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Abstract: We investigate the electronic structures and electron emission properties of alkali-doped
boron-nitride nanotubes (BNNTs) using density-functional theory calculations. We find that the nearly free-
electron (NFE) state of the BNNT couples with the alkali atom states, giving rise to metallic states near the
Fermi level. Unlike the cases of potassium-doped carbon nanotubes, not only the s but the d orbital state
substantially takes part in the hybridization, and the resulting metallic states preserve the free-electron-like
energy dispersion. Through first-principles electron dynamic simulations under applied fields, it is shown
that the alkali-doped BNNT can generate an emission current 2 orders of magnitude larger than the carbon
nanotube. The nodeless wave function at the Fermi level, together with the lowered work function, constitutes
the major advantage of the alkali-doped BNNT in electron emission. We propose that the alkali-doped
BNNT should be an excellent electron emitter in terms of the large emission current as well as its chemical
and mechanical stability.

1. Introduction

Recent successes in the production of the boron-nitride
nanotube (BNNT), which is a geometrical clone of the more
widely known carbon nanotube (CNT), have attracted a lot of
attention because of its unique properties as a one-dimensional
wide band gap nanostructure.1 Although high mechanical and
chemical stability are undoubtedly great merits of the BNNT,2

a more interesting fact is that its electronic structure has an
unusual feature not shared by most wide band gap materials.
Theoretical calculations have repeatedly predicted that the nearly
free-electron (NFE) state should exist near the edge of the
conduction band of the BNNT.3 Owing to the free-electron-
like energy dispersion and uniformly delocalized wave function
character across the interior space of the BNNT, it could serve

as an ideal electron transport channel that may potentially be
utilized for various electronic device applications.

In the present work, we particularly focus on the field
emission properties of the BNNT in relation to its unique
electronic structure. The geometrical advantage of such a narrow
nanostructure in electron field emission has been widely noticed
in experiments with CNTs.4 Nevertheless, the lack of long-time
stability under affordable vacuum conditions has been a great
challenge to people who seek CNT-based field emission
devices.5 The known robustness of boron-nitride materials
against heating or oxidation, together with the free-electron-
like conduction band states, leads us to consider the BNNT as
a possible alternative for an electron field emitter. On the other
hand, the band gap of the BNNT is too wide and thus we need
to develop a transport channel near the Fermi level. Motivated
by a few recent successes in the fabrication of the Cs-
encapsulated CNTs,6 we explore the electronic structure of
various BNNTs with cesium (Cs) and potassium (K) dopants
adsorbed inside the tube and investigate whether free-electron-
like states could exist near the Fermi level. In later parts, we
study the electron emission properties of the BNNTs, calculating
the emission current under applied electric fields. We present
an explicit comparison with the CNT and show that the BNNT
gives 2 orders of magnitude larger emission current. We discuss
that the alkali-doped BNNT has two distinguishable advantages
in electron emission: one is the lowered work function and the
other is the nodeless wave function of the down-shifted NFE
state.
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2. Computational Methods

Our calculations are based on the total energy calculation within
the density functional theory (DFT).7 We use the ultrasoft pseudo-
potentials and local density approximation (LDA).8 Both the Vienna
Ab Initio Simulation Package (VASP)9 and PWscf package10 are
used and cross-checked. The plane-wave basis set is employed with
the energy cutoff of 400 eV.11 For field emission calculations, we
use the local orbital basis set12 to save the computational load and
then convert it to the plane-wave one, allowing the time evolution
of electronic states into the vacuum region according to the
evolution operator exp(-iĤt/p).13 Here Ĥ is the self-consistent
Hamiltonian including the external field.

3. Results

We first consider the effect of the Cs-encapsulation inside
BNNTs. Parts a,b, c,d, and e,f of Figure 1 show the pairs of the
electronic band structures of the pure and the Cs-encapsulated
(5,5), (9,0), and (12,0) BNNTs, respectively. The chosen
computational unit cell length along the axial direction for the
(5,5) BNNT is 4 times the primitive unit cell of the arm-chair
nanotube (9.93 Å), whereas that used for the (9,0) or (12,0)
BNNT is twice the primitive unit cell of the zigzag nanotubes
(8.60 Å). We put one Cs atom in the computational unit cell,
as shown by large purple spheres in the insets of Figure 1b,d,f.
In order to simulate isolated BNNTs, we use a large supercell
along the perpendicular direction to the tube axis, in which the
interwall distance between the periodic images of the BNNT is
larger than 15 Å. Through the geometry optimization, the Cs
atom sits at the tube center for the (5,5) and (9,0) BNNTs, while
at the point of 3.5 Å away from the interior wall for the case of
the (12,0) BNNT.

