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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-thedaiinitio 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 systems2@2 American Institute of Physics.
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The discovery of carbon nanotubes as a material withubes, the heterojunction will behave as a Schottky diode.
outstanding mechanical and electrical properties has led to Bhus, combining the BN and carbon nanotubes of various
quest for other graphene-based structures with technologhelicities offers a broad range of opportunities for band-
cally desirable properties. The closely-related boron nitrideoffset engineering and for the construction of different nano-
(BN) nanotubes and mixed BN/C system$which are now tubular heterojunctions.
being produced in gram quantities, have electronic properties  Turning to the more unique aspects of the electronic
that are complementary to pure carbon nanotubes and couRfoperties, the majority of BN/C nanotube superlattices are
thus be useful in a variety of electronic devices. Indeed, agharacterized by a spontaneous polarization field, which is a
early theoretical study suggested BN/C junctions as a poterflirect consequence of the polar nature of the B—N bond and
tially practical way to realize stable, nanoscale the low ;ymmetry of the underlying Iat.tice. In a periodic
heterojunctiond. Very recently, BN nanotubes have been Superlattice of polar and nonpolar materiedach as BN and
predicted to poOssess nonzero spontaneous polarizatio(FP' any spontaneous polarization fl'eld will manlfest itself in
fields®° analogous to that in the well-known wurtzite semi- the behavior of the total electrostatic potential of the system.

conductors. This letter investigates BN/C superlattices and! fact, the latter displays a typical sawtooth behavior that is
heterojunctions through large-scai® initio simulationst® the signature of the presence of a spontaneous polarization

The results provide accurate values of valence and condug—(ald superimposed onto the periodic crystalline potertfial.
tion band offsets and polarization fields. In particular, weFOr convenience, we have computed the planar average of

show by explicit calculations that the spontaneous polarlzat-he ele(_:trostatlc poter.mall along the r?ano_tube axis, see Fig.
. ' . -1(a). This average, which is over the directions perpendicular
tion fields present in BN/C heterostructures could dramati- A —_—

to the tube axis, displays strong oscillations due to the vary-

gzl\ll)i/cczr;hance field emission properties and lead to electronllnr:]g strength of the ionic potentials. To subtract out this ef-

Since BN/C nanotube superlattices are actually qua fiECt’ we have implemented the procedure of Ref. 12, and
. . SUPE . aly 9 Sthereby calculated the one-dimensional macroscopic average
one-dimensionallD) heterojunctions, their electronic prop-

) . . ! f the electrostatic potential of the system. The value of the
erties are first and foremost characterized by their bang P 4

1 : ) olarization field is then obtained from the slope of the mac-
offsets:™ Pure BN nanotubes are wide band gap Sem'conducr'oscopic average potenti&* and is shown in Fig. (b)
tors with a band gap of 5.5 eV. Carbon nanotubes, in W, is clear that the symmetry of the nanotube plays an
may be either metallic or semiconducting, depending on theif,hortant role in determining the magnitude of the sponta-
indices ¢,m). The (¢,0) zigzag tubeson which we will  neqys polarization field. The strongest effects will be ob-
concentrate hejewith € =3n (n integey will be metallic. ~served in the(,0) zigzag nanotubes, since this geometry
For BN/C nanotube systems, the valence and conductiopaximizes the dipole moment of the B—N bond. Hence, we
band offsets are spatially direct, with typical values given in

Table 1. _From this table, 't_ . (_:lear_ that Slmple_matChlng OfTABLE I. Conduction AE,) and valence AE,) band offsets for a set of
two straight nanotubes will give rise to a variety of bandzigzag BN/C heterostructures, calculated using the vacuum level as refer-
alignments with band offsets that are sensitive to the helicityence(see Ref. 11

and radii of the tubes. In particular, for metallic carbon nano-

(eV) (7,0 8,0 9,0 (10,0
AE, —2.09 —2.50 —242 —2.52
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FIG. 1. (a) Average electrostatic potentiéiull) and macroscopic average FIG. 2. Three-dimensional plots of the valence state (fof) and (8,0)
(dotted along a BN/C(6,0) superlatticg(inserh and (b) macroscopic polar-  BN/C superlattices.

