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Field emission of doped carbon nanotubes
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We calculated field-emission currents from nitrogen- and boron-doped single-walled (5,5) carbon
nanotubes by integrating time-dependent Schrodinger equations. Nitrogen doping increased the
emission current owing to a shift in the energy level of a localized state to the Fermi level, and the
creation of coupled states that have characteristics of both localized and extended states. On the
other hand, boron doping had an opposite effect on the electronic structure by increasing the energy
level of the localized state. The calculated emission currents of the boron-doped carbon nanotube
fluctuated depending on the doping site and the external electric field. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2180444]

Field emission behavior of carbon nanotubes has been
actively studied for possible applications as novel types of
displays or light sources. It is an intriguing idea to engineer
the field-emission properties of carbon nanotubes by doping
the nanotube with atoms of nitrogen (N) or boron (B), which
have electronic properties are similar to those of carbon
atoms.' ¢ Recently, N-doped carbon nanotubes, also referred
to as CN, nanotubes, have attracted much attention because
the doping radically modifies the electrical properties of the
carbon nanotubes. High resolution electron-energy-loss-
spectroscopy (EELS) reveals signatures of a covalent C-N
bond, suggesting that N atoms substitutionally replace car-
bon atoms. On the other hand, boron doping is known to be
more difficult due to the ease of formation of the B,C phase
3 and/or the evolution of disordered structure caused by in-
terstitial incorporation of B. By contrast, doping with a
small amount of boron tends to improve the crystallinity of
the nanotube.®

Compared with pristine carbon nanotubes, the field
emission behavior of N-or B-doped nanotubes has been in-
tensely studied.”"" In most cases, nitrogen doping has been
found to increase the field emission current, even though the
mechanism for this enhanced emission is yet to be under-
stood. On the other hand, the effect of boron doping on the
field emission is somewhat unclear.”'" The electronic struc-
ture of the tip region has been theoretically calculated, and
the field-emission properties discussed in terms of the den-
sity of states near the Fermi level or local work function.
However, one should note that the actual emission current
depends strongly on the local electric field, which could be
affected by the doping configuration. Furthermore, the tun-
neling barrier experienced by the emitting state is difficult to
estimate from the electronic structure in the unbiased condi-
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tion. A more realistic approach to evaluate the actual emis-
sion current is thus required for a complete understanding of
the emission behavior.

In our work, we employed a “first-principles” method to
calculate the emission current of N- and B-doped carbon
nanotubes. Due to limited computational resources, we stud-
ied the emission behavior of a small-radius, single-walled
(5,5) carbon nanotube. We note that multiwalled carbon
nanotubes are more frequently studied in experiments. We
considered only the tip region where the applied electric field
is greatest, and hence where most field emission occurs. Fig-
ure 1 shows the model system of the (5,5) carbon nanotube
(diameter ~7 A, length ~30 A) used in our work. The po-
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FIG. 1. The model (5,5) nanotube used in the calculation, and the calculated
emission current for N-doped carbon nanotubes with an external electric
field of 0.7 V/A. The letters indicate the atomic sites for replacing carbon
with nitrogen atoms. The open squares show the energy of the localized
states relative to the Fermi energy. The solid circle shows the emission
current calculated for each doping site.
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sitions of the doping elements are indicated by letters. In the
case of the B-doped nanotube, we used a longer tube of
length 40 A to minimize the finite-size effect.'* The front
end of the nanotube was closed with a hemisphere of C¢, and
the carbon atoms in the other end were passivated with hy-
drogen atoms.

To calculate the field-emission current of nanotubes un-
der an external electric field, we used the first-principles
method proposed by Han et al., which has been applied to
several carbon systems.12’13 The computations involved two
steps. The first step was a self-consistent calculation using
the localized atomic orbital under an external electric field
applied along the nanotube. In the second step, the basis set
was switched to plane waves, and the electrons tunneling out
to the vacuum were monitored by integrating the time-
dependent Schrodinger equation. We used a fourth-order
split-operator method to separate kinetic and potential terms
of the time-evolution operator in an exponential form. A time
step of 0.0024 fs was chosen for temporal evolutions. The
size of supercell was chosen to be 20 X 20 X 80 A3, which is
large enough to avoid interaction with adjacent repeated
cells. Various external electric fields in the range
0.3—-1.2 V/A were applied, which corresponded to local
electric fields at the tip end ranging from about
0.5to 1.5 V/A. In real situations, empty states of emitted
electrons should be replenished by extended states in nano-
tubes to form a closed circuit macroscopically. Since the
transition time from extended states to localized states in the
tip region is much shorter than the tunneling time (femtosec-
ond versus picosecond), the overall emission current would
be dictated by tunneling rates into vacuum states.

