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The electronic structure and the optical properties of a-Si;Ny, B-Si;N,, and Si,N,O crystals are studied
by means of first-principles local-density calculations. Together with the earlier published result on a-
SiO,, a comparative study of the electronic bonding and optical excitations in these crystals becomes
possible. It is found that the electronic structure of the 8 and the a phases of Si;N, are similar, but with
some subtle differences that can be traced to different stacking sequences of the atomic layers and the
slightly different local bonding structure. The electronic structure of the Si,N,O crystal cannot be ade-
quately described as a simple superposition of Si;N, and a-SiO,. The presence of both Si—N and Si—O
bonds in Si;N,O crystals affects the local potential and results in a downward shift of the O levels. The
calculated density of states (DOS) and the orbital-resolved partial DOS are in good general agreement
with the photoemission and x-ray emission measurements. Better resolution in the calculated DOS
shows that the upper valence band has five peaks rather than three. Effective charge calculation suggests
the ionic formulas of the four crystals to be a-(Sit%%2);(N"}%), B-(Sit*%0),(N"%), a-
(Sit29)(01%),, and (Sit?34),(N"190),(0~1?°). The calculated optical properties of the four crystals
show similar features in the gross absorption spectra but with differences in the peak positions. It is
shown that all four crystals have intrinsic absorption tails, and those of Si,N,O and a-SiO, are larger
than those of a-Siz;N, and B-SizN,. This is explained by the nature of the wave function at the
conduction-band minimum. The difference in the intrinsic band gap and the extrapolated optical gap is
pointed out. Comparison with experimental data on amorphous Si;N, shows good agreement with the
optical conductivity of the crystalline phases. It is also shown that Si,N,O and a-SiO, crystals have
negligible optical anisotropy, while for a-Si;N, and B-Si;N, the in-plane component of the dielectric
function in the long-wavelength limit is smaller than the corresponding component parallel to the ¢ axis.
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The calculated refractive indices are in good agreement with the limited data available.

I. INTRODUCTION

Silicon nitride (Siz;N,) and silicon oxynitride (Si,N,0)
are important structural ceramics with many modern ap-
plications. Si;N, is used in automobile engines parts, cut-
ting tools, machine components, nuclear reactors, etc.,
because of its superior mechanical, thermal, chemical,
corrosion resistance and other outstanding high-
temperature properties.! 73 They also play an increasing-
ly important role in the electronics industry, especially in
Si-based large-scale integration circuit technology,* and
possibly in optoelectronics.® Silicon oxynitride films have
been considered for metal-nitride-oxide-silicon nonvola-
tile memory technology® and as optical wave guides.’
Siz;N, is usually prepared from the high-temperature
reaction-bond or hot-pressed sintering process and is
therefore always in polycrystalline form with many de-
fects and imperfections. Those prepared by chemical va-
por deposition (CVD) are likely to be amorphous. The
polycrystalline Si;N, has two forms, a and 8 with B8-Si;N,
to be thermodynamically more stable.® Both the a and 8
phases have the same basic structural units with a
tetrahedral bonding for Si (Si—N,) and a planer bonding
for N (N—Si3). The unit cell of the a phase is twice as
large as the B phase, and they differ in the stacking se-
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quence of the layer subunits along the ¢ axis. For the 8
phase, the stacking is of the type ABAB. .., while for
the a phase it is of the type ABCD ABCD. The a-Si;N,
has a slightly buckled planer SiN; unit. The Si,N,O crys-
tal can be considered as an intermediate phase between
SiO, and Si;N,. The orthorhombic unit cell contains four
formula units in a networklike structure such that the
[Si;N,], sheets in the y-z plane are linked together by
bridging O along the x direction, while the Si atoms re-
tain the tetrahedral bonding unit of O—Si—Nj;. In Fig.
1, we depict the unit cells of the three crystals with
different stacking layers.

