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1. INTRODUCTION
The carbon nanotube (CNT) has been considered to be an
ideal material for ﬁeld emitters because of its exceptionally high aspect ratio and chemical stability. Numerous
experimental studies have reported that CNT ﬁeld emitters
have a low threshold voltage and large current density.1–4
Theoretical studies have revealed the importance of the
localized states,5 the advantages of the open tube over
the closed one,6 7 and the enhancement in the emission
current by gas adsorbates.8 9
One of the important issues to be resolved in the manufacture of nanotube-based ﬁeld emission displays (FEDs)
is the stability of the emission current under ambient
gases. Although the current of the nanotube ﬁeld emitter
is shown to be more stable than that of a micron-sized
metal tip in a low current condition,10 “long-time degradation” under a moderate vacuum condition11 still exists
in CNT ﬁeld emitters. Since an ultrahigh vacuum is hard
to implement in practical device operations, such an irreversible degradation could be an obstacle to commercialization of nanotube-based FEDs.
In the case of micrometer-sized metal tips, substantial
degradation in the emission current in an oxygen or water
environment12 has been known and is a primary reason
why these ﬁeld emitters cannot be used in practice. Furthermore, the tip of the emitter is bombarded severely
by positively ionized molecules under an extremely high
∗

RESEARCH ARTICLE

Field emission properties of carbon nanotubes coated with a single layer of boron nitride are calculated using the ﬁrst-principles pseudopotential method. At lower bias voltage, the emission current
of the coated nanotube is comparable to that of the bare carbon nanotube and is dominated by the
contribution from localized states at the tip of the tube. At higher voltage, newly generated hybridized
states between the carbon nanotube tip and the even-membered boron nitride rings contribute signiﬁcantly to the emission current because they experience a low tunneling barrier compared with
the bare carbon nanotube case. Our results suggest that the insulator coating can, besides protecting the nanotube tip from the attack of gas molecules, substantially enhance the ﬁeld emission
current.

local ﬁeld at the tip region. Some authors have tried
to overcome these shortcomings by coating the emitting
surface with hard semiconducting materials. The coated
surface turns out to be less sensitive to the vacuum
condition.13 In addition, owing to the small electron afﬁnity at the outer semiconducting surface, the barrier for
electron emission is effectively lowered from that of the
bare metal surface.14
In conceptual analogy to the coated metal-tip emitters,
we propose in this work a CNT coated with boron nitride
as a nanoscale emitter that can provide both long-term
stability and large emission current. As boron nitride is
known to be more stable upon oxygen adsorptions than
carbon nanotubes,15 16 the coated nanotube is not likely
to be damaged by oxidative etching and, consequently,
would not show a long-time irreversible degradation in the
emission current. However, since the emission mechanism
in the nanotube is quite different from that of microtips, it
is questionable whether a nanotube can be coated without
losing its advantages as an electron emitter, for example,
the existence of localized states and strong ﬁeld enhancement at the end of the tube. To answer this question,
we perform three-dimensional ﬁrst-principles calculations
on model geometries of the coated nanotube. Our calculational results show that, in addition to the protecting
effects against gas adsorption, the boron nitride coating
can induce an increase in the emission current over that
of the bare CNT.
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Calculational methods employed in this work are
described in the next section. Model geometries and
calculated emission currents are presented in Section 2.2.
Detailed investigations of the electronic structures of the
coated nanotubes are given in Section 2.3. Results are
summarized in the last section.

