2.2. Borate-based Birefringent Materials with 0D
[B,05] Units. 5.2.2.1. Li,Na,B,0;. A new mixed alkali metal
borate, Li,Na,B,0Og, was recently obtained by Pan et al>®® and
was immediately shown to be a promising deep-UV
birefringent material. Li,Na,B,O; crystallizes in the ortho-
rhombic space group Cmcm (no. 63) and shows 0D isolated
[B,O;] FBBs. The coplanar [B,O;] dimers extend in the bc
plane and are further stacked along the a axis, which are further
linked by '[LiO,],, chains constructed from edge-sharing
[LiO,] tetrahedra to form 3D framework that hosts the
[NaO,] (n =, 8) polyhedra within the channels. Interestingly,
the dihedral angle in [B,O;] units is zero, indicating that two
[BO,] triangles in the [B,Os] units is strictly coplanar (Figure
36¢). This type of configuration is very rare in borates and has
only been observed in few borates (Tables S1—S4 in the SI),
for example Er,B,0;Cl,, MgUO,(B,0s), Li,Sr,B,0,; and
S1,5¢,(B0O;),(B,05).”%° Compared with coplanar [BO,]
triangles, [B,Os] units with such alignment exhibit more
highly localized valence electrons and anisotropy polarizability
and thus is more likely to cause a large birefringence.
Li;Na,B,0; crystal melts incongruently and thus has been
grown by the top seeded growth method with a self-flux
system. As a result, a Li,Na,B,Oj crystal with size of 35 X 15 X
S mm’ was obtained.”® The average thermal expansion
coefficients are 47.72 X 107%, 8.54 X 107, and 9.01 X 107° K"
for three axes, respectively. The expansion difference of
Li;Na,B,0; crystal is determined to be @,/ = 5.6, which
will effectively protect the crystal from cracking. Li,Na,B,O5
crystal exhibits a high transparency (>60%) in the range of
187—-3500 nm with a deep-UV absorption edge of 181 nm and
its optical quality is high enough, which make it possesses a
high laser damage threshold of ~7.5 GW/cm? at the radiation
conditions of 1064 nm, 10 ns, and 10 Hz. The refractive
indices at only five different spectral lines ranging from 405.0
to 1546.7 nm were obtained via (001) plate of Li,Na,B,0s
crystal, which gives a large birefringence of An = 0.08441—
0.09849.°% Better yet, this work indicates that the [B,Os]
units, particularly those in coplanar alignment, can serve as an
alternative unit that can be used to design deep-UV
birefringent materials. To date, the chemical, physical, and
mechanical stabilities of Li,Na,B,O; crystal have not been
reported.
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5.2.3. Borate-based Birefringent Materials with 0D
[B3O¢] Units. 5.2.3.1. a-BaB,0,. The high temperature phase,
a-BaB,0,, is one of the most well investigated and
commercialized birefringent crystals.”® a-BaB,O, crystallizes
in the trigonal space group R3c (no. 167) and contains 0D
[B,O] triangles that are separated by Ba®* cations, in which
the nearly coplanar [B;O] rings are perpendicular to the ¢ axis.
Structurally, the [B;O4] groups in a@-BaB,0O, arrange in
coplanar alignment, thus the optical anisotropy along and
vertical to the B—O planes is further enhanced to lead to a
reasonably large birefringence. The a-BaB,0O, crystal melts
congruently at 1095 & S °C and 1 atm. Different methods have
been used to obtain large size a-BaB,0, crystals from both
stoichiometric melts and high-temperature solutions, including
the Czochralski, Bridgman, and Kyropoulos methods. Studies
have shown that the a-BaB,0O, crystal is likely to crack along
the (001) cleavage face during the crystal growth if the seed
orientation is parallel to a or b axis. On the contrary, if the seed
orientation is parallel to its sole optical ¢ axis, the optically
perfect a-BaB,O, crystals can be obtained. The as-grown
crystals can reach 80 mm in diameter and 70 mm in length.
The wide transmission range is observed in the as-grown a-
BaB,0, crystal with the UV cutoff wavelength located at 189
nm. The a-BaB,0, crystal is a negative uniaxial crystal with a
large birefringence of 0.1222 at 532 nm.”® The thermal
expansion of the a-BaB,0O, crystal is anisotropic, and the
average thermal expansion coefficient for the ¢ axis is measured
to be 36.3 X 107 K~!, which is about nine times larger than
that of a (= b) axis (9.0 X 107 K™!). The tremendous
anisotropy of the thermal expansion can cause a-BaB,O,
crystal to bend along the ¢ axis during the crystal growth
process.

