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Abstract: Deep-ultraviolet nonlinear optical (DUV NLO)
materials are attracting increasing attention because of their
structural diversity and complexity. Using the two-dimensional
(2D) crystal structure prediction method combined with the
first-principles calculations, here we propose layered 18-
membered-ring (18MR) boron oxide B2O3 polymorphs as
high-performance NLO materials. 18MR-B2O3 with the AA
and AB stackings are potential DUV NLO materials. The
superior performing 18MR-B2O3

AB has an unprecedentedly
high second harmonic generation coefficient of 1.63 pm V@1,
the largest among the DUV NLO materials, three times larger
than that of the advanced DUV NLO material KBe2BO3F2 and
comparable to that of b-BaB2O4. Its unusually large birefrin-
gence of 0.196 at 400 nm guarantees the phase-matching
wavelength lPM to reach this materialQs extreme absorption
edge of & 154 nm.

Introduction

Crystal structure prediction based on the density func-
tional theory (DFT) has been used to accelerate the advanced
materials discovery,[1] with plenty of successful cases report-
ed.[2] Particularly, deep-ultraviolet (l, 200 nm) nonlinear
optical (DUV NLO) materials,[3] which can expand the
DUV frequency range via a frequency conversion by all-
solid-state lasers, are increasingly required for numerous

applications in laser spectroscopy, laser microprocessing, laser
surgery, and optical communications.[4] However, strict prop-
erty criteria are required for such materials,[5] including a wide
transparency window in the DUV region, which is equivalent
to a large band gap (+ 6.20 eV); sufficient birefringence to
ensure the phase-matching (PM) wavelength lPM in the DUV
region; and large second harmonic generation (SHG) coef-
ficient (+ 1 X d36(KH2PO4, KDP) = 0.39 pm V@1).

Borates have attracted sustained attention in structure
prediction,[6] design,[7] and synthesis[8] as promising UV NLO
candidates.[9] The introduction of fluorine, having a large
electronegativity, for shifting the cutoff edge and lPM to the
DUV region is a preferred strategy.[10] So far, the KBe2BO3F2

(KBBF)[11] and NH4B4O6F (ABF)[12] families of promising
DUV NLO materials with excellent properties have been
obtained in experiment. In these compounds, the fluorine
atom plays a main regulatory role for the cutoff edge and
optical properties. However, besides the introduction of
fluorine, can other design approaches be used in order to
meet the strict criteria?

For borates, according to the anionic group theory,[13] the
[BOx] units with the B-O covalent bonds are the dominating
active units for the NLO properties. In general, metal cations,
mainly alkali and alkaline-earth cations, contribute negligibly
to the overall NLO coefficients. Plain p-conjugated [BO3] is
recognized as one of the best UV/DUV NLO active units,
whereas dangling bonds are not beneficial to the DUV
transmittance. To eliminate the dangling bonds, researchers
introduce substitutions to reduce the density of terminal
oxygens getting [BeO3F] or [BO3F] in KBBF and ABF,
respectively. To realize a strong NLO response, the arrange-
ment of the units is also critical. Novel NLO materials with
highly polymerized [BO3] units in optimal arrangements are
eagerly anticipated.

In this work, we propose a novel prediction process based
on the features of layered van der Waals (vdW) materials and
use it to successfully predict a vdW material B2O3. In such
materials, layers connected by the vdW forces and no metal
cations are required, which is widely applied in many fields.[14]

