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The recent discovery of field emission devices based on one-dimensional nanostructures has attracted much interest in
emerging applications on next-generation flat panel displays, molecule-based sensors, and so forth. To achieve a compre-
hensive understanding of surface potentials at the nano-emitters during the tunneling process, in this study we systematically
investigated the image potentials of single-walled boron nitride nanotubes with different edges, diameters and lengths in
the frame of a composite first-principles calculation. The image potentials of zigzag single-walled boron nitride nanotubes
are found to be dependent on the non-equivalent sides. Only the image potentials of isolated armchair single-walled boron
nitride nanotube can be well fitted with the image potential of an ideal metal sphere of a size comparable to the tube diame-
ter. On the contrary, the image potentials of zigzag and grounded armchair single-walled boron nitride nanotubes exhibit a
strong length-dependence characteristic and are significantly different from that of an ideal metal sphere, which originates
from the significant axial symmetry breaking of induced charge at the tip for the long tube. The correlation between the
testing electron and electronic structure of single-walled boron nitride nanotube has also been discussed.

Keywords: boron nitride nanotubes, quantum chemistry, image potentials, structure dependence

PACS: 85.45.Db, 73.63.Fg, 73.22.—f, 85.30.Hi

1. Introduction

Field emission (FE) is a quantum tunneling effect of elec-
trons escaping from the surface potential barrier of a material
under an external electric field,!!! which is becoming the fo-
cus of technological tools to investigate the electron source
morphology!>* and surface/interface properties of micro-
nano structure!*7! owing to its ultra-fast response time, low-
voltage operation, and avoidance of high-temperature heat-
ing. Cold electron emitters with excellent field emission
features are demanded in many vacuum electronic applica-

5,189 parallel e-beam lithog-

tions (e.g., flat panel display
raphy systems!'®-1%] and light-emitting diodes!'*11) to en-
hance the reliability performance. To date, more than a dozen
electron-emitting materials, including metal oxides,10-181 gj].-
icon carbides!'201 and transition metal carbides,?'=23] have
been studied. However, critical obstacles to the real appli-
cation of an emitter, including the gaseous pollutants in the

2426 and morphologic changes during

[27-29

industrial conditions!
the secondary processes, I still should be overcome. One-
dimensional (1D) nanomaterials, such as carbon nanotubes
(CNTs) and boron nitride nanotubes (BNNTSs), have been ob-
served to exhibit outstanding field emission properties due to

the extremely strong local fields and high current densities
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caused by the very high aspect ratios.[3%3!! Particularly, BN-
NTs are considered to be promising materials for cold electron
emission because of their high negative electron affinity!3?!
and excellent oxidation resistance.!33! Relevant studies have
demonstrated that synthesized BNNTSs exhibit remarkable FE
performance, such as high current densities,?* endurance
under harsh ambient conditions®> and long-term emission
stability.[*%) However, compared with the previous abundant
studies of BNNTSs from an experimental viewpoint, up to now
complementary computational efforts to understand the elec-
tronic properties and potential barriers at the emitting surface
during the FE process are still lacking.

Image potential caused by electrons situated at a finite
distance from the tip of an emitter is one of the most impor-
tant technological parameters of the FE process since it would
reduce the barrier height of the electron on the vacuum side
of the vacuum-emitter interface and thus enhance electron

1371 making the FE process

tunneling probability significantly,
easier.*33%1 However, the image potential of nanoscale emit-
ter remains incompletely understood.*? The image potential
of the ideal metal plane model adopted by classical Fowler—
Nordheim law is found to be no longer valid for atomic sharp

