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Oxonitridosilicates, in which O atoms in SiO,4 are partially substituted
by N atoms, are proposed to improve optical anisotropies of silicates as
UV NLO materials. The optical properties calculation showed that the
heteroleptic SiOxN4; , (x = 1-3) tetrahedra have strong polarizability
anisotropy and large hyperpolarizability. Accordingly, nine noncentro-
symmetric (NCS) oxonitridosilicate crystals collected in the inorganic
crystal structural database (ICSD) are evaluated by using the first
principles method. Finally, Si;N,O and LiSiON are screened out owing
to wide band gaps (6.49 and 6.95 eV), large birefringences (0.102 and
0.060 at 1064 nm), and large SHG coefficients (3.3 and 2.2 times that of
d3¢(KDP)). More importantly, the cation selection and structural char-
acteristics that are beneficial for enhancing the band gap and birefrin-
gence are identified. This study provides a novel strategy to design and
find UV NLO crystals.

Second harmonic generation (SHG) was observed for the first
time in crystal quartz (a-SiO,) by Franken et al in 1961."
Although the discovery of this phenomenon marks the begin-
nings of nonlinear optics, quartz has not been widely used as a
NLO material due to low frequency conversion efficiency.” Apart
from the relatively small SHG coefficients (d;; = 0.30 pm V'),
another Achilles’ heel for quartz crystals is the tiny birefrin-
gence that results in phase mismatch between fundamental
and doubled frequency waves.*” For similar reasons, silicates
have not attracted much attention as NLO materials in which
the SiO, tetrahedra are considered to be unfavorable to induce
large birefringence.
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In order to obtain crystals with strong SHG effects and
sufficient birefringence, scientists tend to divert attention to other
materials, such as perovskite, tungsten-bronze type crystals,
iodates, phosphates, borates, carbonates, and chalcogenides.®’
Plenty of NLO materials have been found in these systems
including KH,PO, (KDP),® LiNbO; (LN),” B-BaB,O, (BBO), LiB;0;5
(LBO), and KBe,BO;F, (KBBF).'® Meanwhile, for silicates, very few
of them are studied as NLO materials although they have abun-
dant number and diverse structures. Rb,Be,Si,O, with a short
absorption edge down to the vacuum UV was probed as a NLO
material.'""™"® But the weak SHG coefficient and small birefrin-
gence block its further application. To enhance the SHG response
as well as birefringence, transition metal cations with d® or d*°
electronic configuration are introduced into silicates. ANTiOSI, 0,
(A" = Ba or Sr)""® and Li,A} [(Ti0)Si4Oy,] (A" = K or Rb)' are
found to have large SHG responses (4.5-8.0 x KDP). Sr,ZnSi,0O,
shows a SHG intensity that is 35 times that of ¢-SiO,."” However,
the introduction of transition metals causes a severe red-shift of
the absorption edges, which hinders their application in the UV
region. Another pathway to improve the NLO properties of
silicates is combining SiO, groups with other building blocks
with large energy gap, such as the BO;, BO, and AlO, groups.
Ba,(BO;);(Si04)-BasX (X = Cl or Br),'® Cs,B4Si0s,"° and Li;AlSiO5>°
have been synthesized guided by this strategy. These crystals
achieve a balance between band gap and SHG response. However,
all of their structures do not show structural characters for large
birefringences.

In the latest research, heteroleptic polyhedra in which the
positive ions are bonded to more than one anionic ligand forming
mixed-anion groups are proposed and confirmed as superior
functional building blocks (FBUs) for NLO materials.*** Among
them, heteroleptic tetrahedra BO,F, , and PO,F, , with large
polarizability anisotropies have shown distinct advantages giving
rise to birefringence and SHG coefficients.”>** Accordingly, a series
of fluorooxoborates and fluorophosphates™ > were discovered as
excellent deep-ultraviolet (DUV) NLO materials. As for the silicate
series, the first inorganic fluorooxosilicophosphate K,Si;P,O,F;,
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with an octahedral SiO,F, group was synthesized by Pan’s group.*
However, it crystallizes in a centrosymmetric space group and as a
result has no SHG effects. Very recently, the first noncentro-
symmetric (NCS) fluorooxosilicophosphate CsSiP,O,F with
hexacoordinate SiOsF species was synthesized by Zhao et al.** It
shows an SHG intensity about 0.7 times that of KDP and is
transparent in DUV. No inorganic fluorooxosilicate that contains
SiO,F,_, tetrahedra has been reported yet. The strategy of intro-
ducing F to partially substitute O in SiO, or SiOs to improve
birefringence has not been achieved.

