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A silicon-based noncentrosymmetric (NC) deep-ultraviolet (DUV)
nonlinear optical material, NagSizF1g, has been synthesized through
a hydrothermal method. NagSizF1g possesses a [SiNagF4,] group,
which is constructed by an isolated [SiFs] octahedron and nine
distorted [NaFg] octahedra interconnected with one another to
form a condensed 3D structure, which is beneficial to increase
the static dielectric polarizability coefficient, which was calculated
to be 4.3 times that of quartz. The first-principles calculations
indicate that NagSisF15 possesses a very large bandgap of 10.45 eV
(~118.76 nm), which originates from the [SiF¢] group and [NaFg]
group and is larger than that of SrB,O;. NagSizF;g crystalizes in the
P321 space group, and is a potential DUV nonlinear optical crystal
with the addition of periodic phase match technology, which could
break through the wall of 120 nm for all-solid-state lasers.

1. Introduction

Deep-ultraviolet (DUV) nonlinear optical (NLO) crystals have
important applications in photolithography,’ photoelectron
spectroscopy,”” micromachining, and photochemistry, among
others.**® Few NLO crystals can be used in the DUV region,
and only KBe,BO;F, (KBBF) has achieved practical use."
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With the development of DUV laser equipment and its new
applications, DUV NLO crystals are badly needed for their irre-
placeable role as the most mature method for extending the
wavelength range into the DUV region. Limited by the birefrin-
gence phase-matching (PM) technology, researchers are searching
for DUV NLO crystals that meet three key conditions: (1) the most
important is a large bandgap of at least 6.2 eV (corresponding to
an absorption edge of 200 nm); (2) moderate birefringence
(between 0.06 and 0.9 at 1064 nm) to achieve the DUV PM; and
(3) a large second harmonic generation (SHG) coefficient.'>™*
Thus, a great number of DUV NLO crystals have been discovered.
Some examples include the borates B-BaB,O; (BBO),"* LiB;Os
(LBO),"® CsB;0s,"” CsLiBeO10,"® K,AlLB,05,'° BaAIBO;F,,*° Rb;Al;.
B;0;0F,>" Li,St(BO3),,”> Cs,Aly(B306),0,> etc.; beryllium borates
such as ABe,BO;F, (A = Na, Rb, Cs),”*>° Sr,Be,B,05,”” NaBeB;0s,
ABe,B,;0,,%% Na,CsBeyBs0;5,>° NH,Be,BO;F,, v-Be,BO,F,*° BaM-
Be,(BO;),F, (M = Mg, Ca),*! BaBe,BO;F;,** etc.; and fluorooxobo-
rates such as LiBgOoF,*® Li,BOoF;,> Li,B;0,4F;,%> AB,OGF (A =
NH,, Na, Rb, Cs),**° K;Bs0oF3,"* Na,BgOoFy,*! M,B1014Fs (M =
Ca, Sr),*> CaBO,F,* etc.

Recently, some new methods for phase-matching without
considering birefringence have been developed. SrB,O; crystals
with spontaneous domain structure have realized 121 nm tun-
able DUV coherent light using randomly quasi-phase-matched
technology; this is the shortest wavelength achieved using NLO
crystals, with about 0.04% SHG conversion efficiency.***®
Quartz with an artificial periodic grating structure showed
unprecedented SHG conversion efficiency at 177.3 and
167.8 nm, which is comparable to that of KBBF crystals.*®

To date, none of these crystals has broken through the wall of
120 nm for all-solid-state lasers because their bandgaps are smaller
than 10.33 eV (corresponding to an absorption edge at 120 nm).
Based on existing theories and the recent development of PM
technology, we summarize the ’anion-cation modulation strate-
gies’ (ACMS), which can provide an easy way to find DUV materials
by combining the roles of anions and cations and considering the
function of fluorine ions fully. The core ideas are as follows:
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The first strategy is the cationic SP strategy. Cations of
elements with s and p orbital electrons and empty d and f
orbitals are selected. The best choice is an alkali metal or
alkaline earth metal, as such cations contain s and p orbital
electrons and no d and f orbital electron distribution, and thus
do not exhibit d-d orbital or f-f orbital electron transitions.
These cations show no absorption in the visible and ultraviolet
regions and possess a short ultraviolet cutoff edge.

