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ABSTRACT: Replacing hydroxyl anions OH¯ by fluorine
anions F¯ in borates can cause the blue shift of the UV cutoff
edge and also exhibits apparent differences in nonlinear optical
(NLO) properties. To clarify the intrinsic difference between
OH¯ anions and F¯ anions, several typical borates with
different types of cations (p-cations with lone-pair electrons,
trivalent rare-earth, and alkaline earth metals) have been
studied. The theoretical studies reveal that the blue shift in the
band gap of borates with fluorine as compared to those with
hydroxyl can be assumed to be the result of weaker interaction
of the cation−fluoride (La/Bi/B−F) bonds compared to that
of the cation-oxygen and hydroxyl bonds. NLO properties are
found to have the order of BiB2O4F > BiB2O4(OH)> LaB2O4F
≈ LaB2O4(OH). The large difference can be attributed mainly to the stereochemical activity of the lone pair (SCALP) effect of
the Bi cations and the special BO3F with strong anisotropy as compared to the BO4 group. The energy spanning of F-2p orbitals
is more extended in BiB2O4F as compared to LaB2O4F, Sr3B6O11F2, and Ba3B6O11F2 due to the bonding of Bi/B−F, which
indicates F-2p orbitals have more chance to overlap with surrounding atoms and enhance the polarizability in all systems.
Moreover, the degree of SCALP of the Bi cations is apparently activated by the introduction of the F¯ anions, which causes an
obvious enhancement in NLO properties in bismuth borates with F¯. These investigations will help us to classify the solid-state
chemistry of F¯ and OH¯ anions in borate systems with different types of metal cations.

1. INTRODUCTION

For the last few decades, the noncentrosymmetric [NCS]
crystals are attracting an ever increasing interest, especially for
potential applications in optoelectronics.1 The NCS borates
with large second harmonic generation (SHG) effects are very
promising for nonlinear optical (NLO) applications in optical
parametric oscillators and large-frequency conversion efficiency
lasers.2 Especially, borates are attractive because of their IR-UV
wide-range transparency and high optical quality, accompanied
by their relatively high chemical and mechanical stability.3

However, many well-known NLO systems like β-BaB2O4
(BBO),4 LiB3O5 (LBO),5 and KBe2BO3F2 (KBBF)6 have
been discovered during the past few decades and used in
advanced optoelectronic devices. However, it is still a big
challenge to synthesize highly effective materials with
prominent NLO effects.7

The distortion caused by the stereochemically active lone
pair of p-cations (Pb2+, Bi3+) is one of the noticeable factors,
which is responsible for the enhancement of the SHG response

in Cd4BiO(BO3)3,
8 Pb4O(BO3)2,

9 BiTeBO9,
10 Pb2(BO3)

(NO3),
11 and Bi2O2CO3.

12 Recently, α-BiB3O6 (BIBO)
13 has

attracted attention for its large effective SHG coefficient (deff =
3.2 pm/V), which is due to heavily distorted Bi polyhedra
(BiO4)

5−; however, its low symmetry (space group Cm) largely
restricts its applications in optoelectronic devices.14 So it is
necessary to explore other Bi3+-containing compounds for
desirable applications. Furthermore, the introduction of VII-A
group elements increases the distortion of the metal cations
(Pb2+, Bi3+) as in Pb2B5O9I,

15 Pb2TiOF(SeO3)2Cl,
16 BiF-

SeO3,
17 BaBi(SeO3)2Cl,

18 PbPt(IO3)6(H2O),
19 and Bi7F11O7.

20

Thus, the compounds which have distorted metal p-cations
with VII-A group elements enhance the local dipole moments
and increase the overall electric susceptibility.18,21 Moreover,
VII-A group anions may also serve as structure-directing agents
to construct NCS frameworks by aligning different asymmetric
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units in the same direction to form a macroscopic polar
system.22 Alongside the (Pb2+, Bi3+) cations with the SCALP
effect, the introduction of alkaline earth metals and trivalent
rare-earth metals are also considered as promising UV/deep−
UV optical systems because they have no d−d and f−f
electronic transitions, like Na3La9O3(BO3)8,