Different from the commonly used prediction of vdW
materials,[15] the approach that we propose consists of two
steps. First, 2D B2O3 layers are predicted to maintain the
effective SHG motif [BO3]. The dangling bond on the O
atoms can be self-eliminated because the intralayer [BO3]
units are connected by corner-shared O atoms. Second, we
stack the 2D layers in diverse ways to obtain 3D bulk B2O3,
a process that resembles turning graphene into graphite. The
parallel 2D layer stackings are preferred for the NLO
properties of bulk B2O3. Consequently, three kinds of B2O3

layers are obtained, among them the 18-membered-ring
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(18MR) B2O3 layer with a 1:1 ratio of [BO3] and [B3O6] is
considered to have the highest probability to exist and
deserves further study. Five stacking arrangements were tried
construct the 18MR-B2O3 bulk. Among them, the AA and AB
stackings crystallize in noncentrosymmetric space groups.
Finally, the two layered bulks that can meet the stringent
requirements for DUV materials are investigated. In partic-
ular, the AB stacking of 18MR-B2O3 exhibits a large band gap
of 8.08 eV, which means a wide DUV transmission range, and
a strong SHG effect that is 3 times that of KBBF and
comparable to that of b-BaB2O4, thus showing a balance
between the large band gap and SHG effect. Moreover, this
materialQs large birefringence of 0.196 guarantees an ex-
tremely short phase-matching wavelength of 154 nm.

Results and Discussion

Structure description

The predicted low-energy structures of 2D B2O3 (Fig-
ure 1) display 12MR, 18MR, and 24MR topologies, in which
the ring edges correspond to the [BO3] triangles, alternating
[BO3] triangles and [B3O6] boroxol rings, and [B3O6] boroxol
rings, respectively. The stability of these structures is verified
by phonon calculations (Supporting Information Figure S1).
The structural energy E decreases systematically as the
number of the ring members increases: E (12MR-B2O3,
@8.012 eV/atom) > E (18MR-B2O3, @8.032 eV/atom) > E
(24MR-B2O3, @8.037 eV/atom). The structures of 12MR- and
24MR-B2O3 are constructed by placing either [BO3] or [B3O6]
in the node positions based on the topology of graphene.[16]

Graphene belongs to centrosymmetric space group P6/mmm,
whereas the symmetry of 12MR- and 24MR-B2O3 is reduced
to noncentrosymmetric subgroup P-62 m because the intro-
duction of [BO3] or [B3O6] without a two-fold rotation axis
breaks the inversion symmetry of the parent group. A similar
process occurs when [BO3] and [B3O6] are placed alternately
in the graphene nodes around the ring: 18MR-B2O3 lacks
a mirror operation and has a lower P(6 symmetry. Only one
crystallographically equivalent boron exists in 12MR-B2O3

and 24MR-B2O3, whereas 18MR-B2O3 has two crystallo-

graphically different boron positions (Figure 2) because of its
lower symmetry.

Feasibility of 18MR-B2O3

The three predicted 2D layers are novel and have not
been found among the known crystalline B2O3 polymorphs
(B2O3-I and B2O3-II),[17] which have 3D frameworks consist-
ing of the [BO3] and [BO4] units, respectively. Layered
structures are common in metal-containing borates, and they
increase the confidence in the existence of the predicted 2D
layers of B2O3. In the KBBF[11a,b] family, each [BO3] group
links up with a metal cationic polyhedron, including [BeO4],
[AlO4], [AlO3F], and [ZnO3F2], forming the 12MR layers of
[Be3B3O6]1,[11b,18] [Al3B3O6]1,[19] [Al3(BO3)3OF]1,[20] and
[ZnBO3F]1,[21] respectively. At the same time, 12MR and
24MR formations composed of only the [BO] group have not
been found in metal-containing borates. 18MR-B2O3 is
expected to be the optimal structure on the basis of the
following considerations. (i) Composition. 18MR-B2O3 is
formed by boroxol [B3O6] and independent [BO3] group
(1:1). The previous NMR measurements of vitreous (glassy)
boron trioxide (v-B2O3)

[22] show approximately the same 1:1
ratio of these units, providing the material base for further
experimental synthesis of 18MR-B2O3. (ii) Structure. The
counterpart of 18MR-B2O3 has been uncovered among the
known compounds. In 18MR-B2O3, the [BO3] and [B3O6]
groups connect with each other to form the [B4O6]1 layer with
the structure similar to the 2D wavelike [B4O6F]1 layer in
fluorooxoborate ABF and its family. 18MR-B2O3 has hex-
agonal symmetry (Figure 2), but its corresponding ortho-
rhombic cell has the parameters a = 6.700 c and b =

