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Electronic structure of BeCN2.
A proposed nearly direct wide-band-gap semiconductor
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The electronic band structure of a hypothetical compound BecN2 in the chalcopyrite structure
has been calculated using the linear-muffin-tin-orbital method and the local-density approximation

(LDA) for exchange and correlation. The calculations predict a lattice constant of 3.67 A, a bulk

modulus of 315 GPa, and a cohesive energy of 6.1 eV/atom. The band gap is found to be nearly

direct at the I' point. The conduction-band minimum, which occurs at k = —(0.89, 0, 0), is only

0.03 eV below the lowest conduction-band state at the I' point. The minimum band gap is estimated
to be 5.7 eV including corrections beyond the LDA. The band-gap hydrostatic deformation potential
is calculated to be 0.4 eV.

Recently, there has been a considerable increase in the
interest in wide-band-gap semiconductors. These mate-
rials offer a wide range of possible electro-optical, high-
temperature, and high-speed applications. In addition,
they are very hard and have large elastic constants. In
connection with the optical properties, not only the mag-
nitude of the gap but whether or not it is direct is very

important. Unfortunately, diamond (5.5 eV) and c-BN

(6.4 eV) have indirect band gaps. The only semiconduc-
tor with a direct band gap larger than 5 eV known to
date seems to be wurtzite A1N (6.2 eV). A material with
a direct band gap well into the UV range would clearly
be of great interest.

The tetrahedrally bonded chalcopyrites form an alter-
native to the traditional group-IV or -III-V semiconduc-
tors with the diamond and zinc-blende structures, re-
spectively. In this work, we consider the hypothetical
compound BeCN2. It can be thought of as being derived
from the III-V compound c-BN by the replacement of
every other group-III atom (B) by a group-II atom (Be)
and the other B by a group-IV atom (C). Clearly, the
octet rule of local bonding is on average still statisfied.
Several II-IV-V chalcopyrites are known. Among them
is ZnGeP2, which was recently grown heteroepitaxially
on GaP by Xing et al.

Here we use first-principles electronic-structure calcu-
lations to predict some of the properties of BeCN~, a
crystal, which to our knowledge is yet to be synthesized.
We assume the chalcopyrite structure2 with an ideal c/a
ratio and ideal atomic positions of the eight atoms in
the unit cell. The calculations were performed using
the linear muon-tin orbital method in the atomic-sphere
approximation (ASA) including the so-called combined
correction. The density-functional theory was used to
obtain total energies. The local-density approximation
(LDA) was used for the exchange-correlation energy and
potential which were represented by the von Barth —Hedin
expression. Empty spheres were introduced in the tetra-
hedral interstitial sites as is usually done within the ASA

for open structures. A set of 11 Monkhorst-Pack spe-
cial irreducible k points was used for the reciprocal space
sampling. The computational method used here was re-
cently sucessfully used by us in calculations of several
other wide-band-gap semiconductors. s ~c

Table I summarizes the results of our total energy cal-
culations. By comparing the bulk moduli, we find that
BeCNz is a considerably softer material than diamond
(480 GPa) or c-BN (412 GPa), the hardest known ma-
terials. However, it is appreciably stiffer than SiC (233
GPa) or BeO (224 GPa), which are quite hard materi-
als. The above values are theoretical values obtained us-
ing the same computational method. The latter are
typically within 5—20% of the experimental value. The
lattice constant is slightly larger than that of c-BN and
diamond. Nevertheless, the lattice mismatch to diamond
is less than 4%, which opens the possibility of growing
this material heteroepitaxially on diamond.

The cohesive energy (i.e., the energy difference between
the solid and the free atoms) in Table I includes spin-
polarization corrections for the atoms and an estimated
zero-point motion correction for the solid. The latter is
given by skOD per atom, where OD is the Debye tem-
peratue and k the Boltzman constant. We estimate OD
for BeCNs to be between 1000 and 1500 K by an interpo-
lation as a function of the bulk modulus using the values
of diamond, c-BN, BeO, and SiC. This corresponds to a
zero-point motion correction of only 0.1 eV. The cohe-
sive energy per atom is seen to be considerably smaller
than that of diamond, for which the theoretical value is
8.75 eV/atom. s We note that the LDA is known to over-
estimate cohesive energies typically by 10—20% (20% for
diamond and c-BN). In summary, BeCNq appears to be
strongly bonding, but considerably less so than diamond.

Next, we consider the electronic band structure. The
energy bands along some lines of the Brillouin zone of
the body-centered tetragonal lattice are shown in Fig. 1.
Note that the k points D = 2 (1,0, 0) and Z = —,(0, 0, 1)
are related by a reciprocal lattice vector and thus have
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TABLE I. Predicted properties of BeCN2 in the chalcopy-
rite structure.

Lattice constant a (A)
Bulk modulus 8 (GPa)
Pressure derivative of the bulk modulus dB/dp
Cohesive energy (eV/atom)
Band-gap (eV) (LDA value in parentheses)
Band gap hydrostatic deformation potential (eV)

3.67
315
3.9
6.1

5.7 (4.2S)
0.4

the same eigenvalues. There are also twofold degeneracies
at the Brillouin zone edge [at the X = —,(1, 1,0) and Z
points], which are a result of the nonsymmorphic nature
of the space group, which is I42d or Dz&.

