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Abstract. The SizN4 and GesNy are important structural ceramics with many applications because of their
attractive high temperature and oxidation resistant properties. The high-pressure and high-temperature
spinel phases of these two materials were noticed to have wide, direct electronic band gaps. Other single
and double spinel nitrides formed from IVA and IVB group elements have also attracted much attention.
Present research focuses on selecting a special substance with promising optical properties and stability
besides the attractive electronic properties. The formation energies of spinel nitrides are calculated and
stabilities of a group of spinel nitrides are discussed, the structural and electronic properties of them are
investigated in detail. By random phase approximation (RPA), the optical properties of spinel nitrides
are researched. We obtain that +-SiGeaN4 has some promising properties with potential technological
applications from various aspects. The band transitions which contribute most to the peak of e2 have been
identified. An assumption is proposed to raise the peak of 2.

PACS. 71.20.Nr Semiconductor compounds — 71.15.Mb Density functional theory, local density approxi-

mation, gradient and other corrections

1 Introduction

The polymorph formed from elements in group-IV and
group-V is an interesting and important class of materials.
Silicon nitride (SizNy4) is a well-known material because
of its high fracture toughness, hardness and wear resis-
tance [1,2]. Another well-researched polymorph is GesNy.
The existence of several solid phases and the phase tran-
sitions among them have been attracted for years. «
(P31c, hp28), B (P63/m, hpl4) and v (spinel, Fd3m, cF56)
phases of SigNy and GezNy are well-known by experi-
ments [3-7]. The forth phase, olivine phase, has also been
reported and investigated by ab initio calculation [8]. The
crystal structure of a phase is trigonal and that of § phase
is hexagonal. Both « and (3 phases for SisNy and GesNy
are stable under an ambient pressure, while the 3 phase is
more stable than o phase. The « phase transits into the 3
phase upon heating, however the § — o phase transition
has not yet been observed. The high pressure phases of
them are the v phase. The v-SisN4 was first synthesized
under a pressure of 15 GPa and at a high temperature of
2000 K [7]. The 8 — + phase transition of GezNy occurs
near 12-15 GPa and above 1273 K [9]. 5-SigNy transits to
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the v phase by a fast reconstructive process at pressure
above 20 GPa [10]. It has been shown that the v-SigN4 and
v-GesNy have wide, direct electronic band gaps that are
comparable to those of the developed solid state promis-
ing optoelectronic materials such as GaN, InN, AIN [11].
v-C3Ny is a super hard substance predicted theoretically
by Teter et al. and its bulk modulus is even larger than
the value of diamond [12]. v-SngNy4 was synthesized both
by a rapid solid metathesim reaction [13] and from an an-
nealed tin amidimide precursor at ambient pressure [14].
Bulk 4-SnsNy was prepared by pyrolysis of a tin amide
imide precursor, Sn(NHs)2NH [15,16]. Thin films contain-
ing v-SngNy was deposited using several variations of re-
active sputtering and atmospheric chemical vapor deposi-
tion [17-21].

Encouraged by the results above, the stabilities of
the spinel nitrides of IVA and IVB group have been in-
vestigated with the orthogonalized linear combination of
atomic orbitals (OLCAO) method [22-25]. In present pa-
per, we focus on the stabilities and optical properties of
those materials to seek a new optical material. At first
according to our purpose, the appropriate semiconductors
are selected based on the calculation results by OLCAO
and relevant experiments, the stabilities of them are dis-
cussed further with full potential linearized augmented
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plane wave. The structural and electronic properties of
them are investigated in detail. Then by random phase
approximation (RPA), the optical properties of spinel ni-
trides are obtained and discussed.

The calculation method and parameters are described
in the next section, followed by results and discussions in
Section 3. Conclusions are given in Section 4.

