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Effects of B and N dopings and H>O adsorption on
structural stability and field emission properties of
cone-capped carbon nanotubes*
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The effects of B and N dopings and H2O adsorption on the structural stability and the field emission properties of
cone-capped carbon nanotubes (CCCNTSs) were investigated by using the density-functional theoretical calculation. The
adsorption of HoO can increase the structural stability and decrease the gap between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital (HOMO-LUMO gap) of the CCCNTs. The strength of total
electric field on the top of the HoO-adsorbed CCCNTs is larger than that of the B-doped and the N-doped CCCNTs,
electrons will be emitted primarily from the HoO-adsorbed CCCNTs at the same applied voltage. Therefore, the HoO
adsorption can lower the threshold voltage for the CCCNTs. While the B and the N dopings produce opposite effects.

The HOMO-LUMO gap of the N-doped CCCNTs is the widest among all the gaps of the CCCNTs.

Keywords: carbon nanotubes, nitrogen doping, boron doping, HoO adsorption

PACS: 73.63.Fg, 79.70.+q, 31.15.ae

1. Introduction

Carbon nanotubes (CNTs) have been considered
as a very promising electron field emission material
because of their very low threshold voltage and high
emission current density.[!=3) It is well known that a
suitably chemical doping and the adsorption are effec-
tive ways to alter and adjust the microstructure and
the field emission properties of CNTs.l* For example,
the threshold voltage of B-doped CNTs is lower than
that of pristine CNTs,[>6 and the density of states
(DOS) at the Fermi energy level (Er) increases due to
the B doping.l”) The work function of N-doped CNTs
is lower than that of pristine CNTs.!8) Furthermore,
the HoO adsorption on the tip is another way to ad-
just the binding configuration and enhance the emis-
sion current of CNTs.[9~11]

Since the electrical properties of CNTs are very
sensitive to their microstructures, the same treatment
can lead to different electronic properties for CNTs
with and without defects. For defect-free CNTs, the
N doping could increase the emission current of achi-
ral CNTs.18) For CNTs with defects, it can change
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the metallic chiral CNTs into a semiconductor? and
lower the CNTs’ electronic transmission properties. In
general, pristine cone-capped CNTs (CCCNTSs) con-
tain five or seven carbon ring defects, and the gap be-
tween the highest occupied molecular orbital and the
lowest unoccupied molecular orbital (HOMO-LUMO
gap) and the total energy are much smaller than
those of defect-free Cso hemisphere-capped CNTs.[13]
Therefore, the field emission property and the struc-
tural stability of the former are significantly better
than those of the latter. It is well known that most
CNTs obtained from experiments contain some de-
fects and the cone-capped CNTs are more common
than the Cs3p hemispherical-caped CNTs.
sult, it is important to study the performance of the
doped and the adsorbed CCCNTs as the field emission
materials. Up to now, the comparisons of B- or N-
doped and HyO-adsorbed CCCNTs have rarely been

concerned, so it is still an open question and requires

As a re-

an in-depth investigation. In this work, we study the
effects of B doping, N doping and H2O adsorption on
the structural stability and the field emission proper-
ties of CCCNTs by using the first principle density-
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functional theoretical (DFT) calculation We focus on
the HOMO-LUMO gap of CCCNTs and elaborate on
the effects of the above mentioned treatments on the

field emission properties of CCCNTs.

2. Model and method

All the calculations were carried out by using the
first-principle DFT provided by the DMOL? code.[4!
The geometrical optimization was based on the lo-
cal density approximation (LDA) during the self-
consistent field iteration with the Perdew—Wang pa-
rameterization of the local exchange correlation en-
ergy. The generalized gradient approximation (GGA)
was adopted to calculate the total energy and var-
ious electronic properties with the Perdew—Wang-
91 (PW91) function.!® The all-electron Kohn-Sham
wave functions were expanded in the local atomic or-
bital basis set with an orbital cutoff of 4.5 A. The
self-consistent field procedure was done with a con-
vergence criterion of 107> a.u. on the energy and the
electron density.

In our simulation, the CCCNTSs (140 atoms) were
built by connecting (6, 6) CNTs and carbon nanocones
of angle 38.9°.
evitably emerged at the connection between the cone

The 5-7-5 carbon ring defects in-

and the tube because of their different numbers of
atoms there. The doped CCCNTs were built with a
direct substitution of one carbon atom by one nitrogen
or one boron atom at the cone tip. The adsorbed CC-
CNTs were formed with one HoO molecule adsorbed
on the top (Fig. 1). For the purpose of studying the
field emission properties of the CCCNTs, an uniform
electric field (E,pp1) changed from 2.5 eV-nm™! to
4.0 eV-nm~! were applied along the CCCNTs axis.

