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Bulk and surface electronic structure of hexagonal boron nitride
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Accurate full-potential self-consistent linearized augmented-plane-wave (FLAFW) calculations
have been carried out for hexagonal boron nitride. The resulting energy-band structure indicates
that this material is an indirect-gap insulator and shows the existence of two unoccupied interlayer
bands, similar to those found in graphite and graphite intercalation compounds. Chemical bond-
ing is mainly covalent, with a small charge transfer towards the nitrogen atoms. Moreover,
model-potential calculations, based on first-principles FLAPW wave functions and potentials, have
been used to study slabs of thickness up to 35 layers. Contrary to the case of graphite, our results
do not provide evidence of surface states associated with the interlayer bands.

I. INTRODUCTION

Hexagonal boron nitride (h-BN) is an interesting
quasi-two-dimensional insulating analog to semimetallic
graphite. The properties of this material, which has re-
cently gained considerable importance in the GaAs semi-
conductor industry, have been studied extensively both
experimentally and theoretically, ' but agreement has not
yet been achieved on basic electronic properties such as
the value of the lowest excitation energies.

Electronic states have been studied experimentally by
optical absorption, reflectivity, ' x-ray photoemission
spectroscopy (XPS) measurements, ' electron energy
loss spectroscopy (EELS),' ' and other techniques. ' '
All absorption studies concluded that h-BN is a direct-
gap insulator; they disagree, however, in the value of the
lowest band gap which ranges between 3.8 eV (Ref. 5)
and 5.8 eV (Refs. 3 and 4). This large discrepancy has
been attributed to the different quality of the samples
used, as it is dificult to grow good single crystals of this
material. In fact, the absorption spectrum of h-BN
shows in the range 1 —5 eV a broad continuum whose ex-
trinsic and/or intrinsic nature is still controversial. The
most recent optical-reflectivity study indicates a direct-
gap nature of h-BN with an energy gap of 5.2 eV. The
values of the band gap measured by EELS range be-
tween 5.0 eV (Ref. 11) and 5.7 eV (Ref. 12).

Energy bands have been calculated in both the two-
dimensional approximation using the semiempirical'
and self-consistent linear combination of atomic orbit-
als' (LCAO) method, and for the real three-dimensional
crystal with the LCAO (Refs. 4, 19, and 20) and the
orthogonalized-plane-wave ' (OPW) method. All these
theoretical studies conclude that h-BN is a direct-gap in-
sulator, provide a valence-band dispersion which is in
general agreement with the experimental data, and give
band-gap values between 2.45 (Ref. 14) and 12.7 eV (Ref.
18). Precise fully converged self-consistent calculations
have not been reported for this material.

In a recent preliminary report we have shown that a
simple LCAO approach with a minimal basis set does
not provide the correct band structure of h-BN above
the Fermi level. In particular, when a set of basis func-
tions with sufficient variational freedom is used, an addi-
tional unoccupied band appears, which exhibits free-
electron-like character parallel to the atomic planes.
These interlayer states are similar to those previously
predicted for graphite and LiC6 (Ref. 23) and whose ex-
istence has been confirmed by inverse photoemission
spectroscopy.

The purpose of the present paper is to present the re-
sults of a highly precise fully converged self-consistent
calculation of the h-BN energy bands, and to discuss in
detail the lowest electronic excitation energies and the
nature of the interlayer states. Moreover, we will study
the possible existence in h-BN of surface states associat-
ed with the bulk interlayer band. Such states in fact ex-
ist in graphite, as has been shown both theoretically
and experimentally.

II. METHOD OF CALCULATION

Hexagonal BN has D6& symmetry; its unit cell con-
tains two formula units and extends over two consecu-
tive layers. The experimental values of the lattice pa-
rameters at equilibrium are ao ——2.504 and co ——6.66 A,
which are very close to those of graphite.

Electronic energies and wave functions of three-
dimensional h-BN have been calculated with the self-
consistent full-potential linearized augmented-plane-
wave (FLAP W) method. The local-density approxima-
tion (LDA) to density-functional theory with the Hedin-
Lundqvist exchange-correlation potential is used. We
choose the same atomic sphere radius for both boron

0
and nitrogen; its value, 0.688 A (1.3 a.u. ), corresponds to
nearly touching spheres. In the interstitial region, the
wave functions are expanded in terms of plane waves

0
with wave vectors less than 7.56 A ', and in terms of
products of radial functions and spherical harmonics
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with l (8 inside the spheres. The electron charge densi-
ty and the crystal potential are similarly expanded in
terms of 2507 plane waves, and spherical harmonics with
l &6. Integrations in k space were performed with the
analytic tetrahedron method, using 20 points in the irre-
ducible wedge of the Brillouin zone.