2 Calculation method and parameters

In order to investigate the structural and electronic prop-
erties of the spinel nitrides, we perform calculations based
on the density functional theory (DFT) and local den-
sity approximation (LDA) with generalized gradient ap-
proximation (GGA) [26,27]. The FLAPW method using
a scalar relativistic effect embodied in the WIEN2k code
is employed [28]. The linearized augmented plane waves
(LAPW) and augmented plane wave with local orbitals
(APW+lo) are applied as basis. The “physically impor-
tant” [-quantum numbers are treated by APW+lo but
the higher | by LAPW [29]. Local orbital(LO) is used for
low-lying valence states: semi-core states. Electronic con-
figurations for relevant elements are listed as following;:

C: (252) 2p?,

Si: (2p%) 3s2 3p?,

Ge: (3d'0) 452 4p?,
Sn: (4p8 4d1°) 5s% 5p?,
N: (2s2) 2p°.

The configurations in parenthesis are treated for semi-core
states. The PBE-GGA is employed for the exchange and
correlation potential [27]. For the potential and charge
density representation, the maximum [ value for par-
tial waves used inside atomic spheres is 10 and the one
used in the computation of non-muffin-tin matrix ele-
ments is 4. In the interstitial region they are represented
by Fourier series and the plane wave cut-offs of calcula-
tions are all above 25 Ry. The tetrahedron method is used
for efficient sampling of the first Brillouin zone (BZ) [30].
47 k-points are used in the irreducible BZ, which corre-
spond to 1000 k-points in the whole BZ. For the inter-
nal structural parameters, a reverse-communication trust-
region quasi-Newton method from the Port library [31] is
employed to determine the equilibrium position of all in-
dividual atoms. The optimization is performed with the
constraint of maintaining the corresponding space-group
Symimetry.

Spinel compounds belong to the space group Fd3m.
The spinel structure is geometrically a ternary structure
with stoichiometry ABsXy4, where A and B are respec-
tively tetrahedrally coordinated and octahedrally coordi-
nated cations and X are anions. The spinel structure is
shown in Figure 1. The yellow balls are the tetrahedrally
coordinated cations A to the blue X anions, the green ones
are the octahedrally coordinated cations B to the blue X
anions. The ideal atomic positions of spinel phase materi-
als are shown in Table 1.
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Fig. 1. (Color online) Crystal-structure of v-AB2X4. The yel-
low balls are the tetrahedral cations A to the blue X anions, the
green ones are the octahedral cations B to the blue X anions.

Table 1. Wyckoff parameters for each atomic species of the
spinel structure.

Atom Wyckoff Coordinates

A 8 (3:5.3) (5.2,

B 16d (%7%7%)7 (%7%70 b
(%707i)7 (07 i?%)

N 32e (z,z,2),(T + %,er %,er %),
@E+pet5a+3), (@+50+38+75),
(z+ 3,2+ 1 z+1), (2,272),
(z+3.2+50+3), @+50+ 52+ 7)

3 Results and discussions

The spinel nitrides of IVA and IVB group have been in-
vestigated with the orthogonalized linear combination of
atomic orbitals (OLCAO) method [22-25]. In those works,
thirty-nine single and double spinel nitrides have been ex-
plored from total forty-nine combinations of group IVA el-
ement carbon, silicon, germanium and group IVB element
titanium, zirconium and hafnium in which only ~-HfsNy,
v-ZrHfsNy, v-HfZroNy are included among those combi-
nations containing hafnium.

According to the works, the formation energy of the
double nitride can be estimated with respect to the single
nitrides as following:

1 2
AB; = Ey(ABoNy) — | 3 E(AsNy) + SEi(BaNy) | (1)

This formation energy gives information on the stability
of a double spinel compound when it is synthesized from
two terminal single spinel nitrides. The value of AE; at
the equilibrium geometry corresponds to the free energy
of the compound at zero temperature and zero pressure.
In fact, the discussion of such a kind of formation with a
temperature effect should consider the free energy instead
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Table 2. List of spinel nitrides v-AB2Ny in this study.

B C Si Ge Sn
A
C ~v-CSizNy ¥-CGeaNy
Si ’V—Si3N4 W—SiGe2N4
Ge v-GeSiaNy v-GesNy
Sn v-SnGeaNy  v-SnzNy

of internal energy at the ground state. However, the in-
ternal energy still gives important information about the
stability.

