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Abstract: The crystal orbital (CO) scheme is constructed for B-Si3N4 to display
the bonding in the solid compound. The electronic band structure is obtained
within the extended Hiickel tight-binding approach for periodical systems. For
the purpose of comparison features of the electronic structure are contrasted for
a series of SiC, Si3Ny, and SiO,. Partial DOS are displayed to highlight orbital
interactions. Combined with bonding properties of states they are used to assign
simplified interaction diagram consisting of atomic energy levels, total DOS dis-
tribution and interaction lines. The interaction scheme provides well-arranged
synoptical picture showing fundamental factors responsible for the final distribu-
tion of energy states. Via the CO scheme the bonding in B-Si;Nj, is displayed in
the form understandable to people with no knowledge of quantum mechanics.
1 1998 Elsevier Science Limited and Techna S.r.l. All rights reserved

INTRODUCTION

The electronic structure of crystalline SizNg has
been documented by several groups of researchers
using empirical or semiempirical approaches,'™
first-principles not self-consistent® and also self-
consistent method.” ¥ Calculations are thoroughly
reviewed by Robertson.!? Band structures and the
density of states (DOS) are presented for B-SizNy
(Refs 1--3). Electronic structures of both a- and B-
phase are compared in Refs 6 and 9. Ching er al.
illustrate that calculated spectrum of energy states
compares well with XPS experiments.!"!* The total
and partial DOS of a-Si3Ny are only slightly dif-
ferent from that of B-Si3Ny4. The low resolution of
the XPS-type experiments and surface admixtured
amorphous phase prevents the detailed comparison
of two structures. Four bands of occupied states,
clearly visible irrespective of a-, B-, or amorphous
phase, apparently originate from interactions
between nearest neighbours within basic structural
unit of SiN, tetrahedra.

The four main peaks have been described in
terms of the band structure, DOS, partial DOS and

*Present address: Institut de Chimie Inorganique, Universite
de Fribourg. Perolles, 1700 Fribourg, Switzerland.

charge density maps. These classical tools of the
solid state physics and chemistry provide valuable,
but only partial characteristics of a solid as seen
from various points of view. Silicon nitride has
been important industrial material. Since all mate-
rial properties depend ultimately on the electronic
structures, detailed information on the energy-
band structure can advance basic understanding
about the solid compound. Most of people treating
this material in many diversified applications are
non-professionals to the field of theoretical meth-
ods. Results originated from the solid state theory
therefore should provide simple explanation of the
bonding and indicate the relation of the electronic
structure and properties of solid materials. A lot of
work in learning how to think and understand
chemical bonding in solids on the basis of intera-
tomic interactions has been initiated in Hoffmann’s
group.'?!'* They use to seek out of simple orbital
explanations and relationships between the struc-
ture at hand and all other possibly related systems.
Following their strategy the crystal orbital (CO)
scheme was introduced recently!>!® in which the
analysis of orbital interactions results in one simple
figure. The figure integrates essential features of the
electronic structure stressing the role of the chemi-
cal bonding. Based on the DOS distribution the
scheme represents simplified interaction diagram
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providing the explanation why the spectrum of
states is shaped the way it is.

In this work the crystal orbital scheme for Si3N4
is constructed based on the electronic structure of
the B-phase. Details on the structure and the com-
putational method are followed by results (DOS
and partial DOS) briefly summarized to the extent
necessary to show orbital interactions. Finally, an
analysis of bonding properties of states is shown to
provide the ground for the understanding of the
bonding and setting up the crystal orbital scheme
for Si3N4.

STRUCTURE AND COMPUTATIONAL
DETAILS

The crystal structure of B-SizN, is described by
Hardie and Jack!” (a phenacite-type structure,
space group symmetry P6;). Each Si atom is in the
center of irregular tetrahedron of N atoms. The
tetrahedra share corners in such a way that each N
atom is common to three tetrahedra (Fig. 1(a)).
Three-dimensional CO calculations'® are per-
formed within the extended Hiickel approach!®-2°
(parameters from Refs 21 and 22, single crystal
structural data from Ref. 23). The asymmetric unit
of the Patterson space group P6/m is employed

Fig. 1. (a) The atomic arrangement of the unit cell of
B-Si3N4. The full (open) circles represent nitrogen (silicon)
atoms. Two N atoms from neighbouring cells are included to
highlight the tetrahedral coordination sphere of silicon (dot-
ted lines). (b) The Brillouine zone for the hexagonal structure
and the asymmetric unit of the Patterson space group P6/m.
High symmetry elements of the ireducible wedge are indicated
by full (points) and open (axes) circles.
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as an integration domain in the k space?*
(Fig. 1(b)). A 52 k point mesh is used to compute
the density of state curves and crystal orbital overlap
populations.