Unlike fluorine, nitrogen atoms can more easily partially
substitute oxygen atoms forming SiN,O, , (x = 2 or 3) mixed-
anion tetrahedra as found in oxonitridosilicates. The hetero-
leptic tetrahedra provide another way to make up for the
limitations in birefringence of silicates. In this communication,
the (SiNO;)*7, (SiN,0,)°", and (SiN;O)”~ groups with large
polarizability anisotropy and high hyperpolarizability are iden-
tified as novel superior FBUs to enhance birefringence and
simultaneously to generate a large SHG effect and short cutoff
edge as UV NLO materials. Oxonitridosilicates are identified as
new candidate systems to explore new UV NLO materials by a
first principles study.

To evaluate the basic NLO-related properties of the
(SiN,0,_, )™~ (x = 1-3) anionic groups, we firstly investigate
their electronic structure and optical properties using density
functional theory (DFT) calculations implemented in the
Gaussian09 package®® at the 6-31G level. As shown in Table S1
(ESIt), the polar (SiNO;)*~, (SiN,0,)°7, and (SiN;O)"~ groups
exhibit obvious polarizability anisotropy of 5.2, 9.0, and 4.8,
respectively. As a comparison, the polarizability anisotropy of
(BO3F)*", (BO,F,)*> and (BOF;)*~ groups calculated by using
the same method and parameters are 2.1, 3.4, and 2.5,
respectively.>® To visibly illustrate the polarizability anisotropy
of SiO,N,_, groups, a polarizability anisotropy surface is
defined and drawn. In two-dimensions, for example, the polar-
izability anisotropy curve is defined as the difference between
the polarizability ellipsoid and the sphere with a radius deter-
mined by the minimum polarizability in the same direction as
shown in Fig. 1(a) and (b). Accordingly, the polarizability
anisotropy surfaces of the (SiNO;)°, (SiN,0,)° ", and (SiN;0)"~
groups are constructed and drawn with their structures in the
same orientation as shown in Fig. 1(c) and (d). From the
polarizability anisotropy configuration of (SiN,0,_,)*™~
groups, one can find that the N°~ anion is easier to be polarized
than the O~ anion, which results in the obvious polarizability
anisotropy of (SiN,0,_,)**~ groups. In addition, the heteroleptic
(SiN,O,_,)*™~ groups exhibit much larger hyperpolarizability
than that of (SiO,)*" and (SiN4)®". It is worth noting that the
substitution of O by N significantly reduced the HOMO-LUMO
gap (HOMO, the highest occupied molecular orbital; LUMO,
the lowest unoccupied molecular orbital). In oxonitridosilicate
crystals, N atoms are coordinated with more than one Si atom,
which will eliminate the non-bonding electrons and expand the
band gap to achieve UV transmittance.

The NCS oxonitridosilicate crystals that contain (SiN,O,_,)**~
(x = 2 or 3) groups are searched from the Inorganic Crystal
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Fig. 1 (a) The two-dimensional diagram of the anisotropic polarizability
and (b) the corresponding polarizability anisotropy curve (surface if three-
dimension), which is defined as the difference between the polarizability
ellipsoid and the sphere with a radius determined by the minimum
polarizability in the same direction. (c) The representation of (SiNsO)’~,
(SiNO,)®", and (SINO3)®~ groups and (d) their polarizability anisotropy
surface.

Structural Database (ICSD). In total, 9 crystals are obtained including
Si,N,0,%® LiSiON,*” CaSi,0,N,,*® BaSigNs0,*® Ba;SisOoN,,*® SrSiAl,
N,0;,*" Ba(ALSi;)N,0,4,* Ba(AlSi)OsN5,* and Y,Si;0;N.*>** As
shown in Fig. S1 (ESIt), these crystals show a plentiful structural
diversity with different connection modes between (SiN,0,_,)*™~
(x = 2-4) groups including two-dimensional layers and three-
dimensional networks. Subsequently, the first-principles high-
throughput screening pipeline for nonlinear optical materials
(FHSP-NLO) method*>*® is used to predict their band gaps, bire-
fringences, and SHG coefficients. The CASTEP package® is
employed to perform self-consistent field (SCF) calculation and
structural relaxation with the norm-conserving pseudopotentials
(NCP)***° and GGA-PBE exchange-correction functional.®® The
OptaDOS code®™ is used to calculate linear optical properties.
The formula proposed by Sipe® and developed by Lin and Lee
et al.%>° is used to calculate second-order susceptibility ® tensors.
The hybrid functionals based on screened Coulomb potential
HSE>"*® are used to obtain more accurate band gaps (E,HSE) by
performing the DFT plane-wave code (PWmat) run on GPU
machines.**®° The scissors operator is set as the difference between
EHSE and E,-GGA and used to correct the SHG coefficients of the
crystals. Other parameters are set as the same as our recently
published works.*>*¢