The crystal parameters of both phases of Si;N, (Refs.
9-14) and that of Si,N,O (Refs. 15 and 16) are well deter-
mined by several groups. Different reports differ only
slightly in lattice constants and internal parameters
which result in some differences in the computed bond
lengths and bond angles. The structural information
about these crystals used in the present calculation to-
gether with that of a-quartz (a-SiO,) are summarized in
Table I. The perfect crystalline Si;N,, SiO,, and Si,N,O
phases serve as pure reference systems for studying the
properties of real silicon nitride ceramics which are in-
herently imperfect. Recent progress in material process-
ing resulted in high quality films of amorphous Si;N, (a-
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FIG. 1. Crystal structure of (a) a-Si;N,, (b) B-SizN,, and (c)
Si,N,0. Shaded planes indicate layer subunits perpendicular to
the c axis.
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Si;N,) which are used mainly as substrate materials.!” !

Si,N,O may also appear as a secondary phase in the in-
terfacial grain boundary of 3-Si;N,. This has great impli-
cations on the overall performance of silicon nitride-
based structural ceramics.® Recently, it has been recog-
nized that SiO, N, glass can be an important optical ma-
terial because of the possibility of varying the optical gap
depending on the composition.? The properties of amor-
phous Si;N, and SiO,N, with and without hydrogen

. doping have been extensively studied in recent years both

theoretically?! =2 and experimentally.?> ~

In contrast to @-SiO,, the electronic structure of crys-
talline Si;N, and Si,N,O phases has not been extensively
studied. Back in 1982, Ren and Ching calculated the
electronic structure of B-Si;N, a-Si;N, (Ref. 45), Si,N,O
and Ge,N,O (Ref. 46) crystals using a first-principles
method. Band structures and the density of states (DOS)
for these crystals were presented. However, these calcu-
lations were not self-consistent, even though the crystal
potentials were carefully constructed to give an accurate
representation of the interaction. A self-consistent calcu-
lation for B-Si;N, was carried out later which included
the total-energy calculation*” and valence charge distribu-
tions.*®* DOS calculations on crystalline and amorphous
Si;N, using empirical or semiempirical methods were car-
ried out by several groups.*>>®2!72% Robertson has
thoroughly reviewed these calculations.?* In addition,
the effect of defects and doping elements in Si;N, and re-
lated materials was also discussed. Tanaka et al. studied
the electronic structure of [B-Si;N, using the discrete-
variational Xa method on small clusters.’! Lately, Lui
and Cohen performed a first-principles calculation of the
electronic and structural properties of 3-Si;N, using the
pseudopotential-localized orbital method.’> The dynamic
properties of B-Si;N, and its implication on the pressure-

TABLE 1. Comparison of crystal structure information of [3-Si;N4, a-OSigN,;, a-Si0,, and Si,N,O
crystals. The numbers in parentheses indicate the estimated ionic radius in A in the Q* calculation.

Crystal a-Si;Ny B-SizN, a-Si0, Si,N,0
Lattice constant (A)
a: 7.766 7.586 4913 8.843
b: 5.437
c 5.615 2.902 5.405 4.835
Space group Hexagonal Hexagonal Hexagonal Orthorhombic
(o8 Cén D} ci
Formula unit Z . 2 4 3 4
Bond distance (A)
Si—N (average) 1.738 1.730 1.714
Si—O (average) 1.610 1.623
Bond angle
Si—N—Si 118.8 119.9 120
Si—O—Si 144 147.4
Effective charge Q* in electron
Si 1.48(0.85) 1.50(0.86) 1.40(0.81) 1.46(0.84)
N 6.89(1.12) 6.87(1.13) 6.90(1.10)
[0) 7.30(1.02) 7.25(1.01)
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induced a to B transition were studied by Mirgorodsky,
Baraton, and Quintard.’®> Similar analysis has also been
carried out for Si,N,0.>* Murakami and Sakka attempt-
ed molecular-orbital calculations on small clusters to
determine interatomic potentials in silicon oxynitride
glass.”