Fully converged FLAPW calculations have also been
performed for values of the c parameter larger than co
and up to c =1.75co. These calculations are necessary
for understanding the nature of the interlayer interaction
and for investigating the possible existence of surface
states.

III. BULK ENERGY BANDS

The energy-band structure calculated at the equilibri-
um lattice parameters, shown in Fig. 1, yields a valence-
band dispersion in close agreement with all previously
reported results (see, e.g. , Ref. 19). However, we predict
that h-BN is an indirect-gap insulator and we find two
additional conduction bands not yet reported in the
literature for this material.

The lowest-energy band gap occurs between the
valence-band maximum at H and the conduction-band
minimum at M. The value of this gap is 3.9 eV, while
the lowest direct band gap (H point) is 4.3 eV. This re-
sult is the first theoretical prediction of the indirect-gap
nature of h-BN, and differs from all previous calcula-
tions in the structure of the conduction bands. This is

not surprising since in our precise calculation we use
throughout the Brillouin zone an average basis set of 250
augmented plane waves, which is to be compared with
the basis set of 73 orthogonalized plane waves in the cal-
culation of Nakhmanson and Smirnov, ' or with the
minimal basis set of 16 atomic orbitals used by Robert-
son. ' A large basis set is a necessary condition for an
accurate description of the h-BN energy band dispersion,
and in particular that of the conduction bands. Indeed,
Nakhmanson and Smirnov mention in their paper that
the lowest direct gap increases from 2.45 to 3.80 eV
when they expand the basis set from 73 to 150 OPW's.
Besides being far from convergence, a11 previous calcula-
tions are also non-self-consistent. Therefore, they can-
not be trusted for the description of differences in band
energies of the order of 0.1 eV, such as the difference be-
tween the lowest direct and indirect energy gaps which,
according to our converged self-consistent results, is 0.4
eV. We also stress that the predicted indirect-gap char-
acter of h-BN is compatible with all existing experimen-
tal data. Indeed, as mentioned in the Introduction, ex-
perimental spectra display a continuum of intense elec-
tronic excitations already starting at about 1 eV, and ex-
tending up to the onset of the strong intrinsic interband
rr~~ excitations (-5 eV). The spectral features of
these electronic excitations, which probably have extrin-
sic origin, are strong enough to hide intrinsic indirect
transitions occurring at the same energy.
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FIG. 1. Energy-band structure of hexagonal BN. Electron states at the zone center are classified following the notation used by

Robertson (Ref. 19). Solid lines serve to identify the interlayer bands, which show several (anti)crossings with o and m. bands. The

zero of energy is taken as the top of the valence band (point H of the Brillouin zone). The minimum of the conduction band occurs

at M.



36 BULK AND SURFACE ELECTRONIC STRUCTURE OF. . . 6107

N sphere (a)

8 sphere

0 1

O total

(b)

E (eVj

16

FIG. 2. Charge-density contour plot for the symmetric I &+

(a) and the antisymmetric I 3+ interlayer states (b). The charge
densities are displayed in the basal atomic plane (left-hand
panel), in the vertical plane through a B—N bond (central
panel), and in the horizontal plane bisecting the interlayer
space (right-hand panel). Contour values are given in units of

0 3 0 30.01 e/A, with subsequent contours separated by 0.01 e/A .
Diamonds and squares indicate nitrogen and boron sites, re-
spectively. The dotted lines in the left panel of (b) indicate the
augmented plane-wave (APW') spheres used in this work.

FIG. 3. Partial [(a) and (bl] and total (c) densities of states
(DOS's) in the valence bands and in the low-energy conduction
bands (in units of electrons/cell eV). The partial densities are
the projected density of states by atom type in the correspond-
ing AP%' spheres. The broken lines in (a) and (b) represent the
contribution of p-like states to the DOS inside the spheres; the
dotted line in (c) indicates the large contribution from the in-
terstitial region in the total DOS.