11.605 c. The [B4O6F]1 layer, paving the bc plane of ABF,
has the lattice parameters b = 6.5952 c and c = 11.197 c.
Larger lattice parameters of 18MR-B2O3 than those of the
[B4O6F]1 layer are due to the entirely flat geometry of the
[B4O6]1 layer. The most revealing evidence is that exactly the
same layer has been found in the A3HB4S2O14 (A = Rb, Cs)

Figure 1. Structures of 12MR-B2O3, 18MR-B2O3, and 24MR-B2O3 with
their energies per atom. The energy of 12MR-B2O3 (@8.012 eV/atom)
is set as a reference.

Figure 2. a) 18MR-B2O3 consists of [BO3] and [B3O6] (1:1). b) The layer
regarded as [B4O6]1 is highly similar to [B4O6F]1 in ABF.
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crystals.[23] (iii) Energy. Although the energy of 18MR-B2O3 is
higher than that of 24MR-B2O3 by 5 meV/atom in the 2D
layer, the results for the 3D bulk are worth exploring. Layered
bulk B2O3 can be further constructed using different stackings
of three predicted 2D layers. For 18MR-B2O3, bulks with five
stackings were constructed: AA, AB, AA’, AB’, and AC’
(Figure 3a). The AA stacking keeps identical in-plane posi-
tions, whereas the other four stackings are obtained by
symmetrically transforming the original layer A. In the AB
stacking, the second layer B is the result of a translation of the
first layer A by (1/3, 2/3) along the a and b axes. The bilayer in
ABF inspired the AA’ stacking, in which the A’ layer is
produced by a 18088 rotation of layer A around the center of
the ring, resulting in the bilayer with an inversion center. In
the AB’ and AC’ stackings, the B’ and C’ layers are generated
via a translation of layer A’ by (1/3, 2/3) and (2/3, 1/3),
respectively. 18MR-B2O3

AB’ is exactly the previously predict-
ed B2O3 polymorph.[24]

The dependence of the total energy with vdW corrected
on the layer distance for these five stackings is shown in
Figure 3b. When the layers are far apart, the total energy of
each stacking equals the energy of a 2D layer. As the layer
spacing decreases, the total energy slowly becomes smaller.
As the interlayer spacing decreases below equilibrium
interlayer distance (EID), the total energy starts to increase
sharply because of the growing repulsion due to overlap of
electronic orbitals of the layers. The AA and AA’ stackings
have the EIDs of 3.73 and 3.58 c, respectively. The EIDs of
the AB, AB’, and AC’ stackings are shorter at 3.12, 3.06, and
3.15 c, respectively. The difference in the EID is due to the
interlayer geometry: in the AB, AB’, and AC’ stackings, the
ring channels are occupied by the [BO3] or [B3O6] units,
making the repulsion forces weaker than those in the AA and
AA’ stackings, which results in shorter EIDs. As a consequu-
ence, the AB, AB’, and AC’ stackings are more stable
energetically than the AA and AA’ stackings.

The bulk density of stackings at the EID is shown in the
inset in Figure 3 b. The density of the equilibrated AB, AB’,
and AC’ stackings is very close to the experimental value of
1.84 gcm@3 for the v-B2O3 glass.

