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Structural and electronic properties of h-BN
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Effects of stacking behavior of hexagonal basal layers to the structural stability and electronic properties of
h-BN were investigated thoroughly using first-principles calculations based on the density-functional theory
local-density approximation. Three of five possibleh-BN structures with ‘‘good’’ stacking were found to be
stable or substable. Considering that intrinsic stacking fault exist in realh-BN crystals which results in mixed
stacking behavior, the experimentally observed large interlayer spacing of structures with stacking disorder
such as PBN andt-BN can be understood. A substable structure with a direct band gap of about 3.395 eV was
predicted. The existence of this substable structure and related intrinsic stacking fault in realh-BN explains the
discrepancy in the nature of the band gap and the large variation in the observed band-gap values ofh-BN.
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I. INTRODUCTION

Being one of the most interesting solids among the III
compounds, boron nitride~BN! has motivated tremendou
amounts of theoretical and experimental investigations o
fundamental properties for a long time.1–15 BN is also the
basis for many advanced technologies.16 Four different poly-
morphic modifications, i.e., cubic (c-BN!, wurzite (w-BN!,
hexagonal (h-BN!, and rhombohedral (r -BN!, have been
found for BN which are responsible for the wide spectrum
properties of BN.16 The two high-density diamondlike
phases,c-BN and w-BN, have tetrahedralsp3 hybridized
B-N bonds, but different stacking sequences of the
basal layers. The c-BN consists of the three-laye
(ABCABC•••) stacking of thec-BN ~111! planes while
w-BN follows the two-layer (AA8AA 8•••) stacking se-
quence ofw-BN ~0002! planes which is structurally identica
to the c-BN ~111! planes.16–18 The two low-density graphi-
telike phases,h-BN and r-BN, consist of two-dimensiona
layers of hexagonally linkedsp2 hybridized B-N bonds, ar-
ranged in (aa8aa8•••) and (abcabc•••) orders,
respectively.16–18 In addition to the above, BN has bee
found to exist in partial or completely disordered phases. T
turbostratic (t-BN! ~Refs. 18–21! phase has random stackin
of the hexagonalsp2 bonded BN basal layers and is a pa
tially disordered phase, while amorphous BN (a-BN! is
characterized by atomic-level structural disorders.18 The
most common phase of boron nitride,h-BN, is known as a
very good electrical insulator with good thermal conductiv
and stability. It has been widely used in vacuum technolo
and also been employed in electronics, nuclear energy, x
lithography, lubrication, etc.22,23

Despite the fact thath-BN is the best studied polymorp
of BN, there has been no agreement on the basic electr
properties ofh-BN to date. For example, there is a wid
range of values for its band-gap energy.22 Electronic states of
h-BN have been studied by luminescence,1,2,6,9,22,24 elec-
tron energy-loss spectroscopy,25–27 x-ray photoemission
spectroscopy,28,29 x-ray emission,30,31 x-ray absorption,12,32

resonant inelastic x-ray scattering,33,34 optical-absorp-
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tion13,35–37 and reflectivity spectra,4,38,39 and other
techniques.40,41 However, widely dispersed band-gap ener
values ranging from 3.6 eV to 7.1 eV can be found in t
literature and both direct or indirect band gaps have b
reported forh-BN.

Meanwhile, extensive theoretical studies have been
formed on the electronic and optical properties ofh-BN.
However, the calculated band structures are dependent o
calculation methods. Using the tight-binding method, Ro
ertson investigated the electronic structure and core exc
tion of h-BN and found a direct gap at theH point, but a very
small K-H dispersion.42 Calculation based on the full
potential self-consistent linearized augmented-plane-w
method by Catellaniet al. showed thath-BN has a minimal
indirect band gap of 3.9 eV between the valence-band m
mum atH and the conduction-band minimum atM, and a
lowest direct band gap of 3.9 eV atH.43 However, Parket al.
found that the lowest direct gap ofh-BN is located atM, with
a gap value of 4.5 eV using the same method.44 Results of
band-structure calculations based on the orthogonal lin
combination of atomic orbitals~OLCAO! method by Xu and
Ching suggest an indirect band gap (H-M ) of 4.07 eV and a
lowest direct band gap~H! of 4.2 eV.45 Using a pseudopo-
tential approach, Furthmu¨ller et al. predicted a direct gap o
4.5 eV at theM point, which is 0.4-eV larger than the ind
rect gap between theM andH points.46

