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ABSTRACT: In order to generate deep-ultraviolet (DUV, 1 < 200 nm)
coherent light, many DUV-transparent nonlinear optical (NLO) compounds —

Q\/ — { ' Bridge-Bond
have been synthesized experimentally over the past few decades, most of [ < ~ NS {33 Van der Waals
which contain alkali or/and alkaline earth metal cations. However, to date, o
practical DUV NLO materials beyond KBe,BO;F, (KBBF) are still very
scarce. In this work, based on analysis of the DUV NLO effect induced by the
A-site alkali and alkaline earth metal cations, we attempt to expand the options
for DUV NLO compounds from a molecular engineering point of view.
Accordingly, a useful strategy is proposed to design densely stacked layered
structures without A-site cations as new and promising DUV NLO materials.
Along with the available experimental and first-principles calculation results, it
is demonstrated that layered structures in which the A-site cations are
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removed, such as Be,BO,F, Be,CO;F,, AICO;F, SiCO,F,, AINO;F,, PBO,F,,
and PB;OF,, whether real or hypothetical, exhibit excellent DUV NLO performances. Based on the findings, our strategy may
open up new opportunities for the design and exploration of high-performance DUV NLO materials beyond KBBF.

1. INTRODUCTION

Deep-ultraviolet (DUV) nonlinear optical (NLO) crystals are
of great importance for current and future fundamental
research and technical needs associated with all-solid-state
lasers."” Short laser output wavelength and high conversion
efficiency are the most important requirements for a DUV
NLO material in the practical second harmonic generation
(SHG).” In principle, the short output wavelength requires a
phase-matching (PM) output Apy < 200 nm rather than a
DUV absorption edge Ayy < 200 nm. Accordingly, a good
DUV NLO crystal must have (i) an appropriate Ayy, at least
<200 nm and <177.3 nm when applied in the sixth harmonic
generation (6HG) of the most practical 1064 nm Nd:YAG
laser, and (ii) a sufficient PM capability, usually corresponding
to large birefringence, An > 0.07, and suitable refractive
dispersion in the UV and DUV regions.” Furthermore, high
NLO conversion efficiency needs (iii) a large effective SHG
effect d g mainly corresponding to the large SHG coefficients |
dilmex > d36 = 0.39 pm/V of KH,PO, (KDP) in the PM
direction, and the larger the better. Only when conditions (i),
(i), and (iii) are satisfied could DUV coherent light be output
through the NLO crystal.

However, it is difficult to achieve such conditions for most
conventional structures, which results in DUV NLO materials
being very rare.” As the rare and first exception to break the
“200-nm-wall”, KBe,BO;F, (KBBF) satisfies the requirements
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very well, with Ay = 150 nm, An = 0.088 (default at 400 nm),
and dig = 0.5 pm/V, so its Apy can reach 161 nm.” The
excellent DUV NLO capability comes from KBBF’s unique
structural features. First, its two-dimensional (2D)
(Be,BO;F,),, layered framework exhibits strong spatial
anisotropy for a sufficiently large An. Meanwhile, all (BO;)*~
are planar and aligned in the same orientation, resulting in an
available SHG effect. Importantly, each Be** is saturated with
the nonbonding states of dangling O*~ in (BO;)*", so the
energy bandgap E, is sufficiently enlarged, corresponding to a
greatly reduced Ayy.* However, the interlayer connection is not
strong and there is a lack of covalent directionality due to the
A-site alkali metal cations K located between (Be,BO;F,),
layers, so KBBF exhibits a heavy layering tendency during the
growth of single crystals.” Until now, the thickness of KBBF
with good optical quality was less than 4 mm along the crystal
c-axis, which strongly hinders its industrial and commercial
applications. In addition, an effective SHG coefficient is
available but still relatively small (only ~1.2 times that of
KDP), which makes its SHG conversion efficiency not high
enough, so it has only achieved a 177.3 nm laser with 200 mW,
still below the watt level.” Considering the demand for DUV
NLO devices and the lack of good KBBF crystals, it is
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imperative to search for new DUV NLO materials beyond
KBBF to replace it.

In the past few decades, researchers have been looking for
new DUV NLO materials.'*” In general, some of these
materials do have possible DUV properties, but most are not
better than KBBF. For example, as typical KBBF-family
members, RbBe,BO;F, (RBBE)'® and CsBe,BO,F,
(CBBF)'' exhibit inferior DUV capabilities compared to
KBBF because An decreases with the increase of A-site
cationic size from K" to Rb" and Cs', so the PM ability is
weakened from KBBF to RBBF and CBBF.*® For this reason,
CBBF (4py & 202 nm) cannot be used for DUV generation,
although its Ayy is 150 nm, and the effective SHG effect d g of
RBBF along the PM direction is only half that of KBBF,
although its d4 is close to that of KBBF. In the KBBF-type
systems, no matter which kind of A-site cations are adopted,
e.g, NaBe,BO;F, (NBBF),” BaBe,BO;F;,*" NaCaBe,-
B,O4F,'® NaSr,Be;B;0.F,,'° BaAlBO,F,'> Rb,AlB,0,F,”
etc,, the obtained structures do not exhibit superior or
comparable DUV PM capabilities compared to KBBF. In
this sense, KBBF was once considered to approach the “DUV
NLO limit” for the first generation.d'l However, in fact, the
DUV NLO capability in the KBBF-family structure can be
further enhanced in an extreme case with a zero cationic size,
ie, by removal of the A-site cations, which has not been
systematically considered in the previous studies.