The plot in Fig. 1 shows the variation of emission cur-
rent as a function of the nitrogen doping position for an
external electric field of 0.7 V/A. The emission current of
the pristine nanotube was 8.7 wA. The total energies de-
pended on the doping position of nitrogen atoms; the substi-
tuted nitrogen atom prefers sites on the tip end to those on
the tube body by 0.3 eV, which implies the nitrogen induces
local distortion or defects. Two distinct electronic states ex-
isted in the nanotube: the localized state and the extended
state.'* Electron emission from the localized state plays a
major role in the total emission current from pure carbon
nanotubes.'” In the N-doped carbon nanotubes, the emission
currents were strongly dependent on the doping position; ni-
trogen doping in the cap region increased the emission cur-
rent by more than 100%, whereas nitrogen doping in the side
wall had a small effect on the emission current. From a de-
tailed analysis of the band-decomposed emission, we found
two factors contributing to the increase in emission currents
as a result of nitrogen doping. First, addition of nitrogen into
a nanotube changed the energy level of the localized states.
For the undoped (5,5) nanotube, the localized state existed
about 1 eV above the Fermi level. The localized state shifted
down to the Fermi level as the position of the nitrogen dop-
ing approached the tip (see open square data in the plot of
Fig. 1). The decrease in energy was due to an effectively
attractive potential of nitrogen atoms.” As the localized
states were closer to the Fermi level, occupancy of the local-
ized states increased, resulting in a larger emission probabil-
ity. On the other hand, the Fermi levels evaluated from the
vacuum level were —4.53 eV and -4.36+0.02 eV for un-
doped and N-doped nanotubes, respectively. The small in-
crease in the emission current that was observed for nitrogen
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FIG. 2. (Color online) The spatial distribution (front and side views) of
three distinct types of states contributing to the emission current of N-doped
carbon nanotubes. Different shades indicate the sign of the wave function.
(a) Localized state, (b) extended state, and (c) coupled state. The position of
the doped N atom is indicated by an arrow in (c).

doping in the sidewall may come from this slight decrease of
the value of the work function.

The second effect of nitrogen doping was the creation of
coupled states with mixed properties of the localized and
extended states (see Fig. 2). We found that the coupled states
were more prominent when the nitrogen doping was near the
tip region. The presence of the nitrogen atoms broke the
rotational symmetry of the nanotube so that states with dif-
ferent azimuthal angular momentum, such as the localized
and extended states, could be coupled. Figure 3 shows the
emission current of each state for various values of the ex-
ternal electric field. The emission current from the coupled
states was similar to that from the localized state, since the
states were substantially exposed to the highest electric field.
The coupled states intermixed with the localized states in-
creased the number of states with a large emission capability.

The boron doping had an effect that differed from that of
the nitrogen doping. We found that the coupled states ob-
served in the N-doped nanotube did not occur for boron dop-
ing. Furthermore, boron doping around the cap region raised
the energy level of the localized state since the boron atoms
were effectively repulsive for the 7 states.'® The data plotted
as open squares in Fig. 4 show that the boron atoms in the
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FIG. 3. The state-resolved emission current of N-doped carbon nanotubes
for various external electric fields.
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FIG. 4. The emission current of B-doped carbon nanotubes for an external
electric field of 0.3 V/A. The boron positions are shown in Fig. 1. The open
squares show the energy of the localized states relative to the Fermi energy.
The solid circles show the emission current calculated for each doping site.
The triangle data indicate the energy of the localized state of the pristine
carbon nanotube. The emission current of the pristine nanotube is 1.03 pA.

cap region pushed up the energy level of the localized state
by as much as 0.8 eV. Larger external fields were thus re-
quired to shift the localized level down to the Fermi level
and make them contribute to the emission current. This ac-
counts for the reduced emission current in Fig. 4 (closed
circle data). However, it was noticeable that the total emis-
sion current increased significantly when the boron atom was
substituted at the h site. This is in stark contrast to the argu-
ment that connects the position of the localized states with
the emission currents. Inspection of the partial density of
states of carbon nanotubes revealed that there was another
localized state about 0.9 eV below the Fermi level. In the
pristine or N-doped nanotubes, this state was too low in en-
ergy to contribute to the emission current. However, under
the influence of the boron atoms at the tip, the energy level
of this state moved closer to the Fermi level, resulting in a
significant reduction in the tunneling length. One should note
that this behavior was highly sensitive to the doping position
and to the external electric field. For example, at a higher
electric field of 0.5 V/A, doping at the h site did not result in
the current enhancement. Regarding the relative stability, bo-
ron doping has negligible site dependence within 0.1 eV
fluctuation, indicating that the boron atoms would be ran-
domly distributed in real situations. The sensitivity to both
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the doping position and the external electric field explains
the two opposing experimental results on B-doped
nanotubes.”

In summary, we found that enhanced electron emission
by nitrogen doping was related to the shift of the localized
state to the Fermi level, and the significant contribution of
the coupled state near the Fermi level. Boron doping may
result in the fluctuation of the emission current because the
localized state at the deep level may play a role in the emis-
sion, depending on experimental conditions, such as nano-
tube preparation and the electric field applied for electron
emission.
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