While these studies provided a certain degree of und
standing of the electronic properties ofh-BN, few of them
directly addressed the conflicting experimental and theor
cal values of the fundamental band gap ofh-BN. Sample
quality was often cited as the reason for the great variatio
the electronic properties from sample to sample. Althou
many investigations on the electronic properties ofh-BN,
such as defects,8,10,47,48 core hole effect,33,34,49 and
luminescence,1,2,6,9,22,24were carried out, it is difficult to give
an accurate description without fully understanding the ba
structure ofh-BN.

It was unfortunate that nearly all experimental analyses
theoretical calculations onh-BN were based on the hexago
nal crystal structure first proposed by Pease,50,51 as shown in
©2003 The American Physical Society02-1
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Fig. 1~A!. In this crystal structure which has space gro
P63 /mmc ~194!, the hexagonal BN layers align in thec
direction in such a way that the hexagons reside dire
above one another and the B atoms immediately above th
atoms or vice versa. However, for realh-BN crystals (Z
52), x-ray-diffraction~XRD! data indicate that the crysta
may exist in structures with different symmetries. In partic
lar, h-BN structures with space groupsP63 /mmc ~194!,52

P6̄m2 ~187!,53,54 P3̄m1 ~164!,55–57 andP6̄ ~174!,58 respec-
tively, have been found. In fact, Geicket al. discussed their
optical investigation data in terms of twoh-BN structures
with different stacking sequences of the hexagonal BN lay
in 1960s.4 However, few theorists have paid attention to t
stacking effects of the structural and electronic properties
h-BN since then, except a recent work by Mosuang a
Lowther which indicated that slightly different phases of th
material could exist in three forms of the AaAa•••

stacking.59 Moreover, stacking disorder was found in pyr
lytic boron nitride~PBN! formed by chemical vapor depos
tion and in the semicrystalline BN phase,t-BN, where larger
interlayer spacing was observed.16,20 However, to our best
knowledge there has been no theoretical study on the s
tural or electronic properties of PBN andt-BN. Therefore, it
would be interesting to investigate the structural stability
h-BN related to the stacking behavior of hexagonal ba
layers. It could elucidate the uncertainty of the band struct
of h-BN observed experimentally, and provide further und
standing of the electronic properties of PBN andt-BN.

In this paper, we report results of a systematic investi

FIG. 1. h-BN structures considered in this study. Structures
B, and C all have space groupP63 /mmc ~194! and can be trans
formed into one another by translational gliding moves of the
plane. Structure D with the space groupP3m1 ~156! and structure

E with the space groupP6̄m2 ~187! are similarly related.
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tion of structural and electronic properties ofh-BN related to
stacking of the basal BN layers using the density-functio
theory60,61 ~DFT! and the local-density approximation61

~LDA !, and aim to provide a clear understanding of t
structural and electronic properties ofh-BN, as well those of
PBN andt-BN.

II. STRUCTURAL PROPERTIES OF h-BN
WITH DIFFERENT STACKING

According to the XRD data, a few different types ofh-BN
(Z52) with space groups ofP63 /mmc ~194!,52 P6̄m2
~187!,53,54 P3̄m1 ~164!,55–57 and P6̄ ~174!,58 as shown in
Table I, are possible. However, based on symmetry con
eration, there can be only five hexagonalh-BN structures
(Z51 or 2!. These five structures are shown in Fig. 1 and
corresponding space groups areP63 /mmc ~194! for struc-
tures A, B, and C;P3m1 ~156! for structure D; andP6̄m2
~187! for structure E. We suggest that theh-BN structures
with the P3̄m1 ~164! ~Refs. 55–57! symmetry observed ex
perimentally should be denotedP3m1 ~156!, because it is
impossible forh-BN (Z52) to have theP3̄m1 ~164!.