5.2.3.2. Ba;Na;(B;0¢),F. The extensive search in the
BaB,0,—NaF phase diagram led to the discovery of
Ba,Na,(B;0g),F by Bekker et al. in 2009.°°" It belongs to
the hexagonal space group P6;/m (no. 176), and its FBBs are
determined as [B;Og]) units (Figure 36d), which perfectly
arrange in parallel in the ab plane that are further condensed
with [BaO,,] polyhedra to form *[Ba,Bs0,,],, double layers.
The Na-based polyhedra locate between these layers. The
single crystals of Ba,Na;(B;04),F were grown by Bekker et al.
from the high-temperature solution of BaB,O,:NaF = 1:1 in
2009,°%* whereas the potential of Ba,Na;(B;04),F crystal to be
a deep-UV birefringent material was recognized first by Li et al.
and Pan et al. in 2014.°°*°°* Compared to a-BaB,O,,
Ba,Na,(B;0q),F exhibits superior or comparable optical
properties in several pivotal aspects:°®>°°* (1)
Ba,Na,(B;0q),F crystal has a high transparency (>80%) in
the range of 300—3000 nm with short absorption edges of 186
or 175 nm, depending on the quality of as-grown crystals,
which is shorter than that of a-BaB,0O, (189 nm). This makes
Ba,Na;(B;0g),F crystal be more effective for applications in
the deep-UV spectral region. (2) Ba,Na;(B;04),F is a negative
uniaxial optical crystal and exhibits a large birefringence of
0.0937—0.1300 at the measured region of 253.7—2325.0 nm,
which is comparable to those of a-BaB,O, crystal. (3) The
average thermal expansion coefficients along the a (= b) and ¢
axes are measured to be 12.1 X 107 and 27.6 X 107 K7},
respectively. The expansion difference (a./a, = 2.27) of
Ba,Na;(B;0g),F crystal is much smaller than that of a-BaB,0,
crystal (@./a, = 9.0), indicating a favorable anisotropy that can
keep the crystal from cracking. (4) The laser damage threshold
of Ba,Na,(B;04),F crystal is measured to be 108 GW/cm™ at
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1064 nm, 30 ps, and 10 Hz, which is much higher than that of
a-BaB,0, crystal in the same conditions. (5) Ba,Na,(B;04),F
crystal melts congruently with no first-order phase transition
occurring from room temperature to its melting point (820
°C), which is also lower than that of @-BaB,0, crystal. (6) The
optical measurements indicate that the Glan type polarizer
constructed by Ba,Na;(B;0g),F crystal exhibits good perform-
ance with the extinction ratio of 2.8 X 10*1, which is in the
same level of @-BaB,O, crystal (3.9 x 10%1). Besides,
Ba,Na;(B;0q),F crystal possesses nonhygroscopic feature, a
suitable Mohs hardness (4.5), and good mechanical stability,
indicating that Ba,Na;(B;O¢),F crystal is a competitive
birefringent candidate for deep-UV region.