RESULTS AND DISCUSSION

Total density of states

Calculated total DOS curve for B-SizNy is shown in
Fig. 2. For the purpose of comparison this curve is
displayed for a series of structures made of SiX,
tetrahedra (X = C, N, and O). The methodology
used to describe the electronic structures is
approximate,'>?® not reliable quantitatively. An
energy gap separating the valence band (VB) top
states and the minimum of the conduction band
(CB) is always exaggerated. Nevertheless, the
methodology provides a conceptual basis for
understanding of electronic structures.!3:14

Three bands separated by sizable gaps dominate
the valence region of all three compounds (Fig. 2).
The lower VB and the upper VB (from the left) are
followed by the CB. First two of them are bands of
occupied states. According to dominant compo-
nents they are usually referred to as s and p bands
(for more detailed explanation see the following
paragraph). Dashed and dotted lines in Fig. 2
indicate states due to equivalent orbital interac-
tions (see orbital interactions below). The Fermi
level (Er)—the highest occupied energy level—falls
at the edge of the VB. Note that states in SizN,
(from the left up to the Fermi level) show typical
four peak structure in accordance with XPS
experiments!"!2 and total DOS presented by
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Fig. 2. The comparison of the total DOS for a-SiC, B-Si3Ny,

and «-Si0; (normalised to one formula unit); Vertical lines

located at the edge of the valence band indicate the position

of the Fermi level of the corresponding compound (Ep). the

filled area highlights states originated from nonbonding
electrons.
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other groups.!® Because VBs are completely fil-
led, a-SiC, B-Si3Ny, and a-SiO; are stable systems.
On going from SiC to SiO, the total DOS exhibits
enlarged separation of highest occupied and lowest
unoccupied states. This increasing of the energy
gap indicates enhanced thermal stability. As
apparent in Fig. 2, the large energy gap is due to
the band position but depends also on the width of
bands (band positions are discussed in the last sec-
tion of this paper). Relatively narrow bands in
S10, also stand for factors contributing to the high
thermal stability of this compound. For «-SiC, B-
Si3Ny, and a-SiO, the widths of occupied bands are
summarised in Table 1. Other property of a mate-
rial closely related to the width of bands is hard-
ness. The hardness critically depends on the
strength of bonds. The bondstrength is driven by
the covalency of the bonding and the degree of
covalency itself is reflected in the electronic struc-
ture of compounds. The more covalent bonding,
the larger bandwidths of corresponding bands in
bandstructures.'*!42526 Ag the hardness of com-
pounds has been assessed according to the corre-
sponding bulk modulus,?”-?® (the bulk modulus of
an ideal solid is defined as the resistance of a
material towards elastic deformations) there exists
close relation between width of bands in electronic
structures and bulk moduli. Last column in Table 1
demonstrates this relation. Both s and p bands are
considerably broadened from SiO, towards SiC.
The trend in increasing the bandwidth corresponds
well with increasing bulk moduli.

In SiC the pronounced band broadening results
in considerably reduced energy gap (compared to
Si0, and SiaNy4) and this material appears a wide
bandgap semiconductor.?® As the crystalline long-
range order plays no role in determining the overall
electronic structure, semiconducting properties are
intrinsic to all SiC polytypes.

Partial DOS and orbital interactions

The DOS curves in Fig. 2 show multiple structures
in all three band regions. Such fine structures

Table 1. Width of occupied bands and bulk moduli
of a-SiC, -Si3N,4, and a-Si0O,

Bandwidth (eV)

s band p band By (GPa)”
%-SiIC 75 6.8 430
B-SizNg4 5.7 49 120-330
x-Si0, 35 33 74