Therefore, in this work, we illustrate that the NLO size effect
induced by the A-site alkali and alkaline earth metal cations
plays an important role in the DUV NLO capability. Based on
understanding of structure—property relationships, we attempt
to break the DUV NLO limit beyond the KBBF system.
Accordingly, we propose a useful strategy to design new DUV
NLO crystals through densely stacked layered connections
without A-site cations, and we further evaluate the DUV NLO
capabilities of some known and designed structures using high-
precision computational simulations. Note that this is a more
effective way to produce new structures with excellent DUV
NLO performances than any previous strategy. Therefore, we
give an optimistic outlook for new and promising DUV NLO
candidates beyond KBBF, which could be very beneficial for
finding new NLO materials in the DUV region in the future.

2. RESEARCH METHODS

Looking back at the findings on KBBF, the ab initio algorithm
combined with the anionic group theory gave much insight toward
understanding the optical response from anionic groups in borate-
based NLO crystals." The density functional theory (DFT) energy-
band method was developed to calculate the macroscopic SHG
coefficients using high-performing computers.*” It is apparent that the
DFT calculations have achieved remarkable success in obtaining NLO
properties and in elucidating the relationship between macro-NLO
capability and microstructures. Compared with traditional exper-
imental methods based on time-consuming trial-and-error study,
NLO material scientists are willing to subsume themselves in a
reasonable, controllable, and convenient effort to search for and even
design the new functional NLO structures. To meet this objective, a
theoretical approach provides efficient benefits for evaluating and
determining the DUV NLO performance characteristics, such as the
SHG effect, birefringence, energy bandgap, and PM output wave-
length, of known and designed NLO structures.*

The present calculations in this work are performed by using the
plane wave 5pseudopotential method implemented in the CASTEP
package.***> Optimized norm-conserving pseudopotentials are
adopted for all elements.*® A series of computational parameters
with high precision are chosen for the calculations, including a kinetic

energy cutoff of 1000 eV, a self-consistent field (SCF) tolerance of 5.0
X 107° eV/atom, and Monkhorst—Pack k-point meshes spanning less
than 0.04 A= in the Brillouin zone.”” The unit cell parameters and
atomic positions are optimized using the quasi-Newton method.*®
The convergence thresholds between optimization cycles for energy
change, maximum force, maximum stress, and maximum displacement
are set as 5.0 X 107¢ eV/atom, 0.01 eV/A, 0.02 GPa, and 5.0 X 107
A, respectively. Based on the optimized structures and ground-state
calculations, the electronic structures and optical properties can be
obtained according to our proposed methods.”> Accordingly, the
energy bandgap E, is calculated from the hybrid PBEO functional,*
while the optical properties are calculated by the scissors-corrected
GGA method with PBE functional,”® where the scissors operator is set
as the difference between the PBEO and PBE bandgaps.®' This self-
consistent ab initio approach has proven to be an efficient way to
study the DUV NLO properties in many materials without
introducing any experimental parameter (for details, see the
Supporting Information).*® As a result, the refractive indices n and
birefringence An are obtained. The shortest SHG output wavelength
Apy can be indicated on the basis of the dispersion curves of refractive
indices (e.g, n, and n.), satisfying the condition of n,(24py) =
n.(Apy)- Further, the SHG coefficients d; are calculated using the
expressions developed by our group.” Finally, the effective SHG
coefficients d.g can be simulated under the specific PM process.

Note that the proposed calculations are more efficient than
conventional techniques. For accurate experimental measurements of
DUV bandgap, SHG coefficients, and refractive indices, bulk crystals
with large size and good optical quality are necessary. It is not easy to
obtain large crystals, which hinders the determination of NLO
performances. Although a rough experiment can provide some
preliminary results, the evidence is insufficient or even may have
large errors in some cases (e.g., powder SHG effect). According to our
proposed studies, now we can accurately calculate the energy bandgap
E, SHG coefficients dj, birefringence An, and the shortest SHG
output Apy;, all of which are the most important indexes for the DUV
NLO crystals. Therefore, it is very important to perform appropriate
calculations for adequate evaluations. Furthermore, if the designed
structure exhibits a potential DUV NLO capability, it is necessary to
evaluate the structural stability for its possible experimental synthesis.
Theoretically, the first-principles linear response method is used to
obtain the phonon dispersion of the crystal,”> which can be used to
analyze the structural stability.”® The structure is dynamically stable
without any virtual frequency. Meanwhile, first-principles molecular
dynamics (MD) simulations can be performed to confirm that the
lattice structure is stable at high temperatures. If the structures are
maintained after a long MD simulation, they can be used as practical
devices with stable electronic and optical properties. Under this
research framework, two NLO compounds, NH,Be,BO,F, (ABBF)
and y-Be,BO;F (y-BBF), have been previously predicted and
successfully obtained in recent experiments.>**°

3. RESULTS AND DISCUSSION

3.1. NLO Size Effect Induced by the A-Site Cations in
the KBBF-Family Crystals. The so-called A-site cations
herein are substantially spherical cations which are relatively
isolated and have little covalent anisotropy, mainly including
the alkali metals (e.g., Li*, Na*, K*, Rb*, Cs*) and alkaline
earth metals (e.g., Mg?*, Ca*, Sr**, Ba>*). In general, they do
not directly affect the overall NLO response since the NLO
effect or birefringence of a crystal is derived from the
geometrical anisotropy of anionic groups based on the anionic
group theory.” However, the spherical A-site cations can adjust
the size of the stable structures and the arrangement of
microscopic polar units, thereby indirectly affecting the final
stability and NLO capability. This can be illustrated by the
typical KBBF-family members, i.e, RBBF,'” CBBF,'' NBBF,*”
ABBF,** and TIBe,BO,F, (TBBF),”* with structures similar to
that of KBBF (see Figure S1 in the Supporting Information).
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Table 1. Experimental and Calculated NLO Properties of Typical KBBF-Family Crystals