2. EXPERIMENTAL DETAILS
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2.1. Calculational Method
Electronic structures and equilibrium geometries are calculated with the ﬁrst-principles pseudopotential method.17
The local density approximation is employed for the
exchange-correlation potential.18 The pseudopotential is
generated through the Troullier-Martins scheme,19 and its
nonlocal part is converted into the fully separable form of
Kleinman and Bylander.20 To deal with a large system we
use the atomic-orbital-type localized basis set. The numerical basis set for pseudo-atomic orbitals (one s and three
p orbitals per atom) is generated by the method of Sankey
and Niklewski.21 The calculation of the emission current
is based on the two-step process.22 First, the electronic
structure and the potential under the external voltage are
calculated self-consistently with the localized basis. Next,
the basis set is switched to the plane waves, and the tunneling rate of the electron into the vacuum region is calculated by solving the time-dependent Schrödinger equation.
2.2. Model Geometry and Field Emission Current
To investigate the effect of boron nitride coating on CNT
ﬁeld emitters, we construct two model geometries for
coated nanotubes. Figure 1a is a schematic illustration of
the coated nanotubes. Here we assume that only the topmost part of the CNT is coated with a boron nitride layer
(represented by thick the line) for computational convenience. In Figure 1b, the side view of an actual atomic
conﬁguration of a closed (5, 5) CNT (lower part) and the
top view of the cap of the (10, 10) boron nitride nanotube
(lower part) are shown. Hereafter we call this model
geometry the Type-I coated nanotube. The cap part of the
boron nitride nanotube has three square rings.23 The CNT
is closed with a hemisphere of C60 preserving the ﬁvefold
rotational symmetry with respect to the tube axis. The
total length of the CNT used in the calculation is about
35 Å. The geometry of the boron nitride cap and the CNT
are independently optimized with ﬁrst-principles calculations. The distance between the boron nitride cap and the
CNT is set at 3.3 Å. In Figure 1c, the open (4, 4) CNT
coated with the cap of the (8, 8) boron nitride nanotube is
shown. This model geometry is called the Type II coated
nanotube hereafter. The boron nitride cap, in this case,
has four squares and one octagon. Because of the heavy
computational load of the ﬁrst-principles method, thicker
180

Fig. 1. Model geometries for a carbon nanotube coated with a single
layer of boron nitride. (a) Schematic illustration for the side view of the
coated nanotube. (b) Top view of the (10, 10) boron nitride nanotube
cap and the side view of the closed (5, 5) carbon nanotube. (c) Top view
of the (8, 8) boron nitride nanotube cap and side view of the open (4, 4)
carbon nanotube. For visual clarity, the boron nitride cap and the body
of the carbon nanotube are shown separately. Three boron nitride square
rings are present in (b), and four square rings and one octagon ring are
present in (c).

layers of the boron nitride coating are not considered in
the present study.
Field emission currents of each model geometry under
external ﬁelds ranging from 0.3 V/Å to 0.7 V/Å are calculated. Since the length of the nanotube in the calculation
is much shorter than that of the experiment and thus the
ﬁeld enhancement factor is much smaller, a large applied
ﬁeld is required in the calculation to simulate the actual
local electric ﬁeld around the tip in the experiments5 (typically 0.5–1.5 V/Å). To calculate the time-evolved electronic states properly, we need a large vacuum in the unit
cell. In this calculation the vacuum region in the supercell
is about 30 Å long in the axial direction, and the tunneling rate of the electron to the vacuum is calculated before
the front of the emitted electron reaches the cell boundary. The intertube separation in a direction perpendicular
to the tube axis is made as large as 28 Åto reduce the
undesired interactions between the neighboring tubes.
Calculated emission currents of each model system are
shown in Figure 2. The I–V curves (when Eext ≥ 05 V/Å,
in the case of Type I a linear behavior in the FowlerNordheim plot.24 The magnitude of the current, which
is in the range of a few tenths of nanoamperes to several microamperes, is consistent with the experiment.10
An interesting result in this ﬁgure is that the emission
current from the coated nanotube is larger than that of
the bare carbon nanotube. In the Type I tube, the current
of the coated nanotube and that of the bare nanotube are
comparable in the low ﬁeld condition. However, in the
high ﬁeld condition, the current in the coated nanotube
is larger than that of the bare carbon nanotube by two
orders of magnitude. In the Type II tube, there is enhancement of the emission current in the high ﬁeld, but it is
small (Fig. 2b). To understand the reason for the current
increase by the boron nitride coating, we investigate the
characteristics of the dominantly emitting states in detail
in the next section.
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2.3. Local Electronic Structure
of the Coated nanotube
Now we present the local electronic structures at the tip
of each mode1 geometry. The local density of electronic
states (LDOS) of the Type I coated nanotube is shown
in Figure 3a. The upper part of the ﬁgure corresponds to
the case without external ﬁelds, and the lower part corresponds to the case with the external ﬁeld Eext = 05 V/Å.
The LDOS for the ﬁve topmost carbon atoms (pentagonal ring) at the CNT cap is plotted as a solid line and
that for the boro nitride cap (116 atoms) is plotted by
a dotted line. The peak indicated by A represents doubly degenerate states strongly localized at the cap of the
CNT; one of them is symmetric with respect to a mirror plane of the CNT and the other is antisymmetric.18