The calculated results of the NCS oxonitridosilicates are
listed in Table 1. For comparison, some silicates that are
reported as promising ultraviolet NLO materials are selected
and calculated under the same conditions as listed in Table S2
(ESIT). As shown in Table 1, the calculated band gaps of the
oxonitridosilicates are widely dispersed. LiSiON and Si,N,O
show very large band gaps (6.95 and 6.49 eV). This means that
the transparency windows of the two crystals could extend to
the DUV region (<200 nm). In contrast, trivalent rare-earth
metal oxonitridosilicates Y,Si;O3N, and the oxonitridosilicates
containing Al atoms, i.e. Ba(AlSi;)O3Ns5, Ba(Al,Si3)N,0,, and
SrSiAlLN,0O;, exhibit relatively small band gaps ranging from
3.66 to 5.15 eV. Three alkaline-earth metal oxonitridosilicates,
CaSi,O,N,, BaSigNgO, and BazSisOgN,, show relatively large
band gaps ranging from 5.41 to 5.82 eV. The N atoms
are two- or three-coordinated with Si atoms in the above

This journal is © The Royal Society of Chemistry 2021
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Table1 The chemical formula, ICSD collection numbers, space groups (SG), calculated band gaps both using GGA and HSE (Eg-GGA and E4-HSE, units:
eV), birefringences (An) at 1064 nm, and SHG coefficients (5®) with scissors correction of selected oxonitridosilicates. Note the scissors operators that
are used to correct 5 are set as the difference between E,-HSE and £,-GGA

Formula ICSD SG Ey-GGA E,HSE An 7@ (pm V1) (+sci.)
Si,N,O 66539 Ccme2, 5.23 6.49 0.102 Y113 = —1.615; 1203 = —2.123; y333 = 2.557
LiSiON 34106 Pca2, 5.57 6.95 0.060 Y113 = 0.596; 7205 = 1.710; 7335 = —0.318
CaSi,0,N, 413882 P2, 4.63 5.82 0.035 Y112 = —0.059; 1123 = —0.028; Y205 = 0.023; Y233 = 0.034
BaSigNgO 415272 Imm2 4.33 5.62 0.015 %113 = 0.162; 7203 = —1.921; 7333 = 6.827
Ba,SigOoN, 259431 P3 4.51 5.41 0.010 Y111 = 0.998; 7205 = 0.853; 7113 = —0.041; 7333 = 0.746
SISIALN,O; 408170 P2,2,2, 417 5.15 0.015 Y123 = —2.360
Ba(Al,Si;)N,0, 194213 A2,am 3.58 4.50 0.042 7111 = 1.494; 7155 = —0.008; 7133 = —3.336
Ba(AlSi,)O;Nj 194212 A2,am 3.17 3.66 0.073 7111 = —0.001; 105 = 1.294; 133 = —0.194
Y,Si;0;N, 89931 Pi2,m 3.13 4.01 0.005 Y123 = —4.970
oxonitridosilicates. To investigate the effects of different coordi- 0.12 .
nation types of N atoms on the band gaps, the distribution of m  Silicates ' ®  Oxonitridosilicates |
electrons on them are analyzed. In BaSisNgO, N(1) atoms are two- 0.104 . U
coordinated while N(2) and N(3) are three-coordinated with Si | : J
atoms. The partial density of states (PDOS) of three N atoms oi08 i |
shows that the non-bonding 2p orbitals of three-coordinated N | : " ]
atoms are obviously eliminated in the top of the valence bands —_— ' - |
(TVB) compared with two-coordinated N atoms (Fig. S2(a), ESIT). S ] : |
In Y,Siz;O;N,, all N atoms are two-coordinated with Si atoms. As 0.04 : -
. . I -1
shown in Fig. S2(b) (ESIt), two-coordinated N atoms contribute : m
more electrons at the TVB than that of bridge and terminal - !
O atoms and result in a small band gap (4.01 eV). Through the ’ o E 1 T
. . . . . 1 u 1
above analysis, one can find that cations and the coordination ) T T L | L,
. . 0.00 .
es of N atoms are the two crucial factors that determine the f OOV O O P O ) I§)
wP . cracld’ . 5280 T T o T T NN T T
band gap. Alkali metal cations Li" or even no cations are AR o \>v§%\“ <
e . . . V i s
beneficial for large band gaps, while Al** cations are disadvan- % &o Yo' e P oY