The first additional empty band is the lowest unoccu-
pied state at I and presents the characteristics of an in-
terlayer band. Indeed, as is clear from Fig. 1, this inter-
layer band has a strong parabolic behavior around its
minimum at I, which is located at 4.7 eV above the top
of the valence band at H, and is even under reflection
with respect to the atomic planes. According to the no-
tation of Robertson, ' this state belongs to the I &+ repre-
sentation. Since the unit cell contains two formula units,
this band folds back at the upper hexagonal face of the
Brillouin zone and gives rise to a second interlayer band
at higher energy. The higher interlayer state at I (10.0
eV above the valence-band top) is odd with respect to
the reflection operation and has I"3+ symmetry. The in-
terlayer character of these I states is clearly evident in
the single-state charge-density plots of Fig. 2. The struc-
tures close to the N nuclei are the results of the effects of
orthogonalization to the occupied states. These plots in-
dicate that most of the charge is situated in the intersti-
tial region (the calculated values are 86% and 67% for
the I &+ and I 3+ states, respectively). The charge distri-
butions presented in Fig. 2 are similar to those of the in-
terlayer states in graphite, apart from a weaker inter-
layer character (the calculated values in graphite are
92% and 74% for the I &+ and I 3+ states, respectively).
Apparently, the reason why interlayer states have not
been reported earlier for h-BN is the use of insufticient

basis sets of atomic orbitals in all previous calculations.
Comparison of our results with optical data indicates

that the use of LDA underestimates the lowest energy
gaps by —1 eV. We may then draw the following con-
clusions for the optical properties of h-BN near the fun-
damental threshold: (i) in the intrinsic material, absorp-
tion starts at -5 eV with indirect transitions from H to
M; (ii) the lowest direct threshold occurs at the H point

FICx. 4. Contour plots of the total electronic charge density
in the basal atomic plane (left panel), and in the vertical plane
through a B—N bond (right panel). Contour values are given

0 3 ~ 0 3in units of 0.1 e/A . Subsequent contours di6'er by 0.3 e/A .
Atomic symbols are the same as in Fig. 2.
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FIG. 5. Contour plots, in the same planes as those of Fig. 4,
of the differential electronic charge density, i.e., the difference
between the self-consistent crystal density and the superposi-
tion of self-consistent atomic densities. Contour values are
given in units of 0. 1 e/A and subsequent contours are separat-
ed by 0.1 e/A . The broken lines indicate the zero contours,
while positive (negative) contours are represented by solid (dot-

ted) lines. Atomic symbols are the same as in Fig. 2.

FIG. 7. (a) Contour plot of the self-consistent charge density
for the crystal with c=co in a horizontal plane bisecting the
interlayer space. (b) Contour plot of the self-consistent charge
density for the crystal with c=1.75co in a horizontal plane
whose distance from the atomic plane is d =co/4. (c) Same as
(b), but at a distance d =(c/2 —co/4). (d) Contour plot of the
polarization charge density, i.e., the difference between the
charge density in (a) and the superposition of the densities in

(b) and (c). Contour values are given in units of 0.001 e/A .
Subsequent contours are separated by 0.005 e/A in (a), (b),

0 3
and (c), and by 0.0002 e/A in (d).

at a photon energy of —5.5 eV; (iii) the Etc spectrum is
dominated by a doublet near 6.5 eV, corresponding to
direct transitions close to the I.-M axis. Indeed, the cal-
culated LDA bands close to M show the existence of two
saddle points in the joint density of states at 5.4 and 5.8
eV.

Finally, in Fig. 3, we present a plot of the density of
states of the valence bands and low-lying conduction
bands. The calculated valence-band width (18.5 eV) is
smaller than the value (20.7+1.5 eV) obtained by Tegeler
et al. in their most recent XPS measurements. Accord-
ing to these authors, however, the real total width of the
valence bands may be smaller than the measured value
by 1 —3 eV, due to significant Auger broadening of the
XPS spectrum at energies corresponding to the lowest
valence band. The large p-like contribution in the lowest
valence bands and in the boron sphere is an artifact re-
sulting from our choice of atomic spheres (see Fig. 2 for
sphere geometry). The lowest valence bands in fact are

dominated by nitrogen 2s orbitals, for which the expec-
tation value of the orbital radius is 1.32 a.u. Therefore,
the nitrogen 2s orbitals extend significantly outside their
sphere (with radius 1.3 a.u. ) into the boron sphere, thus
giving rise to an apparent boron p-like character.

