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Tuning the electronic properties of boron nitride nanotubes with transverse electric fields:
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Ab initio calculations show that the band gap of boron nitiB&) nanotubes can be greatly reduced by a
transverse electric field. This gap reduction arises from a mixing of states within the highest occupied molecu-
lar orbital and lowest unoccupied molecular orbital complexes and leads to a spatial separation of electrons and
holes across the tube diameter. The gap modulation increases with tube diameter and is nearly independent of
chirality. For BN nanotubes of diameters of 5 nm or more, a sizable gap reduction should be achievable with
laboratory fields. This effect provides a possible way to tune the band gap of BN tubes for various applications.
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Since its discovery, carbon nanotubes have been a subjegéneralized gradient approximatid®GGA) for exchange-
of great interest due to their unique electrical and mechanicalorrelation® and norm-conserving pseudopotentialhe ba-
properties as well as their potential for applications. Follow-sis set is a linear combination of numerical pseudoatomic
ing this, there has also been a search for noncarbon nanorbitals of finite rang&.We carried out the calculations em-
tubes and, drawing on an analogy between hexagonal borgsioying the SIESTA computer cod@nd used a double-zeta
nitride and graphite, the existence of boron nitride nanotubebasis set8 orbitals per atom The range of the orbitals were
was predicted theoretically in 1994nd synthesized experi- determined by fixing the energy shift due to the confinement
mentally shortly aftef. However, different from their carbon of the basis orbitals to be 0.005 Ry as described in Ref. 9. In
analogues, boron nitride nanotubes are wide-gap semicoigeneral, use of atom-centered localized orbitals only as basis
ductors with a quasiparticle band gap 6.5 eV indepen- functions may give an inaccurate description of states with
dent of their radii and helicitie$The range of applications wave function extended away from the atoms. To overcome
(e.g., in optoelectronic devicesf these boron nitride nano- this difficulty, we augmented our basis set with additional
tubes would be greatly extended if their band gap can batomic basis orbitals centered on concentric cylinders about
tuned to desired values in a controlled way. In this work, wethe nanotube axis. These orbitals are s-like and the cylinders
apply a first-principles methodology to investigate the possion which they reside have radii given byHRd, where R is
bility of and the mechanism for achieving such a tuning ofthe nanotube radius, d is the distance between the nanotube
the electronic properties of the BN nanotubes by means of awalls and nearly free electron NFE states obtained from pre-
electric field applied perpendicular to the tube axis. vious work! and n is an integer. By varying n, we fit as
The basic idea is that, through the Stark effect, the electricnany cylinders as allowed inside the nanotube and introduce
field mixes the nearby subband states in the valence bartdo cylinders outside. The spacing between orbital centers
complex and separately it mixes the nearby subband states @ong the circumferential direction goes from 3 to 6 A and
the conduction band complex. The “fanning” out of the the orbital positions are chosen to best preserve the symme-
mixed states then leads to a reduction in the band gap. Alries of the nanotube. Along the axial direction, we have one
though not analyzed within this mechanism, this effect has idayer of orbitals per unit cell in armchair nanotubes, two
fact been seen in previous calculations on carbon nanofubesayers in zigzag tubes, and three layers in (6,4 nano-
In this work, we elucidate the mechanism and show that, fotube. With this scheme, we were able to reproduce band
boron nitride nanotubes, the effect is more dramatic and instructures obtained with a plane wave basis set. All geom-
teresting due to a reduced screening of the electric field. Wetries were optimized by minimizing the forces on the atoms.
show that the reduction in the band gap involves the forma- We start the discussion by examining tk22,22 BN
tion of new states with wave functions separated across theanotube, which has a diameter of about 30 A. Its band
tube diameter. structure is shown in Fig.(&) with the origin of the energy
Practically, a nanotube on an insulating substrate can bgcale set at midgap. As found in previous calculations, this
subjected to a strong transverse electric field through an apnaterial is a widegap semiconductor with a Kohn-Sham gap
plied gate voltage. Such systems are prototype nanoscatd 4.5 eV within the GGA approximatiorfAs found in all
field effect transistors. For BN nanotubes, if the band gamemiconductors, the Kohn-Sham gap underestimates the true
were tuned from~5 eV to less then 2.0 eV, interesting elec- value of the gap® The bottom of the conduction band com-
tronic properties may be realizable. Finally, the spatial sepaplex is consisted of two subbands that are close in energy but
ration of charge carriergésee below in such field-induced of very different nature. As shown in Fig. 2, the nearly-free-
semiconducting BN nanotube should give rise to interestinglectron-like state close to tHe point is a tubulelike state
effects in transport measurements. that exists inside the nanotube, and it corresponds to the
Our calculations were performed using tlad initio  interlayer state of the hexagonal boron nitride sheet in a band
pseudopotential density-functional methbdwithin the  folding picture. The state at the direct gap conduction band
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FIG. 1. Calculated band struc-
tures of(22,22 BN nanotubes un-
der(a) zero andb) 0.1 V/A trans-
verse electric field.