In this paper, we present results of calculations of the
electronic structures of a-SizN,, B-Si;N,, and Si,N,O
crystals. Based on the electronic structure results, the
optical properties of these crystals are also computed and
compared with a-SiO,. The optical and dielectric prop-
erties of ceramic materials have attracted much attention
recently not only because of their relevance to materials
application, but also because they provide further insight
into the electronic structure and bonding in these crys-
tals, and offer a viable means for materials characteriza-
tion.5 7343556759 Most of the existing analyses of optical
properties of ceramic films were based on simple dielec-
tric models.**"% Our direct computation of the pure
reference systems can certainly facilitate the improve-
ment of these models. In Sec. II, we briefly outline the
method of calculation. The results of electronic structure
are presented and discussed in Sec. III; and that of the
optical properties in Sec. IV. We make a few concluding
remarks in Sec. V.

II. METHOD

We employ the self-consistent orthogonalized linear
combination of atomic orbitals (OLCAO) method® to
determine the electronic structure and use the resulting
wave functions to obtain the optical spectra. Together
with results from an earlier study on a-SiO, (and all other
polymorphs of SiO,) using the same method,% a detailed
and insightful comparison among these four Si-based
ceramic crystals can be made. The OLCAO method has
been well described in the literature and should not be re-
peated.* Only a brief outline is given here. We may
mention that similar calculations have been carried out
for other fundamental ceramic crystals including Al,O;,
MgO, MgA1204,66’67 AIN,68’69’75 Zr02,70’76 Y203,71
Si0,,% Ti0O,,” BN,”® CaF,,”* SiC, BeO, GaN, and InN.%
Very recently, we applied the same method to study the
structural and optical properties of B-C5N,,”7 a crystal
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isostructural to 3-Si;N, that was theoretically predicted
to have a hardness comparable to that of diamond.”®

The OLCAO method is based on the density-functional
theory with a local approximation.”8 The Wigner in-
terpolation formula is used to account for the additional
correlation effect.?! The solid-state Bloch wave functions
are expanded in terms of atom-centered atomic wave
functions consisting of Gaussian-type orbitals. We use a
full-basis set which comprises the minimal basis set plus
additional orbitals corresponding to the next shell of
quantum numbers.* The crystal potential and the
charge density are also expressed as atom-centered func-
tions consisting of s-type Gaussians whose expansion
coefficients are determined numerically. The potential is
iterated to self-consistency when the energy eigenvalues
stabilize to less than 0.0001 eV. After self-consistency in
the potential is achieved, the energy eigenvalues and
wave functions are solved at a large number of k points in
the Brillouin zone (BZ) for the calculation of the DOS
and the optical conductivity function. It is well known
that the local-density approximation (LDA) results in the
underestimation of the band gap in the case of insulators
and semiconductors.’>%® In the present calculation for
the optical properties, we do not attempt any correction
procedure to adjust the band gap. Such a procedure
probably will lead to some minor shift in the peak posi-
tions in the absorption spectra. Our major focus here is
to make a comparative study of the four crystals. We
nevertheless find our calculated absorption spectra un-
corrected for the gap to be in rather close agreement with
the measured data.

ITI. RESULTS ON ELECTRONIC STRUCTURES

The calculated self-consistent band structures of a-
Si;N,, B-Si;N,, and Si,N,O crystals are shown in Fig. 2.
Our band structure for B-Si;N, is almost identical to the
other self-consistent calculation by Liu and Cohen.’> The
top of the valence (VB) for 3-Si;N, is at a point along the
I'- A4 direction. For a-Si;Ny, it is at the M point, and that
of the Si,N,O is at the I" point. The bottoms of the con-
duction band (CB) for all three crystals are at the T’
point. The general band structure of a- and B-Si;N, are
very similar, except that the former has twice as many
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TABLE II. Comparison of calculated electronic structure of 3-Si;N,, a-Si;N,, a-SiO,, and Si,N,O

crystals.
Crystal a-SizN, B-Siz;N, a-Sio, Si,N,O

Top of VB M r—4 K r

Bottom of CB r r r r

E; min. (eV) 4.63 4.96 5.59 5.20

E, (direct at T') 4.67 5.25 591 5.20

Upper VB width (eV) 10.15 9.79 3.15,4.86 10.41

N 2s-band-width (eV) 4.16 4.12 3.31

O 2s-band-width (eV) 2.49 0.58

Effective-mass components:
mr/m(l) 0.93(I") 1.41 (I") 0.52 (I') 0.55(T")
mk/m(|)) 0.81(T") 0.26 (T 0.50 (T) 0.52 (")
my/m(1) large large —5.56 (K) —1.52 (I")
m /m(])) —0.89 (I'— 4) —1.41 (- 4) —1.31 (K) —3.22 (IN)