tageous. In addition, N atoms are better to be three-coordinated
with Si atoms to eliminate their non-bonding 2p orbitals as
much as possible.

As to the birefringence, oxonitridosilicates showed a signifi-
cant improvement compared with that of silicates as shown in
Fig. 2. The results demonstrate that oxonitridosilicates can
break through the restriction on birefringence in silicates and
induce sufficient optical anisotropy for achieving phase-
matching during SHG. Among the studied oxonitridosilicates,
Si,N,O and LiSiON have both large birefringences and wide
band gaps. In the two crystals, the SiN;O tetrahedra linked each
other by N atoms forming [Ge,O,N,]*" layers. The polarizability
maximum plane of the SiN;O tetrahedra of them are schema-
tically drawn as circle planes with the crystal structure in Fig. S1
(ESIT). Their polarizbility maximum planes are nearly coplanar
arranged. This would generate the maximum polarizbility in
the layers and minimum porlarizbility perpendicular to the
layers. As a result, the structures would induce strong optical
anisotropy. Besides the structural arrangement, a high number
density of anisotropic polarized anionic groups is another
factor that is beneficial for obtaining large birefringence.®’
Compared with Si,N,O, the insertion of Li' cations reduces
the number density of SiN;O tetrahedra and accordingly
decreases the birefringence. As the number density of the
SiN;O groups decreases, another crystal CaSi,O,N, that also
contains [Ge,O,N,]*~ layers shows a smaller birefringence of

This journal is © The Royal Society of Chemistry 2021

Fig. 2 The calculated birefringence of selected silicates and oxonitridosilicates.

0.035 at 1064 nm. Disordered orientation or/and low number
density of (SiNxO4,x)(4+x)_ groups in BaSigNgO, BazSigOoNy,
SrSiAlL,N,0;, and Y,SizO3;N, result in them having small
birefringences.

Most of the studied oxonitridosilicates have large SHG
coefficients (>2 X dzs(KDP)). BaSigNgO has the largest SHG
coefficient of 6.827 pm V' (8.8 x d36(KDP)) among them. The
SHG coefficients of Si,N,O and LiSiON are 3.3 and 2.2 times
that of d3¢(KDP), respectively. The results reveal that the
(SiN,0,_)*™~ (x = 2 and 3) are excellent FBUs to generate
strong SHG effects. Considering all the three properties, Si,N,O
and LiSiON are the two best candidates of ultraviolet NLO
materials. More discussions about the two crystals are listed
in the ESI.{ For the calculated results of Si,N,O and LiSiON one
can also refer to ref. 62.

In summary, oxonitridosilicates are proposed as promising
ultraviolet NLO materials. The (SiN,0,_,)*"~ (x = 1-3) anionic
groups exhibit strong polarizability anisotropy and large hyper-
polarizability that are expected to produce large birefringence
and SHG coefficient in oxonitridosilicate crystals. Therefore, 9
NCS oxonitridosilicate crystals that contain (SiN,0, )"~
(x = 2 and 3) groups are evaluated by using the DFT method.
The results show that oxonitridosilicates can significantly
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improve birefringences as well as SHG coefficients compared
with silicates. Besides, the 2p dangling bonds of N atoms can
be maximally eleminated through being three-coordinated with
Si atoms and accordingly widen the band gap into the deep-
ultraviolet (DUV) region (<200 nm). Finally, Si,N,O and LiSiON
are screened out due to wide band gaps (6.49 and 6.95 eV), large
birefringences (0.102 and 0.060 at 1064 nm), and SHG coeffi-
cients (3.3 and 2.2 times that of d3¢(KDP)). This study provides a
novel strategy to design and find ultraviolet NLO crystals.
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