Fig. 1.

CCCNTs model:
B-doped and N-doped CCCNTs; (b) left view of HoO-
adsorbed CCCNTs. The arrow denotes the direction of

Eappl-

(a) front view of pristine,

3. Results and discussion

3.1. Structural stability

The high structural stability of CNTs helps to
prolong the lifetime of the field emission device. In
order to examine the structural stability of CNTs, the
binding energies have been computed for the systems
having the same number of atoms. The binding energy
is defined as the net energy required to decompose a
molecule into free atoms. The binding energies of the
pristine, the B-doped and the N-doped CCCNTs are
calculated by using the Dmol® module. The binding
energy of the HyO-adsorbed CCCNTs except the HoO
molecule has been estimated as the binding energy dif-
ference between a HoO-adsorbed CCCNT and a H,O

molecule.
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Fig. 2. Binding energy of four types of CCCNTs with

Eappl-

The binding energies are compared, as shown in
Fig. 2. All the binding energies of the CCCNTs re-
duce with the increase of FE,pp, which implies that
the structural stability of the system enhances accord-
ingly. Under the same F,p,1, the structural stabil-
ity of the B- and the N-doped CCCNTs is slightly
lower than that of the pristine CCCNTs and that of
the HyO-adsorbed CCCNTs is the highest among all
the CCCNTs. The basic reason for this is that the
length of the C-B (C-N) bond is longer (shorter) than
that of the C-C bond,[®! which will introduce an out-
ward (inward) local structural distortion along the ra-
dial direction.[®! Therefore, the structural stability de-
creases for the B- and the N-doped CCCNTs. Because
the H' ion in the HoO molecule and the electron in
the delocalized 7 orbital near the top of the CCCNTs
attract each other and the adsorption energy of the
Hy0O-adsorbed CCCNTSs increases with the increase
of Eappi (Table 1), the structural stability of the HoO-
adsorbed CCCNTs is enhanced.
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Table 1. Adsorption energy of HyO-adsorbed CCCNTs
with an applied electric filed.

Eappl/ev-nm_1 250 3.00 3.75 4.00
Adsorption energy /eV 0.14 0.19 0.57 0.84

The adsorption energy (Eadsorption) is defined as
the energy required to detach the adsobate from the
nanotube tip and place it at a distance far away from
the tip. The Fagsorption under an applied electric field

(Eappl) is computed using the following expression:m
Eadsorption(Eappl)
= Eccents(Eappt) + Er,0(Eappt = 0)
- EHQO—adsorbed CCCNTS(Eappl)a (1)

where the three terms at the right side are the total
energies of the pristine CCCNTs, the HoO molecule
and the HoO-adsorbed CCCNTs, respectively.

3.2. Electrical properties

In order to deeply investigate the effects of the
B and the N dopings and the HoO adsorption on the
field emission properties of the CCCNTs, the pseudo
gap and the HOMO-LUMO gap of the four types of
CCCNTs with E,,p1 are plotted in Figs. 3 and 4, re-
spectively.
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Fig. 3. Pseudo gap of four types of CCCNTs with E,pp1.

Under the same Fapp1, the pseudo gaps of the B-
and the N-doped and the HyO-adsorbed CCCNTs are
narrower than that of the pristine CCCNTs, which
indicates that the covalence bond of the former CCC-
NTs weakens and the metallicity of them increases.*?!
It proves that the treatment of the B and the N dop-
ings and the HoO absorption improves the metallicity
of the CCCNTs.