—0.55 (M —L)
bands because the unit cell is twice as large. For Si;N,0, differences in effective-mass components. The hole

the O 2s band is located at slightly above —20 eV. As
can be seen, the tops of the VB for all three crystals are
very flat since they are derived from the more delocalized
nonbonding 2p orbital of N. The effective-mass com-
ponents for electrons (mJ) and holes (m;’) are estimated
from band curvatures. For a-SiO, and Si,N,O crystals,
the parallel (||) and the perpendicular (1) components of
the m S} are similar because the bottom of the single CB at
T is derived mainly from the isotropic O 2s or N 2s orbit-
als. For the nitrides, mS is much larger except for the ||
component in 3-Si;N,, which has a rather small value of
0.25m,. The different stacking sequence in the crystal
structures of a- and B-SizN, can partly explain the
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FIG. 3. DOS and partial DOS of 3-Si;Ny: (a) total, (b) Si, and
(c) N.
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effective mass m;’ for all four crystals is large since the
tops of the VB are comprised of localized N 2p or O 2P
lone pairs. The comparison of different effective-mass
components for m; is complicated by the fact that only
Si,N,O has the top of the VB at the I" point of the BZ.
The present band structures are more accurate than the
earlier calculations.*>*¢ The main VB width has in-
creased, reflecting the effect of self-consistency in the po-
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upper VB are merged. The deep dip at —2.5 €V signifies
the boundary of these two sets of bands. The nonbonding
bands arise from the lone pair of N 2p orbitals. From the
PDOS, it appears that Si 3d orbitals participate in the
bonding at all energy ranges. This clearly shows that Si
3d orbitals are important in determining the overall elec-
tronic structure of Si;N,. However, as pointed out be-
fore,* this does not necessarily mean that the Si 3d orbit-
al is crucial in the formation of the Si—N bond, but rath-
er that it reflects a greater variational freedom in the
basis expansion. The importance of the pd# hybridiza-
tion in Si—N and Si—O bonds has been a question of
long standing and probably will not have a clear-cut

FIG. 9. Calculated valence charge density of Si,N,O in the
[0001] planes containing (a) Si atoms, (b) N atoms, and (c) O
atoms. Parentheses indicate the atom is an off-plane atom. The
contour lines are from 0.01 to 0.25 by 0.005 in units of electrons.
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answer. In a first-principles-type calculation such as in
the present work, the orbital states are generally mixed,
and it would be difficult to quantify the importance of the
Si 3d orbital itself.

The DOS and PDOS of «a-Si;N, are only slightly
different from that of the B-Si;N,. This is illustrated in
Fig. 5, where we compare the broadened total DOS of the
a and B phases. The upper VB DOS of 3-Si;N, has five
peaks at —1.4, —3.0, —4.9, —6.8, —8.9 eV. For the a
phase, the width of the VB is increased by 0.4 eV and the
five peaks shift slightly to —1.0, —3.8 (shoulder), —4.8,
—6.9, and —9.3 eV. The N 2s bands for a-Si;Nj, is also
slightly shifted to the lower binding energy relative to -
Si;N,. Also shown in Fig. 5 are the x-ray-photoemission
(XPS) spectrum of a-SiN;, of Karchaer, Ley, and
Johnson?® at a photon energy of 87 eV. The low resolu-
tion for amorphous sample in XPS-type experiments
prevents a detailed comparison on the structure. Still we
can see the positions of the four peaks, marked 4, B, C,
and D agree well with the calculated DOS for crystalline
samples. Increased experimental resolution may reveal
the five-peak structure for the upper VB. The agreement
is better with the a-Si;N, than with B-Si;N,. It appears
that a-Si;N,, with a wider distribution in bond lengths
and bond angles, is closer in structure to a-SiN,,.