[41-43

emitter. 1 Previous studies!** have indicated that the im-

age potentials of single-walled CNTs are insensitive to the ap-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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plied fields and structures in FE conditions. By using the com-
posite quantum chemistry method, the image potential of Cgg
is found to be isotropic and independent of temperature. [+ In
addition, the image potential of the nanoscale system has been
predicted to be affected by charge redistribution, leading to
significant alterations in energy levels and the induction of im-
age states on material surfaces./***8 Using combined LDA
+ image potential calculations, the image-potential states of
graphene have been predicted to present potential applica-
tions in the investigation of the effects of the topography, in-
tersheet and impurity interactions on spectroscopic and dy-
namical properties.[*~%! By combining the scanning tunnel-
ing microscopy and spectroscopy techniques, '3l the sur-
face’s image potential states of materials!>*3 have been suc-
cessfully probed on clean metal surfaces and found to be
closely matched with the theoretical model of self-energy

y.136-38] More re-

formalism based on the many-body theor
cent investigations not only extended the theoretical mod-
els to two-dimensional nanomaterials (e.g., graphene,>%¢0]

(611 and borophene!6%931), but also emphasized the

germanene,
substrate effects in electron transfer processes. However, a
limited number of studies have been conducted on the image
potentials of BNNTs. How the length, diameter and chirality
of BNNT affect the electronic structure, charge distribution
and surface potential remains unclarified. Furthermore, the in-
terplay between the testing electron and electronic structures
of BNNTSs needs to be studied in depth.

To clarify the above issues, a comprehensive quantum
mechanical investigation has been performed in the present
paper to understand the detailed electronic structure of single-
walled boron nitride nanotubes (SWBNNTSs), especially the
charge distribution and the potential barrier in the tip region.
We calculated the image potentials of SWBNNTSs with various
chiral indices, lengths and diameters under both isolated and
grounded conditions. A detailed description of the computa-
tional methodology is provided in Section 2, while Section 3
presents the computed results and the corresponding discus-
sion. Conclusions are given in Section 4.

2. Calculation method

In the present work, using the general atomic and molec-
ular electronic structure system (GAMESS),!%* we employed
density functional theory (DFT) with the B3LYP hybrid
functional (9391 to investigate the electronic properties!®’! and
image potentials of SWBNNTs. All dangling bonds at the
artificial open edge were saturated by hydrogen atoms. %3]
As examples of structures of the hydrogen-saturated SWBN-
NTs, the models of zigzag-edge SWBNNT (Z-SWBNNT)
and armchair-edge SWBNNT (A-SWBNNT) are illustrated in

Fig. 1. For convenience, the SWBNNTs are defined as (N, M,

L), where integers N and M that are not less than zero are chi-
rality indices while L represents the number of repeating units
along the tube axis. As shown in Fig. 1, a Z-SWBNNT (A-
SWBNNT) corresponds to the case of N > M =0 (N = M).
The structure details of the considered SWBNNTS, including
the number of atoms, the total number of electrons, diame-
ter, and length, are provided in Table S1 of the supplementary
file. To investigate the potential barriers of SWBNNTS, non-
equivalent emitting points I, II, III, and VI (V, VI and VII)
for Z-SWBNNT (A-SWBNNT) have been considered, as in-
dicated by arrows in Fig. 1. The distance z between the testing
electron and the emitter is defined as the distance along the
two red line segments, as shown in Fig. 1. Particularly, due to
the presence of non-equivalence terminations (i.e., H-B and
H-N side) for Z-SWBNNTSs, both sides need to be taken into
account.

O:N U:H O:B

e
€ €% £ €% €% £ % £

Fig. 1. (a) Schematic illustration of a testing electron near the tip of (7, 0,
3) Z-SWBNNT. The left, middle and right subgraphs represent the front view
of the H-B side, the front view of the H-N side and the side view, respec-
tively. (b) Schematic illustration of a testing electron near the tip of (4, 4, 5)
A-SWBNNT. The left (right) panel represents the front (side) view. The non-
equivalent emitting points are indicated by arrows. The distance between the
SWBNNTS and the testing electron is defined as z.

