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ABSTRACT: Although silicon oxynitrides are important semi-
conductors for many practical applications, their second-order
nonlinear optical (NLO) properties have never been systemically
explored. Using the first-principles calculations, in this article, we
discover that the sinoite (e.g, silicon oxynitride Si,N,O) can
simultaneously exhibit wide optical band gap, strong second-
harmonic generation (SHG) effect, and large birefringence, which
are further confirmed by our preliminary experimental measure-
ment. Importantly, we propose that alloying engineering can be
further applied to control the balanced NLO properties in the
Si,N,O system. Based on first-principles cluster expansion theory,
we demonstrate that alloying Ge into Si,N,O can form low

(8i,Ge),N,0
? 3 A
} 4 P 2 o
. . w0 f \_&. A
SiN;-N-SiN; SiN;-0-8iN; SiN;-0-GeN, ooV ' 1
Tetrahedral Motif Distorted Tetrahedra - * Alloy Engineering 10 1t
e ok ok ok ke
. ” - n - - " Ge Concentration x
E (V) E (V) E(eV)  @si ¢
p . . © Ge ) .
s . 5| o~ sojmm g A AA”
i ; | 0 c.f 4 . .
; .| s “ . a 7
e Sl )
~N 5 N 4
(0 e s e i BT 3
d,(KDP) An d,(KDP) An dy(KDP) An
v v v 0 " s o i
SiyN, Si,N,0 SiGeN,0 Ge Concentration «

formation-energy Siy;_,Ge,;,N,O alloys, which can in turn achieve controllable phase-matching harmonic output with high SHG
efficiency at different energy ranges. Therefore, alloy engineering could provide a unique approach to effectively control the NLO
performance of Si,(;_,)Ge,N,0, making this polar alloy system hold potential applications in tunable laser conversion and

controllable optical devices.

1. INTRODUCTION

Silicon nitrides and oxynitrides are well-known multifunctional
material systems that play an important role in a wide range of
applications, for example, ceramic bearings, cutting tools,
electronics, high-temperature materials, and ultraviolet (UV)
light-emitting diodes, due to their good performance in
hardness, thermal stability, wear resistance, and optical band
gap.'™” To further extend their applications to laser
technology, optical precision measurement, quantum informa-
tion, and computing,m_13 it is highly desirable to realize
nonlinear optical (NLO) frequency conversion in these
systems. Unfortunately, to best of our knowledge, the
feasibility of NLO properties in these systems, for example,
second harmonic performance, remains unclear due to the lack
of a systematic understanding.

In general, for a NLO system (here, it mainly refers to the
second-order nonlinearity), the ideal situation is to simulta-
neously realize wide energy band gap (E,), strong second
harmonic generation (SHG) effect (d;), and large optical
birefringence (An), which are three critical but competing
factors in a NLO system.'* It is known that these three factors
are difficult to be achieved in one single material system. For
example, a larger E, is usually accompanied by a smaller first-
order (e.g, refractive indices n;) and second-order (e.g., d,-j)
optical susceptibility; a smaller n; and lower optical anisotropy
can result in a smaller An. In practice, the UV NLO materials,
for example, -BaB,0, (BBO) and LiB;O; (LBO),"*'® usually
have relatively larger E, but smaller d;; than those of infrared
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(IR) NLO materials, for example, AgGa$S, and ZnGeP,."”""*
Although they can meet the basic requirements of NLO
application in the UV region (e.g,, 355 nm for third harmonic
generation of the practical Nd: YAG 1064 nm lasers), they
cannot realize efficient NLO conversion in the IR region (e.g.,
4 pm for the practical atmospheric transparent window) due to
the strong IR absorption and small d;. In comparison, although
the IR NLO materials can meet the IR NLO conversion with
high efficiency (large d;), they are opaque to the UV light due
to the small E,. Therefore, a good balance among the E, dij,
and An (for phase-matching condition) is critical for achieving
the balanced NLO performance in different energy regions,,10
which, however, is challenging to be realized due to the lack of
a general design principle.

We expect that the silicon nitride/oxynitride may be ideal
material platforms that can achieve balanced NLO perform-
ance in wide spectra from UV to IR in terms of their following
advantages: (i) wide E, for UV optical transparency, (ii) high
mechanical—thermal stability and laser-induced damage
threshold due to the existence of Si—N or/and Si—O

Received: February 26, 2021

https://doi.org/10.1021/acs.inorgchem.1c00590
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyuan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiangtao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheshuai+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.1c00590&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?fig=abs1&ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00590?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

tetrahedra, (iii) nontoxic, and (iv) stable electronic property,
high optical efficiency, insensitivity to temperature, and drive
current.'~” More importantly, the silicon nitride/oxynitride
may form solid solutions with their germanium (Ge) analogue
due to their similar structural and chemical properties.
Therefore, alloy engineering may provide a unique approach
to tune their overall linear and NLO properties, for example,
E,, An, and d;, which can have various important applications,
e . 19-25 :
especially in terms of performance regulation. In view of
these superior properties, it is highly desirable to evaluate the
potential linear and NLO performance in the silicon nitrides/
oxynitrides and their potential alloys, for example, for the SHG
process applied to practical frequency conversion.

In this article, we propose a general design principle for
achieving the good balance of NLO performance by alloy
engineering, which is successfully demonstrated in the silicon
oxynitride system. First, using the first-principles calculations,
we discover that the Si,N,O can simultaneously exhibit wide
optical E, (~5 eV), strong SHG d;; effect (~2.6 x KDP), and
large An (~0.08), which are further confirmed by our
preliminary experimental measurements. Second, based on
first-principles cluster expansion theory, we demonstrate that
alloying Ge into Si)N,O can easily form low-formation-energy
Siy(1-)Ge,,N,O, which can in turn achieve controllable phase-
matching harmonic output with high SHG efficiency at
different energy ranges. Therefore, alloy engineering can
provide a unique approach to effectively control the overall
NLO performance of Siy(;_,)Ge,N,O, making it useful for
different energy-range applications with well-balanced NLO
performance.