Similar to 18MR-B2O3, four 24MR-B2O3 stackings—AA,
AB, AA’, and AB’—were constructed. Their energies with
vdW corrected are shown in Figure 4a. Although the energy
of a single two-dimensional 18MR-B2O3 layer is higher by
5 meV/atom than that of a single layer of 24MR-B2O3 18MR-
B2O3 bulks exhibit lower energy. For the lowest-energy AB’
stacking, 18MR-B2O3

AB’ has an advantage of 17.7 meV/atom
over 24MR-B2O3

AB’. The comparison without accounting vdW
energies of 18MR-B2O3

AB with the known crystalline B2O3-I
and B2O3-II shows that B2O3-I is more stable than B2O3-II at
pressures below 2.0 GPa, whereas 18MR-B2O3

AB is more
stable than B2O3-I below 0.5 GPa. (Figure 4b, Please see
more details about the influence of vdW correction on energy
differences in Supporting Information Figure S2) These
properties make it interesting to synthesize 18MR-B2O3.

Figure 4. a) Total energy with vdW corrected of 12MR-B2O3 (red),
18MR-B2O3 (pink) and 24MR-B2O3 (blue) with the equilibrium inter-
layer distance. b) Pressure dependence of the enthalpy without vdW
energy.

Figure 3. a) Formation of various 18MR-B2O3 stackings: the new layers B, A’, B’, and C’ are obtained using different rotation or translation
operations, or both, on the original layer A (gray). b) Total energy with vdW corrected vs. layer distance for different 18MR-B2O3 stackings
compared with the total energy of a 2D layer. The bulk density of stackings at the equilibrium interlayer distance and of the B2O3 glass is shown in
the inset.
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Experimental suggestions

The analysis above suggests a high probability of existence
of 18MR-B2O3, making its experimental synthesis very
desirable for further studies. Here we suggest two exper-
imentally feasible methods. (i) Choosing suitable seeds or
substrates to grow the 18MR-B2O3 layers, including the
[BOF] surface of the ABF family, (001) surface of the
A3HB4S2O14 (A = Rb, Cs) crystals, and other (111) surfaces of
face-centered cubic metals with the appropriate unit cell
parameters. (ii) Thermal decomposition of ABF (NH4B4O6F
! NH3› + HF› + 2B2O3), decomposing the ABF crystals at
around 300 88C to degas the interlayer ions F@ and NH4

+ and
obtaining a layered bulk of 18MR-B2O3.

NLO properties

Crystallization in a noncentrosymmetric space group is
a necessary condition for compounds to produce the second-
order NLO effects. Only the AA and AB stackings belong to
a noncentrosymmetric space group P(6. According to the
Kleinman symmetry, the (6 point group has two independent
SHG coefficients, d11 and d22. The calculated NLO-related
properties of the AA and AB stackings and the most typical
NLO crystals KBBF, ABF, and b-BaB2O4 (BBO)[25] are listed
in Table 1. The maximum values of the SHG coefficients are
d11 = 1.46 and 1.63 pmV@1 for the AA and AB stackings,
respectively. The SHG responses of the AA and AB stackings
are 3.1 and 3.4 times higher than that of KBBF and 1.2 and 1.4
times higher than that of ABF. They are comparable to the
maximum SHG response of BBO (d22 = 1.93 pm V@1, calcu-
lated). The extremely large SHG coefficients in the AA and
AB stackings reflect high efficiency of frequency conversion,
which is vital for the DUV region. Furthermore, their band
gaps both reach the DUV region, especially that of the AB
stacking at 8.08 eV (HSE06), which means its ability to make
the DUV 154 nm wavelength transmission. Remarkably, the
birefringence values at 400 nm of the AA and AB stackings
are large, 0.186 and 0.196, respectively. To the best of our
knowledge, the AB stacking has the highest birefringence
among the DUV materials, including a-BBO,[26] Ca(BO2)2,

[27]

and MgF2.
[28] Large birefringences are favorable to PM for

both stackings, and lPM for the type I PM process reaches their
corresponding cutoff edges of 166 and 154 nm, a conclusion
based on the calculated refractive dispersion curves (Support-
ing Information Figure S3). The AB stacking shows a shorter

PM wavelength than that of KBBF (161 nm) and ABF
(158 nm). These results indicate that both stackings give
promising as DUV NLO crystals.