€\

To explore the image potentials of SWBNNTs, isolated
and grounded SWBNNT in equilibrium state have been con-
sidered to be in the canonical and grand canonical ensembles,
respectively, and the Fermi level of the substrate has been set
to —5 eV throughout the nanotube for the latter case. To ob-
tain the potential barrier, we moved a testing electron along
a line from the emitting point to a remote location far away
from the tip and calculated the electric force on the testing
electron along this path. The electric force on the testing elec-
tron can be straightforwardly calculated by DFT for isolated
cases since only the electron distribution of the SWBNNT in
the Coulomb potential of the testing electron will be changed,
meeting the variational constraint of DFT. On the other hand,
according to the grand canonical ensemble, due to the electron
and energy exchange between the SWBNNT and the substrate
for the grounded case, the macroscopic electric field E(z) at
the position z of the testing electron should be uniquely deter-
mined by weighted average

E(z)= Z PN sEN,.s5 (1

Ne,s
where py, s and Ey, (z) represent the probability and electric
field of grounded SWBNNT in a quantum state with electron

128501-2
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number N, and energy Uy, , respectively. py, ¢ is given by

exp(—aN, — BUy, s)
NZ exp (—aNe — BUy, s)
6.8

2

PN. Kl

Particularly, « = —pu/(kgT) and B = 1/(ksT), where u, kg
and T represent the chemical potential of the substrate, Boltz-
mann constant and the temperature, respectively. It has been
reported that the image potential of grounded nano emitter is
not sensitive to temperature, ! in this article, T has been fixed
at 300 K. With the electric force along the emitting path in
hand, the potential barrier containing the image potential can
be finally calculated by numerical integration of the electric
force along the emitting path from the concerning emitting po-
sition to the remote place. We then remove the testing electron
and calculate the potential barrier without the image potential.
The difference between the former potential barrier and the
latter potential barrier is caused by the image charges and is
referred to as the image potential.

3. Results and discussion

Firstly, the potential barriers of Z-SWBNNTSs under iso-
lated and grounded conditions were investigated, as shown in
Fig. 2. It is evident that the profile of potential barrier is rela-
tively similar for the emitting points from the same side (i.e.,
sites I and II from N-H side, or sites III and IV from B-H
side); however, noticeable differences in potential profiles ex-
ist among non-equivalent sides (e.g., site II from N-H side vs
site III from B—H side). This phenomenon leads to the side-
dependent characteristic of image potentials for Z-SWBNNT,
which will be elaborated on in the following text. By taking
the image potentials into account, the potential barrier (dashed
line) exhibits a significant decrease compared to that with-
out image potentials (solid line), consistent with the previous
research, [44:43:69]

Figure 3 displays the image potentials of Z-SWBNNTSs
from different emitting points under isolated and grounded
conditions. Only the image potentials from sites II and III
are shown since the image potentials from the emitting points
on the same side are almost the same [Figs. S1 and S2].
The image potential curves are found to be not sensitive to
the diameter of Z-SWBNNT, as shown in Fig. 3(b). For
short Z-SWBNNT (repeating units number L < 3), the im-
age potentials are almost the same regardless of the emitting
point under a given grounded condition [the topmost subgraph
in Fig. 3(a)], while the image potentials (absolute value) in
grounded condition are slightly larger than that in isolated con-
dition [the topmost subgraph in Fig. 3(a)]. However, as the
nanotube length increases, the image potentials for a given
emitting point split into two different categories depending

on the isolated and grounded conditions [the middle and the
bottom subgraphs in Fig. 3(a)]. The absolute value of the
image potential under grounded condition increases signifi-
cantly with the increasing nanotube length, resulting in a more
pronounced difference in image potential between grounded
and isolated conditions. The reason why the image potential
in grounded condition is greater than that in isolated condi-
tion can be attributed to the induced charge in grounded Z-
SWBNNT, as shown in the insets of Fig. 3. It is obvious
that the grounded Z-SWBNNT tends to be positively charged
while the isolated Z-SWBNNT remains electrically neutral
when the testing electron is in the vicinity of the tip of Z-
SWBNNT. The former system leads to a stronger local electric
field and lower potential barrier, and thus larger image poten-
tial. This conclusion is in agreement with the previous study
for C60. [45]