Energy (eV)
=)
I
I
Energy (eV)
=)
I
|

Direct Gap
- Valence State B e .

2 -2 coe®® o
caoo®®
fooje
n!-i:!
il
4 4 !'.Q!! 3
T X

minimum, on the other hand, is consistedmfike orbitals  placement of the atoms is of the order of 0.005 a.u. for a field
uniformly distributed along the circumference of the nano-of 0.1 V/A on a(10,10 BN nanotube.
tube with large amplitudes on the boron atoms. Based on The variation in the value of the calculated band gap with
these electron distributions, one expects the NFE states to bespect to the applieH field is plotted in Fig. 8a) for vari-
more loosely bound as it is not localized on the atomic corespus armchair nanotubes. The band gap varies quadratically
and this has important consequences in terms of band gdpr small electric fields and becomes linear once the drop in
modulation by electric fields. The valence band maximumthe perturbing potential across the diameter becomes compa-
also is made up ofr-like orbitals uniformly distributed along rable to the spacing of the energy levels. In analogy to the
the circumference but centered on the nitrogen instead dbtark effect in atomic physics, the field dependence of the
boron atoms. band gap in the small field regime is quadratic as the lowest
To simulate the effect of a uniform transverse electricconduction band and the highest valence band are nondegen-
field, we apply a sawtooth potential along the direction pererate. For larger electric fields that produce potentials com-
pendicular to the nanotube axis in a supercell geometryparable to the energy level spacings within the conduction
Structural relaxation under the perturbation produces a disand valence subband complexes, the perturbation then causes
placement of boron atoms in and of nitrogen atoms againstxtensive mixing among subband states within each com-
the direction of the applied field, respectively. This is consisplex, giving rise to a linear field dependence for the band
tent with the fact that there is a slight charge transfer fromedge states. In this regime, an electric field has a very strong
the boron atom to the nitrogen atom due to the nitrogereffect on the wave function of the band edge states, as shown
atom’s larger electronegativity. For example, the relative disby the electron charge density plots in Fig. 2 fo(22,22
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a) - As discussed above, one would expect the NFE state also
sk o212 - play a role in determining the band gap in BN nanotubes as
1 A—a(2222) it is close to the band edge. In particular, for very large value
4 ,':',gz% - of the electric field, there is a threshold beyond which the
T T l NFE state is ionizedi.e., detached from the tupeThis be-
§ 3r 7 havior is characterized in our calculations by a tendency of
E 2'_ ] the charge density associated with the NFE state to move as
m o far away as possible from the nanotube walls in the direction
1k i opposite to the applied field. We estimate the threshold ion-
I ] ization field to be larger than 0.10 V/A for nanotubes that we
e T Ey Ty o have s_tudied and it increasgs _slightly wi@h decreasing nano-
E-field (V/A) tube diameter. However, this is not an issue for the larger
b) diameter BN nanotubgsvhich are the most abundantly pro-
5 — duced onekssince the values for significant modification of
No E-field o Armchair (n,n) the gap would be well below this threshold.
> ——_7 - o OO We have also addressed the issue of the dependence of the
AN E=0.04v/% 4 effect of transverse electric fields on nanotubes with different
= 012v4 1 chiralities. Figure &) depicts our results from calculations