Among the five possible structures, structure A with t
P63 /mmc is most commonly accepted. These five structu
can be transformed into each other, by translational glid
moves of one BN basal layer relative to the other layer in
unit cell, or by rotational moves of one BN basal lay
around thec axis of the crystal. However, if only transla
tional moves are permitted, then the fiveh-BN structures can
be divided into two groups. The first group~I! consists of
structures A, B, and C with the space groupP63 /mmc, and
the second group~II ! is composed of structures D and E wi
the space groupsP3m1 and P6̄m2, respectively. In each
group, theh-BN structures can transform into each anoth
by varying the relative stacking of the BN basal layers.

Theoretical investigations on the structural and electro
properties ofh-BN were carried out using a first-principle
method based on the DFT, and the LDA with the Perde
Zunger parametrization62 for the exchange and correlatio
interaction. Eachh-BN structure was optimized within the
given space group using theCASTEP code.63 The ultrasoft
pseudopotential64 was used in our calculation and the ele
tron wave function was expanded using plane waves wit

,

TABLE I. h-BN crystal structures determined by XRD.

Space group a ~Å! c ~Å! Reference

P63 /mmc ~194! 2.50441~7! 6.6522~4! 52

P6̄m2 ~187! 2.502~2! 6.66~1! 53

P6̄m2 ~187! 2.50399~5! 6.6612~5! 54

P3̄m1 ~164! 2.502~2! 6.66~1! 55

P3̄m1 ~164! 2.5000~1! 6.6609~5! 56

P3̄m1 ~164! 2.51 6.69 57

P6̄ ~174! 2.51 6.69 58
2-2
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kinetic-energy cutoff of 540 eV.K points were generate
using the Monkhorst-Pack scheme with a mesh size of
31234. With these parameters, the accuracy in the ca
lated total energy is estimated to be 0.001 eV per atom
addition to the fiveh-BN structures, two graphitic structure
with hexagonal symmetry were also studied for comparis
These two structures, F with space groupP63 /mmc ~194!
and G with space groupP6/mmm~191!, are shown in Fig. 2.
The calculated total energies per atom and the lattice par
eters of these structures are listed in Table II. The optimi
structures A, B, and D have similar lattice parametersa and
c, which are in good agreement with the experimental res
given in Table I. Their total energies per atom are also clo
On the other hand, the optimized structures C and E ha
relatively larger lattice constantc, and relatively higher tota
energies per atom. Similarly, in the case of graphite, struc
F, the common graphitic structure, has lower total energy
a much shorter lattice constantc than structure G.

Compared with hexagonal graphite which has only o
stable structure, i.e., structure F,h-BN has three possible
stable structures, i.e., structures A and B, both of
P63 /mmc ~194! symmetry, and D withP3m1. This could
be due to the characteristics of the mixed covalent-io
bonding of h-BN, in contrast to pure covalent bonding o
graphite. As shown in Fig. 3, where the total valence cha
density of the fiveh-BN structures and the two graphiti
structures are shown using contour plots in the~1100! plane
containing both BN and CC bonds, allh-BN and graphitic

FIG. 2. Graphitic structures for reference. The two structure
and G have the space groupsP63 /mmc~194! andP6/mmm~191!,
respectively.
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2
-

In

n.

m-
d

ts
e.
a

re
d

e

e

c

e

structures have strong bonding in theab plane but weak
bonding in thec direction. This is a result of strong covalen
intralayer bonds and weak interlayer Van der Waals bond
In the case of graphitic structures which show pure cova
bonding characteristics, the charge density is distribu
equally around the C atoms@Fig. 3 ~structures F and G!# and
the interlayer van der Waals interaction favors a stack
sequence in which the hexagonal graphitic rings in adjac
layers are shifted, i.e., the ABAB stacking sequence. Ho
ever, in the case ofh-BN which shows mixed covalent-ionic
bonding characteristics, the valence charges are concent
around the N atoms@Fig. 3~structures A–E!# and the layer
stacking in the threeh-BN structures A, B, and D yield loca
energy minima.