23 La2CaB10O19,
24

Na3La2(BO3)3,
25 Na8Lu2(CO3)6F2,

26 Na3Lu(CO3)2F2,
26

Ba2B10O17,
27 BaCaBO3F,

28 Ca5(BO3)3F,
29 and M3B6O11F2 (M

= Sr, Ba).30

The main objective of this work is not only to evaluate
optical properties of bismuth borate systems but also to
concentrate on the first-principles electronic structures effected
by the introduction of fluorine anions and hydroxyl groups in
different nature of cations borate systems like BiB2O4F,

31

BiB2O4(OH),
31b LaB2O4F, LaB2O4(OH), and M3B6O11F2 (M

= Sr, Ba)30 systems. The following points will be discussed in
this work:

1. How do optical features of systems originate from the
electronic structure point of view in bismuth borate
systems?

2. How do the F and OH units affect the band gap
topology, electronic structure, and optical properties of
systems? Is the influence of F and OH anions related to
the nature of cations in borate systems?

Generally, the introduction of the F atoms into metal
borates, by the replacement of the O atoms or the OH group,
leads to variations in structure, where the F ions form bridging
and terminal bonds involving metal polyhedra.32 The
introduction of F also has a positive effect on designing and
synthesizing new borates as frequency-doubling (FD) materials
like Ba4B11O20F,

33 Na3Ba2(B3O6)2F,
34 NaSr3Be3B3O9F4,

35

Li3Ca9(BO3)7·2[LiF],
36 and LiBa12(BO3)7F4.

37 It has been
previously reported that the OH group causes unfavorable
effects as compared to halides on optical nonlinearity.38 Thus,
both anions (F and OH) in an identical borate framework
behave differently and affect the properties of borate systems.
In this regard, first-principles-based scientific research is very
supportive to explore the knot between the electronic structure
and optical properties of systems.39 In this research work,
theoretical tools including electronic structure analysis, SHG-
density,40 and band-resolved method41 are adopted.

2. THEORETICAL METHODOLOGY
Based on density functional theory (DFT), the CASTEP
module,42 a plane-wave pseudo-potential was used to
investigate the optoelectronic properties of investigated
systems. The generalized gradient approximation (GGA),43

with the exchange correlation functional Perdew−Burke−
Ernzerhof (PBE),44 and norm conserving pseudopotential
(NCP),44b has been adopted for BiB2O4F, BiB2O4(OH),
LaB2O4F, and LaB2O4(OH) systems. The energy cutoff, Ecutoff
= 850 eV, and Monkhorst−Pack k-point meshes,45 spanning
with less than 0.04 Å−3 separation, were applied. Geometries
were optimized using convergence thresholds for the total
energy, maximum force, and displacement as 5.0 × 10−6 eV/
atom, 0.01 eV/Å, and 5 × 10−4 Å, respectively. On the basis of
optimized geometry, the electronic and optical properties were
investigated. The convergent criteria with other parameters
have been kept as default settings for the CASTEP code. The
convergence results proved that the preceding computational
setting was reasonable for the investigation of opto-electric
properties of the studied systems. Usually, the theoretically

calculated band gap is underestimated because of the existence
of discontinuity within generalized gradient approximation
(GGA) related with excitation energies in DFT method.44c,46

Therefore, the scissors operator,46a,47 for correction of gap by
transmitting all the conduction bands far away from the valence
bands (VBs), was applied during the calculation of optical
properties.
The modified form of static second order coefficients χαβγ

(2)

is described as48

χ χ χ= +αβγ αβγ αβγ(VE) (VH)(2) (2) (2)
(1)

whereas virtual electron (VE) and virtual hole (VH)
contributions are as follows:
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where α, β, and γ are Cartesian elements, v and v′ are valence
bands, c and c′ symbolize conductions bands, P(αβγ) indicates
full permutation, and Pij