The second strategy is the complete fluorination strategy for
anionic groups. Completely fluorinated groups without oxygen
atoms are selected as the anion groups. Compared with anion
groups with oxygen, these anions have stronger electronegativity,
wider electronic transition bandgaps, and larger static dielectric
polarizability coefficients. Moreover, this kind of anion group is
usually in an isolated state, which could produce a large SHG
coefficient through the asymmetric polyhedral distortion of the
anion group. These anions include [SiFs], [PFs], [AlFs], [BF.],
[NF;], etc., or hybrid groups of these anionic groups. These
structures are rich and diverse.

Herein, guided by the ACMS and many experiments, a DUV
NLO crystal, NaeSizF,g, was synthesized successfully. This crys-
tal possesses a large bandgap, large static dielectric polariz-
ability coefficient (4.3 times that of «-SiO,), good physical
properties (nondeliquescence, suitable hardness, and good
stability), and good growth performance. More importantly,
the raw materials are cheap and friendly to the environment.
This crystal also proves the correctness of the ACMS.

In this work, the growth methods of millimeter-level
NagSizFyg crystals were investigated, including impurity crystal-
lization and self-crystallization (Fig. S1, ESIt). The powder XRD
patterns generated from the solved crystal structure fit well with
the experimental one (Fig. S2, ESIt), which proves the accuracy
of the crystal structure analysis. The SHG testing shows inter-
esting outputs. The bandgap, partial density of states with spin
polarization, birefringence, and dielectric polarizabilities
matrix (Table S7, compared with those of quartz and Pmn2,
phase SrB,O-, ESIT) were estimated using first-principles cal-
culations. The results show that NagSiz;F;5 is a potential DUV
NLO crystal with the addition of the periodic phase match
technology introduced in ref. 46.

2. Experiments and first-
principles calculations

The purities of all ingredients were confirmed using powder
X-ray diffraction. NaF (AR, 98%), HIO,-2(H,O) (ACS reagent,
99%), HIO; (AR, 99.5%), and Na,SiFs (AR,98%) were purchased
from Macklin reagent. Ce(NO;);-6H,O (99.999%) was pur-
chased from Beijing Hawk Science & Technology Co., Ltd.

2.1. Synthetic procedures

NagSizFig was grown using two methods, namely, impurity
crystallization and self-crystallization. The impurity crystal-
lization method used a hydrothermal method with the starting
materials NaF (0.84 g, 0.02 mol), HIO,-2(H,0) (1.05 g, 0.05 mol),
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HIO; (3.1 g, 0.018 mol), Ce(NO3)3-6H,0 (0.5 g, 0.001 mol), and
H,O (5 mL, 0.278 mol). The starting materials were placed into
a 25 mL Teflon liner equipped with a 304 stainless steel
autoclave and heated at 513.15 K for three days, and then
allowed to cool to room temperature naturally. The reaction
products were washed with pure water and ethanol and then
dried in an electric thermo-static-drying oven at 320.15 K for
5 hours. About 0.21 g of colorless block-shaped NagSi;F,5 single
crystals was obtained, and the largest one was nearly 3 mm in
length (Fig. S1a and b, ESIY). This product was mainly crystal-
lized from the small impurities of the starting materials. The
element Si comes from the HIO;, which contains the P2,/c
phase HI;O4 and P3,21 phase SiO, (Fig. Sie, ESIt).

The self-crystallization method was also carried out using the
same equipment and the same temperature control procedure
with powder Na,SiF, as the starting material (0.7 g, 0.0037 mol).
About 0.46 g of millimeter-sized colorless block-shaped
NagSizFg single crystals was obtained (Fig. Sic and d, ESIT).
These crystals were mainly crystallized from the Na,SiF, powder.