To further investigate the stability of these fiveh-BN
structures, we calculated the variation of the total energy
atom of the structures in each group as a function of
relative translational move of one basal BN layer with r
spect to the other in the unit cell. For the group-I structur
as shown in Fig. 4, structure A was found to be a sta
structure and its energy per atom is at the global minimu
Structure B is a substable phase and its energy is at a l
minimum which is only slightly higher than that of structu
A. But structure C is unstable since its energy is at the ma
mum point of the energy surface. The equilibrium structu
of C has a relatively longer lattice parameterc, as shown in
Table II. The group-II structures, D and E, show similar b
haviors. As shown in Fig. 5, structure D is a stable struct
at the minimum point of total energy, but structure E is u
stable at the maximum point of total energy. The equilibriu
structure of E also has a longer lattice constantc, as indicated
in Table II. Recently, Mosuang and Lowther investigate
using a density-functional approach with LDA, three B
phases with different stacking sequences which corresp
to structures A, C, and E here. However, they concluded
all three structures were stable. This could be due to the
that an interlayer gliding effect was not considered in th
study.

According to our results presented above, among the
structures ofh-BN, structures A, B, and D are stable and t
corresponding stacking of the BN layers can be regarde
energetically favorable or ‘‘good’’ stacking sequences. Str
tures C and D are unstable and their stacking sequences
be regarded as unfavorable or ‘‘bad.’’ Structures with ‘‘ba
stacking sequence generally have largerc values compared
to structures with ‘‘good’’ stacking sequences. The five stru

F

TABLE II. Calculated structural information and total energies of varioush-BN structures.

Group Structure Space Group a ~Å! c ~Å! Total energy
~eV/atom!

Stability Eg ~eV!

h-BN A P63 /mmc ~194! 2.485 6.49 2175.849 stable 4.027~indirect!
Group I B P63 /mmc ~194! 2.484 6.487 2175.847 substable 3.395~direct!

C P63 /mmc ~194! 2.484 7.048 2175.837 unstable 3.433~indirect!
h-BN D P3m1 ~156! 2.485 6.423 2175.849 stable 4.208~indirect!

Group II E P6̄m2 ~187! 2.485 6.912 (32) 2175.835 unstable 3.226~indirect!

Graphite F P63 /mmc ~194! 2.439 6.654 2155.560 stable
G P6/mmm~191! 2.439 7.234 (32) 2155.548 unstable
2-3
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FIG. 3. Contour plots of total charge densities in the~1100! plane for the fiveh-BN and two graphitic structures being studied.
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tures A, B, C, D, and E represent the extremes of stack
Based on these, we can infer the structural or electro
properties of structures with disorder in stacking seque
such as PBN andt-BN. In PBN, stacking disorder typically
10410
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occurs because PBN is often deposited with a preferred
entation and thec axis is perpendicular to the surface, resu
ing in slightly higher~2%–4%! interlayer spacing.16 Simi-
larly, in t-BN which has random stacking of the BN bas
2-4
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STRUCTURAL AND ELECTRONIC PROPERTIES . . . PHYSICAL REVIEW B 68, 104102 ~2003!
layers, a larger than the ideald002 value in XRD analysis is
often used as an indicator for the turbostratic structure,
dropping of this quantity to a certain critical value durin
heat treatments was accepted as an indicator for orderin
the crystal structure.20 Based on the results of the prese
study, we conclude that the larger interlayer spacing of P
and t-BN is due to their mixed stacking behaviors since o
calculations suggest that ‘‘bad’’ stacking results in larger l
tice constantc.