5.2.3.3. Ba,M(B;0y4), (M = Mg, Ca). Two isomorphic mixed
alkaline-earth borates, Ba,Mg(B;04), and Ba,Ca(B;0y),, were
initially obtained and reported by Liebertz et al. in 1984.°%
They were both proposed first to be potential birefringent
materials with theoretical studies by Li et al. in 2011.'® After
that, Li et al. obtained sizable crystals and evaluated the optical
properties in 2012 for the Mg analogue and 2016 for Ca
analogue, respectively.”"*> Both structures crystallize in the
centrosymmetric space group R3 (no. 148) with 0D FBBs of
[B;O¢] rings. These coplanar rings are parallel to each other
and stack along the ¢ axis in the unit cell, with Ba and M site
atoms alternately located between the [B;Og4] pseudo-sheets
and forming 2D layers constructed by Ba- and Mg-based
polyhedra. Differential scanning calorimetry and melting
experiments confirm the congruent melting feature of
Ba,Mg(B;04), and Ba,Ca(B;Og), crystals with the corre-
spondin% melting points of 1000 and 1116 °C, respec-
tively.””> In principle, they can be grown from their
stoichiometric melts, while the lower growth temperature is
more preferred. Thus during the earlier growth of both crystals,
the high-quality Ba,Mg(B;0;4), and Ba,Ca(B;Og), crystals
were obtained by top seeded solution growth with H;BO; and
NaF as fluxes. The as-grown crystals show high optical quality
with the sizes up to 40 X 40 X 7 mm® and 40 X 28 X 10 mm’
for Mg and Ca analogues, respectively. Both crystals are
characterized by short cutoff edges (177 and 178 nm), large
birefringence (0.0914—0.1455 and 0.1001—0.1563 in the
measured region of 253.7—2325.4 nm), and small expansion
difference (o /a, = 4.89 and 4.67).*"*> On the basis of this, Li
et al. designed and manufactured Glan—Taylor type polarizers
with Ba,Mg(B;04), and Ba,Ca(B;0g), crystals (Figure 37a).
The optical tests indicate that the polarizers have the extinction
ratios of 7.1 X 10*1 for Mg and 3.1 X 10*1 for Ca analogues
(Figure 37b), respectively, which are in the same level of
extinction ratio (~10%) with that made of commercial a-
BaB,0, crystals. Besides, the measured refractive indices at
different temperatures from 24 to 140 °C show the good
thermal stability of Ba,Mg(B;O4), crystals as the reflective
indices’ differences are minor at different temperatures.’*®
Therefore, Ba,Mg(B;04), and Ba,Ca(B;Og), crystals are
competitive deep-UV birefringent materials for practical
applications.

5.3. Borate-based Birefringent Materials with 1D B—O
Anionic Groups

5.3.1. Borate-based Birefringent Materials with 1D
'[BO,]., Chains. 5.3.1.1. Ca(BO,),. As early as in 1932, the
structure of Ca(BO,), (also written as CaB,0,) crystal was
determined by Zachariasen et al.®’ It belongs to the
orthorhombic system with a centrosymmetric space group of
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Figure 37. (a) Glan—Taylor polarizer fabricated by Ba,Ca(B;04),
crystals. (b) Tested transmitted beam intensity versus rotating angle
of Ba,Ca(B;0q4), based Glan—Taylor polarizer. For the extinction
ratio measurement, a 633 nm He—Ne laser light beam passed through
a Glan—Taylor polarizer made of CaCOj3, and then the light was sent
into a second Glan—Taylor polarizer fabricated by Ba,Ca(B;04),
crystal. (c) Schematic design representation of a Ca(BO,), crystal-
based Glan polarizer. (d) Critical angle of total internal reflection (i)
for x and y polarization versus deep-UV spectral region from 170 to
200 nm. (e) The Glan polarizer fabricated by Ca(BO,), crystals. (f)
The tested transmitted light energy versus rotating angle of a
Ca(BO,), based Glan polarizer. For the extinction ratio measurement,
a 193 ArF laser light beam passed through a commercial MgF,
Rochon polarizer, and then the light was sent into a second Ca(BO,),
based Glan polarizer. Reproduced with permission from refs 31 and
33. Copyright 2017 and 2018 The American Chemical Society.