2.2. Single crystal X-ray diffraction

A colourless, block-shaped single crystal of NagSizF;3 was
mounted on a MiTeGen micromount with perfluoroether oil.
Data were collected from a shock-cooled single crystal at
150(2) K using a Bruker D8 VENTURE dual-wavelength Mo/Cu
three-circle diffractometer with a microfocus sealed X-ray tube
using mirror optics as the monochromator and a Bruker PHOTON
I detector. The diffractometer was equipped with a low-
temperature device and used MoK, radiation (% = 0.71073 A). All
data were integrated using SAINT, and a multi-scan absorption
correction using SADABS was applied.*”*® The structure was
solved by direct methods using SHELXT and refined by full-
matrix least-squares methods against F° using SHELXL-2019/
1.*9%° Crystallographic data for the structures reported in this
paper have been deposited with the Cambridge Crystallographic
Data Centre.”! CCDC 2304836+ contains the supplementary crys-
tallographic data for this paper. This report and the CIF file were
generated using FinalCif.>” The crystallographic record and struc-
tural refinement information are listed in Table S1 (ESIT). Other
crystal information, including fractional atomic coordinates and
isotropic or equivalent isotropic displacement parameters, atomic
displacement parameters, selected geometric information, and
torsion angles, are listed in Tables S2-S5 (ESIt).

2.3. Powder X-ray diffraction

Powder XRD was carried out using an automated Bruker D8
ADVANCE X-ray diffractometer with Cu K« radiation (4 = 1.5418 A)
at indoor temperature in the 26 range from 5° to 80° with a 0.2 s
step time and a 0.02° scan step width (Fig. S2, ESI).

2.4. Infrared (IR) spectroscopy

About 5 mg of NagSisF;g crystal powder was ground with 500
mg dried KBr powder, and the mixed powder was pressed into a
thin wafer under 15 MPa of pressure. Measurement was carried
out using a NICOLET Is50 FT-IR Fourier transform infrared
spectrometer at indoor temperature. The IR spectrum was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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recorded in the range from 400 to 4000 cm ™" with a resolution
of 4 cm ™. 32 scans of the sample were acquired. Before testing
the sample, the atmospheric influence was tested as the
background.

2.5. Raman spectroscopy

The single-crystal Raman micro-spectroscopy of NagSizF;5 was
carried out in the spectral range of —40.8 to 3772.4 cm™ " (a range
of 120-2600 cm ™" was chosen for Fig. 2B) and a data resolution
of about 0.083 cm ' using a WiITec alpha300 Raman micro-
spectrometer (Oxford Instruments, Oxford, England) coupled
with a Peltier-cooled EMCCD detector at the Instrumental
Analysis Center of Wuyi University. An all-solid-state Nd:YAG
source laser with doubled frequency using a nonlinear optical
crystal (1 = 532.22 nm) was used as the laser excitation source.
Before the spectra were obtained, the laser excitation wavelength
was calibrated using a standard Si crystal wafer at 520.7 cm™".
The spectra were captured using a 50x objective lens (N.A. = 0.9)
with a 50 um diameter optical fiber. A grating of 600 g mm !
with spectral resolution of about 4 cm™* was used. In order to
obtain a high enough signal-to-noise ratio, the EMCCD integra-
tion time was set as 30 s and the accumulation number as 5.
The confocal depths were at least 1 um below the crystal surface.
All Raman spectra were processed using WITec Project Six
6.1.10.135 with a background subtraction polynomial fit.

2.6. UV-vis-NIR spectroscopy

The UV-vis-NIR transmittance spectra of NagSi;F,5 were mea-
sured using a UH4150 UV-vis-NIR spectrophotometer with two
AL,O; plates as a reflectance material (100% reflectance) to
cover the light hole of the integrating sphere. The pure
NagSizF,g crystal was ground into a powder and pressed into a
thin wafer at 15 MPa for 10 minutes. The optical transmittance
spectra show good transmittance from 200 nm to 2600 nm. There
was an absorption valley around 340 nm in the spectra (Fig. S5,
ESIt) for the spectrophotometer changing the light source from a
xenon lamp to a tungsten lamp. The transmittance of powder
wafers is usually weaker than that of single crystals, and the radius
of the wafer is smaller than the radius of the aperture. The results
show that NagSi;F;g has an absorption edge smaller than 200 nm,
corresponding to a bandgap larger than 6.2 eV. This result is
consistent with the experiments of the group of Chen Z. H.>?