The VB structure of a and 8 and amorphous phases of
Si;N, were studied by Carson and Schnatterly*? and
Nithianandam and Schnatterly,® using soft-x-ray emis-
sion. The spectra they obtained for the three types of
samples are very similar. Wiech and Simunek* mea-
sured the Si-K, Si-L, and N-K x-ray emission spectra of
a- and B-Si;N,. Their main conclusion confirms that the
upper VB has broad three-peak structures 4, B, and C as
shown in Fig. 5. The x-ray-emission spectroscopy (XES)
data further indicate peak C to be Si 3s like, that peak B
arises from Si 3p and N 2p and the peak A4 is composed of
a mixture of Si 3s, S 3d, and N 2p components. This in-
terpretation is consistent with the calculated orbital-
resolved PDOS shown in Fig. 4.

The calculated total DOS, atom-resolved PDOS, and
orbital-resolved PDOS of Si,N,O are shown in Figs. 6
and 7, respectively. The introduction of bridging O into
the network greatly modifies the VB DOS profile. The
upper VB is now wider than that of 8-Si;N, by about 0.6
eV, and there are more structures in the upper VB be-
cause of the presence of bonding and nonbonding O or-
bitals. In the early non-self-consistent calculation for
Si,N,0,% the upper VB splits into two disjoint sections.
This is no longer the case in the present calculation.
However, the top of the VB remains distinct from the
nonbonding N lone pair. To see how well the DOS of
Si,N,O can be represented by the superposition of the
DOS of Si;N, and SiO,, in Fig. 8 we plot the broadened
DOS of Si,N,O and that of the weighted average of -
Si3N, and a-SiO,. It is clear that there are substantial
differences in the peak positions and intensities in these
two spectra. This is particularly true for the O 2s peak.
In Si;N,O, the O 2s peak is much narrower and at a
higher binding energy. This is because the bonding of N
to Si in Si,N,O leads to a stronger Si potential as seen by



O. In the upper VB region, the superimposed curve
shows a very strong peak at —1.4 eV due to the additive
effect of the N 2p nonbonding peak in 3-Si;N, and the O
2p nonbonding peak in a-SiO,. In Si,N,0, only the N 2p
nonbonding peak remains at —0.9 eV; the O 2p non-
bonding peak shifts to lower energy (higher binding ener-
gy) at —2.5 eV. On the other hand, the difference in the
N 25 band is much smaller since the Si potential seen by a
N atom in Si,N,O is only slightly different from that in
B-Si;N,. In a series of Auger measurements of Si;N, with
varying O contents, Madden and Holloway?® found that
the O-related peak structure in the oxynitride is narrower
and at a higher binding energy than the similar O peak in
a-Si0,, while there is little change in the N-related peak.
Our calculated DOS for Si,N,O is fully consistent with
their observation. Figure 8 clearly shows the importance
of self-consistency in the potential in the electronic struc-
ture calculation for a multicomponent crystal, since a
non-self-consistent calculation is unlikely to show such a
difference.

The valence charge distributions for B-Si;N, and a-
SiO, have been presented before.*®% It was shown that
both «@-SiO, and pB-Si;N, have nonspherical charge-

(a) a-SizNg

6 — (b) B-Si3N4

(c) a-SiO2

(d) SigN20

B .
0 5 10 15 20 25
ENERGY (eV)

FIG. 10. Calculated real (dashed line) and imaginary (solid
line) parts of the dielectric function: (a) a-Si;N,, (b) B-Si3N,, (c)
a-Si0,, and (d) Si,N,O.
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density distributions. Both ionic and covalent bonding
characters are present. In Fig. 9, we present the valence
charge density of Si,N,O crystal in the three planes per-
pendicular to the c¢ axis, each containing Si, N, and O
atoms, respectively. In each plane, the charge densities
from the off-plane atoms show the bonding characteristic
of the Si—N and Si—O bonds to be similar to those in
Si3;N, and @-SiO,. The covalently bonded network-type
structure is very obvious. Of particular interest is the
open channel of very low charge density running parallel
to the ¢ axis. Such an electron-density distribution gen-
erally indicates anisotropic transport properties.

