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Electronic and field emission properties of boron nitride Õcarbon
nanotube superlattices
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BN/C nanotube superlattices are quasi one-dimensional heterostructures that show unique physical
properties derived from their peculiar geometry. Using state-of-the-artab initio calculations, we
show that BN/C systems can be used for effective band-offset nanodevice engineering,
polarization-based devices, and robust field emitters with an efficiency enhanced by up to two orders
of magnitude over carbon nanotube systems. ©2002 American Institute of Physics.
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The discovery of carbon nanotubes as a material w
outstanding mechanical and electrical properties has led
quest for other graphene-based structures with techno
cally desirable properties. The closely-related boron nitr
~BN! nanotubes and mixed BN/C systems,1–6 which are now
being produced in gram quantities, have electronic proper
that are complementary to pure carbon nanotubes and c
thus be useful in a variety of electronic devices. Indeed,
early theoretical study suggested BN/C junctions as a po
tially practical way to realize stable, nanosca
heterojunctions.7 Very recently, BN nanotubes have bee
predicted to possess nonzero spontaneous polariza
fields,8,9 analogous to that in the well-known wurtzite sem
conductors. This letter investigates BN/C superlattices
heterojunctions through large-scaleab initio simulations.10

The results provide accurate values of valence and con
tion band offsets and polarization fields. In particular,
show by explicit calculations that the spontaneous polar
tion fields present in BN/C heterostructures could dram
cally enhance field emission properties and lead to electr
devices.

Since BN/C nanotube superlattices are actually qu
one-dimensional~1D! heterojunctions, their electronic prop
erties are first and foremost characterized by their b
offsets.11 Pure BN nanotubes are wide band gap semicond
tors with a band gap of 5.5 eV. Carbon nanotubes, in tu
may be either metallic or semiconducting, depending on th
indices (,,m). The ~,,0! zigzag tubes~on which we will
concentrate here! with ,53n ~n integer! will be metallic.
For BN/C nanotube systems, the valence and conduc
band offsets are spatially direct, with typical values given
Table I. From this table, it is clear that simple matching
two straight nanotubes will give rise to a variety of ba
alignments with band offsets that are sensitive to the heli
and radii of the tubes. In particular, for metallic carbon nan
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tubes, the heterojunction will behave as a Schottky dio
Thus, combining the BN and carbon nanotubes of vario
helicities offers a broad range of opportunities for ban
offset engineering and for the construction of different nan
tubular heterojunctions.

Turning to the more unique aspects of the electro
properties, the majority of BN/C nanotube superlattices
characterized by a spontaneous polarization field, which
direct consequence of the polar nature of the B–N bond
the low symmetry of the underlying lattice. In a period
superlattice of polar and nonpolar materials~such as BN and
C!, any spontaneous polarization field will manifest itself
the behavior of the total electrostatic potential of the syste
In fact, the latter displays a typical sawtooth behavior tha
the signature of the presence of a spontaneous polariza
field superimposed onto the periodic crystalline potentia14

For convenience, we have computed the planar averag
the electrostatic potential along the nanotube axis, see
1~a!. This average, which is over the directions perpendicu
to the tube axis, displays strong oscillations due to the va
ing strength of the ionic potentials. To subtract out this
fect, we have implemented the procedure of Ref. 12, a
thereby calculated the one-dimensional macroscopic ave
of the electrostatic potential of the system. The value of
polarization field is then obtained from the slope of the m
roscopic average potential13,14 and is shown in Fig. 1~b!.

It is clear that the symmetry of the nanotube plays
important role in determining the magnitude of the spon
neous polarization field. The strongest effects will be o
served in the~,,0! zigzag nanotubes, since this geome
maximizes the dipole moment of the B–N bond. Hence,

il:

TABLE I. Conduction (DEc) and valence (DEv) band offsets for a set of
zigzag BN/C heterostructures, calculated using the vacuum level as r
ence~see Ref. 11!.

~eV! ~7, 0! ~8, 0! ~9, 0! ~10, 0!

DEc 22.09 22.50 22.42 22.52
DEv 0.82 1.12 1.53 1.46
© 2002 American Institute of Physics
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have primarily concentrated on zigzag nanotubes with dia
eters of up to 11.74 Å, and the flat sheet as the limit for la
diameter tubes. The corresponding spontaneous polariza
fields are summarized in Fig. 1~b!. In contrast, the~,,,! arm-
chair nanotubes are not expected to display any spontan
polarization field. This is because any individual nanotu
ring must be charge neutral, so that no fields are possible
have directly verified this for the case of a~5,5! BN/C super-
lattice. Chiral nanotubes will have fields that are between
zigzag and armchair values.