Electronic structure

Exploration of electronic structures is pivotal for finding
the relationship between the material structure and optical
properties. The electronic band structures of the AA and AB
stackings calculated using the Perdew-Burke-Ernzerhof
(PBE) functional are shown in Figure 5. The AB stacking

has a wider band gap of 6.36 eV, whereas for the AA stacking,
the band gap calculated using the PBE-GGA approach is
5.94 eV. They are both indirect gap compounds, with the
valence band maximums (VBM) located at the L point,
whereas their conduction band minimums (CBM) are located
at the H and K points, respectively. The VBM and CBM
orbitals of the AA and AB stackings are shown in Figur-
es 5c,d. VBM states at L are derived from the nonbonding 2p
states of the O atoms. The CBM states are derived from the
(p, p*) states of layers in both stackings (Figure 5 d), where
the p bond orbital in the CBM stems from the in-ring B atoms
and out-ring O atoms in boroxol. Therefore, both band gaps
are determined by the nonbonding 2p states of the O atoms in
the VBM and the (p, p*) states in the CBM.

Table 1: Calculated band gap, birefringence, and dij of the AA and AB stackings compared with the experimental values for ABF, KBBF, and BBO.

Structure Space group Bandgap
[eV]

Birefringence
at 400 nm

NLO coefficient dij [pmV@1] Cutoff Edge
[nm]

Shortest lP

[nm]

18MR-B2O3
AA[a] P(6 7.49 0.186 d11 =@0.98; d22 =1.46 166 166

18MR-B2O3
AB[a] P(6 8.08 0.196 d11 =@1.09; d22 =1.63 154 154

ABF[b] Pna21 7.95 0.131 d31 = 0.02; d32 = 1.07; d33 =@1.19 156 158
KBBF[c] R32 8.44 0.088 d11 = 0.47(:0.01) 147 161
BBO[a] R3c 6.45 0.111 d22 = 1.93; d31 =@0.10; d33 =@0.02 193 212
BBO[d] R3c 6.56 0.1 d22 = :2.3; d31 =

:

0.16; d33&0.00 189 205

[a] This work; [b] ref. [12a]; [c] ref. [11a]; [d] ref. [25b].

Figure 5. a, b) Band structure and c, d) valence band maximum (VBM)
and conduction band minimum (CBM) of the AA and AB stackings.
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Mechanism of NLO properties

Band-resolved calculations are utilized to investigate the
respective contribution of each electron state to the SHG
coefficients, whereas the partial density of states (PDOS)
approach is useful for analyzing the composition and origin of
the calculated states. Combining these techniques, the specific
states making major contributions to the SHG response were
identified (Figures 6 a,b). Both stackings exhibit almost
identical band-resolved results, their integral contribution,
and DOS. In the AA stacking, the upper region of the valence
band (VB) primarily comprises nonbonding 2p orbitals of
oxygen, whereas the bottom part of the conduction band (CB)
is mainly occupied by hybridized orbitals of boron and
oxygen. Generally, optical properties are mainly determined
by electronic transitions close to the Fermi energy. The band-
resolved integral curve steeply rises within a tiny range from 0
to@1.55 eV, the region that contributes 80 % of the VB to the
SHG effect, indicating that the frontier orbitals of the VB
make a major contribution to the effect. In this region, the
nonbonding 2p electronic orbitals of oxygen account for 95%
of the total density and, consequently, for 76% of the SHG
effect. The integral curve rises relatively slowly in the CB, and
the contributions to the SHG effect reach only 42% within
a wider region from 7.53 to 10.86 eV, leading to a slower
increase in the SHG.