In order to investigate the bonding in Si;N,, SiO,, and
Si,N,O crystals in more detail, we have estimated the
effective charges on each atom by means of a direct space
integration scheme using the self-consistent valence
charge densities.®”’! An ionic radius for each atom is
first estimated from the charge map. The integrated
charge within the sphere of that radius belongs to that
ion. The rest of the charge in the crystal is apportioned
to each ion in proportion to their spherical volume. This
scheme, like any other scheme for effective charge, is ap-
proximate at best. Nevertheless, it provides a prescrip-
tion to estimate the effective charge for each ion based on
the self-consistent charge distribution. The results are
listed in Table II. The Si—N bond is shown to be more
covalent than the Si—O bond, because the Si in Si;N, has
a larger effective charge. The effective charges in Si,N,O
are intermediate between Si;N, and a-SiO,, as expected.
On the basis of these calculated effective charges, we may
write the ionic formulas for the four crystals as a-
(Si+2.52)3(N1.89 )4’ B-(Si+2'50)3(N_1'87 )4’ a-
(Si+2.60)(0-1.30)2’ and (Si+2.54)2(N—1.90)2(0—1.25 ). Thus
the valence of O and N atoms in these compounds are not
2 and —3, respectively, as assumed in many empirical
studies.

IV. RESULTS ON OPTICAL PROPERTIES

The optical properties of crystalline Si;N, and Si,N,O
are not well studied at all due to the lack of single-crystal
samples for Si;N, and Si,N,O. The most quoted mea-
surement is still that of Phillip®® on a-Si;N, back in 1973,
more than 20 years ago. More recently, better character-
ized thin films of silicon nitride and silicon oxynitride be-
came available, but many of them contain H atoms. Lim-
ited optical measurements were carried out.2%3%38,5%86
Because of the feasibility of using SiO, N, glass as a gra-
dient index optical material,”® intense research effort on
the optical properties of Si;N, and Si,N,O are expected.
Since amorphous SiN, or SiN,O, films are generally
nonstoichiometric, and may even contain Si- or SiO,-like
regions, or void spaces, optical or dielectric measure-
ments becomes a means of sample characterization pro-
vided the structure-properties relationship of the consti-
tutional phases is well understood. Understanding the in-
trinsic optical properties of the pure reference crystals is
certainly a matter of great importance. On the theoreti-
cal side, we are not aware of any serious calculation for
the optical properties of these crystals. Empirical
methods generally do not provide realistic wave functions
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for detailed optical calculations.

Based on the ab initio wave functions, we have calcu-
lated the interband optical conductivities of these crys-
tals, taking into account of the k dependence of the
momentum matrix elements. All other optical functions
such as real and imaginary parts of the dielectric func-
tions, energy-loss functions, and the absorption
coefficients can be obtained from the conductivity func-
tions.** Our computational procedures are similar to
those reported for a-SiO, (Ref. 65) and a-Al,0; (Ref. 67).
We have ignored the effect of the band-gap underestima-
tion associated with the LDA theory in the present study.
Our calculated optical results for a-Si;N,, B-Si;N,, a-
SiO,, and Si,N,O are shown in Fig. 10. Each section
contains the real and imaginary parts of the dielectric
function for photon energies up to 25 eV. The &,(w)
curve is evaluated first from the interband optical con-
ductivity and the real part is obtained from the imaginary
part by Kramers-Kronig conversion.’” Within this fre-
quency range, &,(w) for 5-Si;N, has a sharp peak at 9.8
eV and less strong peaks at 7.8 and 11.0 eV. For the a
phase, the main peak at 10.2 eV becomes much
broadened, and the peak at 7.8 eV becomes stronger
while the peak at 11.0 eV degenerates into a weak shoul-
der. For the Si,N,O crystal, there are many more struc-
tures in the &,(w) curve, reflecting the multiple-peak
structures in the VB DOS discussed in Sec. III. We can
clearly identify structures as at 7.8, 9.6, 11.0, 12.0, 12.8,
13.9, and 15.5 eV. The peak structures in a-SiO, have
been discussed before.®® In a-Si0,, the absorption spec-
trum is complicated by the presence of the excitonic
peak.