2. DESIGN PRINCIPLE AND METHODS

2.1. Design Principle of Alloy Engineering for Balanced
NLO Performance. As an important criterion for practical NLO
materials, the NLO conversion efficiency in a phase-matchable SHG
process can be evaluated according to the following formula under the
nondepletion approximation

_ 8n’d I,

2 2
EoC 1y nZw;Lw ( 1)

where # is the conversion efficiency, d. is the effective SHG
coefficient (generally proportional to d; along the PM direction), L is
the length of a crystal, I,, is the peak power density of the input beam,
& is the vacuum permittivity, n,, and n,,, are the refractive indices at
the fundamental 1, and the second harmonic 4,, along the PM
direction, and c¢ the light speed in vacuum.

According to eq 1, in order to achieve a similar efficiency #, the
NLO materials at different energy regions should exhibit A,-
dependent d For example, for the 4 um IR light, in order to
achieve the same eficiency # as the 400 nm UV light, under the same
conditions, the d g of an IR NLO material, for example, the widely
used all-round NLO crystal KTiOPO, (KTP) with d,¢ = 3.2 pm/V,*°
needs to be ~10 times larger than that of an UV NLO material, for
example, the important benchmark NLO material KH,PO, (KDP)
with dy = 0.39 pm/V. Therefore, we can understand that even if BBO
or LBO can transmit IR light, their SHG conversion efficiency is
relatively low because their SHG effects are around 3—5 X KDP,
although they have a high laser-induced damage threshold (assuming
that the crystal is not damaged).'® One thing to note here is that the
UV conversion is achieved through sum frequency generation (e.g.,
SHG), while the IR conversion is usually achieved through difference
frequency generation. Generally, the IR conversion efficiency is also
related to the SHG effect. The simple comparison based on the SHG
conversion efficiency formula could still provide a reasonable
reference.

Accordingly, a good UV NLO material should satisfy the following
balanced linear and NLO performance, including an energy band gap
Eg > 4.7 eV for short UV absorption edge Ayy > 266 nm, an SHG
coefficient d; > 1 X KDP, and a birefringence An > 0.08
(approximately) to realize moderate PM output of 355 and 266
nm, respectively, corresponding to the third and fourth harmonic
generation of the practical Nd: YAG 1064 nm lasers. Correspond-
ingly, a good IR NLO material needs a E, > 3 eV (mainly to avoid
multiphoton absorption damage for the ym-lasers), a d; > 10 X KDP
(or 1 X KTP), and a An > 0.05 (approximately).

To achieve the balanced requirements for potential NLO
applications in both UV and IR (near-IR) regions, we take the
silicon nitride/oxynitride system as an example to illustrate our design
principles by alloy engineering, which is generally applicable to other
similar systems. Note that, for most of silicon nitride compounds,
based on their basic (SiN,)®" tetrahedral motifs as schematically
shown in Figure la, they usually have large E, due to strong sp°-
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Figure 1. Design principle for a good balance between the three key
NLO parameters. Structural evolution from (a) SiN;—N-SiN;
tetrahedra to (b) SiN;—O-SiNj; tetrahedra and to (c) SiN;—O-
GeNj tetrahedra. Corresponding radar charts of band gap E,, SHG
effect d;; and birefringence An are shown in the bottom panels.

hybrid Si—N bonds but small structural and optical anisotropy (i.e.,
small An and d,j) due to regular tetrahedral coordination. As a result,
the balance between these three key NLO parameters (i.e., E, An,
and d,-,-) cannot be achieved, preventing them to meet the PM
requirements for the SHG conversion, especially in the UV region.”’
Here, we propose two feasible steps to enhance the An and dj.
First, to enhance the An, based on the anionic group theory,'’ one
can introduce some anionic components into the (SiN,)®" tetrahedra
to enlarge the structural anisotropy. As shown in Figure 1b, an
effective way is to replace the bridge-site nitrogen with oxygen
forming the oxynitride structure. In this case, the SiN;—O-SiN;
structure is built by distorted (SiN;O)”” tetrahedra connected
through O atoms along the polar axis, which may exhibit similar E;
and dj; but larger An as compared with (SiN,)*" in Figure la. Second,
in order to further enhance the dj, alloying Ge into (SiN;0)7
forming ordered [(Si,Ge)N;0]"~ solid solution, as illustrated in
Figure Ic, could lower the structural symmetry and enhance the NLO
response. Meanwhile, alloy engineering may also be used to tune the
E, for various NLO applications in different energy ranges due to the
different E, of (SiN;0)7~ and (GeN;0)”" hosts, providing an
effective way to control the overall linear and NLO performance.
2.2. Computational and Experimental Methods. To verify the
design principle shown in Figure 1, based on the first-principles
calculations, we have evaluated the linear and NLO properties of the
corresponding material systems, including typical silicon nitrides,
silicon oxynitrides, and germanium oxynitrides, as listed in Table 1.
The first-principles calculations are performed by the plane-wave
pseudopotential method using CASTEP based on the density
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Table 1. Linear and NLO Properties of Typical Silicon Nitrides, Silicon Oxynitrides, and Germanium Oxynitrides

symmetry NLO-active unit Ay (nm) E, (ev) d; (pm/V) 1l max/ d36 (KDP)¢  Anat 1 ym

a-SiN, P3¢ exp. (SiN,),—N 249 5.0 ~KDP 1.0

cal® 270 4.6 dig = 0.50; dyy = 0.50; dyy = —0.44 13 0.016
LiSi,N, CmC2,  cal® (SiN,),—N 249 5.0 dys = 2.30; dyy = 0.91; dyy = —0.21 59 0.029
$i,N,0 CmC2,  exp. (SiN;),—O 230 54 dyoier > KDP 0.115

cal.” 249 5.0 ds = 0.46; dyy = 1.00; dy3 = —0.86 2.6 0.080
LiSiNO Pea2, cal® (SiN,0);—N 230 5.4 di = 037; dyy = 0.56; dys = 0.10 14 0.040
Ge,N,0 CmC2,  cal®  (GeN,),—O 444 2.8 dys = 341; dyy = 1.13; dyy = —7.46 19.1 0.091
KGeNO Pea2, cal® (GeN,0);—N 444 2.8 dig = 0.72; dyy = 1.27; day = —3.68 9.4 0.048
SiGeN,O  Cm cal.® (Si/GeN3),—O 345 3.6 dyy = 2.50; dyy = 2.16; dyy = —4.77 122 0.103