With the purpose of finding new spinel materials with
satisfied stability and attractive optical property, we at
first select several substances as the initial target sub-
stances. It is reasonable to take the synthesized v-SigNy,
v-GesNy and 7-SngNy and double spinel nitrides consti-
tuted from element Si, Ge and Sn as candidates. 7-C3Ny
and the double spinel nitrides containing element C are
also included. In addition, we further skip those spinel
nitrides of IV groups with poor stability, and only pay
attention to ones having negative value or slightly posi-
tive values of formation energy based on previous calcula-
tions [22-25]. As a result, totally eight single and double
spinel nitrides are selected in present calculation: y-SigNy,
’Y—G€3N4, ’y—Sn3N4, ’)/-CGGQN4, 7—CSi2N4, 7—G€Si2N4, y-
SiGesN4 and v-SnGeyNy, which are listed in Table 2.

3.1 Structural stability

Total energy calculations are performed by using FLAPW
approach. With total energies E, the formation AF; can
be calculated. In order to obtain the intrinsic ground state
property, we calculate the formation energy with respect
to the segregation limit which is defined as the concentra-
tion average of the internal energies at the ground state of
elemental substances. For a compound A;B,C,, the for-
mation energy AFE; can be expressed generally as following
equation:

T
rT+y+z

y z
———E(B)+ ————E,(C)|. (2
gy BT R RO @)

AE, = By(A,B,C.) — Ey(A)

In present session, apart from the spinel materials, the
graphite for C whose diamond phase is also stable but
should be synthesized by cooling from high temperature
with simultaneous expansion from high pressure [32], dia-
mond structure for Si, Ge and Sn are calculated as the ref-
erences. For N element, the authors employ the diatomic
gas Ny as the elemental substance. The formation energies
of spinel nitrides by equations (1) and (2) are calculated
and shown in Table 3. The formation energies by OLCAO
from other works are also listed.

v-SigNy was formed in experiment in which silicon sin-
gle crystals were placed in a nitrogen pressure medium
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served also as a reactant [7]. Our results show a large neg-
ative formation energy of —0.93 eV /atom. Both our calcu-
lation and experimental results verify that v-SisN4 can be
metastable in appropriate situation since a- and 3-SigNy
are more stable [8].

For v-Ge3Ny, our calculation exhibits a positive forma-
tion energy of 0.398 eV /atom. Serghiou et al. have shown
that v-GesNy4 can be recovered to ambient conditions af-
ter reaction of germanium with nitrogen at pressures at
least as low as 14 GPa [9], in which elemental germanium
and molecular nitrogen were used. The difference between
our result and the experiment can be attributed to the
distinction between ground state in our calculation and
actual experimental situation.

According to our calculation, y-SngNy is not a sta-
ble phase, whereas crystalline v-SnsN4 was successfully
synthesized in both bulk and thin film forms by sev-
eral groups. In the experiments, however, v-SnsN, was
not synthesized by elemental tin in a nitrogen pressure
medium while segregation limit of our results are obtained
with the total energies of diamond tin and molecular ni-
trogen. This difference can be the reason that in our cal-
culation «-SnzN, is unstable while it has actually been
synthesized in experiment.

It is obtained by our calculation that the formation
energies of 7-SigNy, 7-CSiaNy, v-SiGeaNy and v-GeSiaNy
are negative. y-CSisN4 and «-SiGes Ny are consistent with
results of Ching et al. by OLCAO method. v-GeSipNy is
negative for formation energy in our result while is pos-
itive in results of Ching et al. Dong predicted by alloy
formation energy that v-GeSiaNy is a stable phase [36].
According to the results of Ching et al., formation energy
of v-CGeaNy and v-SnGesNy are zero and positive re-
spectively [25]. However in our calculation, both are neg-
ative by equation (1) but positive by equation (2). The
difference between these can be attributed to different
definitions of formation energy and theoretical methods
in calculations. From the results of our calculations about
relative stability (Eq. (1)) and intrinsic stability (Eq. (2)),
it can be obtained that y-SiGesN4 could be synthesized
not only by +-SizN4 and y-GezNy4 but also by elemental
substances. 7-CSisNy and v-GeSiaNy could be synthesized
in experiment. Whereas it is possible for 7-CGesNy and
v-SnGesNy to be synthesized in experiment.