SG E, (eV) Agy (nm)
LBBF** calc R32 8.38 148
NBBE* cale R32 8.11 153
NBBF expt C2 8.07 154
calc 8.26 151
KBBF expt R32 8.45 147
calc 8.31 150
ABBF expt R32 8.12 153
calc R3 8.37 149
RBBF expt R32 8.18 152
calc 8.21 151
CBBF expt R32 8.23 151
calc 8.23 151
TBBF expt R32 >6.3 <200
calc 6.58 189

d; (pm/V) An at 400 nm Apy (nm)
dig = —dy, = 0.46 0.067 165
dig = —dy, = 0.44 0.064 170
~KDP - -
dyy = 0.44 0.059 185
dig = —dyy, = 0.47 0.088 161
dig = —dy, = 0.41 0.059 172
~1.2 X KDP 0.078 174
dig = —dy, = 0.40 0.053 188
dy; =023
dig = —dy, = 045 0.078 174
dig = —dy, = 0.40 0.057 185
dig = —dy, = 0.50 0.064 202
dig = —d,, = 0.38 0.055 200
~KDP - -
dig = —dy, = 0.46 0.044 330

“Here, throughout the text, and in other tables, # indicates that the compound is designed theoretically.

Note that the A-site cations Rb*, Cs*, Na*, TI*, and NH," are
located between (Be,BO4F,),, layers, like K* in KBBF. Their
crystallographic data are given in Table S1 in the Supporting
Information. It can be seen that the (BO,)*” units maintain
almost the same size dy in all crystals, while dp. in
(BeO4F)*™ is slightly elongated with the increase of A-site
cationic size d,  (i.e., the distance between A-site cations and
adjacent F anions). The interlayer distance dy,, 2d,.p, and
volume with respect to the effective radius of A-site cations are
further plotted in Figure S2 in the Supporting Information, in
which the proportional change is easy to understand when the
isolated cations and anionic groups are densely stacked.
Their NLO properties are listed in Table 1, showing a
quantitative agreement between experimental and calculated
E, Auv, dj An, and Apy. Note that the shortest SHG output
wavelength Apy is mainly determined by the optical
birefringence An when Ayy is sufficiently short, ie., Apy
generally decreases as An increases (see Figure la). In order
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Figure 1. Shortest SHG wavelength Apy; with respect to birefringence
An (a) and A-site cationic size d,  (b).
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to show the influence of A-site cations on the DUV NLO
capability, two new structures, LiBe,BO;F, (LBBF) and
NBBF, with the same space group R32 as KBBF, are designed
theoretically to enrich the KBBF-family. Their Apy, values are
plotted as a function of A-site cationic size d,.g in Figure 1b,
exhibiting a proportional relation between Apy and d,_p for
LBBF, NBBE*, KBBF, RBBF, ABBF, and CBBF. With the
increase of the ionic radius, the crystal size along the c-axis
increases, while in the a—b plane it is almost unchanged, so the
refractive index along the c-axis (i.e., n.) increases while that in
the a—b plane (ie, n,) is almost constant. Therefore, the
uniaxial birefringence An = n, — n, is decreased from LBBF to
CBBF, such that the PM ability is weakened successively. This
is the so-called “NLO size-effect” induced by the A-site cations,
which can also be inferred from the anionic group theory.”*"
According to the theorem, increasing size perpendicular to
(BO,)*™ plane groups will reduce the An, thus leading to the
phase-mismatch in the DUV region and a decrease in the
effective SHG effect. It should be explained that, for TBBF, E,
and An are relatively small because covalent TI" has a
nonbonding lone electron pair and is not a strictly spherical
cation (see Figure S3 in the Supporting Information). For
NBBF, the NLO-active (Be;B;O4F;),, layer slips and deviates
from the structure expected based on KBBF, so the refractive
dispersion becomes heavy, which makes its Apy; only about 185
nm, red-shifted 15 nm compared to the expected NBBE"
structure (~170 nm).

3.2. New Design Strategy for Removing the A-Site
Cations in Layered Structures. Depending on the NLO
size-effect induced by the A-site cations, it is conceivable to
devise an important and simple design strategy to enhance the
DUV NLO capability in the KBBF-like layered structures, i.e.,
to reduce the A-site cationic size to zero by removing the A-site
cations. However, based on a thorough survey of the Inorganic
Crystal Structure Database (ICSD, FIZ Karlsruhe, 2018,
Version 3.7.0), there are no expected layered structures in
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which the A-site cations are removed. Table 2 lists the NLO
properties of all 12 typical known DUV transparent oxides

Table 2. NLO Properties of Typical Oxides without A-Site
Cations As Found in the ICSD

Auv 1 An at Apm
(nm) (pm/V) 400 nm (nm)
BPO, expt 134 dy =076 0.006 N/A
calc 134 dys = 0.72 0.011 N/A
SiP,0, cale 163 dyy < 0.01 0.013 N/A
P,0,F, cale 171 dy, =013 0.025 N/A
CNPO,F,  calc 158 dy, = 0.06 0.139 ~158
YAL(BO,),  expt 166 dy, = 1.70 0.068 <266
cale 155 dy, = 146 0.062 ~220
YBe,B,O;,,  expt <200  0.9XKDP - -
cale 167 dy =023 0.016 N/A
Y,Be,Si0,  cale 174 dy, =015 0.029 N/A
Y,SiP,0y  cale 174 dyg = 0.09 0.045 >266
YCO,0H  alc 173 dys = 0.49 0.057 >266
ALBO, cale 176 dy = 0.20 0.016 N/A
BeP,0Og¢ calc 166 dys = 0.30 0.017 N/A
a-BBF expt <186 0.3XKDP — -
calc 148 dis = 0.02 0.077 ~180

without the A-site cations. It can be seen that BPO,,>
SiP,0,,°° P,0,F" Y,SiP,0,5,°° YBe,BO,,,>' Y,Be,SiO,,””
ALBO,,*” and BeP,0"" are unlikely to achieve the DUV PM
output due to their relatively small birefringence (An < 0.0S).
The reason is the small structural anisotropy of the NLO-active
tetrahedral or octahedral anionic units (see Figure S4 in the
Supporting Information), which results in a small optical
anisotropy of the entire system. If planar NLO-active units
such as (BO;)*” or (CO;)* are introduced, the optical
anisotropy will be enlarged, as in the cases of YAL;(BO;), and
YCO;OH with An & 0.07 and 0.06, respectively.®>®*