The occupied bands fall into two groups separated by
a band gap. From an inspection of the eigenvectors, it
is found that the lower four bands are essentially N 2s
derived with (bonding) admixture of C 2s and Be 2s at
the bottom and C 2p and Be 2p near the top. The next
12 bands have predominantly N 2p character. The lowest
state at the I' point is a bonding combination of N 2p and
C 2s with about equal weight of both. The states around
—8 eV at the Z point and —6 eV at the I point have a

significant Be 2s component in addition to the C 28 and
N 2p components. The valence-band maximum has pre-
dominantly N 2p character with a fairly strong admixture
of C 2p and Be 2p as well as d character on those atoms
and on the empty spheres. The bottom of the conduc-
tion band has considerable weight on the empty sphere
orbitals. This, of course, means that its wave function
has a large amplitude in the interstitial region. This is

similar to the nature of the lowest conduction-band state
at the X point in zinc-blende crystals. The zinc-blende
X point is folded onto the I' point here because of the
doubling of the unit cell in the c direction. As can be
seen in Fig. 2, the valence band has overall considerably
more C admixture than Be admixture. This is consistent
with the fact that the atomic levels of Be lie relatively
higher. The predominance of N character in the valence
band indicates that N plays the role of anion in this com-
pound. That, of course, is to be expected from the depth
of the atomic N levels.

The most important feature of the band structure
is without doubt the band gap. As can be seen in
Fig. 1, the valence-band maximum occurs at the I' point.
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FIG. 1. Electronic band structure of BeCN2 in the chal-
copyrite structure. See the text for a description of the dis-
played lines in reciprocal space. The zero of energy is the
ASA reference level (Ref. 12).
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FIG. 2. Total and partial densities of states (DOS) for
BeCN2 in the chalcopyrite structure. Note that the unit cell
corresponds to two formula units and that the total per type
of atom is shown. The tetrahedron method (Ref. 13) was used
mith 59 irreducible k points for the DOS calculation.
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Strictly speaking, the conduction-band minimum occurs
at —,(0.89, 0, 0). However, the lowest conduction-band
state at the I' point is in fact only 0.03 eV higher in
energy. The lowest eigenvalue at the Z or D points
also only lies slightly (0.06 eV) above the conduction-
band minimum. The band gap is thus very nearly di-
rect. A conduction-band minimum slightly away from
the Brillouin-zone edge along the z direction is remines-
cent of the diamond band structure. The downward slope
of the lowest band is a result of the interaction with the
other nearby band with which it becomes degenerate at
the Brillouin-zone edge, similar to the situation in dia-
mond.

We note that such a very near degeneracy of different
k-point states with the conduction-band minimum as ob-
served here is rather unusual. It will have significant ef-
fects on the optical and transport properties and on the
nature of the shallow defect states. Its optical proper-
ties would be closer to that of a direct than an indirect
semiconductor. Clearly, in absorption, the strong direct
absorption edge will dominate the indirect absorption.
Of the latter, only a small temperature-dependent tail
extending the appropriate one-phonon energy ( 0.1 eV)
below the indirect transition value would, in principle,
be detectable. In emission, the direct transition will be-
come important when kT is of the order of 0.03 eV, which
means room temperature. Also, based on effective-mass
theory, the "shallow" impurity levels are expected to lie
at an energy which is not small compared to the split-
tings between the various conduction-band minima. The
"shallow" states would thus have a significant F-point
character and thus lead to a fairly strong emission.

The LDA value of the band gap is 4.23 eV. As is well
known, the LDA I&ohn-Sham eigenvalue band structure
does not accurately represent the quasiparticle excita-
tions, and, in particular, underestimates the band gap.
Since the LDA band gap lies in between that of diamond
(4.13 eV) and that of c-BN (4.46 eV), it is reasonable to
interpolate the quasiparticle self-energy correction. From
Bechstedt and Del Sole's work, it appears that within
a class of compounds of the same row of the Periodic Ta-

ble, the band-gap correction beyond the LDA is basically
inversely proportional to the dielectric constant. That in
turn is roughly inversely proportional to the band gaps
themselves. The correction should thus be proportional
to the LDA gaps. Using the experimental gaps of dia-
mond (5.5 eV) and c-BN (6.4 eV), we thus estimate the
band gap of BeCN~ to be 5.7 eV. In view of the uncer-
tainties in the quasiparticle correction (including its k
dependence) and other details of the structure such as
the use of an ideal c/a ratio and ideal atomic positions,
it is in fact possible that the conduction-band minimum
would actually occur at the I' point and the material
would be strictly direct.

Our calculations show that the "nearly" direct gap sit-
uation exists over the entire range of 6% compression and
expansion over which we calculated the band structure.
The indirect minimum band gap, the band gap at the
Z point, and the direct band gap at the I' point all vary
linearly over that range of lattice constants with a hydro-
static deformation potential a~ = dE~/din a = 0.4 eV.
The positive value indicates that the band gap increases
when the lattice constant is increased.

In surrunary, we have shown that BeCN2 in the plau-
sible chalcopyrite structure would be a strongly bonding
material (somewhat softer than diamond but harder than
SiC) with a "nearly direct" band gap which is slightly
larger than that of diamond, i.e. , well within the UV
range. The term "nearly direct" means that its proper-
ties would be close to that of a direct-band-gap semicon-
ductor. Although we are currently not aware that this
material has ever been synthesized, it could conceivably
be grown heteroepitaxially on diamond or c-BN because
of its reasonably close lattice match (4%) to both.
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