For bulk modulus, 7-GeSisNy has a larger B of
264.8 GPa than 216.3 GPa in 7-GesgNy. The same ten-
dency v-CSisNy and v-CGegNy, v-SigNy and v-SiGeaNy,
v-SnsNy4 and v-SnGe; Ny have respectively. Although the
bulk moduli decrease superficially as the valence electron
number of these elements increases, it can not be obtained,
however, that the elements in octahedrally coordinated
sites play a critical rule on the bulk modulus. This is be-
cause the elements in tetrahedrally coordinated sites also
have the same trend. For instance, 7-CSisNy, 7-SigN4 and
v-GeSisNy, whose atomic number of the elements in tetra-
hedrally coordinated sites increase, have decreasing bulk
moduli. The group of 7-CGeaNy, v-SiGea Ny, v-GesNy and
v-SnGesNy has the same case.
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Table 3. Summary of calculated properties of spinel nitrides.
Crystal a(a.u.) x Eq(eV) B(GPa) B’ Formation energy (eV/atom)
by equation (2) | by equation (1)

~v-SigNy 14.7526 0.3838 3.21 292.3 4.35 -0.93
Experiment 14.7399%  0.3875" 3174+11° 2.3+2.1°

14.6340°  0.3833¢

14.6149¢
Other calculations  14.8102° 0.38437  3.45° 280.1¢ 3.76¢

14.80927  0.3844°  3.457 2807 3.487
v-GesNy 15.7137 0.3833 1.90 216.3 4.61 0.39
Experiment 15.68479  0.3827" 296" 4.0"

15.5209"
Other calculations 15.5165°  0.3830°  2.22¢ 268.6° 3.14¢

15.4345°  0.3841°  2.17° 240" 4.5
v-SnzNy 17.2901 0.3839 0.19 156.4 4.7 0.93
Experiment 17.07757  0.38457
Other calculations ~ 16.9214%  0.3839%  1.40* 187.2% 4.34"

16.9319"  0.3844' 186' 4.53

16.9416™ 0.3845™  1.29™ 203.6™ 4.98™
v-CSiaNy 13.9922 0.3743 1.44 329.7 4.26 -0.11 -0.05
Other calculations  14.2124™  0.3811™  1.34™ 309.5™ 2.72™ -0.09™
v-CGeaNy 14.6982 0.3692 0.93 259.2 4.84 0.75 -0.07
Other calculations  14.6319™  0.37™ 1.356™ 266.0™ 3.53™ o™
v-SiGea Ny 15.3863 0.3785 1.58 241.7 4.48 -0.20 -0.16
Other calculations  15.2828™  0.3772™ 1.85™ 277.1™ 3.02™ -0.04™
v-GeSiaNy 15.0425 0.3868 3.04(id) 264.8 4.38 —0.66 -0.17
Other calculations  15.1193™  0.3900™  2.635™ 258.3¢ 2.04° 0.06™

14.8256" 3.3" 283" 3.93"
¥-SnGez Ny 16.2319 0.3880 1.34(id)  192.2 5.13 0.33 -0.25
Other calculations  15.9899™  0.3895™  2.31™ 0.01™

id means indirect band gap. “Reference [4]. *Reference [30]. “Reference [27]. “Reference [33]. “Reference [23]. /Reference [22].
9Reference [6]. "Reference [5]. ‘Reference [11]. Reference [13]. *Reference [34]. 'Reference [35]. ™Reference [25]. "Reference [36].

3.2 Electronic band structure

The calculated band structures of ~-CGeyNy and
v-SnGesNy are provided in Figure 2, which have not
been presented previously to our knowledge. The band
structures of other materials are provided in other pa-
pers [8,22-25]. The black arrows in ~-SiGeaNy and
v-GeSisNy are the band transitions with the largest con-
tribution to the peak of €2, which will be discussed later.
Fermi energy is set to zero point of the energy in these
graphs. The calculated band gaps are provided in Table 3.