*Bulk moduli By according to Ref. 40, pp. 808, 815, and
330 for SiC, SizN,4, and SiO,, respectively. A value for sin-
tered «-SiC is reported. Broad range of values for SizN,4 cov-
ers different material types.
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delineate details of the bonding interactions. The
gross features of the calculated DOS spectra, which
are similar for all three compounds, are in good
agreement with the experimental UPS and XPS
measurements.!'123% 32 Fine structures especially
for deeper lying levels are in experimental spectra
not present because of technical limitations and/or
due to a complex background in the photoioniza-
tion process. Numerous band structure calcula-
tions reported so far, however, display DOS
structures, which can be assigned to orbital-to-
orbital interactions. The investigation of orbital
interactions needs the band decomposition of
orbital-projected components. Such decomposi-
tions (appearing, for example, in Refs 6 and 9) is
detailed in Fig. 3 for B-SizNy. In covalent bonding
the states (both bonding and antibonding) contain
components of both interacting partners. In
decomposition of states into orbital contributions
covalent interactions are thus easily recognized
according to the mirroring of interacting compo-
nents on the energy scale. As SiC, Si3zN, and SiO»
are highly covalent systems this mirroring allows
the classification of states according to orbital
interactions. Figure 4 shows orbital interactions
between the central silicon atom and the nonmetal
atom in the corner of the tetrahedron.

Though the following analysis of orbital interac-
tions 1s demonstrated for SizN,, conclusions are
valid also for SiC and SiO,, because interactions
within similar building units (SiXy tetrahedra) give
rise to similar dispersion of states (Fig. 2 and Refs 1-
12 for S13N4, Refs 33 and 34 for SiC. Refs 35 and 36
for Si0O,). The partial DOS (Fig. 3) show that
states of the s band which are dominated by the
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Fig. 3. The decomposition of states of Si;N, into orbital

components. The mirroring of states on the energy scale (sili-

con vs nitrogen) indicates a covalent interaction. Note that

each structure of DOS is due to the orbital interaction except

the hight narrow sub-band at the edge of the p band. These

states of nonbonding electrons originated from the nitrogen p
orbitals have no counterpart on silicon.
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Fig. 4. Orbital interactions inside the SiXy4 tetrahedra dis-

played for the central silicon atom and one atom situated in

the corner. (a—d) Bonding interactions. (¢) The nonbonding

interaction. Non-overlapping nonmetal orbitals accommodate

nonbonding electrons. (f) The overlap of charge densities
with opposite signs gives antibonding states.

N(2s) component are clearly due to two kinds of
interactions. The N(2s)-to-Si(3s) interaction
(Fig. 4(a)) gives rise to low intensity states spread
over several eVs at the low energy side of the band.
These represent the deepest lying energy states of
the valence region. The states concentrated in rela-
tively narrow sub-band at the high energy side of
the s band (in Fig. 2 indicated by dashed line) are
due to the N(2s)-t0-Si(3p) interaction (Fig. 4(b)).
Different bandwidths of these two sub-bands are
caused by different atomic orbital overlaps (a tet-
rahedral arrangement allows only limited overlap
of central Si p orbitals with s orbitals of coordi-
nated N atoms).

The distribution of states inside the p band dis-
plays similar pattern. The structure shows two dis-
tinct sub-bands (SiC) supplemented with another
pronounced subband (filled area in the spectra of
SizNy4 and SiO; in Fig. 2). This band contains only
p states of the more electronegative atom (nitro-
gen) admixtured with two components coming
from silicon. States of the subband at the low energy
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side are due to the N(2p)-to-Si(3s) interaction
(Fig. 4(c)). States of the next subband originate
from N(2p)-to-Si(3p) interaction (Fig. 4(d)). Note
that only states indicated by a dotted line (Fig. 2)
show mirroring of N(2p) vs Si(3p) states in Fig. 3.
Having no bonding counterparts, the highest
occupied states, highlighted by the filled area in
Fig. 2, appear to be nonbonding ones. As demon-
strated in Fig. 4(e), these nitrogen p orbitals do not
overlap with orbitals of the neighbouring silicon
atom.

The unoccupied states are spread over large
energy interval and do not show characteristic fea-
tures. Nevertheless, the lowest unoccupied states
contain orbital components indicating antibonding
interaction of Si(3p) and N(2p) orbitals. These
states are due to the negative overlap of orbitals
(note opposite signs of atomic wave functions in