(a)
0 f// f/
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— 1 L L L L
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Fig. 2. Potential barrier distributions of (a) (3, 0, 2), (b) (5, 0, 2), (¢c) (7,
0,2),(d) (7,0, 3) and (e) (7, 0, 4) Z-SWBNNTs with (dashed lines) and
without (solid lines) image potentials from emitting points I (black), II
(red), IIT (blue) and IV (green) under isolated conditions (left panel) and
grounded conditions (right panel).

To further explore the variation of image potential differ-
ence between isolated and grounded conditions as a function
of the tube length, we analyze the Mulliken charge distribu-
tion on the four outermost atomic layers of Z-SWBNNTSs un-
der both isolated and grounded conditions, as shown in Fig. 4,
where two positions of the testing electron (i.e., z = 0.4 nm
and z = 10 nm) have been considered to investigate the sen-
sitivity of induced charges to the distance between the testing
electron and the emitter’s tip. In the case of a larger distance
(z =10 nm), the Coulomb force of the testing electron can be
negligible. In the case of z = 0.4 nm, however, the axial sym-
metries of charge distribution for both isolated and grounded
conditions have been broken by the testing electron, and the
axial symmetry breaking and field penetration at the tube tip
are more significant for grounded conditions when L > 3 ow-
ing to the higher field enhancement factor caused by the higher

128501-3
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aspect ratio of longer Z-SWBNNT, leading to larger differ-
ences in the image potentials between isolated and grounded
cases for longer tubes. Moreover, for a given grounded con-
dition, the image potentials of long Z-SWBNNT exhibit sig-
nificant termination-dependent characteristics, i.e., the image
potential (absolute value) from the site III (i.e., H-B side) is
much larger than that from the site II (i.e., H-N side) [see
the bottom subgraph in Fig. 3(a)]. The termination-dependent
characteristics has not been found in single-walled CNTs. [44]
The difference in image potentials between the H-B side and
the H-N side is found to increase with the increasing tube
length. The reason should be attributed to the difference in
electronegativity between N and B atoms, which can also be
clearly seen in Mulliken charge distribution. As shown in
Fig. 4, given that the electronegativity of the N atoms for the
H-N side is larger than that of the B atoms for the H-B side,
for the H-N side the outermost atomic layer H is positively
charged and the second outermost atomic layer N is nega-
tively charged; on the contrary, for the H-B side the outer-

(a)
OF
2 —oa}
@ .
5 / . y 111
£ —04f8 ! 10O
&) 1 ¥ ==
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[ Q
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g —0.4f N
€3] S ==
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0 0.5 1.0 15 20 25
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3.0

most atomic layer H is nearly electrically neutral or even pos-
itively charged and the second (third) outermost atomic layer
B(N) is positively (negatively) charged. The total number of
positive charges and the effective distance between the neg-
ative charge center and the positive charge center are larger
for the latter case. It has been predicted that the potential
energy profile of the functional surface would be raised (re-
duced) by forming a plane of dipoles, whose direction points

70.71] Therefore, a larger

inwards (outwards) from the surface.!
dipole moment pointing outward forms at the H-B side, re-
sulting in more obvious image potentials. The dipole moment
will increase on longer Z-SWBNNT owing to larger electri-
cal polarization and induce charge accumulation at the edge of
longer Z-SWBNNT, leading to increasingly significant edge-
dependence characteristics of image potentials. This variation
may be related to the complicated mechanism of charge trans-
fer in nanotubes with different aspect ratios,!”>73] which de-