For these substances, the bands appear typically to be
semiconductors with a direct band gap at the I" point ex-
cept v-GeSioNy and v-SnGeaNy which have an indirect
band gap. Three parts of all band structures are clearly
observed except that the upper valence band part of spinel
nitrides containing carbon are wider enough to nearly
touch the lower valence band part.

Our calculated band gaps of ~-SizNy and y-GesNy
are 3.21 eV and 1.90 eV respectively. Comparing with
other reports, one can see that the trends coincide, but
the present calculations underestimate energy gaps by
7% to 14%. It is noticed that the our calculated en-

ergy gaps for 7-SnsN, and v-SnGesNy are much nar-
rower than the results of other calculations. Band gaps of
v-CGeaNy and v-SiGes Ny are narrower whereas y-CSioNy
and y-GeSisNy are wider than other calculations. Consid-
ering that the present calculation employs FLAPW [37],
while others adopted OLCAO or ultrasoft pseudopoten-
tial, we expect these difference in values of band gap
might be owing to the different theoretical treatments on
exchange-correlation potential and basis function set used
in expanding the wave functions. Since it is well-known
that LDA calculations generally underestimate the band
gap of semiconductors and insulators, the real band gaps
of them must be wider.

According to our analysis, the top of valence band of all
materials are mainly dominated by p-orbitals of N atoms.
Cations in both tetrahedrally coordinated sites and oc-
tahedrally coordinated sites have almost equal contribu-
tions. However near the top of valence band, p-orbitals of
Si atoms in octahedrally coordinated sites take more im-
portant parts in «-SigNy4, 7-CSioNy and ~-GeSioNy while
d-orbitals of Ge and Sn atoms in octahedrally coordinated
sites are responsible in other five materials. Therefore, the
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Fig. 2. Band structures of four materials. (a) v-SiGeaNy, (b) 7-GeSiaNy, (¢) 7-SnGezNy, (d) 7-CGezNy. The black arrows are
the band transitions corresponding to the largest contribution to the peak of €2.

band gaps of spinel nitrides are reasonably affected by the
cations in octahedrally coordinated sites.

Further investigation provides the trend of band gaps
varying with respect to the valence electron number of
elements which is shown in Figure 3. For single spinel
nitrides, which are y-SigNy4, v-GesNy and 7-SnzNy, the
band gap narrows as the valence number of IVA ele-
ments increases. This is also the case for the double
spinel nitrides: the band gap of 1.44 eV in ~-CSigNy
is wider than the one of 0.93 eV in -CGeaNy. ~-
SnGesNy has a wider band gap of 1.34 eV than 0.19
eV of v-SngNy. 7-SigNy and v-SiGeaNy, v-GeSisNy and
v-GezNy have the same tendency respectively. It can
be obtained that the band gap narrows as valence elec-
tron number of octahedrally coordinated cations increases.

. —=—SiN,-SiGeN,
—v—3nGe,N,-Sn,N,
—e—GeSiN-GeN, 1
—4- CSiN,-CGeN, -

\ ]

0.8 - -

32

2.8 -

24

20

Band Gap (eV)
>
4n 0

>

04| -

' Si(10% Ge(1? Sn(20)
lement in octahedrally coordinated sites

Fig. 3. Relation between band gap and valence electron num-

ber of element in octahedrally coordinated site. The number

in parenthesis behind element is the valence electron number.
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zero point.

This gives valuable information on how to enlarge the
band gap in spinel nitrides of IVA group. However, this
rule can not be applied to the CsNy4 (not presented here),
which has a band gap of 1.14 eV [22].

3.3 Density of states

The total electronic density of states (DOS) and site-
decomposited partial density of states (PDOS) of 7-SigNy,

v-CSigNy, +-SnGesNy and ~«-CGeyNy are shown in
Figure 4.

The similarity of DOS and PDOS in 7-SigNy and
~v-GesNy (not shown here) is apparently attributed to
the same structure and IVA group. The upper valence
band part of -SisNy4, near the Fermi energy, is occu-
pied by the Si atoms especially p-orbitals of those in both
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Fig. 4. Continued (Color online) Total electronic density of states (i) 7-SnGe2Ny4 and (j) 7-CGezNy and site-projected partial
electronic density of states at the Sn (C), Ge, N sites. Fermi energy is at zero point.

tetrahedrally and octahedrally coordinated sites excluding
N atoms.