IV. CHEMICAL BONDING

The total valence electron density for h-BN is given in
Fig. 4 in the basal plane and in a vertical plane contain-
ing a BN bond. Figure 5 gives the differential charge
density, i.e., the difference between the self-consistent
FLAPW charge density of the crystal and the superposi-
tion of self-consistent atomic charge densities centered at
the lattice sites. Inspection of the two figures shows that
in h-BN the in-plane chemical bond is mainly covalent.
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FIG. 6. Planar average of the self-consistent electronic den-

sity for the crystal with c =co (solid line), and for the expanded
crystal with c = 1.75co (long-dashed —short-dashed line). The
averages are done in planes parallel to the atomic layers, and z
measures the distance from the basal plane. The vertical bro-
ken line indicates the radius of the APW spheres.

FIG. 8. One-dimensional nonlocal model potential con-
structed as explained in the text for symmetric (U+) and an-
tisymmetric (U ) interlayer states, respectively. The broken
lines represent the planar-averages Uo and Uo of the self-
consistent FLAPW potentials for the crystals with c =co and
c=1.75co, respectively. The vertical line indicates the location
of the surface atomic plane.
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FIG. 11. Charge density of the ground state in a 9-layer
(upper) and a 15-layer (lower) model BN slab, in units of 0.01
e/a. u. The surface layer is indicated by S and the central layer
by C.

FICs. 9. Right panel: energies of bound states in N-layer
model BN slabs with interlayer distance c=co. Even (odd)
states are indicated by solid (open) squares. Left panel: lowest
energy band for the infinite one-dimensional model BN crystal,
compared with three-dimensional FLAPW band energies of in-
terlayer states (crosses) calculated along the I -3 direction for
the crystal with c=eo. The same comparison for the crystal
with c =1.75co is given in the inset.

A weak ionic character results, however, from a small
charge transfer towards the nitrogen atoms, in agree-
ment with previous reports. Figure 4 shows that the
charge density is very weak in the interlayer region, even
weaker than that predicted by the superposition of atom-
ic densities (see Fig. 5). This reduction of electron densi-
ty in the interlayer region is due to the formation of the
strong bonds in the atomic planes.

More detailed information about the interlayer bond-
ing is given in Figs. 6 and 7. In Fig. 6, we give the
planar-averaged electron density calculated between two
consecutive layers for a crystal with the equilibrium lat-
tice parameter cp and for an expanded system with
c=1.75cp. For the latter system, the charge density at
half distance between consecutive layers is practically
zero. In this case, the atomic layers have essentially

0.4

nonoverlapping electron densities, and they can only in-
teract through weak quadrupole or higher-order electro-
static forces. Figure 6 also shows that the charge densi-
ty of the crystal with c =cp is well approximated by the
superposition of charge densities of isolated layers, as
obtained from the expanded system. The weak polariza-
tion effects occurring when the lattice spacing is reduced
from 1.75cp to the equilibrium value are shown in Fig. 7.
In Fig. 7(a), we present a contour plot of the crystal den-
sity calculated for c =cp in the horizontal plane halfway
from two consecutive layers. Polarization effects in the
same horizontal plane are shown in Fig. 7(d), where we
give the contour plot of the differential charge density,
defined as the difference between the crystal density and
the superposition of isolated-layer densities. This
difference is positive everywhere in the plane, indicating
that the layer-layer interaction enhances the interlayer
charge density similarly to the situation occurring in the
formation of a covalent bond. The polarization charge
density, however, is only about 3% of the density itself,
and has maxima in correspondence with facing atomic
locations, and minima in correspondence with the
centers of the hexagons. The enhancement of interlayer
electron density due to polarization is not sufficient,
however, to recover at the equilibrium interlayer dis-
tance the superposition of atomic densities in the inter-
layer region (see Fig. 5).

02 ~

V. MODEL CALCULATIONS FOR FINITE
SLABS AND SURFACE PROPERTIES

0.0

—02-

-10 z (a. u. ) 10

FIG. 10. Wave functions + of the symmetric (a) and an-
tisymmetric (b) states bound to the isolated model BN mono-
layer. All values are in atomic units.

We have extended the study of the electronic proper-
ties of h-BN by investigating its surface properties. Sur-
face states which originate from bulk interlayer states
have been found experimentally and theoretically in
graphite. "' Since our bulk band structure shows that
interlayer band also exist in h-BN, we investigated the
possible existence of surface states in this compound by
performing one-dimensional model calculations on slabs
with different thicknesses.