Pben (no. 60). Ca(BO,), presents 1D anionic framework of
'[BO,] chains (Figure 37e) constructed by [BO,] triangles
which are in almost coplanar configuration and further linked
by neighboring *[Ca0,],, layers to form the final 3D crystal
structure. According to the dipole—dipole interaction model
(Figure 36f), the polymerization of [BO;] triangles within the
same plane can enhance the average anisotropy of polar-
izabilities. As a consequence, the highly polymerized '[BO,],
chains are expected to have larger average anisotropic
polarizabilities than those of isolated [BO;] groups and
resulting in a larger birefringence.”> Thus, the crystal of
Ca(BO,), was grown and subjected to physicochemical
property characterizations, and based on this, Ca(BO,), crystal
is highlighted as a novel deep-UV birefringent material for light
polarization as it shows great advantages in the following
aspects:>> (1) Ca(BO,), crystal melts congruently without a
first-order phase transition occuring in the region from room
temperature to its melting point (1152 °C) at atmospheric
pressure, and thus the Ca(BO,), crystal can be easily grown

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig37&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00796?fig=fig37&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00796?ref=pdf

Chemical Reviews

pubs.acs.org/CR

from its stoichiometric melts via high-efficiency Bridgman,
Czochralski, heat exchange, and Kyropoulos methods.
Accordingly, optically perfect Ca(BO,), crystals with the
maximum dimensions up to SO X 41X 22 mm® have been
obtained by Pan and Poeppelmeier et al.”® with the
Czochralski method. (2) The Ca(BO,), crystal posseses
three vital “best” properties among the available borate-based
deep-UV birefringent material (Figures 36,37a), including a
shortest UV cutoff edge (169 nm), a largest birefringence (An
= 0.1230—0.173S in the measured region of 253—1529 nm),
and a highest laser-induced damage threshold (~3.1X a-
BaB,0,). (3) The Ca(BO,), crystal is more likely to achieve
practical applications as it has a relatively low growth
temperature (1152 °C), much lower production costs, and
high production yields. More importantly, the first Glan
polarizer for deep-UV light polarization has been fabricated
and characterized by using the as-grown Ca(BO,), crystals
(Figures 37c—f), and also the extinction ratio of the as-
fabricated Ca(BO,), polarizer was determined to be 1.1 X
10*1, which can satisfy the practical requirements. Thus, the
Ca(BO,), crystal can be expected to be used in a wide field of
applications, ranging from 193 nm lithography to complex laser
systems of spectroscopy, and also the highly polymerized
'[BO, ] chains can be regarded as a new birefringence-active
unit to design novel deep-UV birefringent materials, which can
be further confirmed by achieving extremely short absorption
edges and large birefringence in [BO,],, chains containing
borates, like Sr(BO,), and LiBO, crystal.*?

6. CONCLUSIONS AND PERSPECTIVES

Borates have achieved impressive progress over the past several
decades and entered into a very exciting era, with recent
discoveries laying the groundwork for further development of
solid-state chemistry and advanced optical materials. In this
context, there is a good reason to investigate the structural
chemistry of borate and its functionality as novel optical
materials. Studies related to newly discovered borates with rich
structural diversity allow a deeper understanding of their
structure—property relationship, paving the way for related
inorganic systems with increased complexity and functional
capabilities. In this review, we have surveyed the currently
available anhydrous borates and analyzed the recent advances
in their structural chemistry with special emphasis on the
relations between structural architectures and optical proper-
ties. On the basis of this, we provide an overview on the state
of art in borate-based optical materials, for this purpose, NLO,
SFD, and birefringent materials are taken as representative
examples to the area of borate-based optical materials that lie
at the current frontier of knowledge. Several borates with
unique structural characteristics have been discovered, and also
many new borates show great potential as the irreplaceable
optical materials. Overall, the future appears to look rather
bright for borate chemistry and its optical materials. Even
though many issues still remain and great challenges also exist,
which need to be carefully considered and addressed to make
borates show greatest advantage as the study subjects of solid-
state chemistry and also a rich source of optical materials. We
enumerate the thoughts here and look forward to many
discoveries to come in borate chemistry and to address these
challenges and issues to promote the academic and industrial
applications.
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6.1. Challenges to the Unrevealed Mechanism