mands further investigation.
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Fig. 3. Image potentials variation of isolated Z-SWBNNT from sites II (A) and III (e) and grounded Z-SWBNNT from sites II (A), III (o) as a function
of (a) tube length and (b) tube diameter. In (a) [(b)], the structural indices of Z-SWBNNTSs from the top subgraph to the bottom subgraph are (7,0,2),
(7,0,3) and (7,0,4) [(3,0,2), (5,0,2) and (7,0,2)], respectively. The image potentials of isolated (solid lines) and grounded (dashed lines) ideal metal
spheres with the diameter equal to the corresponding Z-SWBNNT’s diameter and the image potentials of the ideal metal plane (dotted lines) are shown
for reference. Insets illustrate the probabilities of quantum states with two positive electron charges, one positive electron charge and zero positive
electron charge (neutrality) as a function of distance from sites II and III for grounded Z-SWBNNT.
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Fig. 4. (a) Mulliken charge distribution on the four outermost atomic layers
of the H-N side (square) and H-B side (circle) of (7, 0, 2) Z-SWBNNT under
isolated (solid) and grounded (hollow) condition when the testing electron lo-
cates at z = 0.4 nm (top panel) and z = 10 nm (bottom panel). (b) The same as
(a) but for (7, 0, 4) Z-SWBNNT. The horizontal axis represents the number of
atom layers. The seven atoms within the same layer are labeled by the same
integer and spread out in the interval between two adjacent layer-indexes.
To provide insights into the difference between confined
nano-system and macroscopic classical model, we further
compare the results of Z-SWBNNTSs with those of an ideal
metal plane and isolated/grounded ideal metal sphere. The im-
age potential of an ideal metal sphere with radius r is defined
as the work done by the image electric field on the testing elec-
tron as it moves from z to a remote place.*'***) When the ideal

metal sphere is isolated, its image potential is given by

e r r

e { 2[z+r2—r] 2(z+r)? } - @

When the ideal metal sphere is grounded, its image potential

Wig,i (2) = —

can be explicitly written as

e r
dmey 2[(z+r)2 =12

Wigg (2) = — “)

When r — oo, we obtain the image potential of an ideal metal
plane

e 1
4rey 47

Wigp (2) = — ®)

From Fig. 3, we find that the image potentials of both sides
of short Z-SWBNNTs (L < 3) in isolated condition can be
well approximated by an isolated ideal metallic sphere with
the diameter equal to theirs. However, when Z-SWBNNTSs are
sufficiently long (L > 4), only the image potential from site 11
(i.e., the H-N side) in isolated condition can be accurately fit-
ted by an isolated ideal metallic sphere model, while the image
potentials from site II in grounded condition and site III (i.e.,
the H-B side) deviate significantly from the fitted curves of
the ideal metallic sphere model. In addition, the image po-
tentials of the classical ideal metal plane model adopted by
Fowler—Nordheim theory are found to be no longer applica-
ble in Z-SWBNNTS, which is in agreement with the previous

theoretical research.!**3] The above results indicate that the
effect of microatomic structure on the image potentials of nano
emitters cannot be ignored.

4 0.4 nm site II 10 nm site 1T
— af —302 2t — @B —302
21 (a) — 301 (b) —301
~ . —300|~ Of _ —300
o 0 —299 1> | —299
> - g _— JR—
o — L
s —4 — g Kpmrrrrrrrrerr e
O g6 =
-8 . . —— —10 . i
602 601 600 602 601 600
Ne Ne
4 0.4 nm site III 10 nm site III
- aif —302 2 —  a'f  —302
2t —301 d —301
N () - a0 |~ of @ — —300
o of — 299 %72 ——299
> - — -
57— Boap —
5 -4 — & % [ — T
J - T, m T
—6 -8
-8 - . - —-10 . i
602 601 600 602 601 600
N. N.

