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The electronic structures, the charge-density distribution, and the total energies of boron nitrides (BN)
in the hexagonal, cubic, and wurtzite structures are studied by first-principles self-consistent local-
density calculations. For the ground-state properties, the band structures, the equilibrium lattice con-
stants, the bulk modulus and their derivatives, and the cohesive energy are in good agreement with other
recent calculations and with experimental data. The relative stabilities and possible phase transitions
among these three phases are discussed. The linear optical properties of these three crystals are also cal-
culated and compared with the available measurements. For hexagonal BN, all the structures in the
electron-energy-loss function as measured by inelastic electron scattering have been reproduced by the
calculation. For cubic BN, the calculated dielectric functions is also in good agreement with the
reflectance data. For wurtzite-structure BN, no optical data are available for comparison. These results
are discussed in the context of crystal structure and bonding in these three crystals. Based on the
analysis of the calculated and measured optical data on cubic and hexagonal BN, it is argued that the as-
sessment of the accuracy of the conduction-band states should rely mainly on the reproduction of major
structures in the optical-absorption curves rather than on the size of the band gap. The accuracy of the
higher conduction-band states as calculated by the local-density theory is strongly energy and momen-
tum dependent. Furthermore, a determination of the optical gap is complicated by the different roles of
the direct and indirect transitions, and by the difficult task of extrapolating data to the low-frequency re-
gion.
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I. INTRODUCTION

In recent years, the properties of boron nitrides (BN)
have been studied in great detail, both theoretically and
experimentally. This is mainly due to some of the fas-
cinating properties of BN, such as extreme hardness, high
melting point, low dielectric constant, large band gap,
etc., that have many applications in modern microelect-
ronic devices and its usefulness as a protective coating
material.! BN emerged as a very strong competitor with
diamond and SiC as far as high-temperature applications
are concerned. Also, BN is the lightest III-V compound
isoelectronic with the III-V semiconductors such as
GaAs, yet with far different properties. BN exists in
three crystalline forms.? The hexagonal form (h-BN)
which is isostructural with graphite is the normal phase
stable at room temperature and pressure.> The cubic
phase (c-BN) (zinc-blende structure) has been synthesized
in the laboratory under pressure.*> At a high tempera-
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ture and pressure, A-BN may transform into a wurtzite
structure®’ (w-BN) which is the stable structure for AIN.
Amorphous BN may also exist® in thin films prepared by
chen}gcal vapor deposition® (CVD) or by sputter deposi-
tion.

There have been many studies on the electronic and
structural properties of A-BN and c¢-BN, but relatively
few for w-BN.!'73¢ Early studies show vastly different
results mainly because of deficiencies in the computation-
al methods. In recent years, first-principles calculations
in the local-density approximation (LDA) have provided
much better and consistent results. These include the
LCAO (linear combination of atomic orbitals) calcula-
tions with numerical basis by Zunger and Freeman;?
LCAO-Hartree-Fock study by Dovesi, Pisani, and Roet-
ti;?> calculations by Huang and Ching;?’ first-principles
pseudopotential calculations by Wentzcovitch and co-
workers,>° 3235 and also by Van Camp, Van Doren, and
Devresse. Park, Terakura, and Hamada studied the band
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structures and the equilibrium lattice constants of all
three phases of BN using the full-potential linear-
augmented-plane-wave method (FLAPW).2® Catellani
et al. used the same method to study the surface and
bulk electronic structures of A-BN.?® Takahashi et al.
calculated the band structure of c-BN using the variation-
al cellular method.>* Wentzcovitch and co-workers car-
ried out probably the most detailed and careful study of
the electronic structure and the energetics of possible
paths of phase transitions using a pseudopotential
mixed-basis approach.3® The equation of state for c-BN
was accurate determined both experimentally and
theoretically.>® Very recently, Estreicher, Chu, and Mar-
ynick studied the equilibrium structure of a neutral inter-
stitial H in c-BN using a cluster-type approach.’” These
studies have greatly advanced our understanding of the
electronic and structural properties of BN. There have
been several experimental studies on 4#-BN.3® Recently,
measurements have also been made on BN films grown in
many different phases.! Of particular interest are the
inelastic-electron-scattering experiment on A-BN by Tar-
rio and Schnatterly (TS),* and the reflectance measure-
ment on ¢-BN by Miyata and Moriki* and Osaka et al.’
Indeed, it is these recent optical measurements that have
motivated our present investigation on the three phases
of BN using the orthogonalized LCAO (OLCAO)
method. It turns out that there is an excellent agreement
between our calculation and these recent measurements.
In this paper, we report the results of a detailed study
on the electronic structure and the optical properties of
these three phases of BN. Our calculated band structures
and ground-state properties are generally comparable to
other recent first-principles LDA calculations using
different computational methods. Direct calculation of
optical properties based on band-structure results greatly
facilitates the interpretation of the experimental data,
which in turn provide a deeper understanding of the elec-
tronic structures. Detailed analysis of the valence charge
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different phases of BN.

