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We present a first-principles pseudopotential study of the structural and electronic properties of
B-Si;N, and the hypothetical compound B-C;N,. B-C;N,, which is C;N, in the B-Si;N, structure,
with C substituted for Si, is used as a prototype for investigating the properties of possible covalent
C—N solids. The calculated lattice constant, bulk modulus, and electronic band structure of S-
Si;N, are in good agreement with experimental results. This gives support for the predicted
properties of B-C;N,. The bulk modulus of 3-C;N, is found to be comparable to diamond, and its
moderately large cohesive energy suggests that the prototype structure may be metastable. Al-
though the crystal structure and the valencies of the constituent atoms are similar in 8-Si;N, and B-
C;N,, the electronic bonding properties in these two solids are found to differ. The large core size
and repulsive p pseudopotential of the second-row element, Si, results in a more ionic Si—N bond

compared with a covalent C—N bond.

I. INTRODUCTION

There is considerable interest in the use of silicon ni-
tride (Si;N,) as a high-performance engineering materi-
al.’2 Because of its strength and hardness, high decom-
position temperature, and good resistance to corrosion
and wear, Si;N, is finding application as a high-
temperature structural material for use in engine com-
ponents and cutting tools. Since it has a low mass densi-
ty, it can be made into lightweight, low-inertia com-
ponents which have excellent strength-to-weight ratios
compared to those composed of metals which have tradi-
tionally been used in these applications.

Although the useful structural, thermal, and chemical
properties of Si;N, are sensitive to impurities, grain size,
porosity, and other effects related to sample processing,
in an ideal crystal these properties depend ultimately on
electronic structure and microscopic bonding characteris-
tics. Despite the possible usefulness of detailed studies of
the electronic structure of this material, the number of
studies to date has been limited. This is due at least in
part to the complexity of the Si;N, crystal structures.
Hence previous studies have concentrated on empirical
or semiempirical tight-binding schemes,>* mostly based
on idealized structural models. The only realistic first-
principles calculation for crystalline Si;N, that we are
aware of employs the orthogonalized linear combination
of atomic orbitals (OLCAO) approach.’ Although the re-
sults of the OLCAO calculation are in general agreement
with experiment, some discrepancies exist, and this pro-
vides some of the motivation to study this system using a
different calculational approach.

Further motivation to study Si;N, comes from the re-
cent suggestion that the hypothetical compound C;N,
could have improved structural properties compared to

41

Si;N,.° A comparative study of the structural and bond-
ing properties of Si;N, and C;N, is therefore of interest.
The original study of C;N, was motivated by an empiri-
cal model’ for the bulk modulus of tetrahedral solids
which indicates that short bond lengths and low ionicity
are favorable for achieving large bulk moduli. Since the
C—N bond satisfies these conditions, tetrahedral C—N
solids were suggested as candidates for new low compres-
sibility solids. The most obvious candidate structure to
be used as a prototype for a first-principles investigation
of the properties of a covalent solid formed between C
and N is the simple zinc-blende structure. However, this
was ruled out® because in a hypothetical zinc-blende
C—N compound the first antibonding band would be oc-
cupied and hence it is doubtful that such a structure
would be stable. Instead, a more complex structure,
based on the known S-Si;N, structure with C substituted
for Si, was considered. Although the [3-Si;N, structure
lacks complete tetrahedral bonding, it is expected to obey
the trends contained in the empirical model. This was
verified by the results of the first-principles calculation
which were consistent with the empirical model and
showed that materials like the prototype can have bulk
moduli comparable to that of diamond, which has the
largest known bulk modulus.

In this work, we use the first-principles pseudopoten-
tial total-energy approach within a localized-orbital for-
malism to calculate the ground-state structural and elec-
tronic properties of 3-Si;N, and 3-C;N,, which is C;N, in
the 3-Si;N, structure. As in the original study of B-C;N,,
the B-Si;N, structure is considered a prototype. The cal-
culated properties of B-C;N, are expected to be represen-
tative of other possible partially tetrahedral C—N solids.
In addition to the technological interest in B-Si;N, and
B-C3N, or similar materials, the bonding and electronic
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structure of these systems are also of interest. Despite
the similarities in valency of the constituent elements and
the crystal structures, the small core size and the lack of
p states in the core of the first-row elements lead to in-
teresting differences between the C—N and Si—N bonds.