If the structural anisotropy is further enlarged by forming 1D
chains or 2D layers, the DUV PM conditions may be satisfied
as in the cases of CNPO,F, and Be,BOF (a-BBF).**®
Actually, CNPO,F, with isolated CNO-POF, chains exhibits
strongly anisotropic polarity so that it is predicted to be a DUV
birefringent crystal with An =~ 0.14 and can achieve the PM
output up to 158 nm, close to that of KBBF (~161 nm).**
However, the polar CNO-POF, molecules are not arranged in
a polarity-parallel manner so that the total SHG effect is very
small (only ~1/10 X KBBF). Therefore, it is not a promising
DUV NLO material unless the NLO-active molecules can be
aligned in the same orientation. Similarly, a-BBF exhibits a
sufficiently large An (~0.077) and available DUV Apy (~180
nm),65 but the total SHG effect of this compound is small too,
only ~1/5 X KBBEF, due to the polarity-nonparallel arrange-
ment of (BO,)*” groups (see Figure 2a). Therefore, the
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Figure 2. Crystal structures of a-BBF (a), y-BBF (b), YCO,F/
AICO5F (c), SiBO5F (d), and SiB;OGF (e).

difficulty of these compounds unsuitable as DUV NLO
materials lies in the facts that (1) they are not largely
anisotropic systems, so their An are not large enough, and (2)
they are not polarity-parallel structures, so their total SHG
effects are very small. In the following, we will investigate this
difficulty to see if the DUV NLO capability is enhanced by
forming the layered structures without A-site cations.

3.2.1. Bridge-Bonded Layered Structures without A-Site
Cations. From the above analysis, the known a-BBF phase is
derived from KBBF by removing one K" cation and one F~
anion. At the same time, the rest F~ anions are directly
connected to the adjacent (Be,BO;F,),, layers as bridge ions
rather than dangling ions (see Figure 2a). > Moreover, if the
(BO;)* in Be,BOF can be arranged in a parallel manner as
shown in Figure 2b, the total SHG effect will be greatly
improved.”* This can be seen from the calculations in Table 3
that the birefringence and SHG effect of the designed Be,BO;F
(y-BBF) are approximately 0.10 at 400 nm and 1.5 times that
of KBBF, respectively. Thus, the shortest SHG PM wavelength
Apy can reach 149 nm, blue-shifted about 12 nm compared to

Table 3. NLO Properties of y-BBF, YCO,F, AICO;F,
SiBO,F, and SiB;O4F

Auv An at Apm
(nm) d; (pm/V) 400 nm (nm)
7-BBF expt <200  ~2.3 X KDP - -

calc 140 d;, = 0.63 0.094 149

YCO,F* calc 168 dy = 2.62 0.197 168

AICOF*  cale 146 dy; = 0.64 0.153 146
dy, = 0.98

SiBO,F* calc 144 d,, = 035 0.083 165
dy, = 0.69

SiB,O4F*  calc 146  dy;; =073 0.107 146
dy, = 0.58
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that of KBBF (~161 nm).** Importantly, this compound was
obtained experimentally and recently reported,” with a good
agreement between the experimental results and our
calculations. This proves to some extent that the effectiveness
of our research methods using the DFT simulations is
guaranteed. Moreover, the F-bridge-bonded layered structure
can enhance the interlayer connection compared to ionic-
bonded KBBF structure, so it might improve the crystal growth
behavior along the c-axis, which is important for the practical
applications with large-size crystals. Of course, other phases
can also be designed accordingly (e.g., Be,BO;F with the space
group P62c),%® although the related experiments have not been
reported.

In fact, we can also construct similar Be-free systems, such as
YCO;F, AICO;F, SiBO;F, and SiB;OgF, all of which exhibit
structural features of the polar F-bridge-bonded layered
frameworks as shown in Figure 2 (for detailed crystallographic
data, see Table S2 in the Supporting Information). Specifically,
YCO,F was designed to expand the structural anisotropy of the
known YCO;OH in Table 2.°* Note that the total SHG effect
and birefringence are indeed enlarged, respectively from 1.3 to
6.5 X KDP and 0.06 to 0.19 as shown in Table 3.
Consequently, YCO;F has been able to achieve the DUV
PM output of 168 nm below the practical 177.3 nm with very
high conversion efficiency (6.5 X KDP is a very large SHG
effect in the DUV materials). In addition, if the coordinated
Y** can be replaced by AI’*, the energy bandgap E, (Ayy) of
the resulting AICO;F will be greatly increased (decreased) so
that the shortest DUV SHG output wavelength Apy; can be
blue-shifted from 168 to 146 nm. Although the SHG effect and
birefringence are reduced to 1 pm/V and 0.15, they are still
sufficient for the DUV NLO generation. Similarly in the
borate-based system, SiBO;F and SiB;O4F are proposed to
exhibit larger energy bandgaps (E, ~ 8.6 and 8.5 eV) and
stronger SHG effect (Id;l,,,, & 1.5 X KBBF) than KBBF by the
combination of (SiO3F,)*” and (BO;)*” or (B;04)%.
Moreover, the birefringence of SiBO,F (An =~ 0.08) is as
large as KBBF, corresponding to the Apy (~165 nm) close to
KBBF (~161 nm), and that of SiB;O¢F (An ~ 0.11) is larger
than KBBF so that it can output shorter SHG wavelength (Apy
~ 146 nm). All analysis show that the polar F-bridge-bonded
layered structures without A-site cations actually facilitate
superior DUV NLO capabilities, resulting in the DUV PM
outputs with strong SHG effects.