“Calculated results from this work. “Related data; also see refs 50 and 51. °dys(KDP) = 0.39 pm/V.
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SiN;-O-SiN;

Distorted Tetrahedra

© Ge
oN
® o

GeN3-O-GeN3 0.10
’ Alloy 20
An (d)  siv-osiN, - dy(KDP) An

» and birefringence

An in (a) silicon nitride a-Si;N,, (b) silicon oxynitride Si,N,O, (c) germanium oxynitride Ge,N,O, and fd) silicon—germanium oxynitride

SiGeN, 0.

functional theory (DFT).*® The norm-conserving pseudopotentials
and Perdew—Burke—Ernzerhof functional in generalized gradient
approximation are employed.””*® The lattice constants and atomic
positions are optimized using the quasi-Newton method.>* The
electronic structures, linear and NLO properties are obtained
according to our proposed methods.**** In order to effectively
study the (Si,Ge),N,O binary alloy systems, the first-principles based
cluster expansion (CE) approach, as implemented in the ATAT
code,** is employed to generate the random Si,(;_,)Ge,,N,O alloy
structures at different x and simulate the formation energies of
Sip(1-x)Ge,, N, O systems.

In addition, the powder X-ray diffraction (XRD), UV—visible-IR
absorption spectrum, and Kurtz-Perry powder SHG measurements
are used to characterize the fundamental properties of synthetic
Si;N,O samples in the experiments, with the main purpose of
confirming the accuracy of our computational methods. For more
computational and experimental details, see Methods in the

Supporting Information.

3. RESULTS AND DISCUSSION

3.1. NLO Properties of Silicon Nitrides and Oxy-
nitrides. Silicon nitride @-Si;N,, an important semiconductor
system,” is constructed by the trigonal lattice (P3;c symmetry)
with corner-shared (SiN;);—N tetrahedral motifs, as shown in
Figure 2a, same as the SiN;—N—SiN; units shown in Figure la.
The first-principles results show that a-Si;N, has a suitable
(but not strong) SHG effect (~0.5 pm/V, see Table 1), in
good agreement with the experimental data (~1 X KDP for
thin film).>® However, its An is too small (<0.02 at 1 ym) to
achieve the important UV coherent output, for example, 355
nm, although it has a large E; ~ 4.6 eV (Agy = 270 nm). It
clearly indicates that a-Si;N, cannot achieve a good NLO
balance among E, d,-]-, and An for UV SHG. Similarly, the
alkali—metal silicon nitride LiSi,N; also has a small An
(<0.03),”” and even its E, (>5 eV) and d;; (cal. & 5 x KDP)
are relatively large (Table 1).
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Figure 3. Experimental measurements of (a) powder XRD, (b) UV—visible-IR spectra, (c) powder SHG effect (in comparison with KDP), and (d)

calculated refractive indices of Si,N,O as a function of the wavelength.

As proposed in Figure 1b, the oxygen doping of silicon
nitride forming distorted silicon oxynitride tetrahedra may
enlarge the optical anisotropy of SisN,. To confirm this, we
select the Si,N,O structure as the typical example to
investigate its linear and NLO properties. As shown in Figure
2b, Si,N,O is composed by the (SiN;O)”” tetrahedra
connected through oxygen atoms along the c-axis, same as
the case in Figure 1b.”°~*° Considering the larger electro-
negativity of O than N and the shorter bond length of Si—O
(~1.6 A) than Si—N (~1.8 A), Si,N,O can exhibit a wider E,
(due to stronger bonding-antibonding separation) and a larger
structural anisotropy (due to the tetrahedral distortion) than
a-Si3Ny. Indeed, the calculated E,, dj, and An shown in Table
1 confirm our physical intuition. Comparing Figures 2a,b, it is
seen that the Si,N,O exhibits a stronger d; (~2.6 X KDP) and
a larger An (~0.08) than those of Si;N,. Similar trends of
enhanced d; and An are also observed in our study for the
alkali—metal silicon oxynitride LiSiNO (d; ~ 1.4 X KDP, An ~
0.04; see Table 1) compared to those of LiSi,N;.*'

3.2. Experimental Measurements on Silicon Oxy-
nitride of Si,N,O. To further confirm our design strategy and
theoretical prediction, we have performed the experimental
measurements for the Si,N,O system. The powder XRD
results of synthetic Si,N,O samples are shown in Figure 3a,
which is consistent with the existing XRD data of Si,N,O. The
UV-—visible-IR transmission and absorption spectra are
measured as shown in Figure 3b, indicating that the UV
absorption edge Ayy is at ~230 nm, corresponding to the E, ~
5.4 eV, which is slightly larger than a-SisN, (E, & 5 V). The
Kurtz—Perry powder SHG measurement of Si,N,O samples is
shown in Figure 3c.”” Due to the extremely small powder-size
(<10 pm, see Figure S1) of our synthetic samples, the powder
SHG signal with respect to the particle size cannot be
characterized experimentally. However, compared with the
SHG signal and trend of KDP benchmark, it is reasonable to
believe that the SHG intensity of Si)N,O should be larger than
that of KDP (dis = 0.39 pm/V), which is qualitatively
consistent with our theoretical prediction (~1 pm/V in Table

1).* Meanwhile, according to the Kurtz—Perry derivation, the
powder SHG effect can be obtained from the SHG
coefficients;*” the simulated dporder Of SLN,O is 0.95 pm/V
(2.4 X KDP), comparable as the maximum SHG coefficient d,,
~ 1 pm/V.

Although it is difficult to measure the refractive indices
directly due to the limited size of Si,N,O samples, its structural
properties have been measured in other experiments.”®”” The
experimental mineral data shows that its biaxial refractive
indices n, = 1.740, n, = 1.85S, and n, = 1.85S, which are in
good agreement with our calculated results (n, ~ 1.777, n, &
1.835, and n, = 1.856, relative error <+2%). Based on the
calculated dispersion curves of refractive indices, as plotted in
Figure 3d, the Si,N,O can achieve the shortest type-I PM
output wavelength Apy; & 285 nm, shorter than the important
355 nm in the UV region.