The results of the self-consistent FLAPW bulk calcu-
lations were used to construct a one-dimensional period-
ic model potential, in order to reproduce the k, disper-
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sion of the interlayer bands. The electrostatic part Up of
the model potential (including exchange and correlation
contributions) is obtained as the x-y planar average of
the self-consistent FLAPW potential for the crystal with
c =co. The total nonlocal model potential U* (+ refer-
ring to parity under z refiection) is the sum of Uo and a
nonlocal orthogonality potential U,—+„h which has been
obtained from FLAPW results for the expanded crystal
(c=1.75co, which as shown previously, guarantees that
the overlap between layer densities is negligible). The
procedure followed in the derivation of U,—„h contains
four steps: (i) the FLAPW wave functions of the I ~+

and I 3+ interlayer states are averaged in the x-y planes,
and the resulting one-dimensional functions are made
into pseudofunctions in correspondence with atomic
planes, imposing continuity conditions and norm conser-
vation; (ii) these pseudofunctions are then introduced
into a one-dimensional Schrodinger equation which is in-
verted, giving rise to a nonlocal norm-conserving total
model potential for the expanded crystal; (iii) ortho-
gonality potentials U,—+

„h are then obtained by subtract-
ing from the above model total potential the planar aver-
age Up of the self-consistent FLAPW potential of the ex-
panded crystal; (iv) we assume that the orthogonality po-
tentials U,+—

„h can be transferred to the crystal with
c =cp. The resulting potentials Up, Up, and U — are
displayed in Fig. 8. The soundness of our model is
shown in Fig. 9, where we compare the results of the
model for infinite one-dimensional periodic systems with
FLAPW interlayer-band dispersion of the crystals with
c =cp and c = 1.75cp.

In order to study surface properties, however, it is
also necessary to extend the model potential into the
vacuum region. This potential coincides with Up close
to the surface layer, and at large distances is approxi-
mated by the electrostatic potential (including exchange
and correlation contributions) of an isolated layer. The
Hartree term in the latter potential is obtained by x-y
planar averaging the Hartree potential resulting from
the FLAPW calculation for the crystal with c=1.75cp.
The exchange and correlation contributions are calculat-
ed using the local-density approximation and a one-
dimensional single-layer electron density which repro-
duces by superposition the x-y planar average of the
FLAPW density for the crystal with c=1.75cp. The re-
sulting potential in the vacuum region is displayed in
Fig. 8.

This model has been used to study BN slabs with an
odd number X of layers (1 &N &35). The eigenvalues of
bound states for these slabs are reported in Fig. 9. With
increasing thickness, the energies converge towards the
projected band structure of the infinite periodic system.
Contrary to the case of graphite, no surface state splits
off at lower energy.

Further evidence that no surface state exists in h-BN
is obtained by studying the evolution of the wave func-
tion of the ground state in slabs with increasing thick-

ness. Two states, one symmetric (ground state), and one
antisymmetric, are bound to the isolated monolayer.
Their wave functions are displayed in Fig. 10. In Fig.
11, we give the charge density of the lowest bound state
in the 9- and 15-layer slabs. We see in the sequence
N = 1,9,15 that the ground state becomes closer and
closer to a Bloch state, and its amplitude does not decay
appreciably inside the slab.

The absence of surface states in h-BN, despite its close
similarity with graphite, can be related to the more pro-
nounced atomic character that bulk interlayer states
have in the former case. In fact, for graphite, the proba-
bilities to be in the atomic spheres are 8% and 26%%uo for
the symmetric I &+ and the antisymmetric I 3+ interlayer
states, respectively, while the corresponding values for
BN are 14% and 33% (l%%uo and 0% in the boron sphere,
13% and 33% in the nitrogen sphere, respectively; the
larger amount of charge in the nitrogen spheres is due to
the greater electronegativity of this element compared
with boron). Since bulk interlayer states in h-BN are
more atomic in nature, they are less likely to give rise to
surface states, which extend considerably into the vacu-
um region.

Finally, we notice that the model potential used in this
work, being based on the LDA approximation, does not
reproduce, far from the surface, the well-known image
potential. Going beyond LDA and taking properly into
account correlation effects, an infinite series of image
states will result.

VI. CONCLUSIONS

We have presented a general study of the bulk and
surface electronic properties of h-BN. We find that this
material is an indirect-gap insulator, in contradiction
with previous experimental and theoretical results.
Furthermore, the conduction-band dispersion is compli-
cated by the presence of two not-yet-reported bands,
which correspond to empty interlayer states, and which
are common to other layered materials. However, in
contrast with the case of graphite, our LDA results do
not show the existence of surface states originating from
the interlayer bands.
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