α describes the momentum matrix
components.
To sort out the participation of every electronic orbital (i.e.,

occupied and unoccupied bands) toward the total SHG
response, the band-resolved method has been executed. The
integral SHG with respect to energy region can be achieved to
acquire the knowledge about dominant participation of various
orbitals to overall χ(2). To further analyze the origins of SHG
response in studied systems, the SHG density method has been
employed. Through the SHG density method, the contribution
of ions or groups in the system that take their part to improve
the NLO properties can be explored. The proceeding
theoretical methodology has been proved to be successful in
various NLO systems to evaluate the SHG effect.49

3. RESULTS AND DISCUSSION
3.1. Crystal Structure and Stereochemical Activity of

Bismuth Cations. The crystal data details about BiB2O4F,
31

BiB2O4(OH),
31b LaB2O4F, LaB2O4(OH), Sr3B6O11F2,

30 and
Ba3B6O11F2

30 are, respectively, given in Table S1 in the
Supporting Information (SI). BiB2O4F and BiB2O4(OH)
crystallize in the trigonal space group P32 and P31, respectively,
with tetrahedral borate groups and distorted BiO5 polyhedra. In
BiB2O4F, the borate framework is composed of two BO4 and
one BO3F subunits, combined together through corner sharing
to build the B3O8F ring as a fundamental building block (FBB)
and further interconnected by the Bi cations to form 3-D
network crystal structure. Thus, the Bi cations reside in the
cavities of borate framework. During the studies two new
virtual structures (LaB2O4F with P32 and LaB2O4(OH) with
P31) obtained by substituting Bi with La in BiB2O4F and
BiB2O4(OH), which are dynamically stable as shown in Figure
S1 in the SI with respect to phonon dispersion, are investigated
as references. In LaB2O4F, F is connected with the La cation
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only instead of being part of the B−O framework, as in case of
BiB2O4F; thus, two BO4 and one BO3 are combined through
corner sharing to build a B3O8 ring as FBB. BiB2O4(OH)/
LaB2O4(OH) have quite similar structure features like
BiB2O4F/LaB2O4F, except the replacement of the F anions
with the OH anions as shown in Figure 1. For the isostructural
borate fluorides M3B6O11F2 (M= Sr, Ba) with the space group
P21, two BO3 and four BO4 form the B6O14 FBB, and the Sr/Ba
cations and the F anions are placed in the voids of borate
framework to form 3D network crystal structures.
The F and OH anions induce the crystal structure properties

and NLO susceptibility in such a manner that BiB2O4F has 2
times larger SHG response (∼12 × KDP) than BiB2O4(OH)
(∼6 × KDP), whereas LaB2O4F and LaB2O4(OH) have the
SHG response ∼1 × KDP. Therefore, it is interesting to know
that the F and OH anions behave quite differently in two
bismuth borates. Generally, owing to higher electron affinity
and smaller size of the F anions in comparison with the O
atoms, the F anions cause more polarizability in the BO3F
tetrahedron as compared to the BO4 tetrahedron.

50 Similarly,
the M−F (M = metal) bond as compared to the M−O bond
can largely enhance the anisotropic value for microscopic

susceptibility.49c Thus, the bonding of F anions plays an
important role in SHG factors. In addition, the SCALP effect
causes distortion in the cation centered polyhedra, represented
by the analyzed oxygen (O) distribution around bismuth in
Figure S2 in the SI. The BiO5 polyhedron is considerably
asymmetric with Bi−O unequal bond length ranging from 2.24
to 2.54 Å in BiB2O4F, and 2.15−2.69 Å in BiB2O4(OH).
Comparison of the BiO polyhedron of BiB2O4F, with those of
BiB2O4(OH), CaBi2B2O7,

51 and BaBiBO4,
52 shows that the Bi-

centered polyhedron (BiO5) shows remarkably greater
distortions in BiB2O4F, and it is evident from angle reduction
for O−Bi−O (55°−145°) in BiB2O4F as compared to O−Bi−
O (59°−166°) in BiB2O4(OH), (55°−167°) in CaBi2B2O7, and
(58°−170°) in BaBiBO4. For further confirmation, the
magnitude of distortion (Δd) is calculated,53 which is 4.244
for BiB2O4F and 2.985 for BiB2O4(OH). Thus, it is clear that
the strong distortion is beneficial to the large SHG response,
such as in BiB2O4F (∼2 × BiB2O4(OH)). While in LaB2O4F, F
is just connected with the La cation and does not cause
anisotropy in B−O framework. Thus, overall susceptibility in
LaB2O4F and LaB2O4(OH) is almost the same, which leads to
an identical SHG response.