Since our method of calculation is quite well estab-
lished and amply documented in earlier publications,*' it
will not be repeated here. The ab initio self-consistent
OLCAO method has been successfully applied to the
study of bulk properties of Si,*>*} AIN,* and SiO, crys-
tals*> by means of total energy (TE) calculations. Recent-
ly, the optical properties of many complex inorganic
crystals have also been studied.*®”>2 The results were
generally in good agreement with the experimental data
up to very high photon energies.

In the next section, Sec. II, we present the results on
the electronic structures and ground-state properties of
the three phases of BN. We compare our results with
other existing calculations and experimental data. In Sec.
III the calculated optical results are compared with re-
cent experiments. The results are further discussed in the
last section with a brief conclusion at the end.

II. GROUND-STATE PROPERTIES

A. Band structure and density of states

The band structure of BN is calculated self-consistently
using the OLCAO method. A full basis set including the
empty 3s and 3p atomic orbitals of both B and N is em-
ployed. Each atomic function is expanded in terms of
Gaussian orbitals with decay exponents ranging from
0.15 to 5X 10*. The crystal potential and the charge den-
sity are each represented by a sum of atom-centered
Gaussian functions of varying exponents. The Wigner in-
terpolation formula is used to account for the correlation
effect. The crystal parameters used in the calculation and
the key interatomic distances are listed in Table I.
Twelve k points in the irreducible part of the Brillouin
zone (BZ) are used for self-consistent iterations in all
three cases. The numerical accuracy achieved in these
calculations is adequate and is comparable to similar cal-

distribution brings additional insight into the bonding in  culations for other crystals.*>~52
TABLE I. Crystal structure data of BN.
Cubic Wurtzite Hexagonal
Lattice a=2.536 a=2.494
constant (A) a=3.615 c=4.199 ¢ =6.66
Volume/molecule (A ?) 11.810 11.692 17.940
Density (g/cm?) 3.450 3.485 2.271
Space group . T, Cs, Dy,
B-N distance (A) 1.565(4) 1.555(3) 1.440(3)(intralayer)
2.997(12) 1.575(1) 2.880(3)(intralayer)
3.939(12) 2.624(1) 3.330(2)(interlayer)
2.975(3) 3.810(6)(intralayer)
2.985(6)
3.649(6)
3.909(6)
3.955(3)
B-B or N-N 2.556(12) 2.536(6) 2.494(6)(intralayer)
distance (A) 3.615(6) 2.560(6) 2.628(6)(interlayer)
(

3.606(6)
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FIG. 1. Calculated band structure of hexagonal BN.

The calculated band structures for A-BN, ¢-BN, and
w-BN are shown in Figs. 1-3, respectively. The corre-
sponding density of states (DOS) and the atom-resolved
partial DOS (PDOS) are shown in Figs. 4—6. There are
substantial differences in the band structures of 2-BN and
¢-BN and to a lesser extent between ¢c-BN and w-BN. In
h-BN, the bonding configuration of the valence electron
is sp? while in ¢-BN or w-BN it is sp>. The graphitelike
layer structure of A-BN is reflected in the relatively flat
bands along the k, direction. The calculated band gaps
for all three crystals are indirect and have values of 4.07,
5.18, and 5.81 eV for A-BN, ¢-BN, and w-BN, respective-
ly. The corresponding positions of band extremes are at
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FIG. 2. Calculated band structure of cubic BN.
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FIG. 3. Calculated band structure of wurtzite BN.