The zero frequency limit of €,(w) is the electronic part
of the static dielectric constant €(0). The €(0) value aver-
aged over the three Cartesian directions and their com-
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ponents in the directions parallel and perpendicular to
the c axis are listed in Table III. We note that the £(0) of
the nitrides are larger than that of oxides, as expected,
and that £(0) of a-Si;N, is larger than that of B-Si;N,. Of
particular interest is the considerable optical anisotropy
in nitrides. The parallel component is larger than the
perpendicular component. This optical anisotropy must
be related to the planar layered structure in both a-Si;N,
and B-Si;N, discussed in Sec. I. Both a-SiO, and Si,N,O
show no evidence of appreciable optical anisotropy.

The square root of €(0) is a good estimate of the refrac-
tive index in these crystals. For Si;N, and Si,N,O sys-
tems, the only refractive index data available for compar-
ison are for nonstoichiometric amorphous samples.
These are listed in Table III. The general agreements are
very consistent.

In Fig. 11, we compare the calculated optical conduc-
tivity of a-Si;N, and B-Si;N, with the optical data of
Phillip® for a-Si;N,. The agreement is quite good for
both the magnitude and shape of the spectrum up to 18
eV. Naturally, the structures in the calculated curve for
crystals are absent in the data for amorphous samples.
The ¢,(w) curves for a-Si;N, and 3-Si;N, are also in good
agreement with a recent vacuum-ultraviolet (vuv) spec-
tral measurement on polycrystalline samples of Si;N, by
French et al.%®

For Si,N,O crystal, we cannot locate any measured
data. Most existing optical measurements were on non-
stoichiometric SiO,N,, films.”20:38:5%8% Tt js highly desir-
able to have detailed optical measurements on crystalline
samples of Si,N,0. A common practice is to assume the
optical spectrum for Si,N,O can be represented by the su-
perposition of the respective spectra of Si;N, and a-SiO,.
In Fig. 12, we compare the calculated &,(w) curve of
Si,N,O with the average of a-Si;N, and a-SiO, and the

TABLE III. Comparison of optical properties of 8-Si;N,, a-Si;N,, a-Si0,, and Si,N,O crystals.

Crystal a-SizNy B-Si;N, a-Si0, Si,N,O

£,(0) 4.33 3.90 2.45 3.34
£,(0)(||) 4.45 4.01 2.45 3.33
€,(0)(1) 4.09 3.67 2.45 3.36
n, refractive index 2.08 1.97 1.57 1.83
n (experiment) 2.0%, 1.99° 1.55 1.55-2.91°
2.19, 2.04° 1.45 (glass) 1.68°

E,, (V) 5.0-5.2 5.4-5.8 6.7-7.3 6.0
E,, (eV) (experiment) 4.48, 4.64 8.8 5.2-5.7"
4.0%, 5.5' 5.25

2Reference 90.

YReference 56.

°Reference 57 for films of various thicknesses.
dReference 58.

‘Reference 35.

fReference 7.

EReference 40.

hReference 57.

iReference 89.

iReference 6.



51 ELECTRONIC STRUCTURE AND OPTICAL PROPERTIESOF c . . . 17 387

10 2.0 l
— 1 ; [
- 8- i ! [
o I () B-SizNy ,
o 6] 1.51 o i ]
73] (a) a-SizN4| ! (d) a-SiOp]

g ' i !
o 41 3 'J' i [(c) SigN20 |
— 1.0 i H ]
~ 92 — ,‘ |
3 1 |

@) = / |
0 + ) / |

0 0.5 / J

/
ENERGY (eV) /7 J
/ 7
FIG. 11. Comparison of calculated o(w) for B-Si;N, (solid 0.0 - =
line), a-Si;N, (dashed line), and experimental data (circles) of 4 5 6 ~ 8

Ref. 85 for a-Si;N,.

average of B-Si;N, and a-SiO, without adjusting the band
gap. As can be seen, the superimposed result is incapable
of representing the absorption curve for Si,N,O crystal
below 10 eV. It fails to reproduce the leading peak at 7.8
eV. It is precisely the absorption structures near the edge
that control the refractive index of the material.