3.2.2. van der Waals (vdW)-Connected Layered Structures
without A-Site Cations. In fact, there is another proposal to
form densely stacked layered frameworks without A-site
cations, the key to which is to introduce the vdW interaction
so that adjacent monolayers can be densely stacked. This
proposal has never been mentioned in details before this work.
Using this proposal in a simple way, the kind of vdW-
connected layered structures without A-site cations can be
designed according to the structural evolution as demonstrated
in Figure 3a. Therein, we introduced a carbonate-based
(Be,CO4F,),, layered structure instead of borate-based
(Be,BO5F, ), of KBBF while removing the K* cations between
layers. The resulting Be,CO5F, (BCF) crystal is likely to have
an excellent DUV NLO capability since the (Be,CO;F,)q
framework exhibits relatively large structural anisotropy (i.e.,
large An), polarity-parallel arrangement (i.e., large d;) and few
nonbonding states (ie., large Eg). Considering that a large
number of vdW materials have been grown with large crystal
size, the dense interlayer vdW connection might exhibit more
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Figure 3. Crystal structures of BCF (a), SiCO;F, (b), AINO;F, (c),
PBO,F, (d), and PB;OF, (e).

suitable growth than KBBF. Therefore, it is reasonable for us to
believe that our proposed BCF may be a promising DUV NLO
system with both favorable DUV output and growth
capabilities.

It must be emphasized that the vdW interaction plays a
dominant role between the (Be,CO;F,), layers, which is
different from the (Be,BO;F,),, layers in KBBF. Since there
are no interlayer atoms, the interlayer distance in BCF is
reduced to 4.7 A from 6.2 A in KBBF. It is the dense-stacking
vdW connection between layers that determines better DUV
NLO capability of BCF than that of KBBF, which can be found
from the DFT results in Table 4. It is clearly seen that (1) BCF

Table 4. NLO Properties of BCF, SiCO;F,, AINO,F,,
PBO;F,, and PB;O.F,

Agy (nm)  dj (pm/V)  An at 400 nm  Apy (nm)

BCF* calc 147 dy; = 0.87 0.111 155
SiCOF,"  calc 129 dig = 0.96 0.135 129
AINO;E,"  cale 173 dig = 1.63 0.178 173
PBO,E,* calc 135 dig = 0.61 0.076 155
PB;OF,"  calc 137 dig = 0.45 0.099 137

can be transparent for the DUV light above 148 nm close to
KBBF; (2) it exhibits a strong SHG effect with d;; & 2.1 X
KBBF; and (3) the birefringence (An = 0.11) is larger than
that of KBBF (~0.088), to be large enough and very moderate
for the DUV PM condition. Therefore, the shortest SHG
output wavelength Apy is blue-shifted by about 6 nm from
KBBF (~161 nm) to BCF (~155 nm). Moreover, its uniaxial
birefringence is beneficial to the actual applications as a NLO
or birefringent material. The results demonstrate that BCF is a
promising vdW-connected layered structure with DUV NLO
capability superior to KBBF.

Similar Be-free vdW layered systems can also be designed as
shown in Figure 3 (for detailed crystallographic data, see Table
S2 in the Supporting Information). Among them, SiCO5F, is a
typical Be-free DUV NLO carbonate beyond BCEF, in which
(SiO5F,)*" instead of (BeOF)*” is connected with planar
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Figure 4. Evolution of total energy (a), structures after a long-time MD simulation (b), phonon spectra of BCF bulk (c) and monolayer (d), and

layered electronic density distribution of BCF (e).

(CO,4)*" units by sharing the O atoms to form the AB-stacking
polar (SiCO;F,),, infinite layers (see Figure 3b). Since silicon
has stronger covalence than beryllium, Si-based carbonates can
eliminate more nonbonding states of (CO;)>” than Be-based
carbonates, so that SiCOsF, actually exhibits a larger energy
bandgap (E, ~ 9.64 eV) than BCF (~8.46 eV), and almost the
largest so far in all known and designed NLO materials (e.g.,
BPO,, E, = 9.3 eV).” Given the enhancement of SHG effect
and birefringence, SiCOsF, has the ability to achieve the
shorter DUV PM output (4py ~ 129 nm) than BCF (~155
nm), with a theoretically higher conversion efficiency. Note
that 129 nm is so far the shortest wavelength for the DUV
SHG output. This means that it can achieve the eighth
harmonic generation (~133 nm) of the most practical 1064
nm light source of Nd:YAG laser, which has never been
realized in the world up to date.