H, T, and T for the top of the valence band (VB) and at
M, X, and K for the bottom of the conduction band (CB).
The direct band gaps in ¢-BN and w-BN are much larger
than the indirect gaps. For A-BN, the two gaps are quite
close. These gap values are listed in Table II and they are
close to other recent calculations.?®?%3%35 The calculat-
ed indirect gaps are smaller than the reported experimen-
tal gaps, and this has often been attributed to the failure
of LDA to correctly reproduce the excited states, i.e., the
CB. We will return to this point later in discussing the
optical results. We find the gap value increases as the
volume decreases, a behavior similar to diamond and in
agreement with the pseudopotential calculation of Ref.
33. For w-BN, the calculated band structure should be
compared with that of AIN calculated using the same
method.** The general features of the VB are quite simi-
lar. AIN has a smaller gap (direct at I') and a much nar-
rower VB width of about 6 eV which may indicate a
more ionic bonding character in AIN. Apparently, being
in the same row of the Periodic Table, B and N are more
covalently bonded.

The effective mass (EM) components for electrons and
holes along the principal k directions for the three crys-
tals are also listed in Table II. As can be expected, the
EM for A-BN are highly anisotropic with average in-
plane components a factor of 5 smaller than the com-
ponents perpendicular to the plane. Along the I' to M
direction, the electron and hole EM components are 0.26
and —0.50, respectively, thus the charge carriers in the
basal plane of A-BN can be quite mobile. Surprisingly,
the EM’s for ¢-BN are also quite anisotropic. For w-BN,
the EM’s appear to be less anisotropic with values close
to a typical semiconductor.

The differences in the electronic structures between
three BN phases are better revealed in the DOS and
PDOS diagrams shown in Figs. 4—-6. A-BN has much
narrower VB widths and much sharper band edges. This
is due to the two-dimensional characteristic of the bands
in a crystal with strong intralayer interaction. The band-
widths of ¢-BN and w-BN are similar because of similar
nearest-neighbor environment (see Table I) and the same
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sp® bonding. However, there are still some small reflected more vividly in the calculated optical properties
differences in the structures in the DOS between these  to be presented later. Another interesting point is the
two phases. For example, the CB edge in w-BN is much  substantial orbital hybridization between the 2s and 2p
sharper than in c¢-BN. These differences would be  orbitals of B and the 25 orbital of N. The N 2p states are

TABLE II. Calculated ground state and optical properties of BN.

Cubic Wurtzite Hexagonal
(A) Band gap (eV):
Indirect 5.18 (I'—X) 5.81 (I'—X) 407 (H—-M)
Direct 8.7(I") 8.0 (I") 8.9 (I')
10.3 (X) 9.3 (M) 4.6 (M)
12.4 (L) 10.7 (L) 5.6 (L)
11.8 (K) 10.6 (A4) 10.5 (4)
12.8 (H) 4.2 (H)
11.7 (K) 4.5 (K)
(B) Band widths (eV):
Upper VB 10.94 11.76 10.40
VB gap 3.28 2.93 4.42
Lower VB 6.92 6.28 4.02
Total VB 21.1 21.0 18.8
(C) Effective masses (electron):
CB edge 0.26(X —-K) 0.24 (K—H) 0.26 (M —T)
1.20 (X —>T) 0.35 (K—T) 221 (M—L)
VB edge —3.16,—0.64, —0.44(I' > K) —0.88 (I'—>K) —047 (~K—-T)
—0.54,—0.55(' - X) —1.08 (I'—> 4) —0.50 (M —>T)
—0.36,—1.20("'—>L) —1.02 (Fr->M) —1.33 (M—L)
(D) Effective charges (electrons):
By Mulliken: B 2.80 2.99 2.70
N 5.20 5.01 5.30
By integration:
B sphere:
Radius (A) 0.403 0.402 0.394
% of vol. 2.32 2.33 1.42
Charge 0.20 0.20 0.19
N sphere:
Radius (A) 0.986 0.989 0.984
% of vol. 34.0 34.7 22.3
Charge 6.4 6.0 6.7
Open region:
% of vol. 63.7 63.0 76.3
Charge 1.40 1.80 1.11
(E) Total energy results:
E (a.u./BN) —12.71226 —12.70107 —12.76375
Vinin 7 Vexpt 1.010 0.994 0.988
B (mbar) 3.70 3.90 3.35
B’ 3.80 6.30 2.48
E_; (eV) 14.00
(F) Optical properties:
€(0) 3.86 4.17 3.61
€,(0) 4.16 4.32
€)(0) 4.18 2.21
Major plasmon peaks (eV) 273 26.4 6.9
325 32.6 11.6
385 23.7