Fig. 5. Energy levels as a function of electron occupation in grounded (7, 0,
4) Z-SWBNNT from site IT at a distance of (a) z = 0.4 nm and (b) z= 10 nm.
The green, blue, red and black lines from top to bottom correspond to the
302nd, 301st, 300th and 299th energy levels, respectively. The dotted line
represents the Fermi level. Only electron numbers ranging from 602 to 600
are displayed. The system is neutral when N, = 602. When N, = 601, the un-
restricted Hartree—Fock calculation leads to spin-up (¢t) and spin-down (f3)
orbitals. (¢)—(d) Same as (a)—(b) but from site III.

When the testing electron approaches the grounded Z-
SWBNNT, the correlation between the testing electron and
the electronic structure of Z-SWBNNT becomes significant.
The Coulomb potential of the testing electron raises the en-
ergy levels of Z-SWBNNT. Subsequently, electrons tend to re-
distribute and escape from the Z-SWBNNT at the states with
energies higher than the Fermi level. As shown in the insets of
Fig. 3, the probability of neutral Z-SWBNNTSs gradually de-
creases with decreasing z. The redistribution and leaving of
electrons then make the energy levels lower. Figure 5 illus-
trates the variation of the energy levels as a function of the
number of electrons in (7, 0, 4) Z-SWBNNT when z = 0.4 nm
[Figs. 5(a) and 5(c)] and z = 10 nm [Figs. 5(b) and 5(d)].
When N, = 602, the nanotube is neutral. All the energy levels
move down as the total number of electrons in Z-SWBNNT
decreases since the energy level distribution is closely related
to the number of electrons. It can be clearly observed that
the energy levels can be significantly affected by the emit-
ting points from different sides of Z-SWBNNT at a close
testing electron—tip distance [e.g., z = 0.4 nm, as shown in
Figs. 5(a) and 5(c)], while the energy level distributions are
nearly the same for emitting points from different sides of Z-
SWBNNT when the testing electron locates at a remote place
[e.g., z= 10 nm, as shown in Figs. 5(b) and 5(d)]. From Fig. 5,
the lowest unoccupied molecular orbital of Z-SWBNNT with
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one positive charge, i.e., the 301st orbital when N, = 601,
shifts downward from much higher than Fermi energy to near
Fermi energy and will be occupied again. The probability of
occupation is determined by the grand canonical ensembles,
this phenomenon can explain why the quantum state of losing
one electron is dominant.

We find that the overall profile of the image potential of
A-SWBNNT differs from that of Z-SWBNNT. Given that the
edges on both sides of A-SWBNNT are equivalent (see Fig. 1
and the relevant test in Figs. S3 and S4), only the potential en-
ergies and image potentials of one side will be discussed. The
surface potential distribution curves of A-SWBNNTSs under
isolated and grounded conditions with different lengths and di-
ameters are illustrated in Fig. 6. As the length of the nanotube
increases, the decrease in the potential barrier of A-SWBNNT
caused by the image potential is more significant.

i
1l (a) (3,3,3) isolated | / (3,3,3) grounded

1 1 L 1 1

0OF
7
h
71.“ (b)  (4,4,3) isolated |
% of
~ 4
e i
o0 I/
= ]
Zaf) (© (353 isolated |
0»
v
i !
71»: (d)  (4,4,5) isolated | ff (4,4,5) grounded

| (e)  (4,4,7) isolated / (4,4,7) grounded

0 1 2 0 1 2 3
Z (nm) Z (nm)
Fig. 6. (a) Potential barrier distributions for (3, 3, 3) A-SWBNNT under iso-
lated condition (left panel) and grounded conditions (right panel). The dashed
lines (solid lines) represent the potential barriers with (without) image poten-
tials. The potentials from emitting points V, VI and VII are indicated by black,
red and blue lines, respectively. (b)—(e) The same as (a) but for (4, 4, 3), (5, 5,
3), (4,4, 5) and (4,4, 7) A-SWBNNTs.