3.3. Tunable NLO Properties in Alloying (Si,Ge),N,0.
As proposed in Figure lc, it is highly possible to further
enhance the SHG effects in the silicon oxynitride system by
alloying to form (Si,Ge),N,O solid solution.””** Since
(GeN;0)”" has longer Ge—N/O bond length and larger
tetrahedral distortion than those of Si—N/O in (SiN;0)"", the
structural anisotropy would be enlarged so that a sufficiently
large birefringence can be maintained (see Figure 2c). In
addition, it is expected that the E, of (Si,Ge),N,O can be
tuned in a wide range, depending on the Ge concentration due
to large E, difference between Si;N,O (~5 eV) and Ge,N,0
(~2.8 eV). Therefore, it is expected that the Si,(;_,)Ge,,N,O
can be applied to realize the NLO applications in different
energy ranges.

In order to examine the feasibility of forming (Si,Ge),N,O
alloys, based on the first-principles based CE approach,™ we
have systemically investigated the formation energies (E;) of
Siy(1-Ge,N,O (0 < x < 1) binary alloys. Here, the E; is
defined as

E¢ = E[Siy(;_yGe, N,0] — (1 — x)/‘512N20 — Mg N0

)
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where uSi,N,O (uGe,N,0) is the total energy of Si,N,O
(Ge,N,0) unit cell (see Methods in the Supporting
Information for more details). The basic idea of CE is to
expand the energies of a Siy;_,)Ge,,N,O configuration into
energy contributions of cluster figures (single atoms, pairs,
triples, etc.) based on a generalized Ising Hamiltonian

E(o) = Jy + 2 J8(0) + 2 JS(0)S(0)

i<j

+ 2 1 8(0)8(0)8(0) + .
i<j<k (3)

In eq 3, the index i, j, and k run over all the alloy sites, and
Sm(0) is set to +1 (—1) when it is occupied by the Si,N,O
(Ge,N,0) dimer. Ideally, the CE can represent any
Siy(1-)Ge,,N,O alloy energy E(o) by the appropriate selection
of J, which can be fitted from the first-principles total energy
calculations based on a sufficient number of random alloy
configurations. To calculate the binary phase diagram of
Si(1-Ge,,N, 0, the Monte Carlo simulations, which sample a
semigrand-canonical ensemble, are carried out, in which the
energetics of Siy;_,)Ge, N,O are specified by the CE
Hamiltonian.

First, we have calculated the E¢of 119 Siy(;_,yGe,,N,O alloys
(<20 atoms/supercell) with different structural symmetries at
different Ge concentrations (x) based on the first-principles
methods. Second, the self-consistent CE fitting is employed to
fit the DFT-calculated E to obtain the most important effective
cluster interactions J. Our calculations confirm that these 119
alloy structures are sufficient to obtain the converged J for the
CE Hamiltonian. Therefore, the CE Hamiltonian of the binary
alloy Si,(;_)Ge,,N,O can be well obtained. Third, we can use
this Hamiltonian to quickly predict the E; of all the
nonequivalent alloy configurations. The DFT-calculated, CE-
fit, and CE-predicted E; are shown in Figure 4a. Interestingly, it
is found that the E; of all the Si,(;_,)Ge,,N,O alloys are rather
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Figure 4. Calculated (a) formation energies E; (b) E; and dj; of
Siz(1-4)Ge,N,O with respect to the Ge concentration x from 0 to 1,
and (c) IR NLO balanced area. Red star marked in (a) represents the
calculated E; of experimentally synthesized SiGeN,O. Inset in (a):
Monte Carlo-simulated T—x phase diagram of Si,(;_,)Ge,,N,O.

low, mostly in the range between 0 and 40 meV, indicating that
they are easily formed at finite temperature. Indeed, by
employing the CE-based MC simulations, we further obtained
the T—x phase diagram of Si,(;_,)Ge,,N,0O as a function of x.
As shown in the inset of Figure 4a, the miscibility gap of
Siy(1-)GepN,0 is ~155 K, which is even below the room
temperature. Note that this miscibility gap is obtained based
on the thermal equilibrium conditions, assuming that the
alloyed atoms are free to move to reach their equilibrium
positions. In practice, the sizable diffusion barriers need to be
overcome for the atoms to move in Si,(;_,)Ge,,N,O.

Interestingly, we notice that there is an existing ordered
SiGeN,O phase with the Cm symmetry in the crystal structure
database (see Figure 2d).*"* For comparison, its calculated E;
(marked as red star) is also shown in Figure 4a. Obviously,
there are a couple of SiGeN,O structures predicted by our CE
calculations that can have even lower E; than that of the Cm-
phase of SiGeN,O, for example, the Cc- and P2,-phase
SiGeN,O (for details, see Figure S2), indicating that many
SiGeN,O structures may also be able to be synthesized in the
experiments. To show the influence of random occupancy
structures on the NLO properties, we have further selected
four random alloy structures of SiGeN,O (Figure S2) to
simulate their optical properties. As listed in Table S1, the
calculations clearly demonstrate that their linear and NLO
properties are basically comparable as the SiGeN,O ground
state.

Taking the Si,(;_,)Ge, N,O (0 £ x < 1) structures with
lowest E¢ in Figure 4a at different x as examples, their linear
and NLO properties can be calculated, as shown in Figure 4b
(for details, see Table S1). Again, the calculated linear and
NLO properties of the Cm-phase of SiGeN,O are also listed in
Table 1 for comparison. It is seen that when x increases from 0
to 1, the SHG intensity d; of Siy;_,)Ge;,N,O gradually
increases from ~2.6 X KDP to ~19 X KDP, which validates
our alloy design principle shown in Figure 1c. Meanwhile, the
An can maintain sufficiently large values between 0.07 and
0.10, which are good enough for most PM processes from UV
to IR. However, E, smoothly decreases as x increases, as
expected (Table 1). Therefore, the PM wavelength Apy; is red-
shifted from 285 to 444 nm.