36.3
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mainly confined to the upper VB. In oxides, the O 2s
states are more localized with little interaction with other
orbitals.*

The main band-structure results discussed above are
summarized in Table II. Although there are significant
differences in the published band structures of BN in ear-
lier days, the results of more rigorous calculations in re-
cent years agree quite well. The present band results are
almost identical to those presented by Lam, Wentzcov-
itch, and Cohen using the first-principles pseudopotential
method.®

B. Charge distributions

Distribution of valence electron charge in a crystal is
an important aspect of the electronic structure since it re-
veals the bonding pattern of the crystal. The concept of
effective charge Q* on each atom or ion is useful in the
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FIG. 4. Calculated DOS and PDOS of hexagonal BN: (a)
Total; (b) B 2s; (c) B 2p; (d) N 2s; (e) N 2p.
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empirical type of studies. However, the actual calcula-
tion of Q* is less straightforward except in crystals of
simple geometry and homopolar bonding. With a LCAO
type of basis, it has been customary to use the Mulliken
population analysis®® to obtain Q*. For systems in which
the atomic wave functions are relatively localized, Mul-
liken analysis is a reliable prescription to obtain reason-
ably accurate Q*. A more accurate approach is to use
direct space integration of the charge distribution over
the effective volume of the atom. However, the way in
which the effective volume of the atom is determined has
an element of arbitrariness itself.

We have studied the valence electron charge distribu-
tion in the three BN crystals from the self-consistent
LDA calculations. In Fig. 7, the valence charge along a
BN bond of 1.44 A in A-BN is plotted and the charge
contour map on the basal plane of the hexagonal cell is
shown in the inset. Similar charge diagrams for c-BN
and w-BN are shown in Figs. 8 and 9, respectively. It is
clear from Fig. 7 that most valence charge in A-BN is
around the N atom with a substantial charge in the bond
region so that a precise boundary separating B and N is
difficult to locate. The contour map shows the charges
around both B and N atoms are not spherically distribut-
ed in the outer region because of the in-plane sp? bond
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hybridization. In the ¢-BN and w-BN, tgle BN bond
lengths are slightly longer, 1.565 and 1.575 A, respective-
ly. In this case, the buildup of the covalent charge in the
bond region is more evident.

The calculated Q* for the three crystals are listed in
Table II. The Q* calculated with the Mulliken scheme
show only a small charge transfer from B to N in A-BN
and ¢-BN and none in w-BN. In the direct-space integra-
tion approach, we have used the effective radii for each
atom as listed in Table II, by inspecting the contour maps
and are therefore somewhat arbitrary. The crystal
volume is then divided into three regions: the B sphere,
the N sphere, and the interstitial or the bond region. The
charges in each region for the three crystals are listed in
Table II. As can be seen, about 14—23 % of the valence
charges can be considered in the bond or interstitial re-
gion which are counted as the B charge in using the Mul-
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FIG. 6. Calculated DOS and PDOS of wurtzite BN: (a) To-
tal; (b) B 2s; (c) B 2p; (d) N 2s; () N 2p.
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liken scheme. Both methods of calculating Q* suggest
the BN crystal to be highly covalent.

C. Total-energy calculation

Wentzcovitch, Cohen, and Lam had studied the TE of
BN as a function of volume ¥V for the high pressure
phases of ¢-BN and w-BN as well as BN in rock salt and
B-tin structures,’! but not the low density A-BN. Instead,
the possible transformation paths from A-BN to w-BN
and from r-BN to ¢-BN were investigated.’>*> Van
Camp, Van Doren, and Devreese have also used the pseu-
dopotential method for TE calculation on ¢-BN and
demonstrated that an increase in the number of plane
waves in the basis set leads to an increased accuracy in
the calculated bulk properties.*

We have calculated the TE’s of k-, ¢-, and w-BN as a
function of crystal volume using the OLCAO method
within the LDA. The results are shown in Fig. 10. We
find the TE and the subsequent ground-state properties to
be very sensitive to the numerical accuracy in the
charge-density representation. We have sufficiently opti-
mized the fitting function for the charge density at each
calculation so as to obtain an estimated accuracy of about
0.001 a.u. per BN molecule. This accuracy enables us to
compare the TE’s of the three BN phases on equal foot-
ing. Our calculation shows that at the zero temperature,
h-BN has the lowest TE. The A-BN which is stable at
ambient conditions has an equilibrium volume V_;, per
BN molecule much higher than that of ¢-BN. w-BN has

-12.58

-12.62

—12.68

—12.70 1

Energy /Mol (a.u.)