The existence of a substable structure B is significant.
small difference in total energies of structure A and struct
B implies that it is possible forh-BN crystals with the
P63 /mmc symmetry to have mixed stacking behaviors
structures A and B, resulting in an intrinsic stacking fault
real h-BN crystals. Furthermore, onceh-BN with the
P63 /mmc symmetry is formed, it is difficult to transform
into structure D with theP3m1 symmetry, and vice versa
because a much larger energy barrier must be overcom
the rotational motion in order to transform the crystal stru

FIG. 4. Variation of total energy per atom of group-I structur
as a function of the translational gliding move of one BN hexago
layer relative to the other in the unit cell.

FIG. 5. Variation of total energy per atom of group-II structur
as a function of the translational gliding move of one BN hexago
layer relative to the other in the unit cell.
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ture from one symmetry to the other. Therefore, we conclu
that whetherh-BN crystals adopt theP63 /mmc or the
P3m1 symmetry should be determined by their initi
growth conditions.

Shown in Fig. 6 are the simulated XRD spectra based
the h-BN structures A, B, and D, respectively. Since the
three structures have roughly the same lattice parame
their XRD spectra have almost the same peak positions,
different intensities which is due to the different stacking
the BN layers. The experimental XRD spectra on realh-BN
samples52–58 are some sort of average of the spectra of
three idealh-BN structures which confirms the existence
mixed stacking in realh-BN crystals.

III. ELECTRICAL PROPERTIES OF h-BN

The band structures and total density of states~DOS! of
the five h-BN structures were calculated and are shown
Figs. 7–11. It is known that even though the DFT-LD
method underestimates band gaps of semiconductors an
sulators, it does give reliable bandwidths and shapes. In
present work, we focus on comparison of the band structu
of the fiveh-BNs.

Figure 7 shows the calculated band structure and t
DOS of structure A. The band structure is characterized

l

l

FIG. 6. Simulated XRD spectra of the stable structures A,
and D, respectively (l51.5418 Å).
2-5
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an indirect band gap of about 4.027 eV, between the vale
band maximum nearH and the conduction-band minimum
M, and a very smallK-H dispersion. Being the most com
mon h-BN phase, the electronic structure of structure A h
been extensively studied.42–46 The band structure calculate
in the present work and the prediction of an indirect ba
gap of 4.027 eV agree well with the results of recent O
CAO calculations of Xu and Ching45 and the results of

FIG. 7. Band structure and total DOS of structure A.

FIG. 8. Band structure and total DOS of structure B, where
K-H dispersion part is enlarged.
10410
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Furthmüller et al. using ultrasoft pseudopotentials.46

For the substable structure B with theP63 /mmcsymme-
try, our calculations predict a band gap of about 3.395
essentially of direct nature, which has not been obser
before. The details of the valence-band top are shown in
inset of Fig. 8. The conduction-band minimum occurs at
K point, while the valence-band maximum is also locat
around theK point. TheK-G dispersion is considerably sma
and is comparable to the thermal energy at room temp

e

FIG. 9. Band structure and total DOS of structure D.

FIG. 10. Band structure and total DOS of structure C.
2-6
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STRUCTURAL AND ELECTRONIC PROPERTIES . . . PHYSICAL REVIEW B 68, 104102 ~2003!
ture. Therefore, the existence of structure B changes the
ture of the electronic structure ofh-BN and brings about a
critical change from the indirect band gap to direct band g
with a drop of the band-gap energy by about 0.6 eV.

The band structure of structure D with theP3m1 symme-
try was calculated and is shown in Fig. 9. The band struc
is similar to that of structure A, with an indirect but a slight
large band gap of 4.208 eV, between the valence-band m
mum atH and the conduction band minimum atM, with very
small K-H dispersion too.