Fig. 4(f)).
Bonding properties of states

Solid state allows more interatomic interactions
compared to molecules because of closer packing
in three dimensions. Atoms in solids thus often
simultaneously participate in several kinds of
interaction, some of them can be competitive (e.g.
the pd vs dd competition in transition metal car-
bides and nitrides3”-38.) Density of states represents
the sum of all interactions. Investigating bonding
properties of states one must therefore consider all
relevant interactions. Any state (defined by its
position at energy scale) inside a band consists of
contributions which in principle can show bonding,
antibonding, and nonbonding properties depend-
ing on interacting counterparts. The global terms
like, for example, “bonding states at —11 eV”
indicating bonding properties without predefined
interacting bodies are inadequate and might lead to
an erroneous interpretation (an example of erro-
neous conclusions about the bonding in transition
metal carbides and nitrides® is given in Ref. 15).
An obvious procedure in investigation of bond-
ing properties of states is the calculation of Mulli-
ken overlap population for all states in a certain
energy interval.!3-2025 It is positive (negative) for
bonding (antibonding) states and approaches
zero for nonbonding ones. Figure 5 shows
COOP (crystal orbital overlap population) curves
for a-SiC, B-Si;N4 and a-SiO, within the energy
interval covering the p band. The total DOS is dis-
played for reference to indicate where the bands of
states are located (the scale for the DOS differs
from that for COOP curves). The COOP quantity
is overlap population-weighted DOS displaying
bonding properties in graphical form.!3:20.25
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Fig. 5. The COOP curves for the p band of a-SiC, B-SisNy,
and a-Si0,. The dashed line indicate properties of states due
to the interaction of nearest neighbours. Note that they are
all bonding (positive values). the interaction of next-nearest-
neighbours is slightly anti-bonding for the Si—Si interaction
(dotted line). The X-X interaction (X = C,N,O; dot-dashed
line) is slightly bonding. Topmost occupied states show the
antibonding behaviour due the repulsion of lone electron
pairs in Si;Ng4. and SiO,. The total DOS (full line) is dis-
played for reference.

Dashed lines display the COOP for the interaction
of nearest neighbours (Si-to-X). They indicate that
in all three svstems most bonding states come from
the interaction of nearest neighbours. In Si;N4 and
SiO, this curve is positive throughout the whole p
band, but falls to the zero line within the sub-band
situated at the higher energy side (just below Ef).
This demonstrates the nonbonding character of
these highest occupied states. Such nonbonding
states participate only in electrostatic interactions.
Increased number of nonbonding states (filled area
Fig. 2) causes increased ionicity of the bonding and
drives properties of materials (cf. bulk moduli in
Table 1). Intriguing feature is that none Si-to-X
antibonding states (X = C, N, O) appear within the
p band in these compounds. All Si-to-X bonding
states are occupied already in SiC (eight electrons
per four bonds). Additional electrons in Si;N4 and
SiO, turn nonbonding but not antibonding. The
tendency of electrons to avoid filling of antibonding
states gives rise to modified arrangement of the
SiX, tetrahedra in the structure. To keep p elec-
trons nonbonding an overlap of orbitals must
diminish. This is achieved by increasing the Si—X—-Si
angle from =~ 110° in «-SiC to =~ 120° in B-Si3Ny4
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and to & 144° in o-S10,. The structures lower their
symmetries (from P63, to P6; and to P3,1) and
become more open to accommodate increased
number of non-overlapping lone electron pairs.
This capacity of structures to prevent electrons
from filling of antibonding states represents
another important circumstance closely relating
the high thermodynamical stability of these
compounds.

The curves for second neighbours (silicon-silicon
and nonmetal-nonmetal) are much closer to the
zero line (Fig. 5). This demonstrates diminished
role of the bonding between second neighbours
compared to nearest neighbours. The Si-10-Si
curves (dotted) show weak antibonding interaction
within both bonding sub-bands (Fig. 5, sub-bands
of SisNg at * —17 eV and ~ -14 ¢V and corre-
sponding sub-bands in SiC and $Si0,). The dash-
dotted curves indicate that all states of the p band
are slightly nonmetal-to-nonmetal bonding except
the topmost occupied states (Fig. 5, right sub-band
just below Eg in each compound). These show
antibonding nonmetal-to-nonmetal interaction. In
SiC the states located at ~ —12 eV display a weak
carbon-to-carbon interaction. In Si;N, states at
~—13 eV, occupied by lone electron pairs, are
much more nitrogen-to-nitrogen antibonding
(compared to SiC). In SiO; a considerable amount
of the electron density is Si-O nonbonding. The
dash—dotted curve shows that nonbonding states
are strongly antibonding in oxygen-to-oxygen
interactions.

Crystal orbital scheme

The crystal orbital scheme is simplified interaction
diagram comprehending all particular solutions
reported in previous paragraphs (Figs 2-5). In
Fig. 6 the CO scheme is shown for Si:N,. It
consists of three components: (i) the total DOS
displayed on the real energy scale; (i) atomic
energy levels; and (iii) interaction lines connecting
energy states before (atomic) and after (solid state
energy states) the bonding. Horizontal lines within
the DOS denote band and/or sub-band maxima
(centres of mass for broad bands).