The encapsulation of the Cs atom gives rise to a metallic
band crossing the Fermi level. For the case of the pure (5,5)
BNNT, the NFE state is at the conduction band minimum
(CBM), as indicated by the downward arrow in Figure 1a. Upon
the Cs encapsulation, the NFE state shifts down to form a
hybridized state with the Cs atomic orbitals, as indicated in

Figure 1b. A simple comparison between parts a and b of Figure
1 shows that the NFE state shifts down almost rigidly upon the
Cs doping, while the other bands remain intact or change only
modestly. Note that the dispersions of the pure NFE and the
down-shifted hybridized one are almost identical near the zone
center (0.0 e k e 0.3). This indicates that the hybridized NFE
state in Figure 1b is derived mainly from the NFE state of the
(5,5) BNNT, and the contribution of the Cs atomic orbital is
not very significant. For the case of the (9,0) BNNT, the CBM
state (indicated by the leftward arrow in Figure 1c) is predomi-
nated by the boron pz orbitals. The NFE state is about 0.7 eV
above the CBM, as noted by the downward arrow. The CBM
state, hybridized with the Cs atoms’ 6s and 5d orbitals, shifts
down and develops the metallic band, as indicated by the
leftward arrow in Figure 1d. The NFE state is also hybridized
with the Cs atomic orbitals (6s and 5dz2), constituting the low-
lying conduction band, as noted by the downward arrow in
Figure 1d. Besides these two bands (NFE and CBM), other
bands remain almost intact. In the case of the (12,0) BNNT,
the pure NFE state is 0.4 eV above the CBM, as indicated by
the downward arrow in Figure 1e. Upon the Cs doping, one
metallic band is developed at the Fermi level, as denoted by
the downward arrow in Figure 1f. Unlike the case of the (9,0)
BNNT, the NFE state is solely hybridized with the Cs atomic
orbitals to form the metallic band. Consistent with the case of
the (5,5) BNNT, the dispersions of the pure NFE and the down-
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Figure 1. The electronic band structure of (a) the pure and (b) the Cs-
encapsulated (5,5) BNNT, (c) the pure and (d) the Cs-encapsulated (9,0)
BNNT, and (e) the pure and (f) the Cs-encapsulated (12,0) BNNT,
respectively. Insets show unit-cell geometries chosen in this calculation.
The Fermi level is set to zero. The Fermi level in panels a, c, or e is fixed
to the center of the density-functional energy gap, while that in panels b, d,
or f is determined in the self-consistent calculation with eight k-points along
the axial direction.
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shifted one are almost identical near the zone center. We note
that the case of the (9,0) BNNT is rather peculiar. The energy
level of the NFE state of the small zigzag type BNNT is
particularly high; thus, the donated electrons from the alkali
dopants mainly occupy the CBM state. In cases of larger zigzag
BNNTs, for example (24,0) BNNT, we obtained similar results
to the (12,0) BNNT (not shown).