In Fig. 13, we plot the optical-absorption power which
is proportional to &,(w)w near the absorption edges for
the four crystals. It is clear that there are tails in all four
spectra before the onset of the sharp edge. The tail struc-
tures for a-SiO, and Si,N,O are larger than either of the
nitrides. This is due to a single lower CB at I'" in oxides.
The existence of the tail structure depends on the nature
of the wave functions at the top of the VB and the bot-
tom of the CB at the direct-gap minimum. It should be
pointed out that in optical experiments, the gap is usually
deduced from the extrapolation of the sharp absorption
edge. The intrinsic tail structure indicates that the opti-
cal gap will be larger than the calculated intrinsic gap.
This point is often ignored by may investigators when

E2(w)

E2(w)

5 1 15 20
ENERGY (eV)

FIG. 12. Comparison of g,(w) of Si,N,O with (a) average of
a-Si3Ny, and a-SiO,; (b) average of B-SizN, and a-SiO,.

ENERGY (eV)

FIG. 13. The calculated absorption power near the threshold
for the four crystals. (a) @-SizNy, (b) B-SizNy, (¢) Si,N,0, and (d)
a-Sio2.

they compare the experimental gap with the calculated
one. The problem is further confounded by the fact that
the tail structure (the so called Ubach tail) in the experi-
mental curve may also be due to the presence of defects,
or due to finite temperature effect, i.e., phonon-assisted
transitions. It is our contention that in oxides and other
large-gap insulators, the calculated intrinsic gap is always
smaller than the measured optical gap, even without con-
sidering the shortcoming of the LDA theory. In the
present calculation, intrinsic band gaps of 4.63 and 4.96
eV (see Table II) for a-Si;N, and B-Si;N, are obtained, re-
spectively. The extrapolated optical gaps according to
Fig. 13 will be 5.0-5.2 eV for a-Si;N, and 5.4-5.8 eV for
B-Si;N,, respectively. This is in good agreement with the
optical gap of 5.5 eV of Kurta, Hirose, and Osaka®® and
also Milek.”® For a-SiO, and Si,N,O, the extrapolated
optical gaps are 6.8—-7.3 and 6.0 eV, respectively, com-
pared to the direct gaps of 5.91 and 5.20eV at I'.

V. CONCLUSIONS

We have studied and compared the electronic structure
of a-SizN,, B-SizN,, and Si,N,O crystals by means of
first-principles self-consistent LDA calculations. The re-
sults show marked improvement over the older non-self-
consistent calculations and are in good agreement with
experimental measurements. We also show that the
upper VB of nitrides may have five peak structures in-
stead of only three. We show that Si—N and Si—O
bonds in these crystals have both ionic and covalent char-
acters with the Si—N bond more covalent, and hence a
stronger bond. From the calculated effective charges, we
deduce a more reasonable ionic formula for these crystals
to be a-Sit*2),(N"!¥),, B(Sit*0),N"IY), a-
(Si+2'60)(0_1'30)2, and (Si+2.54)2(N—1.90)2(0—1.25 ).

We have also calculated the optical properties of these
crystals and compared with the available experimental
data. Our results will be useful as reference data for
analyzing the optical properties of more complicated a-
SiN, and a-SiO,N, films. We emphasize the difference
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between the calculated intrinsic gap and the experimental
optical gap in insulating crystals. We show that the elec-
tronic structure and optical properties of the Si,N,O
crystal cannot be adequately represented by a linear su-
perposition of either a-Si;N, or B-Si3N, with a-SiO, be-
cause of the subtle interaction between Si, O, and N. It is
further shown that both a-Si;N, and B-Si;N, possess sub-
stantial optical anisotropy which are absent in a-SiO, and
Si,N,O0.

The present result will be valuable for the study of a-
SiN, and for SiO,N, glasses, since the site-decomposed
potentials from the self-consistent crystalline calculations
are transferable and can readily be used to calculate the

YONG-NIAN XU AND W. Y. CHING 51

electronic structures of amorphous systems from first
principles. By constructing appropriate structural mod-
els with different compositions, possibly containing real
microstructures such as voids and different bonding
configurations, and performing similar calculations on
the electronic and optical properties, a much deeper un-
derstanding on the properties of these important ceramic
materials can be achieved.
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