The remainder of this paper is organized as follows. In
Sec. II we briefly describe the method of calculation.
This is followed by a presentation of the calculated
structural properties of 3-Si;N, and B-C;N, in Sec. III
In Sec. IV, we present and discuss the electronic and
bonding properties of 3-Si;N, and B-C;N,. When possi-
ble, comparisons to previous theoretical and experimental
results are made. In addition, comparisons are made to
the bonding properties in some diamond and zinc-blende
structure solids such as diamond and SiC. Concluding
remarks are given in Sec. V.

II. CALCULATION

The calculations are based on the pseudopotential
total-energy approach.! The local-density approxima-
tion (LDA), with the Wigner interpolation formula® for
the exchange and correlation functional, is used. The
nonlocal pseudopotentials are generated'® using the same
approach as in previous studies of the electronic and
structural properties of diamond,!! Si,'> and BN.!*> Be-
cause there are no p states in the core of C and N, the 2p
pseudopotentials of these atoms are strongly attractive.
Hence a localized-orbital formalism'* is employed. The
electronic wave functions are expanded in linear com-
binations of Bloch sums of Gaussian orbitals of the form

FatmD=e"r'Y,,(6,6) . (1)

Orbitals of s, p, and d character are used for Si, while
only s and p states are included in the basis for C and N.
In past studies of diamond'! and BN, it was found that
for C and N, a basis of s and p states gives a good repre-
sentation of the valence-band states which determine the
structural properties. Three, four, and five even tem-
pered Gaussian decay constants, a, are used for C, Si,
and N, respectively.

The charge density and crystal potential are iterated to
self-consistency with an energy cutoff of 64 Ry.
Brillouin-zone averages are sampled using three special k
points' in the hexagonal Brillouin zone. Increasing the
number to six special k points results in differences of less
than 5 meV in the energy eigenvalues and only slight
changes in the calculated structural properties. A further
increase in the number of k points was not possible be-
cause of computer limitations.

III. STRUCTURE AND STRUCTURAL PROPERTIES

Silicon nitride exists in two crystalline structures, a
and B, as well as in an amorphous form.! In all forms,
the local order is such that Si atoms occupy slightly dis-
torted tetrahedral sites while N atoms sit in nearly planar
triply coordinated sites. The f3 structure, containing two
formula units (14 atoms) per unit cell, is the simpler of
the two crystalline structures and is the one considered in
this work. Belonging to the hexagonal space group C2,,
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FIG. 1. Structure of 8-Si;N, in the a-b plane. The c axis is
normal to the page. Half the atoms illustrated are located in the
z= —c /4 plane and the other half are in the z=c /4 plane. The
structure consists of these buckled plane stacked in 444 ...
sequence. The parallelogram indicates the unit cell.

the structure of B-Si;N, consists of buckled layers like the
one shown in Fig. 1 stacked in 444 ... sequence.'®
The local geometric configurations suggest sp> and sp?
hybrid orbitals on the Si and N atoms, respectively. The
structure can alternatively be thought of as a complex
network of SiN, tetrahedra which are linked at the
corners.

Structural properties are determined from calculations
of the ground-state energy as a function of volume. In
principle, at each volume, the total energy should be min-
imized with respect to all the independent structural pa-
rameters. For the B-Si;N, structure this process would
allow for distortions and tilting of the SiN, tetrahedra as
the volume is changed. However, because of the com-
plexity of the B-Si;N, structure, a full relaxation of the
structure is not practical. Instead, the present calcula-
tion considers only uniform compression and expansion
of the lattice, with the atomic positions within the unit
cell held constant.

The calculated total crystal energies for B-Si;N, and
B-C;N, are plotted as a function of volume in Figs. 2 and
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FIG. 2. Calculated total energy as a function of unit cell
volume 3in B-Siz;N,. The experimental equilibrium volume is
1459 A",
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3. By fitting the calculated total energies to the Mur-
naghan'” and Birch!® equations of state, the equilibrium
lattice constant and bulk modulus are found. The varia-
tion in these properties obtained from fits using different
samplings of points along the volume axis and from fits to
equations of state with different functional forms is used
to estimate the uncertainties in the results. For both
B-Si;N, and B-C;N,, the numerical uncertainties in the
lattice constant and bulk modulus are estimated to be
+0.01 A and *0.15 Mbar, respectively. Cohesive ener-
gies are obtained by taking the difference between the
ground-state energies of the isolated spin-polarized atoms
and the total energy of the solid at its equilibrium
volume. Estimates of the zero point energy of the solids
have not been included in the cohesive energies.