In principle, Ge,N,O cannot achieve the UV laser
generation due to its Apy & 444 nm, although it exhibits
larger SHG effect than KTP.* In contrast, the SiGeN,O has a
larger E, ~ 3.6 eV that can achieve the 355 nm output (Apy ~
345 nm), satisfying a good balance of UV NLO performance
(Figure 2d). Importantly, in this region, SiGeN,O exhibits
stronger SHG effect (~12 X KDP, Table 1) than many
practical UV NLO materials (e.g,, ~3—SXKDP for LBO and
BBO). Furthermore, when « is tuned in the range of 0.5-0.75,
the Siy(;_,)Ge,,N,O can exhibit relatively large E, (>3 eV) and
strong SHG d; (>10 X KDP), satisfying the balanced IR NLO

. 4d P o
requirement,” as shown in Figure 4c. This indicates that they
could be available for possible IR (near-IR) NLO conversion.
All the results demonstrate that the polar (Si,Ge)N,O system
can have strong NLO effects in wide energy regions, exhibiting
either higher d; (e.g, than BBO at 355 nm) or higher E, (e.g,
than AgGa$, at 1 um), respectively, for UV or IR SHG
conversion. In addition, IR transparency is a particularly
important condition for IR NLO materials, which generally
requires large-size crystal measurement for relative accuracy.
Although the experimental powder transmission spectrum is
given in Figure 2b, it only shows that it is transparent in the
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range from 0.3—2 pm (UV to near-IR). As preliminary
evaluation, this study only shows its SHG capability in the IR/
near-IR region and does not strictly evaluate its IR trans-
parency capability. Considering the IR absorption edge of
traditional oxides, it is probably suitable for near-IR rather than
the mid-IR region.

3.4. SHG Origin in Si,N,O and SiGeN,0. To further
understand the underlying NLO mechanism, the electronic
band structures, partial density of states (PDOS), band-
resolved SHG analysis, and SHG weighted density of Si,N,O
and SiGeN,O are calculated and plotted in Figure S (see
Methods for more details). Because of the direct E; shown in
Figure S5a,d, Si,N,O and SiGeN,O are superior to the
semiconductors with indirect E; in terms of the optical
transition properties. These optical transitions mainly originate
between the p orbitals of N/O and s orbitals of Si/Ge around
the band edges (Figure Sb,e). Since the 2p orbitals of N/O
contribute significantly to the valence band maximum (VBM),
these N/O orbitals can contribute dominantly to the SHG
effects, exhibiting strong SHG densities in Si,N,O and
SiGeN,O, as shown in Figure Sc,ft7

Furthermore, compared to Si,N,O, due to the inclusion of
Ge, the conduction band minimum (CBM) of SiGeN,O is
mainly contributed by the 4s orbitals of Ge due to the lower
orbital energy of Ge 4s than Si 3s. Meanwhile, the VBM
maintains to be contributed by the orbitals of N/O (Figure
Se). Consequently, the electronic states on the Ge site exhibit
more dominant SHG contribution and densities than those on
the Si site (Figure Sf). Consequently, SiGeN,O can exhibit a
stronger SHG effect (~12 X KDP) than Si,N,0 (~2.6 X
KDP). The results are overall consistent with our design
principle explained in Figure 1.

4. OUTLOOK AND CONCLUSIONS

On the one hand, if the large-size crystals of (Si,Ge),N,O can
be obtained, they can be directly used in traditional NLO
devices to achieve tunable SHG PM output. In addition, they
might possess favorable machining performance due to good
mechanical properties (e.g., large bulk modulus ~155 GPa for
Si,N,0). In practice, the strong covalent bonding of Si,N,O
results in high flexural strength and resistance to heating and
oxidation up to temperatures of around 1350 °C.** Moreover,

Si;N,O can be easily obtained from the combustion synthesis
method of 3Si + 2N, + SiO, = 2Si,N,O. Although there are
many studies on the functionalities of Si,N,0,'”” its NLO
properties are presented for the first time in this study.
Therefore, the further experimental synthesis of large-size
crystal is of great importance to evaluate its NLO performance.

On the other hand, if the large-size (Si,Ge),N,O crystals are
difficult to be obtained in the experiments, they can also be
made into the pole glass, similar to the pole SiO, glass for
possible electro-optic applications. For example, thermal
poling, which was electrothermal in nature, has been
demonstrated in bulk SiO, samples by Myers et al.*’ The
nonlinearity induced, which was evaluated from the SHG
signals of 1064 nm laser, is of a similar magnitude to that in
quartz. The related analysis indicates that in so-called glass
ceramics, embedded crystals seem to be responsible for
prominent SHG effect. Therefore, further investigation of the
NLO properties of the pole (Si,Ge),N,O glass states by both
theories and experiments is highly desired.

In conclusion, we have proposed a general proposal to
realize the balanced and tunable NLO properties of semi-
conductors by alloy engineering, which has been well
demonstrated in the (Si,Ge)N,O system. The polar (Si,Ge)-
N,O system can achieve tunable-energy band gaps and PM
SHG outputs from the UV to IR region. As a representative,
SiGeN,O is predicted to exhibit sufficiently large SHG effect
and birefringence for NLO crystals. We believe that this study
may rearouse the interests to theorists and experimentalists in
the classical silicon oxynitride system for broad NLO
applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590.

Methods, crystal size and pictures of experimental
Si,N,O samples, crystal structures of several SiGeN,O
phases, band gaps, and SHG coeflicients of
Siy(2-Ge,N,O (x = 0 to 1) (PDF)

https://doi.org/10.1021/acs.inorgchem.1c00590
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c00590/suppl_file/ic1c00590_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00590?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

B AUTHOR INFORMATION

Corresponding Authors
Zheshuai Lin — Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, Beijing 100190, China;
orcid.org/0000-0002-9829-9893; Email: zslin@
mailipc.ac.cn
Bing Huang — Beijing Computational Science Research Center,
Beijing 100193, China; Email: bing.huang@csrc.ac.cn

Authors

Lei Kang — Beijing Computational Science Research Center,
Beijing 100193, China; Technical Institute of Physics and
Chemistry, Chinese Academy of Sciences, Beijing 100190,
China; ©® orcid.org/0000-0002-9993-6399

Gang He — Technical Institute of Physics and Chemistry,
Chinese Academy of Sciences, Beijing 100190, China

Xinyuan Zhang — Institute of Functional Crystals, Tianjin
University of Technology, Tianjin 300384, China;

orcid.org/0000-0003-0388-2240

Jiangtao Li — Technical Institute of Physics and Chemistry,

Chinese Academy of Sciences, Beijing 100190, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.1c00590

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors thank P. Gong for helpful discussion. This work
was supported by the NSFC (Grant nos. 11634003, 12088101,
51872297, and 51890864), and NSAF (Grant no. U1930402).