- on the(14,0, (17,0 and(21,0 zigzag nanotubes as well as
1 the (16,4 chiral nanotube. The results are organized in the
] figure as band gap versus nanotube diameter for various elec-
- tric fields, and we have included the results of armchair
nanotubes for comparison. It can be seen that the band gap
S S T R—] decreases linearly with increasing diameter for a given elec-
Diameter (A) tric field, and this behavior is quite independent of the chiral-
ity of the nanotube. The states near the band gap for the
zigzag and chiral tubes also exhibits charge redistribution
similar to that of armchair nanotubes under strong transverse
E fields depicted in Fig. 2. These results demonstrate the
nanotube in a 0.1 V/A field. Indeed, the charge density corinsensitivity of the band gap modulation effect on the chiral-
responding to the bottom of the conduction band state igy of the nanotube, which would greatly enhance the utility
moved in the direction opposite to the electric field and it isof the approach for tuning the electronic properties of the BN
highly localized on one side of the tube. The charge densitypanotubes.
of the valence band maximum state, on the other hand, is One may also raise the question of the possibility of elec-
moved along the direction of the electric field and it is highly tron field emission under electric field strengths required for
localized on the other side of the tube. While paying somesignificant band gap reduction. Experimentally, it has been
kinetic energy in localizing the wave function across the tubeshown, using electron holography techniques, that the onset
axis, the conduction band edge lowers its energy in respong¥ field emission for a carbon nanotube occurs with a local
to the electric field as the charge is accumulated in regions aflectric field of about 0.064 V/AT If we extend these obser-
higher electrical potential. Similarly, the valence band edgevations to boron nitride nanotubes, we see that only the fields
state moves up in energy since its charge is accumulated @glculated for band gap closure in BN nanotubes below 5 nm
regions of low electrical potential. The combined effect givesin diameter are comparable to the above field emission
rise to a reduced band gap. threshold. But the field needed for gap closure drops with
As seen in Fig. &), the gap reduction for a given trans- increasing nanotube diameter and one can stay well below
verse electric field strength is larger for larger diameter nanothe field emission threshold by going to larger nanotubes. For
tubes, as the charge densities of the highest occupied méxample, by extrapolating the linear dependence of the band
lecular orbital (HOMO) and lowest unoccupied molecular gap in nanotube diameter for a fixé&dfield, we predict that
orbital (LUMO) states are separated further from each othea 10 nm diameter nanotube can have band gap closure under
in the potential field upon mixinfsee Fig. 80)]. An extrapo-  a transversé field of 0.04 V/A. Importantly, we expect that
lation of these calculated data allows one to estimate th&he most useful application of such modulation would be to
electric fields needed for a direct band gap closure. For exteduce the BN nanotube gaps to normal semiconductor
ample, it is about 0.14 V/A and 0.10 V/A for tH29,29 and  range, which would required proportionally smaller trans-
(36,36 BN nanotubes, respectively. The value of such clo-verse field strength. Due to the spatial separation in the elec-
sure fields would be greatly reduced for larger diametetronic density of the band edge states of the HOMO and
tubes, and of course, tuning of the gap to the 2—-3 eV rangeUMO complexes induced by the transverSefield, elec-
for these large diameter tubes would only need a field whictirons and holes are localized on distinct regions of the BN
is a fraction of the closure field strength, bringing it to within nanotube, and this may give rise to interesting transport and
the reach of laboratory fields. thermoelectric properties. The spatial separation of the states
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FIG. 3. (@) Calculated direct band gap \E field for various
armchair BN nanotubegb) Calculated direct band gap vs nanotube
diameter for nanotubes of different chiralities.
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also causes the optical matrix elements between conductidance as an avenue for tuning the band gap of BN nanotubes
and valence states near the gap to be small. for practical applications.

In summary, we have performed first-principles calcula- .
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