ization field for zigzag¢,0) tubes as a function of theé index (the straight

segments are drawn as guide for the)eylde asymptotic value for planar

BN is represented by the horizontal line. served macroscopic field is close to zero. For larger diameter
nanotubes, the symmetry of the valence state gradually loses

have primarily concentrated on zigzag nanotubes with diam'®S pgcgllar axial or !ongltud|nal character and the macro-
eters of up to 11.74 A, and the flat sheet as the limit for large>*OPIC field asymptotically approaches the value obtained for
diameter tubes. The corresponding spontaneous polarizatiéhat BN sheetin the “zigzag” direction. o
fields are summarized in Fig(H). In contrast, thé¢,¢) arm- Despite the screening by the valence electro-ns distrib-
chair nanotubes are not expected to display any spontaneoH€d Over the carbon portion of the BN/C superlattices, a net
polarization field. This is because any individual nanotubgP®lrization field is built up along any zigzag structure. The
ring must be charge neutral, so that no fields are possible. wexistence of an |_ntr|n3|c macroscopic field will clearly influ-
have directly verified this for the case of®5) BN/C super- ~ €nce the extraction of electrons from BN/C systems, when
lattice. Chiral nanotubes will have fields that are between th&hese are used as field emitting devices. Qualitatively, a good
zigzag and armchair values. electron emitter is characterized by a large geometrical field
From Fig. 1b), it is clear that the magnitude of the mac- enhancement factg® and a small work functiomp that is an
roscopic electric field for the various superlattices has dntrinsic property of the emitter material. Quantitatively, the
strong oscillatory character. Nanotubes with indices 7current at the emitter tip is calculated from the Fowler—
10,...3+1 are characterized by a substantially smallerNordheim relationship®
polarization field. This effect originates from the fact that the ~ To assess the efficacy of BN/C systems as emitters, we
carbon sections—Ilocated between the BN ones—will screeRave computed the field enhancement factor for tubes of
the macroscopic polarization field with an efficiency that de-length 15.62 A in an applied field of 0.11 V/A. As expected,
pends on the nanotube helicity. From the band offsets, ithe applied field is very well screened inside the system and
follows that the valence state of the BN/C superlattices ist local field enhancement factor of2.1 is obtained for the
always spatially localized in the carbon region. This statedifferent BN/C systems. Since the field enhancement factor
plays an important role in determining the response to théncreases linearly with the size of the nanotubes, large en-
macroscopic electric field induced by the BN section. In parhancement factors are clearly possible for long
ticular, the oscillatory behavior observed as a function of thenanotubes!*®
helicity index can be understood from the symmetry property  Although carbon nanotubes are already considered to be
of the valence state, displayed in Fig. 2 for two zigzag nanogood emitters, these desirable properties may be further en-
tubes. Figure 2 directly shows that the valence state is locahanced by making use of the electronic properties of BN/C
ized within the carbon section. For small diameter nanotubesystems. The idea here is to make use of polarization fields in
it displays either a longitudinal or a transverse symmetry aorder to reduce the work function of the tips, thereby enhanc-
exemplified by thg7,0) and(8,0) tubes, respectiveff? Spe-  ing the extraction of electrons from the system.
cifically, for (¢ =3n+1,0) nanotubes, such as thg0) tube, In order to examine this effect quantitatively, we have
the valence state always assumes a longitudinal charactdauilt up a set of finite sized6,0) zigzag structures using B,
The axial distribution of valence electrons will therefore in- N, and C in various combinations. The work functions were
duce a depolarization field that is opposite to the one intrinthen computed as the difference between the vacuum level
sic to the BN section. This field is quite effective in small and the Fermi energy of the system. The former was obtained
diameter nanotubes in reducing the polarization, so that foby the previously discussed potential average procedure,

the (7,00 nanotube the screening is almost total and the obwhile the latter was simply given by the highest occupied
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