Similar structures can be found in the nitrate and borate
system since (NO;)~ and (BO;)* are analogous to (COy*
with similar planar triangle structure with 7-conjugated
orbitals. On the one hand, AINO,F, is a typical Al-based
vdW nitrate with polar (AINO;F,), layered framework (see
Figure 3c). It exhibits a smaller E, but larger d; and An than
BCF and SiCO,F,, and still can produce a DUV SHG output
of 173 nm, which can be considered as a promising NLO
material candidate for the practical 193.7 and 177.3 nm lasers.
Compared to the common nitrate structures, there is no doubt
that AINO,F, exhibits a better (or so far the best) DUV NLO
capability. In contrast, none of the nitrate compounds have
been shown to exhibit some DUV NLO performances so far.
On the other hand, PBO;F, and PB;O¢F, are designed to
increase the structural anisotropy of BPO, by introducing
coplanar (BO;)*” or (B;O4)*" units instead of (BO,)®” (see
Figure 3d,e).”> Simultaneously, fluorine atoms are incorpo-
rated into the lattice to form new structural units such as
(PO,,F,), which can further eliminate the nonbonding states
and adjust the construction of basic blocks. Compared to
BPO, (see Table 2), PBO;F, and PB;O4F, exhibit close E,
(~9.2 and 9.1 eV), smaller d; (~0.61 and 0.45 pm/V), and
larger An (~0.08 and 0.10), so they can realize DUV PM
output of 155 and 137 nm, both shorter than that of KBBF
(~161 nm).”” All results demonstrate that the polar vdW
layered structures without A-site cations can facilitate the
superior DUV NLO capabilities beyond KBBF.
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3.2.3. Practical Capability of the Layered Structures
without A-Site Cations. In order to describe the practical
capability to produce the DUV laser output, we have to
investigate the frequency conversion efficiency, with emphasis
on the 6HG of the practical Nd:YAG lasers with wavelength of
1064 nm. Taking BCF as an example, the type-I SHG PM
angles can be determined as the fundamental wavelengths of
1100 to 300 nm. The Sellmeier equations obtained by fitting
the refractive indices and PM angles are accurate in the UV
and DUV regions from 148 to 400 nm (see Figure SS in the
Supporting Information). For the important 177.3 nm SHG
output, the PM angle @ for BCF is about 56°, while for KBBF it
is about 69°.* In the practical type-I PM process (o + 0 — e),
the effective SHG coefficient d g = d;; cos 6 cos 3y, where y
can be tuned to be zero in the actual situation. As a result, the
dg of BCF is about 3.3 times larger than that of KBBF. Under
the non-depletion approximation, the theoretical SHG output
power satisfies the following form:

8’d%L’1,P,
20 2 2
gonwnZwC/lw
where d.g is the effective SHG coefficient, L the length of a
crystal, I, the peak power density of the input beam, P, the
power of the fundamental wave, g, the vacuum permittivity, n,,
and n,, the refractive indices at the fundamental 4, (354.7
nm) and the second harmonic 4,, (177.3 nm) along the PM
direction, and ¢ the speed of light in a vacuum. According to
the formula, one can see that under the same laser input
conditions (e.g, P,, I,, 4,) and crystal quality (e.g, L), the
output power P,, of BCF crystal would be about 10 times
larger than that of KBBF. Considering that KBBF device has
achieved the applicable DUV output of 177.3 nm with 200
mW power,” in principle a similar device based on BCF crystal
is capable of generating the DUV 6HG output of practical
Nd:YAG 1064 nm laser with a power of about 2 W. Upon
being confirmed, it will be the first time to produce a DUV
177.3 nm laser radiation with watt-level power.

In addition, the first-principles MD simulations were
performed to confirm that its lattice structure was stable at
room temperature. As shown in Figure 4a, the total energy
with respect to time oscillates in a corresponding average.
Moreover, the structure can be maintained after a long-time
MD simulations (~2 ps, see Figure 4b), which indicates that it
can be used at room temperature and has a stable structure.
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Meanwhile, the phonon property is calculated to verify the
dynamical stability.>> The phonon spectrum of BCF bulk in
Figure 4c shows that there is not any imaginary phonon mode,
which means it is dynamically stable. Besides, the full elastic
tensors ¢; are determined using the finite strain techmque to
confirm the Born criterion for a lattice to be stable.”® From the
results of ¢;; = 208.6, ¢33 = 116.1, ¢4y = 47.43, ¢, = 65.2, ¢35 =
52.2, and ¢;;, = —6.3 (unit: GPa), it is easy to verify that the
general conditions for stability, (c;; + ¢,)c33 — 2¢;3> > 0 and
(e — cp)eyy — 2¢,4% > 0, are satisfied.”” Interestingly, no
imaginary phonon frequency is found, even in a BCF
monolayer (see Figure 4d), indicating that the monolayer of
BCF is also structurally stable. Similar to the vdW epitaxial
growth of layered structures, numerous BCF monolayers may
be formed in the beginning process of crystal growth; as the
chemical reaction carries on, adjacent BCF layers are attracted
by interlayer vdW interactions, gradually constructing the
alternately dense-stacking layered structure. The electronic
density of such structure, displayed in Figure 4e, shows that
each Be—F upward dipole is embedded with another
downward dipole of nearby layer, which actually enhances
the interconnection of the whole structure as well as reduces
the interlayer slippage within the a—b plane. It should be noted
that the dangling F anions of each monolayer are also attracted
by the Be?* and C** cations of the nearby monolayer. Thus, the
interlayer Coulomb force would enhance the interlayer
connection as well. Table S3 in the Supporting Information
lists the distance 7,ym-atom and Coulomb force Fyycpy, along the
c-axis of the nearest F—Be, F—C, F—F, and F—O between
layers of BCF as well as those of KBBF. From the approximate
calculations, it is estimated that the Fpcg, of BCF is about 3.58
times Fyppr, of KBBF along the c-axis:

FBCF,z ~ Z qiqj Z qiqj

B ~ n; 3 Tiz n; 3 Tz

KBBE2 ) J BCF () J KBBF
= 3.58

The above analysis clearly demonstrates that BCF crystal
exhibits stronger interlayer interaction than KBBF crystal along
the c-axis, which means that the BCF crystal is more feasible to
grow in a large-scale sample than KBBF especially along the
crystal c-axis. In addition, from the calculated mechanical and
thermal properties (for details see the analysis in Table S4 in
the Supporting Information), BCF is predicted to exhibit more
favorable performances of machining and heat resistance than
KBBF, which are very important for high-intensity laser
applications.