To further identify the spatial distribution of the elec-
tronic states dominating the SHG response, the SHG-density
method was used. The SHG density can be divided into
occupied and unoccupied states of a virtual hole (VH) and
virtual electron (VE), respectively. In this work, the VE
process was analyzed because it dominates the SHG in the

crystals studied. The [BO3] and [B3O6] units that form
delocalized p-type bonds perpendicular to the plane, referred
to as favorable structural units with large nonlinear suscepti-
bilities, together with their parallel alignment are thought to
produce high nonlinear bulk susceptibilities. The results show
that nonbonding 2p electrons of oxygen are the dominant
contributor to the SHG coefficient in occupied states (Fig-
ure 6c–f). In unoccupied states, the shape of the SHG density
around the B and O atoms reveals a clear contribution from
the p and p* states of the B@O bonds.

The analysis above shows that the AA and AB stackings
have similar electronic structures and an identical NLO
mechanism. To further explore the reason for a larger band
gap and stronger NLO susceptibility of the AB stacking, the
band gap and d22 coefficient were plotted against the layer
distance (Figure 7). In the range from 0 to 50 c, at a large
enough distance, the band gaps of both stackings converge to
a constant, as do the d22 coefficients, because both stackings
with large enough layer distances can be regarded as the same
18MR-B2O3 monolayer. The band gaps of the 18MR-B2O3

monolayer calculated using the HSE06 approximations is
8.06 eV, whereas d22 is almost zero because the calculated
optical properties are inversely proportional to the cell
volume. The EIDs of the AA and AB stackings are 3.73 and
3.58 c, and the detailed diagrams in the range from 3 to 4 c
are shown in Figure 7 on the left. In this range, the band gap of
the AB stacking decreases but remains larger than that of the
AA stacking at the same distance. At shorter distances, the
AB stacking has a significantly larger band gap. The values of
the SHG coefficient d22 were calculated with the scissors
operator (Figure 7). In both stackings, d22 decreases globally
as the interlayer distance grows, though d22 increases slowly

Figure 6. PDOS and band-resolved and integral d22 of the a) AA and b) AB stackings. SHG density of occupied (veocc) and unoccupied (veunocc)
states of a virtual electron of the c, d) AA and e, f) AB stackings.
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around their respective EID range from 3.0 to 3.3 c for the
AB stacking and from 3.55 to 3.85 c for the AA stacking.
Because of shorter EID of the AB stacking, d22 of AB stacking
with EID is larger than that of the AA stacking. The analysis
makes it possible to suggest that the advantages of the band
gap and d22 for the AB stacking mainly originate from its
shorter EID. Moreover, the properties of bulk 18MR-B2O3

can be tuned by varying the layer stackings, which provides an
effective approach for further enhancement.

Conclusion and Outlook

A novel approach for predicting vdW materials was
proposed to assist the discovery of NLO materials. Three
excellent NLO layers of B2O3 with optimal structures and
dynamic stability were obtained -12MR-, 18MR-, and 24MR-
B2O3,—achieving high polymerization of the NLO-active
motif [BO3]. The analysis of the structure counterpart and
energy led us to use 18MR-B2O3, with 1:1 ratio of [BO3] and
[B3O6], to construct a 3D bulk utilizing five stackings: AA,
AB, AA’, AB’, and AC’. Two of them, AA and AB, exhibit
short absorption edges of & 166 and & 154 nm. In addition,
they have extremely large SHG coefficients of 1.46 and
1.63 pm/V—more than 3 times larger than that of KBBF, and
comparable to that of BBO. The large birefringences at
400 nm of 0.186 and 0.196 for the AA and AB stackings
guarantee that the PM wavelength reaches the short UVedge.
The calculated band gap and SHG coefficient d22 reveal that
the shorter EID allows the AB stacking to have a larger band
gap, higher NLO susceptibility, and stronger birefringence
than those of the AA stacking. The results indicate that this
vdW materials prediction approach provides a new and
effective way for exploring DUV NLO crystals. In future,
benefiting from layer feature of vdW materials and DUV
transmittance of 18MR-B2O3, promising application of
18MR-B2O3 series materials will be achieved in the integrated
on-chip DUV light sources.
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