B REFERENCES

(1) Hampshire, S.; Park, H. K; Thompson, D. P.; Jack, K. H. a’-
Sialon ceramics. Nature 1978, 274, 880—882.

(2) Cao, G. Z.; Metselaar, R. alpha.”-Sialon ceramics: a review. Chem.
Mater. 1991, 3, 242—-252.

(3) Katz, R. N. Applications of Silicon Nitride based Ceramics. Ind.
Ceram. 1997, 17, 158—164.

(4) Schnick, W.; Huppertz, H. Nitridosilicates-A Significant
Extension of Silicate Chemistry. Chem.—Eur. J. 1997, 3, 679—683.

(5) Riley, E. L. Silicon Nitride and Related Materials. J. Am. Ceram.
Soc. 2000, 83, 245—265.

(6) Xie, R.-J; Hirosaki, N. Silicon-based oxynitride and nitride
phosphors for white LEDs-A review. Sci. Technol. Adv. Mater. 2007, 8,
588—600.

(7) Morichetti, F.; Grillanda, S.; Manandhar, S.; Shutthanandan, V.;
Kimerling, L.; Melloni, A.; Agarwal, A. M. Alpha Radiation Effects on
Silicon Oxynitride Waveguides. ACS Photonics 2016, 3, 1569—1574.

(8) Chen, D.; Kovach, A.; Shen, X.; Poust, S.; Armani, A. M. On-
Chip Ultra-High-Q_ Silicon Oxynitride Optical Resonators. ACS
Photonics 2017, 4, 2376—2381.

(9) Trenti, A; Borghi, M,; Biasi, S.; Ghulinyan, M.; Ramiro-
Manzano, F.; Pucker, G.; Pavesi, L. Thermo-optic Coefficient and
Nonlinear Refractive Index of Silicon Oxynitride Waveguides. AIP
Adv. 2018, 8, 025311.

(10) Chen, C.; Sasaki, T.; Li, R.; Wu, Y.; Lin, Z.; Mori, Y.; Hu, Z.;
Wang, J; Uda, S.; Yoshimura, M,; Kaneda, Y. Nonlinear Optical
BorateCrystals: Principles and Applications; Wiley-VCH: Weinheim,
Germany, 2012; pp 15—116.

(11) Timurdogan, E; Poulton, C. V,; Byrd, M. J.; Watts, M. R.
Electric Field-induced Second-order Nonlinear Optical Effects in
Silicon Waveguides. Nat. Photonics 2017, 11, 200—206.

(12) Chang, D. E; Vuleti¢, V.; Lukin, M. D. Quantum nonlinear
optics - photon by photon. Nat. Photonics 2014, 8, 685—694.

(13) Adhikari, P.; Hafezi, M.; Taylor, J. Nonlinear Optics Quantum
Computing with Circuit QED. Phys. Rev. Lett. 2013, 110, 060503.

(14) Chen, C.; Ye, N; Lin, J.; Jiang, J.; Zeng, W.; Wu, B. Computer-
Assisted Search for Nonlinear Optical Crystals. Adv. Mater. 1999, 11,
1071—-1078.

(15) Chen, C. T.; Wu, B. C; Jiang, A. D.; You, G. M. A New-Type
Ultraviolet SHG Crystal - Beta-BaB,0,. Sci. Sin. Ser. B 1985, 28, 235—
243.

(16) Chen, C.; Wu, Y,; Jiang, A,; Wy, B.; You, G.; Li, R;; Lin, S. New
nonlinear-optical crystal: LiB_30_S5. J. Opt. Soc. Am. B 1989, 6, 616—
621.

(17) Abrahams, S. C.; Bernstein, J. L. Crystal structure of
piezoelectric nonlinear-optic AgGaS2. J. Chem. Phys. 1973, S9,
1625—-1629.

(18) Boyd, G. D.; Buehler, E.; Storz, F. G. Linear And Nonlinear
Optical Properties Of Zngep2and Cdse. Appl. Phys. Lett. 1971, 18,
301—-304.

(19) Oyama, Y.; Kamigaito, O. Solid Solubility of Some Oxides in
Si3N4. J. Appl. Phys. 1971, 10, 1637.

(20) Huang, B.; Yoon, M.; Sumpter, B. G.; Wei, S.-H.; Liu, F. Alloy
Engineering of Defect Properties in Semiconductors: Suppression of
Deep Levels in Transition-Metal Dichalcogenides. Phys. Rev. Lett.
2015, 115, 126806.

(21) Besenbacher, F.; Chorkendorff, I.; Clausen, B. S.; Hammer, B.;
Molenbroek, A. M.; Norskov, J. K.; Stensgaard, I. Design of a Surface
Alloy Catalyst for Steam Reforming. Science 1998, 279, 1913—1915.

(22) Greeley, J.; Mavrikakis, M. Alloy Catalysts Designed from First
Principles. Nat. Mater. 2004, 3, 810—815.

(23) Liu, W.; Tan, X,; Yin, K; Liu, H,; Tang, X,; Shi, J.; Zhang, Q;
Uher, C. Convergence of Conduction Bands as a Means of Enhancing
Thermoelectric Performance of n-Type Mg,Si;Sn, Solid Solutions.
Phys. Rev. Lett. 2012, 108, 166601.

(24) Yao, Y,; Huang, Z.; Xie, P.; Lacey, S. D.; Jacob, R. J.; Xie, H,;
Chen, F.; Nie, A.; Pu, T.; Rehwoldt, M.; Yu, D.; Zachariah, M. R;;
Wang, C.; Shahbazian-Yassar, R.; Li, J.; Hu, L. Carbothermal Shock
Synthesis of High-Entropy-Alloy Nanoparticles. Science 2018, 359,
1489—1494.

(25) Mikkelsen, J. C.; Kildal, H. Phase studies, crystal growth, and
optical properties of CdGe(Asl—xPx)2and AgGa(Sel—xSx)2solid
solutions. J. Appl. Phys. 1978, 49, 426—431.