Compared with the HOMO-LUMO gap of the
pristine CCCNTs (Fig. 4), the gap of the H,O-
adsorbed CCCNTs decreases, whereas that of the

doped CCCNTs increases. Then in the two kinds
of systems, the electrons can jump over the HOMO-
LUMO gap more easily or more difficulty, respectively.
It is noticed that only the HOMO-LUMO gap (Fig. 4)
and the pseudo gap (Fig. 3) of the N-doped CCCNTs
increase with the increase of E,,p1, which means that
the N doping obviously weakens the CCCNTs’ metal-
licity under E,,p1. This phenomenon is different from
that of the N-doped Cso hemisphere-capped CNTs. !4
So it is opposite for the two types of CNTs with and
without defect.
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Fig. 4. HOMO-LUMO gap of four types of CCCNTs
with F,

appl-

The local density of states (LDOS) at the first
layer (the adsorbed system contains a HoO molecule)
and the total density of states (TDOS) of the four
types of CCCNTs under FE,p, = 3.0 eV-nm~! are
shown in Fig. 5. It can be seen that only the peak
value near Fr of the LDOS leads to the increase of the
TDOS for the N-doped and the HyO-adsorbed CCC-
NTs (Fig. 5(a)). Moreover, the very high DOS values
near the Fermi energy levels (Ex) for all the systems
clearly show that they are metallic (Fig. 5(b)).

Since the HOMO is even closer to Fr than the
LUMO for the doped CCCNTs (Fig. 5(b)), their elec-
tron transport mainly depends on the HOMO, !
which indicates that they can easily lose electrons.
The large space between the LUMO and Ey leads to
their even wider HOMO-LUMO gap. In particular,
the HOMO-LUMO gap of the N-doped CCCNTs is
the widest among all the systems. On the contrary,
the LUMO of the HyO-adsorbed CCCNTs is closest to
Er and its HOMO-LUMO gap is the narrowest among
all the systems (Fig. 5(b)), which results in that the
electron will easily be obtained from the system and
then be emitted. Considering the relatively high value
of DOS near Fr (Fig. 5(b)), the main probability for
losing electrons lies in the HOMO of the N-doped CC-
CNTs and the main probability for getting electrons
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lies in the LUMO of the HyO-adsorbed CCCNTs.
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Fig. 5. (a) LDOS and (b) TDOS of four types of CC-
CNTs under E,,p = 3.0 eV.nm~!. The arrows to the
left and the right of Er denote the sites of HOMO and
LUMO, respectively. The EF is set to be zero.

The top of the CCCNTSs, where the maximum
curvature of the surface lies, is the main electron field
emission region. The electrical properties of the top
are also a major factor affecting the DOS distribution
near Fp.l'718] Tt is necessary to analyze the electrical
property of the CCCNTs in terms of the microscopic
structure. The top views of the Mulliken popula-
tions for the four types of CCCNTs under E,pp of
3 eV-nm~! are shown in Fig. 6. Because the elec-
tronegativity of B, C and N elements increases in an
ascending order in the B- and the N-doped CCC-
NTs, the electrons gather at the C and the N atoms,
which are the sites for the electron field emission.
Then the local electric field pointing to the atom
generates at the CCCNTs’ top and the correspond-
ing electrostatic force prevents the ortho-electrons
from moving to the emission site, which shows that
the HOMO-LUMO gap of the B- and the N-doped
CCCNTs is even wider.
the H5O molecule attracts the electrons in the 7 or-
bital at the tube top and the top-down local electric

Because the HT cation in

field generates, the corresponding electrostatic force

g ,;—,\ \ (a)
\\
! 0 06

Fig. 6. Top view of the Mulliken population for (a) pris-
tine, (b) B-doped, (c) N-doped and (d) HyO-adsorbed CC-
CNTs at Eapp1 = 3 eV-nm~—!. The arrows denote the di-
rection of the local electric field and the asterisks denote
the site of field emission.
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accelerates the shifting of the ortho-electrons to the
tube top, which shows that the HOMO-LUMO gap of
the HoO-adsorbed CCCNTs is even narrower, so the
H>O adsorption is propitious to while the B and the
N dopings impede the field emission of the CCCNTs.

Due to the doping of the B or the N atom, the
increase of the HOMO-LUMO gap may further en-
hances the surface barrier and the threshold voltage
for the CCCNTs, however this inference needs further
evidence from experiments.

4. Conclusion

The different effects of the B and the N dopings
and the HoO adsorption on the structural stability
and the field emission properties of the CCCNT's were
investigated by using the density-functional theoreti-
cal calculations. We found that the HoO adsorption
can increase the structural stability and decrease the
HOMO-LUMO gap of the CCCNTs, while the B and
the N dopings have the opposite effects. In particular,
the HOMO-LUMO gap of the N-doped CCCNTs is
the widest among all the gaps of the CCCNTs.

The N doping and the HoO adsorption can reduce
the pseudo gap and increase the density of states near
the Fermi energy of the CCCNTSs, which leads to the
increase of the metallicity and the emission current.
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