The calculated structural properties are summarized in
Table I. For B-Si;N,, the calculated equilibrium lattice
constant is in excellent agreement with the measured
value.!® In addition, the calculated bulk modulus differs
from the experimental value!® by less than 4%, which is
within the calculational and experimental uncertainties.
This good agreement for the bulk modulus indicates that,
to a good approximation, the B-Si;N, lattice undergoes
uniform compression with the application of hydrostatic
pressure. This is in contrast to the behavior of another
partially tetrahedral solid, a-SiO,, in which pressure
leads to a tilting and distortion of the SiO, tetrahedral
units.!® Since, in general, less energy is required to change
bond angles than to change bond lengths, the difference
in behavior of B-Si;N, and a-SiO, is consistent with the
significantly lower compressibility of B-Si;N,.

The good agreement of the calculated structural prop-
erties of B-Si;N, with experiment gives support to the
predicted properties of B-C;N,. Since the B-SizN, struc-
ture is used as a prototype structure for investigating the
properties of a covalent solid formed between C and N,
there is no reason a priori to expect it to be a stable struc-
ture in the C—N system. Nevertheless, the cohesive en-
ergy of B-C;N, is found to be moderately large, suggest-
ing that it may be a metastable structural phase. As re-
ported earlier,® the bulk modulus B-C;N, is calculated to
be 4.27 Mbars, which is comparable to the measured
value of 4.43 Mbars in diamond. For comparison, the
bulk modulus of diamond calculated with the same
scheme and the same basis for the C wave function used
in this work is 4.44 Mbar.!! The average bulk velocity of
sound in B-C;N, can be estimated from the square root of
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FIG. 3. Calculated total energy as a function of unit-cell
volume in B-C;N,.

the ratio of the bulk modulus to the mass density. In
B-C;N,, the low mass density and large bulk modulus
combine to yield a large sound velocity of about 1.1X 10°
cm/s.

The calculated bond lengths in B-C;N, and B-Si;N, can
be compared to the empirical covalent radii’®?! of the
constituent atoms. The average C—N bond length in
B-C;N, is found to be 1.47 A, which is intermediate be-
tween the sum of the C tetrahedral and N sp? radii and
the sum of the C and N tetrahedral radii.o In contrast, the
average Si—N bond length of 1.74 A in B-Si3N, is
significantly shorter than the sum of the N sp? and Si sp>
radii. This reduction of the bond length in B-Si;N, is
similar to what is observed in other compounds such as
SiC and A1N, which have elements from both the first
and second row of the Periodic Table, with the first-row
element having valency equal to or greater than the
second-row element. Lacking p states in the core, the
first-row element in such compounds has a strongly at-
tractive p pseudopotential. We believe that the reduction

TABLE 1. Lattice constant, bulk modulus, and cohesive energy of B-Si;N, and B-C3N,.

a (A) B (Mbar) E.; (eV/cell)
B-Si;N, Calc. 7.61° 2.65 74.3
7.586° 2.82b 74.8%
Expt. 7.608° 2.56¢
B-C3N, Calc. 6.44° 4.27° 81.5

*Present work.
"Reference 5.

‘Reference 13.
dReference 16.
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in bond length results from the charge transfer from the
second-row atom to the first-row atom arising from the
strong first-row p potential.