In v-SnGesNy, the component of valence band is sim-
ilar to that of y-SigNy except that near the Fermi energy
the d-orbitals of Ge in octahedrally coordinated atoms
have more contributions to PDOS. This is also the case
for v-CGeaNy and v-SngNy (not presented here). Unlike
v-GezNy, the d-orbitals of Ge and Sn besides N atoms, es-

pecially the ones in octahedrally coordinated sites, of these
two materials possess the part near the Fermi energy.

In ~-CSigNy and v-CGegNy, the tetrahedrally coordi-
nated C atoms contribute larger to the upper valence band
than other elements in these sites of other substances. This
is the reason that the spinel nitrides containing C have a
large bulk modulus.
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Table 4. Summary of optical properties of spinel nitrides.

Crystal Photon energy (eV) Peak value of e2  Static dielectric constants €1(0)  wp
v-SizNy 9.73 11.1 5.39 6.28
v-GesNy 7.03—7.06 10.9 7.08 3.84
-SnzNy 5.86 11.6 10 3.15
v-CSiaNy 11.31—11.42 10.6 5.83 8
v-CGeaNy 8.67 & 9.43 9.92 7.97 5.01
v-SiGea Ny 6.65 13.1 6.46 4.46
v-GeSiaNy  9.18—9.23 11.2 5.83 5.45
v-SnGezNy  6.65—6.76 10.1 7.62 3.07

3.4 Optical property

The Random Phase Approximation (RPA) is used to cal-
culate e, by which other optical properties, such as energy
loss function, can be obtained [38].

According to Kramers-Kroing relation [39,40], through
the imaginary part of the interband contribution to the
dielectric tensor component e,

: h2e?
ey (W) = —5— Z/Pi;n',n,kpjm',n,k(f(En,k)
n,n’ k
—fen10))d(En

the corresponding real part is obtained by

2 * Weg (W'

—Enk —w) (3)

where p is integration principle value

[ (L) e

The frequency-dependent real and imaginary parts of the
dielectric function for photon energies up to 34 eV are
estimated. The results of the spinel nitrides are shown
in Figure 5. The solid, dashed and dotted line represents
e1(w), e2(w) and the energy loss function respectively. Be-
cause of the isotropy of the spinel structure, one of three
directions of dielectric function is shown.

The imaginary dielectric function e(w) represents the
optical absorption in these materials. It can be obtained
that the optical conductivity becomes more effective as
the peak of 5 increases, which means that a material be-
comes more conductive due to the absorption of electro-
magnetic radiation such as visible light, ultraviolet light,
or v radiation. Peak value of e3(w) and its correspond-
ing photon energy are shown in Table 4. Static dielectric
constants, which is £1(0) (excluding any contribution from
lattice vibrations), and plasma frequency wy, which is the
main peak in energy loss function, are also provided.

From the Table 4, +-CSiosNy and y-SnGesNy have a
plane absorption peak, whereas y-CGesNy has two peaks
of e5. we can obtain that v-SiGe;Ny4 has the highest peak

of 5 with a larger static dielectric constant of 6.46. Also
the corresponding incident photon energy of peak of e
is the second lowest one in all spinel nitrides. Comparing
to the results by Ching et al. [23,34], our photon energies
of v-SigNy, 7-GesNy, 7-SnzNy, v-SiGeaNy and v-GeSiaNy
are lower while the highest peaks are higher than theirs.
The static dielectric constants of our results are also higher
than theirs except for v-GeSioNy. Both calculations em-
ploy the RPA method, so the difference between the re-
sults should be attributed to the utilized basis, which re-
sults in difference in band structures.

However, v-SiGeaNy has low £1(0) and peak of e
which can not compare with some typical semiconductors
such as Si and GaAs. From equation (4), we can obtain
that when w = 0, €9 has a definite effect on the static
dielectric constant. Generally €1 is obtained by the inte-
gration of 9 over w and should naturally relate to the
whole shape of 5. However for simplicity, here we only
discuss the relation between interband transition and the
peak of es.