|
—

The variation of image potentials as a function of the
length and diameter for A-SWBNNTSs is summarized in
Figs. 7(a) and 7(b), respectively. We only focus on the im-
age potentials from emitting point V since the image po-
tential of A-SWBNNT is insensitive to the emitting points
(Figs. S4-S6), which is similar to single-walled CNTs and
Ceo.1*+*1 The image potential of A-SWBNNT shows negligi-
ble diameter-dependent character [Fig. 7(b)], similar to that of
Z-SWBNNT. The image potentials of isolated A-SWBNNTSs
are independent of the tube length [Fig. 7(a)]. The image
potential of grounded A-SWBNNT is always larger than that
of isolated A-SWBNNT, because the isolated (grounded) A-
SWBNNT is neutral (positively charged) [see the insets of

Fig. 7]. The positively charged grounded A-SWBNNT en-
hances the local electric field and lowers the potential profile,
making the image potential larger. Compared to the case
of Z-SWBNNT, the image potential difference between iso-
lated and grounded conditions is found to increase with the
increase of tube length slowly [Fig. 7(a)]. We performed Mul-
liken charge calculation on the four outermost atomic layers
of the A-SWBNNT to analyze the above phenomenon, as
shown in Fig. 8. For clarity, the edge hydrogen atom bonding
to boron (nitrogen) is represented as Hg (Hy). Both boron
and nitrogen atoms will exist in the same layer except for
the outermost atomic layer [see Fig. 1(b)]. When the test-
ing electron is close to the tip of the A-SWBNNT, the axial
symmetry broken caused by the Coulomb force of the test-
ing electron can also be observed, but the remarkable de-
gree and the increase of axial symmetry broken as a function
of tube length is not as significant as that of Z-SWBNNT
[Fig. 8(a)]. Particularly, the degree of axial symmetry broken
of isolated A-SWBNNT remains nearly unchanged. Figure 7
also illustrates the comparison of the image potentials between

0'(?£?'”&{TQ{TQT:T£CTTQ—
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/
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Fig. 7. (a) Image potentials of isolated (4, 4, 3) A, (4,4,5) e, (4,4, 7) %
A-SWBNNT and grounded (4, 4, 3) A, (4,4,5) O, (4, 4,7) %¢ A-SWBNNT.
(b) Image potentials of isolated (3, 3, 3) A, (4,4, 3) e, (5,5, 3) % A-SWBNNT
and grounded (3, 3,3) A\, (4,4,3) O, (5,5, 3) ¥¢ A-SWBNNT. The image po-
tentials of isolated (solid line) and grounded (dashed line) ideal metal spheres
with the diameter equal to that of (4, 4, 3) A-SWBNNT and the image po-
tentials of the ideal metal plane (dotted lines) are also shown for comparison.
Insets illustrate the probabilities of quantum states with two positive electron
charges, one positive electron charge and zero positive electron charge (neu-
trality) as a function of distance under grounded conditions.
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A-SWBNNTs and the ideal metal plane, an ideal metal sphere
with the diameter equal to that of (4, 4, 3) A-SWBNNT. Only
the image potential of isolated A-SWBNNT can be fitted with
the isolated ideal metal sphere model with the diameter equal
to that of A-SWBNNT, and this similarity can be explained by
two reasons. (1) The axial symmetry broken on two equiva-
lent terminations of isolated A-SWBNNT is nearly unchanged
as the chirality indices (Fig. 8). (2) The tube diameters are
comparable to tube lengths for the considered A-SWBNNTs
(Table S1). The image potential of grounded A-SWBNNT
is significantly different from that of a grounded ideal metal
sphere. The image potential deviation between A-SWBNNT
and the ideal metal plane can also be observed, indicating the
microstructure of the nano emitter is important.