The calculated bulk moduli can be compared to an
empirical model for the bulk modulus of tetrahedral semi-
conductors.” Scaling arguments based on the Phillips and
Van Vechten scheme® for characterizing tetrahedral
semiconductors suggest that the bulk modulus in these
solids is proportional to d ~3°, where d is the bond
length. An additional empirical term can be added to ac-
count for the effect of ionicity, which tends to deplete
charge from the bond. The resulting scaling relation is
B=(19.71—2.201)d 33, where B is the bulk modulus in
Mbar, d is the bond length in A, and A is chosen to be O,
1, or 2 for group-IV-1V, -III-V, or -II-VI compounds, re-
spectively. For the diamond and zinc-blende solids, the
empirical relation generally gives agreement with experi-
ment to within a few percent. However, with an ionicity
factor A in the range of O to § (discussed below), the scal-
ing law overestimates the bulk moduli of the IV-V com-
pounds, B-C;N, and -Si;N,, by an amount on the order
of 10%. These overestimates are due to the lack of com-
plete tetrahedral bonding in the B-Si;N, structure. In
particular, with the trigonal symmetry of the N sites,
only three electrons per N site can participate in the
bonding. The lower density of bonds in this structure
compared to a tetrahedral structure results in a softer lat-
tice.

IV. ELECTRONIC AND BONDING PROPERTIES

Many of the experimental studies of the electronic
structure of Si;N, have used amorphous Si;N,. Because
the amorphous and crystalline forms of Si;N, have essen-
tially the same short-range order, some aspects of their
electronic structures are expected to be similar. In a re-
cent study of Si;N,, the soft-x-ray emission spectra of a,
B, and amorphous Si;N, were found to be quite similar.??
Hence to increase our database, results from the amor-
phous Si;N, experiments are included in the set of experi-
mental results with which the calculated electronic struc-
ture of B-Si3;N, is compared.

Techniques used to probe the electronic structure of
Si;N, include x-ray photoemission’*~2° and soft-x-ray
emission?? for the valence band, and bremsstrahlung iso-
chromat spectroscopy?® for the conduction band. In
these studies, the valence-band spectrum is found to be
split into two regimes by an energy gap of about 3 to 4
eV. The upper portion of the valence band, which dis-
plays some structure, is 10—-12 eV wide, while the lower
portion, consisting of a single peak, has width 4-5 eV.
Measurements of the gap between valence and conduc-
tion states gives values ranging from 4.6 to 5.5 eV. The
reason for the discrepancy between measured values of
the gap is not clear.

The calculated band structure of 8-Si;N, at the equilib-
rium volume is shown in Fig. 4. With two formula units
of Si;N, in the unit cell, there are 32 occupied valence
bands. Since a group-theoretical assignment has not been
performed on the bands, we will label the bands in as-
cending order. The gross features of the band structure
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FIG. 4. Electronic band structure of 8-Si;N, at the calculat-
ed equilibrium volume. Energies are measured from the top of
the valence band.

are in good agreement with experiment. For example,
the valence band, which has a full width of 18.2 eV, is
split by a gap of 3.9 eV. The lower portion of the valence
band, consisting of bands 1 through 8, has width 4.2 eV,
while the upper portion extends over an energy range of
10.1 eV. The top of the valence band occurs along the I'
to A line and is separated from the bottom of the conduc-
tion band at T by a calculated LDA band gap of 4.2 eV.
Since we are using the LDA, which is known to underes-
timate gaps by as much 50%, the calculated value is in
the expected range. While the band structure in Fig. 3 is
similar to the results of the previous calculation® using
the OLCAO approach, some differences exist, such as the
wider valence and a smaller LDA band gap.

The electronic structure and bonding nature of 8-Si;N,
can be studied by analyzing plots of the valence charge
density corresponding to different energy regimes of the
band structure. These are displayed in Fig. 5. For the N
on the left of this figure, the bonding plane lies perpendic-
ular to the plane shown, while for the N on the right, the
bonding plane lies in the plane of the figure. The states
which lie between the valence-band maximum and about
—3.2 eV, corresponding approximately to bands 25 to
32, are seen to be composed predominantly of N p orbit-
als. Since these p orbitals are oriented perpendicular to
the bonding planes, they correspond to nonbonding
states. In the region from about —3.2 to —10.1 eV are
Si—N bonding orbitals. Further analysis reveals that
these states consist of N p and Si p bonding orbitals at the
higher energies, and N p band Si s bonding orbitals at the
lower energies. The lowest eight bands form the split-off
lower portion of the valence band and correspond to N 2s
states. The deviation of these s-like states from spherical
symmetry is due to a small amount of mixing with Si 3s
orbitals.