2.7. First-principles calculations

The first-principles electronic structure calculations of NagSis-
F,3 were carried out using the plane-wave pseudopotential
method®® implemented by the CASTEP package® based on
density functional theory.>® The functionals developed by Per-
dew-Burke-Ernzerhof (PBE)*” in generalized gradient approxi-
mation (GGA) form were adopted to describe the exchange-
correlation terms in the Hamiltonian. The effective ion-elec-
tron interactions were modeled using the optimized normal-
conserving pseudopotentials for all elements® (Na2s?2p°®3s’,
Si3s*3p?, F2s>2p°), which use a relatively small plane-wave basis
set but possess high computational accuracy. To achieve energy
convergence, the kinetic energy cutoff was 780 eV and intensive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Monkhorst-Pack®® k-point meshes of 2 x 2 x 2 A~ spanning
less than 0.025 A™* in Brillouin zone were used.

The bandgaps calculated using the PBE functionals in the
standard DFT framework are commonly smaller than the
observed values for crystals with large bandgaps due to the
discontinuity of exchange-correlation energy. The bandgap of
NagSizFys was calculated using hybridized PBEO functionals,*®
for which the relative error of the calculated bandgaps is less
than 5%, as demonstrated in our previous study. This is
consistent with the comparison of the result for the Pmn2,
phase SrB,0; crystal (the experimental bandgap is 120 nm, and
the PBEO-functional-calculated result is 124 nm, a relative error
of about 3.3%). In contrast, the HSE06 functionals show larger
error for the calculated bandgap of SrB,O; (135 nm, about 13%
relative error). Thus, the PBEO functionals have higher accuracy
than the HSE06 functionals in these bandgap calculations.

Because of the discontinuity of the exchange-correlation
energy used by the PBE functionals in the standard DFT
framework, the calculated bandgap is smaller than experi-
mental value. A scissor operator was chosen to correct the
GGA method bandgap value. Based on the scissor-corrected
band structure, the imaginary part of the dielectric function is
calculated from the electron transition across the bandgap, and
the real part, i.e., the refractive index, can be obtained using the
Kramers-Kronig relations®":

e1(w) = fro e2(e)

) s —

do’

Based on the calculated refractive index (n,, n,, n,), the
birefringence (An = n, — n,) could be obtained.

The dielectric polarizabilities matrices of NagSizFig, 0-SiO,
and Pmn2, phase SrB,O, were calculated using the PBE func-
tional after crystal geometry optimization without changing the
crystal cell. The crystal geometry optimized structures were
used to calculate the polarizability, IR and Raman spectra.
The corresponding optical and static dielectric polarizabilities
matrices were obtained at both infinite frequency and zero
frequency. The output of second harmonic generation has a
positive correlation with the static dielectric polarizabilities
coefficient.

3. Results and discussion

3.1. Crystal structure analysis

NagSisF;g crystallizes in the noncentrosymmetric trigonal space
group P321 (No. 150) with unit cell parameters of a = 8.8384(2) A,
b=18.8384(2) A, c=5.0117(2) A, 2 =90°, f =90°, 7 =120°, and Z =3
(Table S1, ESIY). In the asymmetric unit, NagSizF; is comprised
of two unique sodium atoms, two unique silicon atoms, and
three unique fluorine atoms. As depicted in Fig. 1A-D, NagSizF
shows a 3D framework that contains two types of [NaFg] octahe-
dron coordination geometries and two types of [SiFs] octahedron
entities. All Na atoms are surrounded by six F atoms to form
distorted [NaFe] octahedra with Na-F distances ranging from
2.193 to 2.304 A and 2.228 to 2.418 A, and F-Na-F angles ranging

Mater. Adv., 2024, 5, 9565-9572 | 9567
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Fig. 1 Crystal structure of NagSizF1g. (A) Coordination of the Nal atom; (B)
coordination of the Na2 atom; (C) coordination of the Sil atom; (D)
coordination of the Si2 atom; (E) parallel projection of the corner-linked
[NaFe] octahedron structure viewed down [111]; (F) central projection of
isolated [SiFg] octahedron viewed down [111] in the primitive cell.