Knowledge of the structure chemistry is crucial to our
understanding of how the B—O/F anionic units are formed
and then affect the optical performance of borates. Given this,
several theories and rules have been intensively developed to
analyze the structural features and also to get the correlation
between microstructure and observed optical properties in
borates. For example, the inherent rules for the occurrence of
polyborate anion types proposed by Becker ofter the possibility
of inferring the possible B—O units’ type of borates according
to the ratios of cation and boron."** The anionic group theory
developed by Chen et al.”’ indicates that the certain types of
B—O anionic groups make the main contribution to the SHG
coeflicients, which make it possible to search the prospective
borates by analyzing the arrangement of their B—O NLO
active units. Besides, the extended theory
introduced by Belokoneva'® offers a new tool to crystal
chemical analysis of borates. These theories or rules are useful
and indeed make considerable contribution in certain borate
chemistry. However, some unrevealed mechanisms reflected by
the unique structural features of borates still remain and need
to be addressed:

(a) How does the flux promote the crystallization and
crystal growth process of borates?

(b) What is the theoretical basis for the formation of unique
structural rearrangements such as edge-sharing [BO,]
tetrahedra, polymorphism, and highly polymerized B—
O/F FBBs, etc.?

(c) How to distinguish the real contribution of independent
atoms or units on optical properties in the experiment.

(d) How do we test the generalization ability of non-z-
conjugated system on optical properties?

(e) Why are all of the [B;Og] units in the borates with only
such isolated units align in coplanar arrangement?

Most borates melt incongruently, and therefore it is apparent
that in the course of growing borate crystals, the suitable flux
system needs to be carefully chosen and well-controlled, as
otherwise the improper choice of flux may prove to be caused
to the unfavorable absorption but a serious impact will be
brought on the optical quality of borates. Generally, the flux
growth utilizes a high-temperature solution of borates as the
solvent for crystallization. To date, the early stages of
crystallization and crystal growth process can be investigated
from high-temperature solutions by the in situ approaches, but
what exactly goes on in the solution is still unknown and
leading the limited understanding of borates’ crystal growth
mechanism.’®” The analysis of LiB;Os—Li,Mo0;0,, high-
temperature solution reveals the solvent—solute interactions
reflected by the transformation from the initial states
(*[B;04)co chains + [Mo30,,] clusters) to transition states
(1[B;04—Mo00O;], chains + [Mo,0,] clusters).”® But, how
exactly the flux promotes the crystallization and crystal growth
process of borates is still unable to give a quantitative analysis
due to the lack of approaches to routinely study these
processes.

Besides, as we have discussed in section 2.5, formation of
edge-sharing [BO,] tetrahedra in borates is quite unconven-
tional and only observed in a few borates. Although theoretical
studies in terms of lattice dynamics and electronic-structure
calculations indicate that the vibrational modes of edge-sharing
[BO,] tetrahedra are dynamically stable and all modes have
real frequencies.”*® Certainly, the high pressure-driven

https://dx.doi.org/10.1021/acs.chemrev.0c00796
Chem. Rev. 2021, 121, 1130-1202


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00796?ref=pdf
ellaw
高亮


Chemical Reviews

pubs.acs.org/CR

condition is known to be more favorable in the forms of such
an unconventional connection. The real origin, however,
responsible for the formation of edge-sharing [BO,] tetrahedra
in related borates, covering those obtained under high pressure
and atmospheric pressure conditions, in energy- and structure-
favorable way associated with their structural stabilities still
remains unrevealed.

Structurally, the B—O/F FBBs of borate structures are
generally small, with most of them which contain the B atoms
less than six (see sections 2.3 and 2.4)."*° There are still some
exceptions to this rule, the structure of which are based on the
FBBs containing far more B atoms, and to date, the largest one
reaches 63 in the [B4;0,35] FBBs of Cs;B,0,,."*" Studies have
shown that the decrement of cation/boron ratio is beneficial to
generate the highly polymerized B—O/F FBBs, and also,
almost all of the borates with high-polymeric FBBs contain
cations with large ionic radii (like Rb and Cs), which tend to
make the whole construction more stable and closer and thus
resulting in the increased polymerization of B—O/F FBBs. Still,
owing to the absence of mechanism to guide the rational
synthesis of borates with target structures, the formation of
high-polymerized B—O/F FBBs still remains elusive.