It has been suggested*?° that the p-d interaction be-
tween Si and N stabilizes the 120° Si—N—S bond angle
in B-Si;N, compared to the smaller bond angles found in
other trivalent group-V systems such as elemental As.
However, the present calculation indicates that Si d or-
bitals do not play an important role in the valence-band
states. Instead we believe that an explanation for the pla-
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nar triply coordinated N site lies in the fact that N is a
first-row element. The first-row elements, with localized
2p states, behave differently from the elements lying
below them in that sp? hybridization is energetically
favorable for some first-row solids. For example, the
lowest-energy structure for both C and BN is a hexagonal
layered structure, while tetrahedral structures are pre-
ferred by the corresponding second-row solids. Hence
the sp? hybridization of N in B-Si;N, is not surprising,
even though it differs from the behavior of other trivalent
group-V elements in solids.

The calculated band structure of B-C;N, is shown in
Fig. 6. The total valence-band width is 24.8 eV and the
calculated LDA band gap is 3.2 eV. In the upper portion

35
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35 35
Si
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FIG. 5. Contributions to the valence charge density of
B-Si3N, from different energy regimes of the electronic band
structure. The plots show the charge density in a N—Si—N
bonding plane. The step size between contours in 35
electrons/cell and the energy regimes are (a) —3.2<E <0.0eV;
(b) —10.1<E<—3.2eV;(c) —18.2<E<—14.1¢eV.
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FIG. 6. Electronic band structure of 3-C;N, at the calculated
equilibrium volume. Energies are measured from the top of the
valence band.

of the valence band, the composition of the states is simi-
lar to what is found in 3-Si;N,. For example, the charge
density plots shown in Fig. 7 reveal that the states which
lie between the valence-band maximum and about —5.3
eV correspond to nonbonding N p orbitals. Below these
are bonding bands involving N p and C p orbitals and N p
and C s orbitals. However, unlike the case in B-Si;N,,
bands 1 through 8 in B-C;N, do not split off and form a
separate valence band. This reflects the smaller asym-
metric part of the potential in 5-C;N,, which allows
stronger mixing between the low-lying N and C states.
As can be seen from Fig. 7, the lowest-lying bands in
B-C;N, consist primarily of C s and N s and p bonding
states. With this mixing, the N 2s states do not split off
from the rest of the valence band as they do in 8-Si;N,,
and the gap separating bands 8 and 9 closes. This is simi-
lar to the behavior in zinc-blende and rocksalt com-
pounds in which the valence-band gap at the X point in
the Brillouin zone is found to scale roughly as the
Phillips—Van Vechten ionic gap, which in turn is a mea-
sure of the asymmetric potential.?’

In Figs. 8 and 9, the total valence charge densities for
B-Si;N, and B-C;N, are presented. These plots lie in the
(0001) plane and show a central N site surrounded by its
three neighboring C or Si sites. Around each C or Si site,
two of the four neighboring N atoms are seen in the plane
of the figure. The other two neighbors lie above and
below the plane shown. In both plots the contour levels
are in units of electron per cell and the contour step size
is 40 electrons per cell. The charge density for 8-C;N, is
covalent in nature, with the charge weighted towards the
N sites. The asymmetry in the bond charge is intermedi-
ate between that for the first-row group-IV and -III-V
tetrahedral compounds (diamond and BN).® In contrast,
the calculated charge density for 3-Si;N, exhibits much
more ionic character and resembles more closely that
found in III-V systems. However, the bonding in both of
these compounds differs from that in zinc-blende struc-
ture compounds in that the two constituent atoms both
contribute one electron to each covalent bond. Hence the
ionicities 3-Si;N, and B-C;N, are likely to be lower than
those of the corresponding hypothetical zinc-blende com-
pounds.
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A comparison of the bonding and ionicity of B-C;Ny,
B-Si;Ny, and other first- and second-row semiconductors
and insulators can be made by examination of the charge
densities along the bonds. In Fig. 10, the calculated line
charge density along the bond in diamond, SiC, B-Si;Ny,
and B-C;N, is plotted. To facilitate comparison between
different structures, the charge densities have been nor-
malized by the total number of valence electrons per cell.
Hence if the valence charge density were uniformly dis-
tributed throughout the cell, the curve would be a hor-
izontal line of height 1. Since the bonds have all been
normalized to the same length, a comparison of the

25 @
(c)

FIG. 7. Contributions to the valence charge density of
B-C;N, from different energy regimes of the electronic band
structure. The plots show the charge density in a N—C—N
bonding plane. The step size between contours is 25
electrons/cell and the energy regimes are (a) —5.3<E <0.0eV;
(b) —16.8E < —5.3eV;(c) —24.8<E < —16.8¢V.
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FIG. 8. Total valence charge density of 3-Si;N, in the (0001)
plane. The contour interval is 40 electrons/cell.

widths and positions of peaks in different curves is not
appropriate. Instead we are concerned only with the
overall shape of the curves, i.e., double or single peak,
and the relative peak heights.