For comparison, we also calculated the band structure
the unstableh-BN structures C and E and the results a
shown in Fig. 10 and Fig. 11, respectively. Both of these t
unstable structures with ‘‘bad’’ stacking sequences exh
indirect band gaps. The band-gap energy of structure C
3.433 eV, between the valence-band maximum atK and the
conduction-band minimum atM, while that of structure E is
3.226 eV, between the valence-band maximum atK and the
conduction-band minimum atL. Consequently, any ‘‘bad’’
stacking of BN layers in realh-BN would reduce its band
gap, and change the characteristics of the band structure
nificantly.

Based on the calculated band structures of various ph
of h-BN, it is obvious that the electronic structures ofh-BN
show strong dependence on the stacking manner of the
layers. Structures with ‘‘good’’ stacking sequences alrea
have quite dispersed band-gap energies, i.e., 4.027, 3
and 4.208 eV for structures A, B, and D, respectively. T
existence of ‘‘bad’’ stacking of the BN layers such as that
structure C or E will further reduce their band-gap ener
and change their band structure. It is worthwhile to point
that the substable structure B possesses a totally diffe
electronic structure and it is the onlyh-BN structure with a
direct band gap. As already indicated in Sec. II, intrin

FIG. 11. Band structure and total DOS of structure E.
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stacking faults should generally exist in realh-BN crystals.
In other words, realh-BN crystals are likely to have mixed
stacking sequences of structures A, B, and D. Accordin
the diverse band-gap values~3.6 to 7.1 eV! observed
experimentally22 can be understood as a result of ban
structure variation due to stacking. Furthermore, the discr
ancy over the nature of the band gap, whether it is dir
band gap38 or indirect band gap,22 can be attributed to the
existence of the substable structure B. The relative do
nance of stacking sequence A or stacking sequence B
given h-BN will determine whether it is an indirect or
direct band-gap material. The electronic property ofh-BN
can thus be fully understood.

Based on the calculated electronic structures, we can
speculate that a band gap much lower than that of nor
h-BN should be observed for structures with disorder
stacking sequences such as PBN andt-BN, due to the exis-
tence of the ‘‘bad’’ stacking behaviors. Furthermore, stack
effects on the band structure ofh-BN would provide further
insight into understanding the electronic and optical prop
ties of h-BN, such as energy levels induced by defects
impurities, characteristics of luminescence, etc. The fact
the stacking sequence can be altered by gliding moves of
layers suggests that tunable band structure can be achi
simply by applying shearing stress on the BN crystals.

IV. CONCLUSION

h-BN modifications due to stacking have been inves
gated thoroughly using the DFT-LDA method. First, fiv
possibleh-BN structures, i.e., structures A, B, and C wi
symmetryP63 /mmc in one group~I! and structures D with

P3m1 and E withP6̄m2 in another~group II! were studied.
Structures A and D were found stable and structure B s
stable, all with ‘‘good’’ stacking of BN layers. Structures
and E were found unstable. These structures with ‘‘ba
stacking of BN layers have a longer lattice constantc com-
pared to structures with ‘‘good’’ stacking sequences. R
h-BN crystals may have mixed stacking, and intrinsic sta
ing faults can be expected, which are the reasons for
large variations of electronic properties ofh-BN. Stacking
sequence disorder is also the origin for the observed la
interlayer spacings in PBN andt-BN.

Second, the electronic properties ofh-BN were found to
be strongly dependent on the stacking of the hexagonal
layers. Based on the calculated band structures for var
phases, we presented an complete explanation on the in
sistency in experimental electronic and optical properties
h-BN. The diverse band-gap values ofh-BN observed ex-
perimentally now can be understood based on the varia
of band structure due to stacking. The discrepancy in
band-gap characteristics ofh-BN, i.e., being direct or indi-
rect, can be attributed to the existence of the substable s
ture B. Finally, structures with disordered stacking such
PBN andt-BN were predicted to have a much lower ba
gap than that of a normalh-BN.
2-7
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