Figure 1. Structure description of (a) BiB2O4F, (b) BiB2O4(OH), (c) LaB2O4F, (d) LaB2O4(OH). Bi/La, F, and OH are located in the voids of the
borate framework.
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Now the remaining question is the following: Despite similar
coordination environment and the arrangement of the lone pair
along c-axis in the two bismuth borates, how is the extent of
distortion in Bi−O polyhedra different? The structural
parameters show that enhancement of the distortion is mainly
due to presence of the F anions that cause the anisotropy in the
BiO5 polyhedra in BiB2O4F. The distortion caused by halogens
in cation centered polyhedra like in Pb2B5O9I,

15 Ba4B11O20F,
33

Pb2BO3F,
54 HdpaNbOF4 (dpa = 2,2′-dipyridylamine),55

Bi2WO6−xF2x,
56 Bi3OF3(IO3)4,

57 NaVO2−xF2+x (x = 1/3),58

and Na2SbF5
59 is also observed. The polarization effect of

anions can play a significant role to enhance overall
susceptibility of system.33 Thus, according to the flexible dipole
model, the second-order polarizability of system is significantly
increased by the introduction of different electron-withdrawing
atoms/group like F, CF3, and CN.60 F has an electron-

withdrawing ability because of its large electronegativity,
whereas OH has electron-donating capability; therefore, they
affect not only the crystal structure but also the optical
properties of crystals in contrasting fashion. In order to better
explain the behavior of F and OH under different cations in
borate systems, density-functional-theory-based theoretical
calculations were performed, and we obtained in-depth
knowledge regarding the structural properties for the studied
NLO materials.

3.2. Comparison of Electronic Structures and Effect of
Anions (F vs OH) under Different Cations. The results of
band gap calculations (Table S2 in the SI) indicate that
BiB2O4F, and BiB2O4(OH) are indirect band gap materials with
the value of 4.21 eV (experimental band gap 4.43 eV) and 4.06
eV (experimental band gap 4.28 eV), respectively. In the case of
virtual systems LaB2O4F and LaB2O4(OH), both have indirect

Figure 2. PDOS with band-resolved χ(2) of (a) BiB2O4F (b) BiB2O4(OH). Band-resolved χ(2) with integral value of VE+VH indicate the prominent
regions VB-I and CB-I that participate in the SHG coefficient in respective systems.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b00120
Inorg. Chem. 2017, 56, 5636−5645

5639

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00120/suppl_file/ic7b00120_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00120


band gaps of 6.66 eV (8.49 eV from the HSE06 result) and 6.11
eV (7.86 eV from the HSE06 result), respectively. Generally
speaking, bismuth borate systems have narrow band gap like α-
BiB3O6,

13 CaBi2B2O7,
51 and BaBiBO4,

52 as shown in Table S3
in the SI. It has been observed that the M−F bonds may have a
wider optical transmission range as compared to the M−O
bonds, and thus, the F anions will lead to blue shift of the
transmission spectrum, like a larger band gap.20 Also, replacing
OH by F in BiB2O4F/LaB2O4F increases the band gap and is
attributed to weak interaction or ionic bonding between Bi/B/
La−F as compared to Bi/B/La−O and O−H bonds in
BiB2O4(OH)/LaB2O4(OH).