For other layered structures without A-site cations, such as
AICOsF, YCO;F, SiBO;F, SiB;O¢F, SiCO;F,, AINO,F,,
PBO,F, and PB;OF,, we also calculated the phonon spectra
to verify their dynamical stabilities as shown in Figure S6 in the
Supporting Information. Among them, only AICO;F, SiCO;F,,
AINO,F,, PBO;F,, and PB;O4F, are dynamically stable
without any virtual frequency, whereas the other three exhibit
some structural instability. In addition, Pauling’s rules are
usually adopted to investigate the structural reasonability and
stability for the ionic compounds, although some might be
violated under extreme conditions.”’ According to Pauhngs
second rule, the bond valence sum (BVS) of O®” anions
should be generally in a reasonable region from 1.75 to 2.25 (2
is the best) to guarantee the structural stability. From the
simple estimation, the BVS of the bridged O*~ in AICO;F,

SiCO4F,, AINO,F,, PBO,F,, and PB,OF, are 1.9, 2.13, 2.27,
2.0 and 2.0, respectively. Note that among the known
compounds,”"’* e.g,, in Cs,Al(NO;)s (or CosBP;0,,), NO,
(or BO;) is corner-shared by AlO,4 (or PO,), corresponding to
the BCS about 2.17 (or 2.25). Therefore, the BVS results of
the above five compounds are acceptable in some degree
although they maybe not the most stable phases. In fact, there
are also some other structures with similar layered structural
features but different symmetries according to the proposed
design strategy. For example, we can design another phase of
PBO;F, and PB;O4F, with ABC stacking of R3 space group
instead of those with AB stacking of P62c. For comparison,
these phases of PBO5F, and PB;O4F, exhibit higher total
energies but close DUV NLO capabilities including energy
bandgaps, SHG effects, birefringence and the PM outputs from
the same calculations (see Table S5 in the Supporting
Information). No matter which structural phases can be
obtained from the experiments, we have already provided the
strategy to design the NLO structures with better DUV PM
SHG capability, which will facilitate the search for new DUV
NLO materials with enhanced DUV NLO capabilities
especially in the layered framework system without A-site
cations.

3.2.4. Evaluation for Possible Applications. We will now
present a perspective on the output capabilities of DUV lasers
and possible applications of the proposed structures without A-
site cations, especially for those experimentally promising
materials including BCF, AICO;F, AINO;F, PBO;F,, PB;O¢F,,
and SiCO;F,. Above all, Figure 5 depicts the coordinates of the

220-| ¥ KBBF as the Banchmark ] ] I * B
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2104 @ Typical Deep-UV NLO Crystals L
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Figure 5. DUV NLO coordinates of typical known and designed
materials. The green shadow is the preferred area of DUV NLO
materials beyond KBBF.

SHG effects and shortest SHG output wavelengths for most of
the available DUV NLO compounds, with reference marks of
193.7 and 177.3 nm for the two actual laser sources. Note that
KBBF is labeled as a black star as the benchmark DUV NLO
material with d;4 = 0.45 pm/V and Apy = 161 nm. Circular
dots are those typical and conventional DUV NLO structures
with A-site cations. From left to right, BaBe,BO;F;,"
RbB,O4F,” NaB,OGF, "+ ABBF, NBBF, RBBF, 13;1134061:2,7g
CsB,O¢F,”® CsKBgzO,,F,,’* B-BaB,0, (BBO),’°

Ca2B10014F6,37 Sr2B10014F5,37 and NH,B,OF (ABF)*° exhibit
the ability to achieve the SHG PM output below 193.7 nm,
although BaBe,BO;F;, ABBF, NBBF, and BaB,O4F, are not as
good as BBO, which is a famous NLO material still unavailable
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for the DUV SHG generation. Among them, Ca,B;,0,,F,
S1,B,004Fs, CsKBgO,F, and ABF exhibit a stronger SHG
effect than KBBF and RBBEF, so that theoretically they can be
used as promising DUV NLO materials for 6HG 177.3 nm
output with higher conversion efficiency. When it comes to our
proposed structures without A-site cations (marked by the red
pentagrams), it should be noted that CNPO,F, can output a
shorter PM wavelength than those of circular dots although its
SHG effect is too small, and AINO;F, can exhibit the largest
SHG effect (~3.7 X KBBF) in all of the DUV NLO structures
with effective Apyy & 173 nm < 177.3 nm. More importantly,
the preferred region of the NLO materials with better DUV
capabilities beyond KBBF is further highlighted with shorter
Apm (<161 nm) and larger Idl,, (>KBBF) in the green
shadow area of Figure 5. It is worth noting that only one
circular point (i.e., ABF) is found to be located in this area,
whereas six red pentagrams (i.e, PB;OF,, PBO;F,, 7-BBF,
BCF, AICO,F, and SiCO4F,) are predicted to exhibit more
excellent DUV output capabilities than KBBF. Based on the
proposed design strategy, the probability of the available DUV
NLO crystals beyond KBBEF is so high, fully indicating that the
polar layered structures without A-site cations are more
favorable as the promising DUV NLO candidates to replace
the KBBF.