—12.74 4

\ ‘.
\

1.1 13 15 1.7

-1278 .
0.5 07 0.9

FIG. 10. Calculated total energies per BN molecule as a
function of volume for three phases of BN: (a) cubic, (b) hexag-
onal, and (c) wurtzite. ¥V, is the measured equilibrium volume
of cubic BN. The dashed line shows possible transition from
¢-BN to w-BN and the dotted line shows possible
transition from A-BN to ¢-BN.
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a V. slightly smaller and an equilibrium energy E ;,
higher than ¢-BN. Wentzcovitch, Cohen, and Lam had
also found the w-BN to have a higher E ;. than c-BN.
However, the difference in E_;, in their calculation is
about a factor of 5 smaller than our result.’! Our calcu-
lated ¥V, for all three phases are in excellent agreement
with the measured values listed in Table I with a max-
imum deviation of only about 1%.

From the E vs V curves fitted to the Murnagan equa-
tion of state,>* we obtain the bulk modulus B and the
pressure coefficients B’ which are listed in Table II.
Hexagonal BN has a bulk modulus of 3.35 Mbar, consid-
erably smaller than the 3.70 Mbar for ¢-BN and 3.92
Mbar for the w-BN. This is in excellent agreement
with the measured values of B =3.69 Mbar and
B'=4.0%0.2 for ¢-BN.’® We have also obtained a
cohesive energy of 14.0 eV per BN for ¢-BN which is
somewhat higher than the estimated value of 13.2 eV.%
A 6% overestimation of the cohesive energy is a rather
common feature with LDA calculations.

If we only consider the static lattice, i.e., if the effect of
zero-point energy and lattice vibrations at finite tempera-
ture are ignored, we may explore the possible phase tran-
sitions from the TE curves. In Fig. 10, from the tangent
drawn on the E-V curves, we have estimated the transi-
tion pressure from the ¢-BN to w-BN to be 1.33 Mbar
occurring at a volume of about 80% of ¥, the measured
Vmin Of c-BN. These values are in reasonable agreement
with the experimental measurement of Knittle et al.3 In
Fig. 11, we display the P-V curve for the c-BN together
with the experimental data*® and the result of Van Camp,
Van Doren, and Devreese.>> Both the calculations are in
good agreement with the measured data.

A similar transition tangent from A-BN to ¢-BN can
also be drawn as shown in Fig. 10 by a dotted line. The
slope of this tangent gives a “transition” pressure of only

._‘
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Pressure (Mbar)
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0.80 0.84 0.88 0.92 0.96 1.00
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FIG. 11. Calculated P vs V for c-BN. The dotted line is
theoretical calculation of Ref. 33 and the data points are from
measurements of Ref. 36.
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0.43 Mbar and a transition volume of 0.94¥, on the c-BN
side and 1.37V, on the h-BN side. However, it is not at
all clear that such a phase transition may actually occur.
Wentzcovitch et al. had shown that transition to ¢-BN is
more likely from the »-BN while that to w-BN is from the
h-BN because of the difference in the stacking sequence
of the layer structure. Transition path calculation shows
an energy barrier along the pathway. They did not speci-
fy the lattice parameters use in their calculation, and it is
not clear if they have used the same lattice parameters as
those listed in Table I. Although our TE calculation with
BN gives results in good agreement with other published
results, we did not attempt to achieve ultrahigh accuracy
by optimizing all the computational intricacies in order
to perform additional calculations such as the frequency
of a specific phonon mode for several reasons. First, the
work of Refs. 30-32 and Van Camp, Van Doren, and De-
vreese>? were rather complete in the study of the equation
of states and the energetic associated with the phase
transformation. It is unlikely that, within the general
LDA theory, a better result can be obtained. Second, to
achieve an accuracy in TE of better than 0.01 eV per
molecule will require substantially more computer
resources. Third, we intend to focus more on the optical
properties of BN in this paper.