From Fig. 1~b!, it is clear that the magnitude of the ma
roscopic electric field for the various superlattices has
strong oscillatory character. Nanotubes with indices
10, . . . 3n11 are characterized by a substantially sma
polarization field. This effect originates from the fact that t
carbon sections—located between the BN ones—will scr
the macroscopic polarization field with an efficiency that d
pends on the nanotube helicity. From the band offsets
follows that the valence state of the BN/C superlattices
always spatially localized in the carbon region. This st
plays an important role in determining the response to
macroscopic electric field induced by the BN section. In p
ticular, the oscillatory behavior observed as a function of
helicity index can be understood from the symmetry prope
of the valence state, displayed in Fig. 2 for two zigzag na
tubes. Figure 2 directly shows that the valence state is lo
ized within the carbon section. For small diameter nanotu
it displays either a longitudinal or a transverse symmetry
exemplified by the~7,0! and~8,0! tubes, respectively.15 Spe-
cifically, for (,53n11,0) nanotubes, such as the~7,0! tube,
the valence state always assumes a longitudinal chara
The axial distribution of valence electrons will therefore i
duce a depolarization field that is opposite to the one int
sic to the BN section. This field is quite effective in sma
diameter nanotubes in reducing the polarization, so that
the ~7,0! nanotube the screening is almost total and the

FIG. 1. ~a! Average electrostatic potential~full ! and macroscopic averag
~dotted! along a BN/C~6,0! superlattice~insert! and~b! macroscopic polar-
ization field for zigzag~,,0! tubes as a function of the, index ~the straight
segments are drawn as guide for the eye!. The asymptotic value for plana
BN is represented by the horizontal line.
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served macroscopic field is close to zero. For larger diam
nanotubes, the symmetry of the valence state gradually lo
its peculiar axial or longitudinal character and the mac
scopic field asymptotically approaches the value obtained
a flat BN sheet in the ‘‘zigzag’’ direction.

Despite the screening by the valence electrons dist
uted over the carbon portion of the BN/C superlattices, a
polarization field is built up along any zigzag structure. T
existence of an intrinsic macroscopic field will clearly influ
ence the extraction of electrons from BN/C systems, wh
these are used as field emitting devices. Qualitatively, a g
electron emitter is characterized by a large geometrical fi
enhancement factorb and a small work functionf that is an
intrinsic property of the emitter material. Quantitatively, th
current at the emitter tip is calculated from the Fowle
Nordheim relationship.16

To assess the efficacy of BN/C systems as emitters,
have computed the field enhancement factor for tubes
length 15.62 Å in an applied field of 0.11 V/Å. As expecte
the applied field is very well screened inside the system
a local field enhancement factor of;2.1 is obtained for the
different BN/C systems. Since the field enhancement fac
increases linearly with the size of the nanotubes, large
hancement factors are clearly possible for lo
nanotubes.17,18

Although carbon nanotubes are already considered to
good emitters, these desirable properties may be further
hanced by making use of the electronic properties of BN
systems. The idea here is to make use of polarization field
order to reduce the work function of the tips, thereby enha
ing the extraction of electrons from the system.

In order to examine this effect quantitatively, we ha
built up a set of finite sized~6,0! zigzag structures using B
N, and C in various combinations. The work functions we
then computed as the difference between the vacuum l
and the Fermi energy of the system. The former was obtai
by the previously discussed potential average proced
while the latter was simply given by the highest occupi

FIG. 2. Three-dimensional plots of the valence state for~7,0! and ~8,0!
BN/C superlattices.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



e
er
1

a
s

o

it
B
.
o
nd
rv
B
he
ifi
is
Ac
m

s
w
tu

o
uc
/C
en
hl
h
o

in
s

kh
te

D
ter

G.

P.

ev.

D.

pl.

1/

et/
ern-

rd
,

band
cal-

such
of

of
e as

Lett.

ble
ial in

48 Appl. Phys. Lett., Vol. 81, No. 1, 1 July 2002 Meunier et al.
eigenstate of the system. In order to avoid any spurious
fects arising from the periodic calculation, we have det
mined that the unit cell should have a vacuum of at least
Å on both sides of the system along its axis.19 With this
method, we calculated a work function of 5.01 eV for
~10,10! carbon nanotube, in close agreement with previou
published values.20,21 For the smaller diameter~6,0! carbon
nanotube, we found a considerably larger work function
6.44 eV. This is primarily due to the mixing of thes andp
valence bands in this highly curved tube.

Turning to the heterostructures, we consider a fin
NB/C ~6,0! system consisting of four alternating N and
layers followed by 8 C layers, giving a total of 96 atoms
Due to the net polarization field experienced by the electr
the work function is reduced to 5.04 eV at the C tip a
increased to 7.52 eV at the N tip. The same trend is obse
for the BN/C system, for which the work function at the
tip is equal to 5.00 eV while it takes a value of 6.45 eV at t
C tip. The work function is therefore decreased by a sign
cant 1.40 eV, as compared to the pure carbon system. Th
large enough to lead to significant macroscopic effects.
cording to the Fowler–Nordheim relationship, the logarith
of the current density (J) depends upon the work functionf
as lnJ;2f3/2. It follows that the insertion of BN segment
in C nanotubes will increase the current density by up to t
orders of magnitude as compared to pure carbon nano
systems.

In summary, we have shown that a wide variety
nanoscale heterojunctions may be formed with BN/C str
tures, with the possibility of band-offset engineering. BN
junctions and superlattices are characterized by the pres
of a spontaneous polarization field, whose value is hig
sensitive to the helicity of the underlying nanotubes. T
polarization field can be used to lower the work function
BN/C nanotube tips, thereby increasing the field emitt
properties over carbon nanotube tips by up to two order
magnitude.
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