The scheme shows which levels take part in the
bonding (s and p levels of both silicon and nitrogen
atom). Interaction lines indicate orbital interac-
tions giving rise to the splitting of atomic orbitals
into a multiplet of levels. Bonding properties of
states are characterised by the direction of interac-
tion lines. Lines going downwards indicate stabili-
zation (compared to the atomic position) and
bonding character of states. Levels shifted upwards
are antibonding. Nonbonding states reside at their
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Fig. 6. The crystal orbital scheme for SizN4. The scheme con-
sists of the total DOS, atomic energy levels and interaction
lines. Interaction lines show the origin of states and indicate
their bonding properties. States shifted downwards (relative
to the atomic position) are bonding. Note that highest occu-
pied states are clearly nonbonding as they reside at their
atomic position. States shifted upwards are antibonding
(destabilised). Truncated interaction lines indicate off scale
position of antibonding states. AE, shows the energy separa-
tion for the Si(3s)-to-N(2s) orbital interaction.

atomic position (note the band of highest occupied
states originated from nitrogen lone electron pairs
in Fig. 6).

Several features within the CO scheme demon-
strate simultaneously the degree of the covalency/
ionicity of states. Only states having both bonding
and antibonding counterparts are covalent. In the
valence region of Si;Ny all states except the band
of nonbonding states (see above) are covalent. The
nonbonding states reside exclusively at the more
electronegative nitrogen atom having no counter-
parts for covalent bonding. Therefore they take
part in the bonding only via electrostatic (ionic)
interactions. The stabilizing shift of occupied states
(compared to atomic positions) scales with the
degree of covalency. Note that different states
show different covalency. The degree of covalency
reflects also in bandwidth—more covalent bonding
causes spreading of states over broader energy
intervals. Extremely narrow band of nonbonding
states, contrary, demonstrates their ionic character.

The scheme underlines the role of AFE—the
energy difference between interacting atomic levels
(in Fig. 6 AE, indicates the energy difference
between s levels of the two neighbouring atoms).
AE is proved one of the governing factors of the
bonding. The smaller value of the AE gives rise to
the higher covalency (in a supercovalent system
like diamond and solid silicon AE = 0). Within the
p band states due to both pp and sp interactions
(sub-bands at ~—13 and =~ —17 eV) show similar
energy matching—AE,, = AE, = 4 eV. Therefore
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their degree of covalency is similar. The s band,
contrary, consists of states of two kinds. Less sta-
bilised upper states concentrated within the narrow
energy iterval at & —27 eV are rather tonic (AE,, =
17 eV). More stabilised states, spread over the
broad energy interval down to x~-33 eV, are
apparently more covalent (AE, & 9 eV).

The values of AE, determined by positions of
atomic levels, closely relate to electronegativity
values of interacting elements. The larger AE cor-
responds to the larger difference in electro-
negativities. Note that atomic levels of the more
electronegative atom (nitrogen) drive the location
of occupied states of the solid compound on the
energy scale. Both the s and the p band of SizNy4
are located close to the nitrogen atomic positions,
slightly stabilised as already described above. In
general the larger is the value of AE, the smaller is
the contribution from orbitals of the less electro-
negative atom. Occupied states are therefore
dominated by the component coming from the
more electronegative atom. In Si;N,4 rather large
values of the energy difference (AEF ~ 9 eV, and =
4 eV for the ss and the pp interaction, respectively)
indicate that states of the nitrogen atom must
dominate the bonding. Partial density of states
(Fig. 3) demonstrate that the band composition
corresponds well with the value of the AE. In spite
of the fact that the CO scheme does not show par-
tial DOS (to keep it as simple as possible) the band
composition is apparent from values of the AE.

CONCLUSIONS

Electronic structures are reported for a series of
solid compounds SiC, Si;N,, and SiO,. A simple
comparison of total DOS demonstrate the
increased thermal stability of SiO, on one side and
the higher hardness of SiC on the other side. Par-
ticular solutions of electronic structures are inte-
grated into one simple figure called the crystal
orbital scheme. The step by step construction of
the scheme is demonstrated for SizNy4 to be easily
reproduced for other solids. The CO scheme shows
characteristic features like bands, sub-bands,
energy gaps, bandwidths, etc. Instructively and ina
well understandable way are displayed orbital
interactions responsible for stabilising (destabilis-
ing) shifts of energy levels and splitting of levels
into components with various bonding properties,
providing also the comparison of iono/covalent
properties of states. Comprehending many parti-
cular solutions the CO scheme represents the com-
plete picture of the chemical bonding in the solid
compound.
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