III. OPTICAL PROPERTIES

There have been several past optical’>~® and energy-

loss®"%? measurements on A-BN. Early data were very
conflicting in nature mostly because of poor samples.
Band structures calculated at that time were not accurate
enough to be of any help. Very recently, careful measure-
ment of inelastic-electron-scattering spectra on well-
characterized h-BN samples became available.>* The op-
tical dielectric constants and other properties can be ex-
tracted from the energy-loss spectra and analyzed. At
about the same time, the optical constants on single-
crystal ¢-BN in the vacuum ultraviolet (vuv) region were
reported.”’ Ellipsometry measurements have also been
used to characterize the noncrystalline thin films of BN
(Refs. 10 and 39) and reflectance spectra of ¢-BN films
have been published.” The interpretation of these data
can be facilitated by accurate band-structure and
optical-absorption calculations which have been very suc-
cessfully carried out on a variety of complex crys-
tals.*67>2 We find no optical data on w-BN, and we hope
our calculations on all three phases of BN will lead to
further experimental efforts on BN crystals and thin
films. By combining the measured data with the calcula-
tion, a near total understanding of the electronic and op-
tical properties of BN is possible.

The specific method and procedures for the optical cal-
culation using the OLCAO method have been discussed
before.*! The calculation is based on the band results dis-
cussed in the preceding section. The momentum matrix
elements (MME) associated with dipole transition are
evaluated explicitly at a large number of k points in the
BZ. To have a general overview of the optical properties
of the three BN crystals, we first display the calculated
interband optical conductivities o (averaged over the
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three crystallographic directions in Fig. 12). Also shown
are the joint DOS (JDOS). The JDOS would be propor-
tional to o when the effect of k dependence of the MME
is ignored and has frequently been used as a simple way
of explaining the absorption data. In Fig. 12, we set the
arbitrary units for the JDOS to be such that they match
with the o curve in the threshold region. Several facts
become apparent: First, the o of the three phases of BN
are very different; not only with the layer-structure 4-BN,
but also between the tetrahedrally coordinated c-BN and
w-BN where the bonding is supposed to be much closer.
Second, the absorption threshold and the strength in
h-BN are much smaller than that of ¢-BN or w-BN. The
calculated transition threshold reflects the minimal direct
band gap (the separation of the top of the VB and the
bottom of the CB at the same k). All three crystals have
indirect band gaps as discussed before. But in 4-BN, the
indirect band gap is smaller than those of ¢-BN or w-BN,
and is also very close to the direct gap because of the
two-dimensional characteristic of the bands. This leads
to a much lower absorption threshold in A-BN. There
has been much controversy as to whether the gap in A-
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FIG. 12. Calculated interband optical conductivity o(w)
(solid line) and the joint DOS (dashed line) for (a) A-BN; (b)
¢-BN; (c) w-BN. The JDOS’s are in arbitrary units.
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BN is direct or indirect in the earlier optical measure-
ments. The present calculation shows that this is not an
important issue. Assuming the phonon-assisted transi-
tions in BN are negligible, then the optical gap would ac-
tually correspond to the minimum direct gap which, in
¢-BN and w-BN, is substantially larger than the indirect
gap. Third, there is very little resemblance between o
and the JDOS curves especially in the high-frequency re-
gion, indicating a significant k dependence of the MME
in all three crystals. Fourth, there are many prominent
structures in the conductivity curves which could be re-
lated to the measured data for direct comparisons. Of
particular interest is the leading peak centered at 5.8 eV
in o for A-BN. It turns out that this peak is due to transi-
tions between bands in the in-plane direction (a-b) and
reflects the strong anisotropy in the optical absorption in
h-BN.