In order to have a clearer understanding of the down-shifted
NFE state, we calculated the projected density of states (PDOS)
into the Cs atom’s 6s, 6p, and 5d orbitals. Such PDOS for the
case of the Cs-encapsulated (5,5) BNNT is shown in Figure
2a. For comparison, we calculated the PDOS for the isolated
Cs atom in the same computational unit cell, as presented in
Figure 2b. The same set of the PDOS for the case of the (9,0)
BNNT are shown in Figure 2c,d. It is noteworthy that the 5d
orbital states, along with the 6s ones, are dominantly involved
in the hybridization with the NFE state, as shown in Figure
2a,c. Note that the down-shifted NFE state is at around and 0.2
eV above the Fermi level in each case of Figure 1b,d,
respectively. Through a close examination of the Kohn-Sham
wave function, we found that the d orbital contribution in Figure
2a,c is mostly from the 5dz2. Here we define the axial direction
of the nanotube as the z axis. This is consistent with the fact
that only 6s and 5dz2 orbitals, which are nodeless not only along
the circumferential but the axial direction, have the same
symmetry as the NFE state. Since we used the periodic boundary
conditions, the isolated Cs atom in the computational unit cell
can be regarded as a one-dimensional Cs chain with the
interatomic distance of 9.93 Å (Figure 2b) and 8.60 Å (Figure
2d), respectively. The dispersions of the Cs chain states are
rather small, as shown in Figure 2b,d, and the 6s and 5d orbital
states are clearly separated by about 1.5 eV. In this regard, the
aforementioned metallic bands of the Cs-encapsulated BNNTs
are characteristically different from those of Cs chain states.

Recently, Margine et al. suggested that the down-shift of the
NFE state of the CNT, upon potassium encapsulation, should
mainly be attributed to the universal electrostatic behavior rather
than the coupling with the s orbital of the dopant.14 Their theory
applies to our cases as well. The presence of the Cs atom, which
is a strong electron donor, provides a positive potential in the
inner space of the BNNTs. This positive potential at the tube
center mainly affects the NFE state. We performed similar

studies of the (5,5) and (9,0) BNNT with various dopant density
(i.e., from XB18N18 to XB80N80, where X represents Cs or K)
and found that an appropriate minimum density of positive
potential centers is required to shift down the NFE state. Cs
atom is found to be more effective than K, owing to the higher
tendency of ionization. In the cases with the highest density of
dopants (XB18N18 and XB20N20), the metallic bands at the Fermi
level largely resemble those of the one-dimensional chain of
bare Cs or K atoms. This is consistent with the previous studies
of the densely packed K chain inside the CNT.15 In contrast,
the present results imply that the Cs dopants need not be so
densely packed to derive the NFE-like Fermi level state in
BNNTs.

Numerous previous works have intercalated alkali atoms
inside or in the interstitial space of bundled CNTs.6,16 By taking
analogy to such experiments, the method of Cs-plasma ion
irradiation6 or deposition of vaporized Cs atoms16 could be a
right choice of experiment to synthesize the Cs-encapsulated
BNNTs. In this regard, it is pertinent to investigate the stability
of the encapsulated Cs atom with respect to the isolated one.
Our LDA results for the adsorption energy of the Cs atom onto
the inner and outer wall of the (12,0) BNNT are 0.52 and 0.26
eV, respectively.17 This indicates that Cs atoms tend to
encapsulate in the inner core of the BNNTs if the tubes are
appropriately opened. Note that that our aforementioned theories
are not limited to the single-walled BNNTs with encapsulated
Cs atoms at the inner core. In the Supporting Information we
provide our results for the cases of bundled double-walled
BNNTs. It is shown that the NFE state shifts down either with
Cs adatoms into the inner core or in the interstitial space of the
bundles (Figures S4 and S5, Supporting Information).

We now investigate the field emission characteristics of the
Cs-encapsulated BNNT. For this simulation, we choose the
hydrogen-passivated (5,5) BNNT of 38.20 Å long, with Cs
dopants encapsulated with nearly the same density as in Figure
1b. Figure 3a shows the computational supercell in the present
case. Since we apply the external electric field along the axial
direction and calculate the time evolution of each Kohn-Sham
state, we need a large vacuum region. Figure 3b shows the total
local potential, averaged in the xy plane and plotted along the
axial direction (z) under the applied field E ) 0.10 V/Å. The
total charge inside the tube region (Qin) is calculated at each
time step. The time evolution of one of the NFE-derived states
is presented in Figure 3c. The time variation of the tube region
charge (-dQin/dt), weighted with the occupation factor of the
band, is identified as the emission current. The total current
summed over the bands is presented in Figure 3d. For
comparison, we calculate the emission current of the (5,5) CNT
with the same length as well. While the π-derived states
dominantly contribute to the emission current of the (5,5) CNT,
most of the emission current of the Cs-doped BNNT originated
from the NFE-derived states. It is noteworthy that the Cs-
encapsulated BNNT gives 2 orders of magnitude larger current
than the CNT.
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Figure 2. The PDOS of Cs 6s orbital (solid line), 6p orbitals (open circles),
and 5d orbitals (dashed line) for (a) the Cs-encapsulated (5,5) BNNT and
(b) the isolated Cs atom in the same computational unit cell. The same
PDOS for (c) the Cs-encapsulated (9,0) BNNT and (d) the isolated Cs atom.
The Fermi level is set to be 0 eV.
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The superiority of the doped BNNT over the CNT for electron
emission could be attributed to the lower vacuum barrier. We
explicitly calculated the work function of both the CNT and
the Cs-encapsulated BNNT. With the same geometry as used
in the aforementioned field emission calculation, the work
function of the finite length (5,5) CNT and the Cs-encapsulated
BNNT are found to be 3.80 and 1.58 eV, respectively. We also
calculated the work function of the perfect infinite length
nanotubes. The LDA results for the work function of the perfect
(5,5) CNT and Cs-encapsulated (5,5) BNNT are 4.61 and 2.24
eV, respectively, which is consistent with the previous work.18