With respect to the analysis of structure—property relation-
ships, especially for linear (birefringence) and NLO (SHG
coefficients) progerties, several theoretical approaches have
been employed,'®****~37* such as the anionic group theory,
real-space atom-cutting technique, SHG-weighted charge
density analysis tool, Born effective charges analysis, and
atomic response theory, which enable us to quantitatively or
qualitatively analyze the contribution of the individual ions (or
groups) to the optical properties. It turns out that we are very
successful at predicting and evaluating the theoretical results of
birefringence and SHG coefficients with relative mean errors
less than 5% compared with experimental data'® but find it
significantly more difficult to distinguish the contribution of
individual atoms or units on optical properties in experiment.
Yet, it is likely that these difficulties mainly come from the
infeasibility of separating the atoms of whole crystal structure
in experiments, which may hold the key in the endeavor of
realizing their experimental verifications. Likewise, to what
extent the UV transparent non-z-conjugated units®>”* "% can
also lead to the improvement of birefringence and SHG
coefficients, while undoubtedly important, is not well under-
stood to date. Hence, the researcher must always perform
some degree of exploratory work to identify the contribution of
7- and non-z-conjugated units in theory and experiment.

6.2. Opportunities to Prediction and Simulation

For most borate-based optical materials, their discovery has
followed the traditionally inductive paradigm between
experimental and computational chemistry, in which the
experimental approaches enable the acquirement of new
structures with assigned molecular formula, and then computa-
tional methods were used to clarify the structure—property
relationships. Better yet, such a combination model has been
updated with the participation of theoretical search and
prediction methods, which largely accelerate the discovery of
new borates with target properties. There are three major
approaches that have been used to theoretically search and
predict new borate structures:>”” % (1) making structural
regulation on the known structures via substitution or co-
substitution to predict new competitive borates; (2) making
high-throughput screen based on large quantities of known
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structures to discover the potential borates with high optical
performance, and (3) searching the local minimum or global
minimum on a potential energy surface via systematic global
structure optimization method to predict several undiscovered
structures with assigned molecular formula. The former two
methods request a suitable prototype or descriptor to facilitate
the process of structural design, and also the predicted
structures are usually limited in quantity and type, whereas the
newly introduced systematic global structure optimization
method to predict borate-based optical materials might enable
us to obtain several experimentally undiscovered phases that
are assigned to certain chemical constituents or molecular
formulas. Thus, the desire to facilitate synthetic discovery with
the help of above methods toward more likely chemical
compositions has been omnipresent in the search of borate-
based optical materials.

Simply put, the process of structure prediction includes two
main steps, the structure with assigned crystallographic
information should be obtained first and then further
verification of its possibility to be formed. The early attempt
at introducing the systematic global structure optimization
method in ternary and quaternary borate system generate the
NaBeBO; and Be,BO;F series with serval energy-favorable
phases,”®**> but unfortunately, they have not yet exper-
imentally obtained to date. These approaches have enabled us
to predict new structures with limited atomic numbers in unit
cells, but they still face several challenges. Theoretically, the
polyphyletic borate system with heavier elements or strongly
correlated electrons is more time-consuming and complicated
than binary ionic compounds, and also, the prediction of
optical properties is more complicated than that of physical
properties, as it describes not only a single state but also
constantly changing states, and their calculation requires
extensive and expensive sampling.’®’ Experimentally, the
number of generated structures by structure prediction method
is usually extremely high, depending on the given accuracy,
even though several thermodynamically stable structures with
relatively small and closely formation enthalpies will be picked
out to guide the experimental synthesis. They always show
close structures with slight difference in crystallographic
position of individual atoms, which make it hard to obtain
one of the target compounds. We also noted that the deep-
learning technique can be applied to crystallography from large
repositories of crystallographic data,”** which can effectively
guide the synthetic efforts in the discovery of new structures
and materials, especially in the case of systems composed of
three or more chemical elements. However, there are still no
borate-based optical materials, which have been predicted via
deep-learning technique. It is expected that the prediction
model in deep-learning is more effective than others once they
are applied to predict potential optical materials in borate
systems.