61

The information gathered through the PDOS and their
contribution in χ(2) obtained from the band-resolved method of
BiB2O4F and LaB2O4F is also plotted in comparison with those
of BiB2O4(OH) and LaBO4(OH), as shown in Figure 2 and
Figure S3 in the SI. On the basis of the disparity in the band-
resolved χ(2), the DOS and PDOS are distributed into different
energy regions. In BiB2O4F and BiB2O4(OH), the VB-III (−23
to −16.5 eV) consists of Bi-5d and O-2s orbitals with little
mixing of B-2s2p and F-2s/H-1s orbitals, whereas in LaB2O4F
and LaB2O4(OH), the region VB-III (below −16 eV) occupies

O-2s and B-2s2p states. The VB-II (−10.5 to −4 eV) is
composed of Bi-6s/La-5d with O-2p and B-2s2p orbitals, and
F-2p orbitals exist in BiB2O4F. The VB-I (−4 eV to Fermi
level) is dominated by O-2p, F-2p orbitals with slight mixing of
Bi-6s6p/La-5d orbitals. The borates with the F or OH anions
show similar structural features, but the presence of F-2p
orbitals makes a difference, especially in VB-I. Conduction band
(CB)-I is mainly composed of Bi-6p/La-5d orbitals with a small
contribution from O-p, hybrid B-2s2p orbitals with a difference
in the presence of F-2p and H-1s orbitals in respective
BiB2O4F/LaB2O4F vs BiB2O4(OH)/LaB2O4(OH). It should be
noted that the behavior of the B atoms is found to be quite
diverse in different B−O units. BO3F and BO3(OH) peaks offer
a greater contribution to the SHG response as compared to
BO4 in BiB2O4F and BiB2O4(OH). Additionally, the BO3 peak
in LaB2O4F near the bottom of CB offers a greater contribution
to the SHG response in comparison with PDOS of B in
BO3(OH) and BO4, as shown in Figure S4 in the SI.
In fact, covalent interaction between Bi−O/La-O shows a

dominant role to energy band gap, but the influence of F
cannot be ignored. Therefore, the weak interaction of F with
Bi/La atoms decreases the energy of VB, which causes a blue

Figure 3. Atomic orbitals at VBM regions (a,b) and CBM regions (c,d) of BiB2O4F and BiB2O4(OH), respectively.
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shift of the band gap in BiB2O4F/LaB2O4F as compared to
BiB2O4(OH)/LaB2O4(OH). Theoretically, it is found that the
F atoms need more electronic excitation energy as compared to
the O atoms due to their larger electronegativity, and
comparatively smaller size, and hence, they are capable of
extending the transparency window in the UV range. The
electronic structure and PDOS analysis show that optical
absorption around the Fermi level is mainly occurring from
occupied O-2p, F-2p (major) with Bi-sp/La-5d to unoccupied
Bi-6p/La-5d (major), B-sp, and O-2p in BiB2O4F/LaB2O4F and
from occupied O-2p (major) with Bi-sp/La-5d to unoccupied
Bi-6p/La-5d (major), B-sp, O-2p, and H-1s in BiB2O4(OH)/
LaB2O4(OH).
The bond order is obtained to get more insight into nature of

chemical bonds due to its large influence on NLO
susceptibility.62 In BiB2O4F, the calculated bond orders for
Bi−O, Bi−F, B−O, and B−F are 0.08−0.15 e, 0.03−0.04 e,
0.60−0.67 e, and 0.45 e, respectively. The bond length of B−F
(1.39 Å) is shorter than that of Bi−F (2.85−2.98 Å). Therefore,
the interaction between B−F is stronger than that of Bi−F.
However, compared with B/Bi−O bonds, the B/Bi−F bonds
have relatively weak interactions. In BiB2O4(OH), the
calculated bond orders for Bi−O, B−O, and O−H are 0.04−
0.15 e, 0.60−0.67 e, and 0.65 e, respectively, which have
covalent character as shown in Table S4 in the SI. The band
structure from Figure S5 in the SI shows that especially CB-I is
quite parallel in BiB2O4F, which is due to weak interaction
between orbitals of Bi−F and B−F bonds, whereas
comparatively dispersive CB-I in BiB2O4(OH) is due to
comparatively strong covalent interaction between orbitals of
Bi−O, B−O, and O−H bonds. Similar band structure topology
has been observed in LaB2O4F and LaB2O4(OH). Figure S5 in
the SI shows that the weak interaction between La−F in
LaB2O4F makes the CB-I region quite parallel, whereas the
strong covalent interaction between La−O, B−O, and O−H in
LaB2O4(OH) makes the CB-I comparatively dispersive.
Hoffmann63 showed that band dispersions are determined by
the interunit cell overlapping of atomic orbitals like bandwidth.
The total electronic charge density map about all atoms in the
system, shown in Figure S6 in the SI, suggests that the
substitution of OH with F makes the difference in bonding
nature that influences the band structure features.
The mixing between O-2p and hybrid Bi-6s6p orbitals shows