from 62.23° t0 160.18° and 57.23° to 178.46° for the Nal and Na2
atoms, respectively. All Si atoms are connected by six F atoms to
form [SiFs] octahedra. The Si-F distances range from 1.687 to
1.689 A and the F-Si-F angles range from 89.36° to 179.10° for
the distorted [Si1F,] octahedra, while the Si-F distances are only
1.678 A and the F-Si-F angles range from 87.29° to 176.96° for
the regular [Si2Fs] octahedra. All F atoms are connected by one
silicon atom and two sodium atoms. This crystal is a polymorph
of P3m1 phase Na,SiF.°>

As depicted in Fig. 1E and F, each primitive cell contains
27 atoms. There are eight Nal atoms on the edge and two Na1l
atoms at the face of the crystal cell, four Na2 atoms at the face
and one Na2 atom in the cell, and four Si1 atoms at the face and
four Si2 atoms at the edge center of the crystal cell. Each
distorted [NaFs] octahedron is corner-linked by F atoms to
form a stereoscopic structure with four [NaFs] octahedra and
four [SiF] octahedra neighbours; the Si atoms are located in the
center of the hexagon formed by the F atoms as viewed down the
[001] direction. Every [SiFs] octahedron is isolated from the others
and connected by nine [NaFy] octahedra to form a [SiNagF,;]
group (Fig. S3 and S4, ESIt); the [SiNagF,,]| groups are intercon-
nected to each other to build a three-dimensional (3D) structure.
Other crystal information, including the fractional atomic coordi-
nates and isotropic or equivalent isotropic displacement para-
meters, atomic displacement parameters, selected geometric

296 730 | B 750 662

475

522

Absorption

600 560 520 480 440 400

1218 600 409 14%9

| 1523
2348

4000 3500 3000 2500 2000 1500 1000 500 500 1000 1500 2000 2500
Wavenumber / cm™ Raman Shift / cm™

Fig. 2 (A) Infrared spectrum of NagSisFig. (B) Single-crystal Raman spec-
trum of P321 phase NagSisF1g in the range of 120-2600 cm™2.
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information, and torsion angles, are listed in Tables S2-S5 (ESIT).
The bond valence sums of all the elements of NagSi;F,5 were
calculated using the charge distribution in solids concept and the
bond-length/bond-strength concept.®*~®” The original bond length
data are from the CIF. The calculation results are listed in the
Table S2 (ESIt), and fit well with the formal ionic charges.

3.2. Optical properties analysis

In order to investigate the component group vibration and
rotation of NagSiz;Fig, the powder FT-IR spectrum and the
single-crystal Raman micro-spectroscopy of NagSizF;3 were
recorded and are presented in Fig. 2A and B, respectively. The
site symmetry of the octahedral hexafluorosilicate [SiFs] anion
group is Dzq. Obvious Si-F strong IR bands are observed in the
range of 400 to 800 cm ™', as depicted in Fig. 2A. The highest
peak at 730 cm ! has been assigned as the v; (F1,) band of the
[SiFs] anion group. The other three bands at 522, 496, 475 cm ™"
all correspond to the v, band for the [SiF¢] group with two
different environments.

In the single-crystal Raman spectrum range of 100 to
700 cm™ ', three strong bands are observed at 662, 480 and
409 cm™". The strongest peak at 662 cm~ ' belongs to the v,
(A fundamental) Raman band of the [SiF¢] group. The other
two Raman-active fundamental bands at 480 and 409 cm ™"
belong to v, (Eg) and vs (Fa), respectively.®® The UV-vis-NIR
transmittance spectra shows that NagSizF,5 has an absorption
edge smaller than 200 nm, corresponding to a bandgap larger
than 6.2 eV (Fig. S5, ESIT).

3.3. First-principles calculations

To investigate the origin of the physical properties of the
NagSizFqg crystal, the electronic band structures along the
high-symmetry path in the first Brillouin zone were calculated
using first-principles calculations with a comparison. In order
to confirm the accuracy of the results, the Pmn2, phase SrB,0;
crystal was investigated using the same parameters. As depicted
in Fig. 3A, the theoretical bandgap of SrB,0- is 9.985 eV, which
corresponds to 124 nm, which is very close to the experimental
absorption edge (120 nm). In Fig. 3B, the theoretical band
structure indicates that NagSi;F,g is a direct insulator with a
valence band (VB) maximum and conduction band (CB) mini-
mum at the same G point. Due to the discontinuity of the
exchange-correlation energy used by the PBE functionals in the
standard DFT framework, the calculated bandgap of P321
phase NagSizFig is 10.45 eV, which is smaller than its real
bandgap. This result shows that the bandgap of NagSizF;g is
larger than that of the Pmn2, phase SrB,0; crystal.