6.3. Toward the Limits and Elevation

The discovery of new borate structures and associated
desirable properties has been a driving force behind solid-
state chemistry and materials science for several decades. This
review has distinctly shown the great optimism of studies on
the structural chemistry of borates and their applications as
multiple optical materials. It seems that these borates are
approaching their limits on structure and optical performance
parameters. Until now, structurally, the largest FBBs and
maximum polymorphism are observed in Cs;B,0;,"”* with
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In the case of three critical parameters for optical application,
the limits of the strongest powder SHG response, the shortest
absorption edge, and the largest birefringence are exper-
imentally determined as 20 X KDP@1064 nm in Bi;TeBO,,*"
120 nm in SrB,0,,°" and 0.290@546 nm in SbB;04°*
respectively, but thinking optimistically, this is far from
reaching the real limits of borates in structural aspects and
properties. It was also apparent that most borates discussed in
this review are composed of traditional [BO;] and [BO,] units,
and few borates contain fluorinated [BO,_,F,] tetrahedra.
Recently, the discovery of linear [BO,] units in
KBa,(B,40;,),(BO,) provide more useful information to
push the current limits of borates to a new height.”®” We can
imagine that the introduction of linear [BO,] units in the
structures of currently available B—O/F anionic framework will
cause more interesting FBBs and configuration. More
importantly, the polarizability anisotropy of [BO,] units is
found to be larger than those of traditional [BO;] and [BO,]
units (Table 1), hence, theoretically designed KBO, exclusively
composed of [BO,] units is predicted to have a large
birefringence of 0.18@1064 nm, preliminarily prove that the
idea of new [BO,] functional units can generate new limits in
properties. Even better, when the terminal O atoms of [BO,]
and [B;O¢] units are further linked by [BO,] units to form
highly conjugated [B,Og] and [B4Oo] units (Figure 38), much

Polarizability anisotropy
® Hyper-polarizability

Polarizability anisotropy
B Hyper-polarizability o

(a)

[BO;]

[B405] (b)  [B;Og] [BsOsl [B;0¢]  [BeO,]

Figure 38. (ab) Polarizability anisotropy and largest hyper-polar-
izability tensor of [BO,], [B4O¢], [B3Oq], and [B¢Oy] units. These
values were caculated by buliding the ideal geometric models of

corresponding units.

more enhacement on the polarizability anisotropy and
hyperpolarizability can be expected and proved theoretically,
which is more conducive to lead to the improvement of
birefringence and NLO susceptibilities and thus creates new
limits in properties. This virtuous circle of “new unit — new
property — new limit” may also occur once more new units in
borates being discovered. Like fluorinated [BO;_,F,] triangles,
face-sharing [BO;_,F,] triangles, or [BO,_,F,] tetrahedra. We
admitted that the synthesis of such unprecedented units is
extremely intractable, especially adopting the traditional
preparation approaches, and thus for achieving this purpose,
any reasonable guidance of synthetic efforts becomes highly
valuable.
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ABBREVIATIONS

0D = zero-dimensional

1D = one-dimensional

2D = two-dimensional

3D = three-dimensional

B—O = boron—oxygen

B—O/F = boron—oxygen/fluorine

FBBs = fundamental building blocks

UV = ultraviolet

NLO = nonlinear optical

SFD = self-frequency-doubling

ICSD = Inorganic Crystal Structure Database
CSD = Cambridge Structural Database

SHG = second harmonic generation

pH = potential of hydrogen

HOMO = highest occupied molecular orbital
LUMO = lowest unoccupied molecular orbital
HP = high pressure

NMR = nuclear magnetic resonance

d.g coeflicient = effective second-order nonlinear optical
coefficient

KDP = KH,PO,

Nd:YAG = Nd:Y;AL,0,

SFG = sum-frequency generation

OPO = optical parametric oscillation

OCPCA = parametric chirped-pulse amplification
THG = third harmonic generation

FHG = fourth harmonic generation

SOJT = Second-order Jahn—Teller
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