the SCALP effect of the Bi cations in both bismuth borate
systems, that is, according to the Payne revised model.64 The
presence of F-2p orbitals in this energy region further enhances
this effect, as shown in Figure 2a. The degree of SCALP
(R)53,65 is calculated to be 0.1631 for BiB2O4F and 0.12742 for
BiB2O4(OH). The large R value for BiB2O4F is due to presence
of the F anions that increase the intrinsic SCALP effect of the
Bi polyhedra. In contrast, the OH anions with intrinsic
electron-donating ability supersaturate the polarizability of
neighboring atoms under incident light, which depress the
overall polarizability and NLO response of the system.30 Hence,
the OH anions cannot withdraw lone pairs of the Bi cations to
increase the distortion in BiB2O4(OH). Ultimately, the spatial
susceptibility caused by the F anions in BiB2O4F is depressed
by the OH anions in BiB2O4(OH), which leads to a small SHG
response. The electron distribution between Bi−O and borate
framework is examined, which shows that the Bi−O bond in
BiB2O4F has more delocalization character than that in
BiB2O4(OH), as shown in Figure 3. Interestingly, the O
atoms connected with BO3F/BO3(OH) are more delocalized

than those connected with BO4. Recent work has proved that
the BO3F groups are good NLO functional units as compared
to BO4 because of the enhancement of polarizability.50 Thus,
the combination of BO3F with Bi having a greater SCALP effect
holds higher polarizability and leads to a larger SHG response.
However, the difference in the delocalization character between
LaB2O4F and LaB2O4(OH) is not really obvious, as shown in
Figure S7 in the SI, and similar results can also be found in
alkaline-metal borate fluorides such as in M3B6O11F2 (M = Sr,
Ba). So it is necessary to clarify the effect of anions under
different cations.
Figure 4 shows that in BiB2O4F, LaB2O4F, and M3B6O11F2

(M = Sr, Ba) the energy spanning of the F anion is −10 to 0

eV, −6.5 to 0 eV, and −3.3 to 0 eV, respectively. In BiB2O4F, as
F is connected with B and also with Bi, so the energy spanning
is more extended. Resultant F anions cause anisotropy in BO3F
and facilitate the SCALP effect of Bi-centered polyhedra. Thus,
the bonding of the F anions causes a greater polarization effect
in the system, which plays an important role in the
enhancement of the NLO response. In LaB2O4F and
M3B6O11F2 (M = Sr, Ba), the energy spanning is comparatively
less extended due to the bonding of F with the La/Sr/Ba
cations, so F just has the chance to cause the polarizability in
La/Sr/Ba-centered polyhedra. These results are consistent with
the above molecular viewpoint discussion. It can be concluded
that the F anions act as active participant for the blue shift of
band gap in studied systems than the OH anions and especially
good choice in bismuth borates for enhancement of SCALP
effect, which leads to large SHG effect.

3.3. SHG Density Analysis. The theoretically calculated
SHG coefficients for BiB2O4F, BiB2O4(OH), LaB2O4F, and
LaB2O4(OH) are enlisted with their experimental counterparts
in Table S5 in the SI. Theoretical values being pretty close to
the experimental values are an evidence of the application
accuracy of first-principles methods. Also, the SHG density
method is used to sort out the contributions of anions to the
second-order susceptibility, which also determines the cumu-
lative contributions from VE and VH processes. Also,
irrespective to the role of VE process for the determination