B

©

g Isolated Grounded
= O B (443)  [1(443)
<

O Q (447  O(44,7)

—0.5F

Grounded
[ (4,4,3)
O (4,4,7)

Isolated
B (4,43)

—0.5F ® 0
1 1 2 2 3 3 4 4
Layer

Fig. 8. (a) Mulliken charge distribution on the four outermost atomic layers
of (4, 4, 3) (red square) and (4, 4, 7) (blue circle) A-SWBNNT under isolated
(solid) and grounded (hollow) conditions when the testing electron locates at
(a) z=10.4 nm and (b) z = 10 nm, where Hg (Hn) represents the edge hy-
drogen atom bonding to boron (nitrogen). The horizontal axis represents the
number of atom layers. The eight atoms within the same layer are labeled
by the same integer and spread out in the interval between two adjacent layer
indexes. Both boron and nitrogen atoms will exist in the same layer except
for the outermost atomic layer.

To explore the correlation between the testing electron
and the A-SWBNNT, the energy level distribution at the two
positions of the testing electron near the surface of the (4, 4,
7) A-SWBNNT is shown in Fig. 9. When the system tran-
sitions from a neutral state (N, = 688) to a positively charged
state (N, < 688), all the relevant energy levels shift downward.
Moreover, similar to the results observed in Z-SWBNNT, the

testing electron raises the energy levels of A-SWBNNT and
leads to redistribution and departure of electrons within the
system from the states with energy higher than the Fermi level.
The lowest unoccupied molecular orbital (i.e., the 344th level)
might drop below or near the Fermi level and become occu-

pied again.
6 6
0.4 nm a — 345 10 nm a8 — 345
S | P R
< —343 | © —
% 2 (@) E—_t O — 342
or 0 -
% — %
52t = 5 2 —
T R — 7” R
76.
s = -8 =
B 688 687 686 688 687 686
Ne N,

Fig. 9. Energy levels as a function of electron occupation in grounded
(4,4,7) A-SWBNNT at a distance of (a) z=0.4 nm and (b) z= 10 nm.
The green, blue, red and black lines from top to bottom correspond to
the 345th, 344th, 343rd and 342nd energy levels, respectively. The dot-
ted line represents the Fermi level. Only electron numbers ranging from
686 to 688 are displayed. The system is neutral when N, = 688. When
N, = 687, the unrestricted Hartree—Fock calculation leads to spin-up
(@) and spin-down (f3) orbitals.

4. Conclusions

We investigated the surface potential characteristics, im-
age potentials, and charge distribution of zigzag and armchair
SWBNNTs under isolated and grounded conditions using den-
sity functional theory. The probability of electronic occupancy
was assumed to be determined by the grand canonical ensem-
ble.

The image potentials for both A-SWBNNT and Z-
SWBNNT are found to be insensitive to the tube diame-
ters. Given the existence of the non-equivalent sides of Z-
SWBNNT, i.e., H-B side and H-N side, the image potentials
of Z-SWBNNTs exhibit significant termination-dependent
characteristics. On the contrary, the image potentials of A-
SWBNNTs are insensitive to the edges. The image potential
difference between the isolated and grounded systems is small
for short SWBNNT but rapidly increases with the increase
of the tube length. Particularly, this increasing trend of Z-
SWBNNT is more significant than that of A-SWBNNT. This
phenomenon can be understood as the consequence of signif-
icant axial symmetry breaking of positive induced charge at
the tip for the long grounded tube. We also compared the im-
age potentials of SWBNNTSs with those of ideal metal spheres
and ideal metal plane. We found that only the image potentials
of chirality structures with slight axial symmetry breaking of
charge distribution (e.g., isolated A-SWBNNT, H-N side of
isolated Z-SWBNNT) can be well modeled as that of an iso-
lated ideal metal sphere of a size comparable to the tube diam-
eter. The models of an ideal metal sphere and an ideal metal
plane are invalid for grounded SWBNNTs and B-H side of
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isolated Z-SWBNNTSs, which can be attributed to the correla-
tion between the discrete energy levels and the testing electron.
We believe that this work illustrates practical and quantitative
theoretical guidance to enhance the performance of field emis-
sion devices based on 1D nanostructures.
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