Fig. 3. LDOS for the tip of the carbon nanotubes and the boron nitride
caps. Solid lines in (a) represent the LDOS for the ﬁve topmost carbon
atoms at the cap of the carbon nanotube, and those in (b) represent the
LDOS for the eight carbon atoms at the armchair edge. Dotted lines
represent the LDOS for the boron nitride cap for both (a) and (b). The
upper parts are for the cases without external ﬁelds, and the lower parts
are with the external ﬁeld Eext = 05 eV.

These doubly degenerate states contribute dominantly to
the ﬁeld emission of the bare CNT (∼75%). On the other
hand, low-lying conduction bands of the boron nitride
cap around 4 eV are nonbonding states of pz orbitals of
boron atoms.25 In particular, the states indicated by B
in Figure 3a are the localized states at the square rings.
These square rings are located at the corner of the ﬂat cap
geometry of the boron nitride tube. The large curvature in
this region induces a signiﬁcant - hybyridization in the
localized states, and these states shift down with respect
to pure nonbonding pz states.
Under large external ﬁelds (≥05 V/Å), localized states
in the boron nitride cap shift down and are hybridized
with the localized states in the CNT, as shown in the
lower part of Figure 3a. Most of the emission current
comes from the hybridized states. For example, when
Eext = 05 V/Å, the hybridized states emit a current that is
70 times larger than that of the localized states in the bare
CNT. The fact that the hybridized states provide much
larger current than the bare CNT states is ascribed to the
reduced electron afﬁnity by boron nitride coating. Since
low-lying conduction bands of the boron nitride cap (indicated by B in Fig. 3a) are located 3 eV higher than the
localized CNT states (indicated by A in Fig. 3a), the electron afﬁnity of the hybridized state under the external ﬁeld
should be smaller than that of the bare CNT. In other
words, the tunneling barrier for the hybridized states is
lower and narrower than that for the localized states of
the bare CNT. As will be explained in the last part of this
section, the decreased slope in the Fowler-Nordheim plot
for the coated nanotube can be interpreted as a reﬂection
of the reduced electron afﬁnity.
In Figure 3b, the LDOS for the top eight carbon atoms
forming the armchair edge is shown by a solid line, and
that of the boron nitride cap (56 atoms) is shown by a
dotted line. In this case, the bonding states of the dangling
bond orbitals of the armchair edge form the peaks around
−20 eV, and the antibonding states of those orbitals form
two peaks, indicated by D; the smaller peak at 0.1 eV
represents a nondegenerate state, and the larger peak at
0.57 eV represents doubly degenerate states. As in the
case of the Type I nanotube, localized states in the evenmembered boron nitride rings form low-lying states of
the conduction bands. In particular, states indicated by E
are very strongly localized at the ﬂat cap with a large
weight in the octagon (to be shown in Fig. 4b). Four pZ
orbitals of the boron atoms in the octagon form antibonding states without hybridization with -states. We designate this state as the octagon state. The octagon state is
orthogonal to  and  ∗ states of the CNT because it has
a different reﬂection symmetry with respect to a mirror
plane of the nanotube. Under the external ﬁeld, the localized states in the boron nitride cap shift down and are
hybridized with the dangling-bond states of the CNT, as
shown in the lower part of Figure 3b. The octagon state