(26) Fan, T. Y,; Huang, C. E; Hu, B. Q; Eckardt, R. C.; Fan, Y. X;
Byer, R. L.; Feigelson, R. S. Second harmonic generation and accurate
index of refraction measurements in flux-grown KTiOPO_4. Appl.
Opt. 1987, 26, 2390—2394.

(27) Fiore, A.; Berger, V.; Rosencher, E.; Bravetti, P.; Nagle, J. Phase
Matching using an Isotropic Nonlinear Optical Material. Nature 1998,
391, 463—466.

(28) Segall, M. D; Lindan, P. J. D.; Probert, M. J.; Pickard, C. J;
Hasnip, P. J; Clark, S. J.; Payne, M. C. First-principles Simulation:
Ideas, Illustrations and the CASTEP Code. J. Phys. Condens. Matter
2002, 14, 2717—2744.

(29) Rappe, A. M.; Rabe, K. M.; Kaxiras, E.; Joannopoulos, J. D.
Optimized Pseudopotentials. Phys. Rev. B: Condens. Matter Mater.
Phys. 1990, 41, 1227—1230.

(30) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(31) Pfrommer, B. G; Coté, M,; Louie, S. G; Cohen, M. L.
Relaxation of Crystals with the Quasi-Newton Method. J. Comput.
Phys. 1997, 131, 233—240.

(32) Lin, J; Lee, M.-H; Liu, Z.-P.; Chen, C; Pickard, C. J.
Mechanism for linear and nonlinear optical effects inf—BaB2O4c-
rystals. Phys. Rev. B: Condens. Matter Mater. Phys. 1999, 60, 13380—
13389.

(33) Kang, L.; Liang, F.; Jiang, X; Lin, Z.; Chen, C. First-Principles
Design and Simulations Promote the Development of Nonlinear
Optical Crystals. Acc. Chem. Res. 2020, 53, 209—-217.

(34) van de Walle, A.; Asta, M.; Ceder, G. The Alloy Theoretic
Automated Toolkit: A User Guide. Calphad 2002, 26, 539—553.

https://doi.org/10.1021/acs.inorgchem.1c00590
Inorg. Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheshuai+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9829-9893
http://orcid.org/0000-0002-9829-9893
mailto:zslin@mail.ipc.ac.cn
mailto:zslin@mail.ipc.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:bing.huang@csrc.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9993-6399
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyuan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0388-2240
http://orcid.org/0000-0003-0388-2240
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiangtao+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00590?ref=pdf
https://doi.org/10.1038/274880a0
https://doi.org/10.1038/274880a0
https://doi.org/10.1021/cm00014a009
https://doi.org/10.1002/chem.19970030505
https://doi.org/10.1002/chem.19970030505
https://doi.org/10.1016/j.stam.2007.08.005
https://doi.org/10.1016/j.stam.2007.08.005
https://doi.org/10.1021/acsphotonics.6b00431
https://doi.org/10.1021/acsphotonics.6b00431
https://doi.org/10.1021/acsphotonics.7b00752
https://doi.org/10.1021/acsphotonics.7b00752
https://doi.org/10.1063/1.5018016
https://doi.org/10.1063/1.5018016
https://doi.org/10.1038/nphoton.2017.14
https://doi.org/10.1038/nphoton.2017.14
https://doi.org/10.1038/nphoton.2014.192
https://doi.org/10.1038/nphoton.2014.192
https://doi.org/10.1103/physrevlett.110.060503
https://doi.org/10.1103/physrevlett.110.060503
https://doi.org/10.1002/(sici)1521-4095(199909)11:13<1071::aid-adma1071>3.0.co;2-g
https://doi.org/10.1002/(sici)1521-4095(199909)11:13<1071::aid-adma1071>3.0.co;2-g
https://doi.org/10.1364/josab.6.000616
https://doi.org/10.1364/josab.6.000616
https://doi.org/10.1063/1.1680242
https://doi.org/10.1063/1.1680242
https://doi.org/10.1063/1.1653673
https://doi.org/10.1063/1.1653673
https://doi.org/10.1143/jjap.10.1637
https://doi.org/10.1143/jjap.10.1637
https://doi.org/10.1103/physrevlett.115.126806
https://doi.org/10.1103/physrevlett.115.126806
https://doi.org/10.1103/physrevlett.115.126806
https://doi.org/10.1126/science.279.5358.1913
https://doi.org/10.1126/science.279.5358.1913
https://doi.org/10.1038/nmat1223
https://doi.org/10.1038/nmat1223
https://doi.org/10.1103/physrevlett.108.166601
https://doi.org/10.1103/physrevlett.108.166601
https://doi.org/10.1126/science.aan5412
https://doi.org/10.1126/science.aan5412
https://doi.org/10.1063/1.324352
https://doi.org/10.1063/1.324352
https://doi.org/10.1063/1.324352
https://doi.org/10.1364/ao.26.002390
https://doi.org/10.1364/ao.26.002390
https://doi.org/10.1038/35091
https://doi.org/10.1038/35091
https://doi.org/10.1088/0953-8984/14/11/301
https://doi.org/10.1088/0953-8984/14/11/301
https://doi.org/10.1103/physrevb.41.1227
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1006/jcph.1996.5612
https://doi.org/10.1103/physrevb.60.13380
https://doi.org/10.1103/physrevb.60.13380
https://doi.org/10.1021/acs.accounts.9b00448
https://doi.org/10.1021/acs.accounts.9b00448
https://doi.org/10.1021/acs.accounts.9b00448
https://doi.org/10.1016/s0364-5916(02)80006-2
https://doi.org/10.1016/s0364-5916(02)80006-2
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00590?rel=cite-as&ref=PDF&jav=VoR

Inorganic Chemistry

pubs.acs.org/IC

(35) Hardie, D.; Jack, K. H. Crystal Structures of Silicon Nitride.
Nature 1957, 180, 332—333.

(36) Ning, T.; Pietarinen, H.; Hyvirinen, O.; Simonen, J.; Genty, G.;
Kauranen, M. Strong Second-Harmonic Generation in Silicon Nitride
Films. Appl. Phys. Lett. 2012, 100, 161902.

(37) Orth, M.; Schnick, W. Zur Kenntnis von LiSi2N3: Synthese
und Verfeinerung der Kristallstruktur. Z. Anorg. Allg. Chem. 1999, 625,
1426—1428.