For comparison, -SigNy, v-GesNy and ~-GeSiaNy,
which have the same component elements, are also se-
lected to discuss. The relation among energy gap, peak
of €5 and percentage of Si in formula is presented in Fig-
ure 6. The squares stand for the peaks of €5 and circles
for energy gap. One can see that trend of the peak of e
is contrary to the one of energy gap with respect to Si
percentage. Nevertheless, though the band gap increases
much from 7-SiGesNy to v-GeSisNy, the 2 peak does not
decrease as much as band gap correspondingly. It can be
obtained that the band gap plays a more important role
in €2 peak while the matrix element effect is less [41].

The peak value of gy is located at a photon energy
to which many band transitions correspond. The band
transitions with the largest contribution to the peak of
€9 are shown as black arrows in Figures 2a and 2b. The
transition bands are provided in Table 5. According to
our analysis, the initial band is mostly composed of N-
2p. Whereas excluding the contribution of N atoms, the
ending band is dominated by octahedrally coordinated
cations except for v-SizNy4, in which tetrahedrally coor-
dinated Si takes a more important part. In ~-SiGesNy
the ending band is mostly occupied by Ge-4p and Si-p
states decreasingly regardless of the effect of N-p states.
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Fig. 5. Dielectric function e1(w), e2(w) and energy loss function of (a) v-SizN4, (b) v-CSiaNy, (¢) 7-GesNy, (d) 7-CGeaNy,

(e)y-SiGeaNy, (f) 7-SnsNuy, (g) 7-GeSizNy, (h) 7-SnGe2Ny.
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Table 5. Band transition of maximum contribution to 2 peak.

Crystal Band transition(main component)  Critical k-point

initial ending
~-SizNy 30(N) 40(Siget) (0.39396, 0, 0)
~v-GesNy 57(N) 68(N,Geoct) (0.28989, 0.19993, 0.10996)
~7-SiGeaNy  58(N) 66(N,Ge) (0.10209, 0, 0)
v-GeSizNy  54(N) 64(N,Si) (0.4177, 0.08354, 0)
~-CSiaNy 36(N,C) 53(N,Si) (0.24698, 0, 0)
7-CGe2Ny  52(N,Ge) 65(N,Ge) (0.27786, 0.21374, 0.14962)
~v-SnzNy 80(N) 88(N,Sn) (0.32706, 0.21804, 0)
v-SnGe;Ny  65(N,Ge) 75(N,Ge) (0.11613, 0.11613, 0.11613)
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Fig. 6. (Color online) Relation among peak of 2, band gap
and percentage of Si in formula Si;Ges_;N4. The black solid
circle is for band gap and red square for peak of 2. 0, 1.0, 2.0
and 3.0 in z-axis are for v-GesNy, 7-SiGez Ny, v-GeSiaN4 and
~v-SigNy respectively.

This fact leads to an assumption that changing the num-
ber of p-electrons of cations at Ge(oct)-site or Si(tet)-site
could induce the re-distribution of the energy band, es-
pecially the bottom of the conduction band or top of the
valence band, which in turn varies the energy difference
and the number of states of the interband transitions, then
results in an alteration in the peak of 5. So it is encour-
aged that the substitution of appropriate atoms can take
an effect on the 5 peak.

4 Conclusions

According to our calculations by FLAPW, we concluded
that in double spinel nitrides, v-CSioNy, 7-GeSiaN4 and
v-SiGes Ny are stable. 7-SnzNy has a narrow band gap and
a normal bulk modulus. In double spinel nitrides, it is ap-
parent that the element in octahedrally coordinated sites
takes a more important part in the band gap. The band
gap narrows as valence electron number in octahedrally
coordinated cations increases.

Our calculations show that v-SiGesNy can be a semi-
conductor with extremely interesting properties with po-

tential technological applications. It has a large bulk mod-
ulus of 241.7 GPa and a very favorable direct band gap of
1.58 eV. It also has a large static dielectric constant and
high peak value of 5. The band transitions which have the
largest contribution to the peak of €5 have been identified
for eight materials. The component of initial and ending
bands are analyzed. An assumption is proposed to raise
the peak of e5.
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