Let us first consider A-BN in more detail. From the
inelastic-electron-scattering data at various momentum
transfers, TS extracted the dielectric function for A-BN
from the electron-energy-loss function (ELF) or the imag-
inary part of —1/e(w).>® By carefully studying samples
of different qualities, a gap value of 5.9 eV is established.
This is to be compared with our calculated indirect gap
of 4.07 eV and the minimal direct gap of 4.2 eV (at H).
The measured data were also resolved in directions per-
pendicular to the ¢ axis (1) (in the a-b plane) and parallel
(]|) to the c axis. Since the convolution of data from ELF
to €(®) may introduce additional uncertainties because of
the unavoidable assumptions employed, and since the
convolution of the theoretical data is more controllable,
it is preferable to compare the calculated and measured
ELF’s which are shown in Fig. 13. There are two experi-
mental curves frgm Ref. 39, one with a momentum
transfer of 0.13 A ~! in the a-b plane (in-plane data);
the other with a momentum transfer of 0.15 A ~! along
the ¢ axis (c-axis data). There is an excellent agreement
between theory and experiment in regards to the general
shape of the ELF and the positions of peaks within the
entire 40-eV range. The calculated ELF shows peaks at
6.9, 11.6, 23.7, 29.8, and 36.3 eV and shoulderlike struc-
tures at 15.8 and 18.9 eV. The peak at 6.9 eV corre-
sponds to the peak at 7.4 eV in the c-axis data and the
peak at 8.2 eV in the in-plane data. The slight shift in the
position of this peak can be explained by the underes-
timation of the band gap which has its root in the LDA
theory. The peak at 11.6 eV corresponds to the one at
11.8 €V in the ¢ axis data. There is no evidence in either
of the data for the weak shoulder at 15.8 eV, but this
could be due to the measurement at finite momentum
transfer which somewhat limits the resolution. The other
shoulder at 18.9 eV has evidence in both data at about
the same position. The most prominent peak in the ELF
is at 23.7 eV which lies between the similarly prominent
peaks at 22.7 and 25.7 eV for the c-axis and in-plane data,
respectively. At an even higher energy, the peak at 29.8
eV corresponds to the peak in the c-axis data at 30.5 eV.
There is evidence of a weak peak in both data for the
peak at 36.3 eV.

To explain the apparent anisotropy in the ELF data of
Fig. 13, we plot the in-plane and z components of the cal-
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FIG. 13. Energy-loss function in A-BN: solid line, present
calculation; dashed line, measurement from Ref. 39 with q along
c axis; dotted line, with g in the a-b plane.
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FIG. 14. Calculated dielectric function for A-BN. (a) Aver-
age over three directions; (b) average over x and y directions; (c)
z component.
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culated €,(w) from 4 to 40 eV in Fig. 14. The anisotropic
behavior of €,(w), hence the ELF, becomes quite obvious.
In particular, the peak at 11.6 eV in the ELF is definitely
from the || component to the ¢ axis. The direction-
resolved €,(w) curves also suggest that the major peak
has contributions from both components with the || com-
ponent at a lower energy than the | component, con-
sistent with the data of Ref. 39.

In Fig. 15, we show the similar ELF for ¢-BN and
w-BN. For ¢-BN, there are marked plasmon peaks at
27.3, 32.5, and 38.5 eV and less prominent features at
11.1, 15.0, and 24.4 eV. For w-BN, there are two major
plasmon peaks at 26.4 and 32.6 eV with shoulderlike
structures at 12.9, 23.6, 28.6, and 36.9 eV. We found one
ELF datum for ¢-BN.®® This is shown in Fig. 15 by a
dotted line without any shift in energy scale. In spite of
the low resolution, it is clear that the general shape and
profile of the measured data are in good agreement with
our calculation. No direct ELF data for w-BN is avail-
able for comparison. However, with the good agreement
in both A-BN and ¢-BN, we expect our calculated ELF
for w-BN to be equally accurate.

We now turn to the other optical data for the c-BN.
There have been only a few previous optical measure-
ments on ¢-BN.%7% Figure 16 shows the calculated
imaginary part of the dielectric function for ¢-BN from 0
to 40 eV. Also shown are the data of Osaka et al. for
¢-BN in the energy range from 5 to 25 eV obtained from
the reflectance spectrum by Kramers-Kronig transforma-
tion.® The measured data show major peaks 4 and B at
11.0 and 8.9 eV, a minor peak C at 16.4 eV, and a shoul-
derlike structure D near 12.5 eV. For easy comparison,
we have aligned the positions of the central peak A4 in
Fig. 16. There is a good overall agreement between the
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FIG. 15. Energy-loss function for (a) ¢-BN, the dotted line is
the measured data from Ref. 66; (b) w-BN.

YONG-NIAN XU AND W. Y. CHING

B

20

15

82 10

0 5 10 15 20 25 30 35 40
ENERGY (eV)

FIG. 16. Solid line: calculated €,(w) for ¢-BN; dashed line:
measured data from Ref. 9 with the major peak at 11 eV
aligned.