(38) Andersen, C. A; Keil, K; Mason, B. Silicon Oxynitride: A
Meteoritic Mineral. Science 1964, 146, 256—257.

(39) Keil, K; Andersen, C. A. Occurrences of Sinoite, Si2N20, in
Meteorites. Nature 1965, 207, 74S.

(40) Rubin, A. E. Sinoite (Si2N20); crystallization from EL
chondrite impact melts. Am. Mineral. 1997, 82, 1001—1006.

(41) Laurent, Y,; Guyader, J; Roult, G. Etude par diffraction de
neutrons selon la methode du temps de vol de LiSiONa. Acta
Crystallogr. B 1981, 37, 911-913.

(42) Kurtz, S. K;; Perry, T. T. A Powder Technique for Evaluation of
Nonlinear Optical Materials. J. Appl. Phys. 1968, 39, 3798—3813.
Ideally, the comparison of SHG effect should be based on the signal
after the powder-size-dependent SHG curve is converged. In practice,
the output signal ratio of a certain powder size can still be used to
compare the SHG effects. Since large-size powder cannot be obtained
in the present study, we used small-size powders to produce SHG
signal to qualitatively characterize the powder SHG effect of Si,N,O.
Although the SHG effect cannot be given quantitatively, combined
with our advanced calculations, it is still reliable to reach a conclusion
that Si,N,O has a larger SHG effect than KDP

(43) Herrmann, M.; Kurama, S.; Mandal, H. Investigation of the
phase composition and stability of the a-SiAlONs by the Rietveld
method. J. Eur. Ceram. Soc. 2002, 22, 2997—3005.

(44) Weng, C.; Kouvetakis, J.; Chizmeshya, A. V. G. Si—Ge-based
Oxynitrides: From Molecules to Solids. Chem. Mater. 2010, 22,
3884—3899.

(45) Ding, Y.; Chen, M.; Wu, W.; Xu, M. Elasticity, Hardness and
Thermal Conductivity of Si-Ge-Based Oxynitrides (SiGeN20). J.
Electron. Mater. 2017, 46, 510—519.

(46) Kang, L.; Zhou, M; Yao, J,; Lin, Z.; Wu, Y.; Chen, C. Metal
Thiophosphates with Good Mid-infrared Nonlinear Optical Perform-
ances: A First-Principles Prediction and Analysis. J. Am. Chem. Soc.
2015, 137, 13049—13059.

(47) Lee, M. H; Yang, C. H,; Jan, J. H. Band-Resolved Analysis of
Nonlinear Optical Properties of Crystalline and Molecular Materials.
Phys. Rev. B: Condens. Matter Mater. Phys. 2004, 70, 11.

(48) Rocabois, P.; Chatillon, C.; Bernard, C. Thermodynamics of
the Si-O-N System: II, Stability of Si2N20O(s) by High-Temperature
Mass Spectrometric Vaporization. J. Am. Ceram. Soc. 1996, 79, 1361—
13685.

(49) Myers, R. A;; Mukherjee, N.; Brueck, S. R. J. Large second-
order nonlinearity in poled fused silica. Opt. Lett. 1991, 16, 1732—
1734.

(50) Yu, J; Zhang, B,; Zhang, X.,; Wang, Y.,; Wu, K; Lee, M.-H.
Finding Optimal Mid-Infrared Nonlinear Optical Materials in
Germanates by First-Principles High-Throughput Screening and
Experimental Verification. ACS Appl. Mater. Interfaces 2020, 12,
45023—4503S.

(51) Zhang, X.; Guo, L.; Zhang, B.; Yu, J.; Wang, Y.; Wu, K,; Wang,
H.j.; Lee, M.-H. From silicates to oxonitridosilicates: improving
optical anisotropy for phase-matching as ultraviolet nonlinear optical
materials. Chem. Commun. 2021, 57, 639—642.

https://doi.org/10.1021/acs.inorgchem.1c00590
Inorg. Chem. XXXX, XXX, XXX—XXX


https://doi.org/10.1038/180332a0
https://doi.org/10.1063/1.4704159
https://doi.org/10.1063/1.4704159
https://doi.org/10.1002/(sici)1521-3749(199909)625:9<1426::aid-zaac1426>3.0.co;2-w
https://doi.org/10.1002/(sici)1521-3749(199909)625:9<1426::aid-zaac1426>3.0.co;2-w
https://doi.org/10.1126/science.146.3641.256
https://doi.org/10.1126/science.146.3641.256
https://doi.org/10.1038/207745a0
https://doi.org/10.1038/207745a0
https://doi.org/10.2138/am-1997-9-1016
https://doi.org/10.2138/am-1997-9-1016
https://doi.org/10.1107/s0567740881004561
https://doi.org/10.1107/s0567740881004561
https://doi.org/10.1063/1.1656857
https://doi.org/10.1063/1.1656857
https://doi.org/10.1016/s0955-2219(02)00037-7
https://doi.org/10.1016/s0955-2219(02)00037-7
https://doi.org/10.1016/s0955-2219(02)00037-7
https://doi.org/10.1021/cm903772n
https://doi.org/10.1021/cm903772n
https://doi.org/10.1007/s11664-016-4915-5
https://doi.org/10.1007/s11664-016-4915-5
https://doi.org/10.1021/jacs.5b07920
https://doi.org/10.1021/jacs.5b07920
https://doi.org/10.1021/jacs.5b07920
https://doi.org/10.1103/physrevb.70.235110
https://doi.org/10.1103/physrevb.70.235110
https://doi.org/10.1111/j.1151-2916.1996.tb08597.x
https://doi.org/10.1111/j.1151-2916.1996.tb08597.x
https://doi.org/10.1111/j.1151-2916.1996.tb08597.x
https://doi.org/10.1364/ol.16.001732
https://doi.org/10.1364/ol.16.001732
https://doi.org/10.1021/acsami.0c15728
https://doi.org/10.1021/acsami.0c15728
https://doi.org/10.1021/acsami.0c15728
https://doi.org/10.1039/d0cc07269a
https://doi.org/10.1039/d0cc07269a
https://doi.org/10.1039/d0cc07269a
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00590?rel=cite-as&ref=PDF&jav=VoR