Note that the hydrogen passivation in the finite length nanotubes
induced a substantial reduction of the work function. The Cs-
encapsulated BNNT has a smaller work function than that of
the (5,5) CNT by about 2.2 eV. In practice, the detailed height
and thickness of the vacuum barrier depend on the local field
at the tip. Nevertheless, the difference in the overall barrier
height between the (5,5) CNT and Cs-encapsulated BNNT
should be attributed to the aforementioned intrinsic difference
in the work function. Besides the smaller work function, the

Cs-encapsulated BNNT has an additional advantage in electron
emission. The time evolution of the s-like state, which is
nodeless along the circumferential direction of the nanotube,
indicates that its contribution to the current is greater than those
of higher angular momentum states because of its easier
coupling with the vacuum state.13 The electronic states at the
Fermi level of the Cs-encapsulated (5,5) BNNT are derived from
the NFE band, and thus all are s-like ones. A recent experiment
demonstrated an outstanding electron emission from a few layers
of stacked BN ribbons on the surface of porous BN spheres.19

The down-shifted NFE state may also have contributed to the
electron emission from such configurations. We performed
computations with stacked BN ribbons and found that the NFE
state of the ribbon shifts down under an applied electric field.
It is probable that the s-like wave packet at the field emitting
edges of the BN ribbons could evolve well into the free-electron
state of the vacuum (Figures S6 and S7, Supporting Informa-
tion).

4. Conclusion

In summary, we investigated how to utilize the NFE state of
the BNNT, considering the Cs- or K-encapsulated (5,5), (9,0),
and (12,0) BNNTs. It was shown that the NFE-derived metallic
band develops upon the alkali encapsulation. Not only the s
but the d orbital states of the Cs atom take part in the
hybridization with the NFE state. Nevertheless, the resulting
metallic band has almost the same energy dispersion as the intact
NFE state. Using the first-principles electron dynamic simula-
tions under applied electric fields, we calculated the field
emission current of the BNNT and CNT. We found that the
Cs-doped BNNT gives 2 orders of magnitude larger emission
current than the CNT. We suggest that, combined with its
intrinsic robustness against oxidation, the alkali metal-doped
BNNT could be a highly efficient and stable electron field
emitter.
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Figure 3. (a) The geometry of the finite-length hydrogen-passivated (5,5)
BNNT with four Cs dopants within the supercell for the field emission
calculation. (b) The total potential under the external field of E ) 0.10
V/Å, averaged in the xy plane and plotted along the axial direction (z) of
the BNNT. The solid horizontal line in part b indicates the Fermi level,
and the vertical dashed line in parts a and b divides the tube region and
vacuum region. (c) The time evolution of the tube region charge (Qin) of
one NFE-derived state. The isovalue surface of the charge density, at the
beginning of the time evolution, is shown in the inset. Here the time step
(1 au) is 0.0242 fs. The time-derivative of the tube region charge (-dQin/
dt) is calculated from the linear region between 50 and 80 steps. (d) Total
emission current for the Cs-encapsulated (5,5) BNNT and CNT under
various external fields.
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