two curves with the major structures clearly identified.
However, the calculated peak positions for 4, B, and C
are at 12.6, 10.7, and 15.6 eV, respectively, with less evi-
dence for the shoulder D. Hence, with this set of mea-
sured data, the calculated peak positions are about 1.7 eV
too high. If one accepts the notion that the LDA calcula-
tion generally underestimates the band gap, then one
would expect the calculated peak positions to be at a
lower rather than a higher photon energy. Apparently,
the calculated direct gap in ¢-BN is larger than that in-
ferred from the optical measurements, even though the
calculated indirect gap is 5.18 eV. This could indicate
that the accuracy for the higher CB states as calculated
by the LDA theory is energy and momentum dependent.
A smaller gap does not necessarily mean that higher CB’s
are correspondingly lower in energy. As a matter of fact,
several of our recent calculations*""*’ ™% on large gap in-
sulators indicate that the major peaks in the optical-
absorption curves are in good agreement with experi-
ments, even though the calculated gap, or the absorption
threshold are smaller than those measured. More accu-
rate measurement on well-characterized single-crystal
¢-BN will be very useful to further clarify this point. One
may ask if an even larger basis set than the present one
will improve the agreement. This is not likely,® given
the fact of the good agreement in A-BN for frequency up
to 40 eV. In any case, our calculated €,(w) is in much
better agreement with experiment than the earlier calcu-
lation by Tsay, Vaidyanathan, and Mistra using empirical
pseudopotential method.?*

Miyata and Moriki has also measured the refluctance
and transmittance spectra on single-crystal ¢-BN in the
vuv and determined the fundamental absorption edge to
be at 6.1 eV.** However, their converted absorption
coefficient is quite different from our o curve shown in
Fig. 12(b) and the data of Osaka et al.’ shown in Fig. 16
at photon energies above 15 eV. In Fig. 17, we make a
direct comparison of the refractive index data with the
calculated one from n (w)=V e(w). As can be seen, there
is a reasonable overall agreement. This may indicate that
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FIG. 17. Refractive index n for ¢c-BN: Solid line, present cal-
culation; dashed line, experimental data from Ref. 40.

the formulas used by Miyata and Moriki for the phase
change on the reflection are not quite valid in high pho-
ton energy range.*

There are no reported optical data on w-BN mainly be-
cause it is formed only at a very high pressure and tem-
perature. In Fig. 18, we show the calculated €,(w) curves
in the || (z component) and 1 (average over x and y direc-
tions) components of the hexagonal wurtzite lattice. The
main peak is at 10.9 eV and there is less anisotropy than
in h-BN. Near the absorption edge, the z component of
€,(w) has a much higher absorption than the in-plane
component. We hope our calculation will stimulate fu-
ture optical measurement on w-BN.

The zero-frequency limit of the dielectric function €(0),
is an important physical quantity. The calculated values
(averaged over three directions) for A-, c-, and w-BN are
3.86, 4.32, and 4.16, respectively. They are generally
close but smaller than the experimentally determined
values.%*%® The small discrepancy can be attributed to
the difference in the calculated and the measured band
gap. For h-BN, the || component of €(0) is smaller than
the 1 component, in qualitative agreement with the
values deduced from the reflection spectra in the infrared
region.®® The calculated €(0) values together with the
major plasmon peaks in the three crystals are listed in
Table II.

IV. DISCUSSION AND CONCLUSIONS

We have studied the ground state and the optical prop-
erties of three phases of BN using the OLCAO method.
For the ground-state properties, our results are in good
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FIG. 18. Calculated dielectric function for w-BN: solid line,
€3(w); average over x-y directions; dashed line, €(w).

agreement with experiments and other recent calcula-
tions. We may conclude that the basic electronic struc-
tures for the three different phases of BN are reasonably
established.

Our total-energy calculations on BN give results in
close agreement with the pseudopotential calculations.
This again demonstrates the effectiveness of the OLCAO
method in the study of structural phase transitions in
crystals via first-principles TE calculations. The accura-

‘cy in the TE calculation may be further improved if other

optimization procedures to minimize errors are em-
ployed.

The calculation on the optical properties is most en-
lightening. The excellent agreement between our calcula-
tion and the inelastic-electron-scattering measurement
for the A-BN gives credence to the results on the other
two phases on which reliable data are still lacking. It is
also demonstrated that the accuracy of CB states in insu-
lators such as BN is energy and momentum dependent,
and is best assessed by the calculated optical spectra in
comparison with the measured data. It may be an
oversimplification to just compare the gap size from the
LDA calculation with the one deduced from the optical
data, because the latter may be complicated by the domi-
nance of the direct transitions and, to a certain extent,
depends on the extrapolation procedure near the thresh-
old where the signal would be quite weak.
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