Two factors can contribute to the ionicity of these
compounds: a difference in valence of the constituent
atoms and a difference in core size and core states of the
constituent atoms. Consider first the purely covalent
bond in diamond. The homopolar C—C bond exhibits
two local maxima. Lacking p states in the core, the C
atoms have highly localized p orbitals, which splits the
bond charge into two peaks. Next, in order of increasing
ionic character, is B-C;N,. In B-C;N,, the difference in
valence between C and N leads to a charge density in

FIG. 9. Total valence charge density of B-C;N, in the (0001)
plane. The contour interval is 40 electrons/cell.
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FIG. 10. Total valence charge density along the bond in dia-
mond, B-C;N,, SiC, and B-Si;N,, normalized by the number of
valence electrons per unit cell, p,. All the bond lengths have
been normalized to the same length.

which there are still two local maxima along the bond,
but the charge is weighted towards the N site. The fact
that the height of the local maximum near the C site is
close to the value in diamond indicates that there is not a
lot of charge transfer in the C—N bond. Hence the
asymmetry of the charge density along the bond in
B-C;N, is due primarily to the extra nonbonding elec-
trons on the N sites. On the other hand, in SiC, the con-
stituent atoms have the same valency, and it is the
difference in core size and core states which is responsible
for the ionic character of the bond. The large Si core size
and the repulsive component of the Si p pseudopotential
lead to transfer of charge from the Si to the C sites. The
charge density along the bond is highly asymmetric, ex-
hibiting a single peak near the C site. Finally, in 8-Si;N,,
both valency and core effects come into play. Since both
effects tend to localized charge near the N sites, the
B-Si;N, bond exhibits the most asymmetric character of
the four compounds considered here. It should be point-
ed out that in some III-V systems such as BP and BAs,
the two effects of differences in valence and differences in
core size and core states work in opposite directions and
a reversal of the usual direction of charge transfer from
the group-III to the group-V element is possible.*®

V. CONCLUSION

We have calculated the structural and electronic prop-
erties of B-Si;N, and the hypothetical compound B-C;Nj,.
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For pB-Si;N,, the calculated lattice constant, bulk
modulus, and band structure are all in good agreement
with experiment. This lends support to the predicted
properties of B-C;N,. While the structure of 3-Si;N, is
used as a prototype for investigating the properties of a
covalent solid formed between C and N, the calculated
cohesive energy of B-C;N, indicates that it may be a
metastable structural phase. B-C;N, is found to be a
good candidate for a new low compressibility material,
with bulk modulus comparable to that of diamond. In
addition, the velocity of sound in B-C;N, is estimated to
be over 20% larger than that in [B-Si;N,. This large
sound velocity could lead to useful thermal properties in
B-C3;N,, such as a high thermal conductivity.

The bonding properties of these IV-V compounds have
also been investigated and compared to the bonding in
other first- and second-row semiconductors and insula-
tors. The asymmetric character of the bonds in these ma-
terials has two contributions: the difference in valency
between atoms in different columns of the periodic table
and the difference in core states between atoms in
different rows. Only the first effect is present in B-C;N,,
while both effects play a role in 8-Si;N,. Hence the Si—
N bond exhibits significantly more ionic character than
the C—N bond.

In conclusion, we suggest that it may be possible to
synthesize a covalent C—N solid such as 3-C;N,. One
possible approach is the application of high pressures and
temperatures to amorphous carbon nitride or other com-
binations of carbon and nitrogen. This treatment could
induce a phase transition to a solid with at least partial
tetrahedral bonding. If a low-compressibility C—N solid
can be fabricated, not only could it lead to useful new
materials for engineering applications, but also, from a
more basic point of view, it would add support for the
theoretical approach used in this work.
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