RESEARCH ARTICLE

Fig. 2. Fowler-Nordheim plots24 for the emission current of (a) the
Type I coated nanotube and the bare (5, 5) carbon nanotube and (b)
the Type II coated nanotube and the bare (4, 4) carbon nanotube. The
solid circles represent the calculated values for the coated nanotubes,
and the open squares represent those of the bare carbon nanotubes. The
emission current I is in A and the electric ﬁeld E is in V/Å.
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ing the carbon nanotube with large gap material could be
applied to broader situations. To achieve a coating thickness of less than a few atomic layers, a novel coating
method is be required. The synthesis technique leading
to double-walled nanotubes seems to be promising in this
respect.
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3. CONCLUSIONS
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Fig. 4. Plot of the wavefunction illustrating the localization of the state
(a) at the square boron nitride rings of the (10, 10) boron nitride cap
and that (b) at the square and octagon rings of the (8, 8) boron nitride
cap. The red and yellow colors indicate positive and negative signs of
the wavefunction, respectively.

does not form a bond with the  or  ∗ states because of
different symmetry.
In the previous ﬁgure (Fig. 2b), we present a comparison between the emission current of the bare CNT
and that of the coated nanotube. Since the dangling-bond
states are known to be the best emitting state in the clean
graphitic edge,26 the fact that the coated nanotube gives
larger current than the open CNT with dangling bonds
is rather surprising. In this case, the calculated ﬁeld
strength for inducing the hybridization between CNT
states and boron nitride cap states is lower than the
ﬁeld range shown in Figure 2, and, consequently, the
hybridized states dominate the emission current of the
coated nanotube over the whole ﬁeld range studied (hence
there no abrupt change in the slope of the solid line). The
reduced slope of the coated nanotube in Figure 2b may
be interpreted as the reduced electron afﬁnity as follows.
In the one-dimensional analysis with the WKB approximation, the slope in the Fowler-Nordheim plot is proportional to 3/2 /, where  is the work function (or electron
afﬁnity in the present case) and  is the ﬁeld enhancement
factor. Although our calculational method is a full quantum mechanical three-dimensional one, the I–V plot of
each electronic state shows the Fowler-Nordheim behavior to a good approximation. Since the ﬁeld enhancement
factor  does not increase by boron nitride coating, the
smaller slope of the coated nanotube shown in Figure 2
can be interpreted as a manifestation of the reduced
electron afﬁnity. Finally, we plot the wavefunction of
the localized states in Figure 4 to help visualize the
characteristic feature of the localized states contributing
dominantly to the emission current. Figure 4a shows the
wavefunction of the state localized at the square boron
nitride rings of the (10, 10) boron nitride cap, and Figure 4b shows the state localized at the square and octagon
rings of the (8, 8) boron nitride rings.
Although the localized state in the model system stems
from the presence of even-membered boron nitride rings,
the localized state commonly exists at the tip of an atomistically sharp material. Therefore, the advantages in coat-

We have investigated the ﬁeld emission characteristics of
carbon nanotubes coated with a single layer of boron
nitride. The emission current from the coated nanotube is
found to be larger than that of the bare carbon nanotube.
The increase in the emission current is mostly ascribed
to the reduction of the electron afﬁnity induced by the
boron nitride coating. Considering the experimentally
known good stability of ﬁeld emission of the boron nitride
nanotube,27 the boron nitride-coated carbon nanotube can
potentially be a better emission tip with an increased emission stability and a larger emission current than the bare
carbon nanotube.
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