Figure 4. Comparison of energy spanning of F-p orbitals through
PDOS and integral of VE+VH (Pink line) in (a) BiB2O4F, (b)
LaB2O4F, (c) Sr3B6O11F2, and (d) Ba3B6O11F2 systems.
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of the occupied states, the current study is focused on its
contribution in defining the SHG effect.
To investigate the origins of the strong SHG effect for both

studied systems, we performed further analysis of the SHG
densities. From Figure 5, it can be clearly observed that the 2p
orbitals of all the O atoms give the prominent contribution to
the SHG in the VB. The SHG density around the F anions also
shows its non-negligible contribution in BiB2O4F. However, in
BiB2O4(OH), the O atoms, which are linked with H atoms, give
more dominant contribution. In the CB, the SHG effect is
mainly contributed by unoccupied Bi-6p and O-2p orbitals,
mixing with some F-2p and B-2p orbitals in BiB2O4F and H-1s
orbitals in BiB2O4(OH). Figure S8 in the SI shows the similar
results of SHG densities of LaB2O4F and LaB2O4(OH). The
SHG density around the Bi cation in BiB2O4F shows more
prominent contribution as compared to Bi in BiB2O4(OH). On
the basis of electronic structure and SHG density analyses, it is
concluded that the Bi−O groups have a dominant role in SHG

response in studied materials like α-BiB3O6,
13 CaBiB2O7,

51 and
BaBiB2O4.

52 The presence of the F anions acts as motivating
source to enhance polarizability and SCALP effect which
influence the SHG response more prominently instead of the
OH anions in BiB2O4F. The contribution of the F anions in
LaB2O4F for widening the transparency window in the UV
range is larger than that in LaB2O4(OH), even though the
influence of F and OH toward SHG response in both crystals is
the same.
On the basis of theoretical studies based on electronic

structure, PDOS, and SHG density analyses, it is concluded
that the Bi−O groups have a dominant role in the SHG
response in bismuth borate systems. However, the incorpo-
ration of the opposite nature of anions (F, OH) is the main
source of diversity in SHG response of BiB2O4F and
BiB2O4(OH). Finally, it has been concluded that the F anions
in comparison to the OH anions are the better choice for the
synthesis of high-performance effective NLO bismuth borates.

Figure 5. SHG densities of VE process for BiB2O4F (a,b) and BiB2O4(OH) (c,d).
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4. CONCLUSIONS
In conclusion, the role of anions (F, OH) under different
nature of cations including BiB2O4F, BiB2O4(OH), LaB2O4F,
LaB2O4(OH), and M3B6O11F2 (Sr, Ba) systems are studied
through DFT calculation. The band gap is found to be larger in
BiB2O4F/LaB2O4F than that in BiB2O4(OH)/LaB2O4(OH)
and can be assumed to be the result of weak interaction of the
Bi/B/La−F bonds in comparison to the Bi/B/La−O and
hydroxyl bonds. The SHG responses of different crystals under
study are in the order of BiB2O4F > BiB2O4(OH)> LaB2O4F ≈
LaB2O4(OH). The greater SHG response of BiB2O4F as
compared to BiB2O4(OH) is due to the SCALP effect of Bi and
the greater anisotropy of BO3F than that of the BO4 group.
Thus, the presence of the F anions triggers the SCALP effect of
Bi, which is beneficial to the optical anisotropy combined with
the B−F bonds in BO3F. Irrespective of similar contribution of
the F and OH anions in LaB2O4F and LaB2O4(OH) crystals for
SHG response, the F anions induce a larger transparency
window in the UV range as compared to OH anions in
respective crystals. The energy spanning of F-2p orbitals is
more expanded in BiB2O4F as compared to LaB2O4F,
Sr3B6O11F2, and Ba3B6O11F2. This spanning of energy is due
to the bonding of Bi/B−F, which indicates F-2p orbitals have
greater chance to overlap with surrounding atoms and enhance
the polarizability that plays an important role in SHG factors in
BiB2O4F. The main objective of the present contribution is to
work out the principle features of the F anions, as it can offer an
encouraging effect on the structural properties of the borate
systems. Thus, the present contribution may offer novel,
broader, and exploratory insight into the manufacture of
borates that contain the F anions because of the advantages
they offer, especially in the UV and DUV region. Also,
upcoming studies may seek an insight for better exploration of
new frequency-doubling systems to meet future industry
demands.
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