Importantly, similar to KBBF, the proposed AINO,F,,
PB;O¢F,, PBO;F,, y-BBF, BCF, AICO,F, and SiCO;F, can
be used as the NLO devices for the DUV laser output of 193.7
and 177.3 nm, which have several important applications in
super-high-resolution photoemission spectrograph, photoem-
ission electron microscopy, and 193 nm photolithography.””
Moreover, all of them can achieve a theoretically higher NLO
conversion efficiency than KBBF due to the larger PM SHG
effects. Therefore, the crystal is expected to realize the DUV
laser output with watt-level power. PB;O¢F, and SiCO;F,,
once obtained in the experiments, would offer possible
applications that cannot be realized by KBBF. For example,
both of them can achieve the fifth harmonic generation output
(138.9 nm) of ruby laser, and tunable DUV generation from
137/129 to 200 nm using a Ti-sapphire laser. Remarkably,
SiCOsF, could be applied to realize the eighth harmonic
generation (~133 nm) of the most practical Nd:YAG laser
source, which is the only material that could achieve this
application until now. All of the achievements demonstrate
that they can provide more powerful laser resources for
materials science and technology. In addition, since AINO;F,,
PB;O4F,, PBO;F,, BCF, and SiCO;F, are vdW crystals with
dynamically stable monolayers, they can also be further cleaved
as 2D materials. Computational analysis shows that these
monolayers can well maintain the DUV NLO capabilities of
the corresponding crystals while having strong SHG effects and
wide transparent windows. Therefore, they might be applied in
some optical film devices with available NLO or photoelastic
effects.”””"

4. OUTLOOK AND CONCLUSION

One of the most important issues in the field of laser
technology is the realization of practical DUV laser output with
short wavelength and high power. NLO crystals are considered
to be the key components of all-solid-state lasers, a very
important way to generate DUV coherent light by frequency
conversion. The field of DUV NLO materials has been rapidly
developed for decades, but there are still very few commercially
available DUV laser sources with high output power and good

conversion efficiency. As the only current practical DUV NLO
crystal, KBBF exhibits the extreme difficulty of growing large-
size crystals and relatively small SHG effect. This allows it to
achieve the practical 177.3 nm laser output with 200 mW
power so far, but that is still below watt level. In order to find
new DUV NLO materials beyond KBBF, theoretical modeling
and simulations have become an effective and efficient
technique for current research. In view of the difficulty in
finding known compounds that meet the requirements of DUV
NLO materials, modeling new rational structures based on
computer-aided methods can provide more insight into the
experimental probes. More importantly, the computational
methods developed are accurate, allowing us to better
understand the structure—property relations of DUV NLO
crystals.

Therefore, in this article, we provided a systematic overview
of the DUV NLO effect induced by the A-site alkali and
alkaline earth metal cations. Accordingly, we have found a
strategy for designing new DUV NLO materials through
bridge-bonded and vdW-connected dense-stacking without A-
site cations, which is quite different from the previous design
strategies. Many attempts have been made but failed to break
the limit of KBBF due to the lack of such a strategy. Based on
the new findings, we have used state-of-the-art methods to
evaluate the DUV NLO capabilities of many known and
designed structures without A-site cations. Remarkably, many
proposed structures can exhibit excellent DUV NLO
capabilities with wide energy bandgaps, strong SHG effects,
and large birefringence in the DUV region. For example, a
novel vdW lattice of BCF is predicted to be an alternative
DUV NLO material, beyond KBBF, because it can achieve
shorter PM SHG output and higher conversion efficiency than
KBBEF. Moreover, BCF can exhibit good structural stability and
more favorable performances of growth ability, machining, and
heat resistance, which are important for high-intensity laser
applications. It is therefore capable of generating practical 6HG
output (177.3 nm) from a Nd:YAG laser with watt-level
power, which is of great value to provide more powerful tools
for physics and materials science and has not yet been realized.
In addition to BCF, several other structures (e.g., AINO;F,,
PB;O(F,, PBO,F,, AICO4F, and SiCO,F,) are also predicted
as promising DUV NLO materials with better capabilities than
KBBFE. Meanwhile, their structures are theoretically stable and
thus possible to be synthesized like y-BBF in suitable
experiments. Once obtained, some of them (e.g, PB;O4F,
and SiCO;F,) would be able to realize some new optical
applications, e.g., eighth harmonic generation output (133 nm)
of Nd:YAG laser. Note that (1) AINO,F, exhibits so far the
largest SHG effect (3.7 X KBBF) in the DUV region, so it can
achieve the 177.3 nm laser output with much higher output
power, over watt-level, and (2) SiCO4F, can output so far the
shortest DUV SHG wavelength (~129 nm), so it fills the gap
of DUV all-solid-state lasers between 100 and 140 nm. All of
the results clearly demonstrate that the structures with and
without the A-site cations are essentially different in their
abilities to achieve the DUV NLO capability.”*~"*

In conclusion, we have revealed a breakthrough strategy to
design new NLO crystals beyond KBBF for an enhanced DUV
NLO capability through layered dense-stacking connection
without A-site cations. The key point in our attempt to
communicate with experimentalists is that, if the A-site alkali
and alkaline earth metal cations can be removed in the
experimental synthesis, the resulting layered structures will be
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very beneficial for enhancing the DUV PM and frequency
conversion capability. Accordingly, two series of polar layered
framework structures, i.e., (i) F-bridge-bonded y-BBF and
AICOSF and (ii) vdW-connected BCF, AINO,F,, PB;O/F,,
PBO;F,, and SiCO;F,, are predicted as very competitive
candidates to replace KBBF based on their excellent DUV
NLO capabilities. In particular, they are promising to be used
to produce 6HG output (177.3 nm) of a Nd:YAG laser with
higher power and to make a more powerful DUV laser with
shorter wavelengths. Of course, these achievements are the first
step which indicate that there are indeed some better DUV
NLO materials than KBBF that are structurally stable and
theoretically possible to be obtained in practice. The second
step will be to synthesize those compounds in suitable
experiments, as in the case of y-BBF.” Further, crystal growth
with large material size and high optical quality is necessary for
practical applications. Note that more attempts for crystal
growth are worthwhile only when more theoretically promising
compounds are obtained. Under the guidance of the proposed
strategy, several DUV NLO compounds are designed
theoretically in this work—more than ever before—which
leads us to believe that the prospects for exploration of
promising new DUV NLO materials beyond KBBF are
optimistic.
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