The partial density of electronic states with spin polarization
projected onto the constituent elements is shown in Fig. 4 and
Fig. S5 (ESIf). Some characteristics could be concluded as
follows: (1) the Na 2s orbitals are localized around —50 eV,
making them very difficult to be stimulated by the disturbance
of an external perturbation across the forbidden band, and they
contribute almost nothing to the physical properties. (2) The
energy levels between —25 eV and —15 eV are mainly consti-
tuted by Na 2p, Si 3s3p, and F 2s orbitals. These orbitals are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Band structures of Pmn2; phase SrB,O; crystal (B) and P321
phase NagSizFig crystal.

hybridized with each other in this energy range to form the
strong covalent interaction within the [SiF¢] ionic groups.
Additionally, the Na 2p orbitals show a sharp peak at —20 eV
and hardly hybridize with the other orbitals, demonstrating
the strong ionicity of the Na atoms. (3) The top of the VB
(—8 to 0 eV) is predominantly occupied by F2p and the bottom
of the CB (10.5 to 20 eV) is predominantly occupied by Na2p3s
and Si3s3p, which indicates that the stimulation of electrons
across the bandgap mainly happens within the [SiF¢] and
[NaF¢] groups. Finally, all the elements in this compound have
a closed-shell electron configuration of [Ne]® with paired elec-
trons, which fits well with the calculation results that all spin-
up states are symmetrically consistent with the spin-down
states. Thus, NaeSizF;z is also a diamagnetic material.
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Fig. 4 The partial density of states with spin polarization projected on the
constituent elements of NagSizFis.
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Fig. 5 The calculated refractive indices of the NagSisFg crystal.

The refractive indices n and birefringence An of NagSizF
were calculated using first-principles theory. The P321 space
group has two independent refractive indices, 7(100) = (010), and
N(oo1)- As depicted in Fig. 5, the refractive index curves show that
N(100) is the maximum, which means that NagSizF,3 is a positive
uni-axial crystal. The birefringence (An = ng00) — M(oor)) iS
0.00396 at 532.36636 nm; other data are listed in Table S6
(ESIT). Based on the anionic group theory, the birefringence
originates from the [SiFs] and [NaFs] octahedrons.

The dielectric polarizabilities matrices of NagSizFig, 0-SiO,
and Pmn2, phase SrB,O; are shown in Table S7 (ESIt). Comparing
the largest static dielectric polarizability coefficients, the coeffi-
cient dsz; of NagSizFqg (about 4.3 times the ds; of a-SiO,) is very
close to the coefficient d,, of Pmn2, phase SrB,O, (about 4.4 times
the ds; of #-SiO,). SHG testing with a Q-switched Nd:YAG laser at
1064 nm showed that the output light of NagSi;F,3 appears as
white light (Fig. S7, ESIt), which might contain different wave-
lengths. The SHG tensors of NagSizFi3 compared with those of
SiO, and SrB,O, were also calculated and are listed in Table S8
(ESIT). Thus, to improve the SHG efficiency of the NagSizFyg
crystal, the addition of periodic phase match technology could
be adopted.

4. Conclusions

In summary, a deep-ultraviolet silicon-based nonlinear optical
crystal, NagSizF;g, was synthesized via a hydrothermal method.
NagSizFg crystallizes in the noncentrosymmetric space
group P321, with a unique [SiNagF,,] group. The [SiNagF,,]
groups are interconnected with each other to construct a 3D
structure, which possesses a very large bandgap of 10.45 eV
(~118.76 nm). Although the calculated birefringence of this
compound is about 0.004 at 532 nm, the NagSi3F;4 crystal could
realize highly efficient deep-ultraviolet laser output with quasi-
phase-matching techniques using added spatial periodic struc-
tures. Further research toward large-size and high-quality sin-
gle crystals is on the way.
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