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Dependence of the energy of emission molecular orbitals
in short open carbon nanotubes on the electric field
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On the examples of short open carbon nanotubes of armchair type (n, n), for n= 3, 4, and zigzag (n, 0), for
n=y>5, 6, 7, the influence of the magnitude and direction of the external constant electric field vector on their field
emission properties was studied. It is shown that the deviation of the field vector from the nanotube axis leads to
an increase in the field strength to generate electron field emission. Emission orbitals in carbon nanotubes (n, n)
found as a result of a new type of conjugation of p-electrons in cylindrical conjugated systems are more sensitive
to a change in the direction of the electric field vector compared to emission orbitals in nanotubes (n, 0). When
the electric field vector deviates from the nanotube axis, the emission orbitals of carbon nanotubes change the less,

the larger the nanotube diameter.
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1. Introduction

Field-emission cathodes based on single-walled carbon
nanotubes (CNTs) have a number of advantages over other
pointed cathodes [1,2]: high emission current density, low
turn-off voltage, high melting point, radiation resistance.
The widespread use of carbon nanotubes in vacuum
microelectronics is largely determined by the morphology
of the cathode material, which is determined by the method
of its synthesis and subsequent processing of the obtained
arrays of CNTs. It has been experimentally shown [2]
that spatially structured CNTs in the form of a ,forest”
exhibit better emission properties than randomly stacked
CNTs. However, theoretical studies of the effect of
CNT morphology in a cathode material on their emission
properties are fragmentary [3,4] and do not contain results
that can be considered recommendations for practical
use. This position is largely determined by the lack of
an accepted concept relating the electronic structure of
carbon nanotubes and their emission properties. Thus,
research in the field of predicting the emission properties
of individual nanotubes and arrays of them remains rele-
vant [5].

Most of the works devoted to both theoretical modeling
of the field emission of electrons and interpretation of ex-
perimental data use the Fowler—Nordheim (FN) theory [6].
Usually, the classical theory of FN is adapted for CNTs by
introducing various fitting coefficients [3]. The papers [7,8]
present a new addition to the FN theory, which makes it
possible to take into account the effect of real structural
features of nanotubes, namely: the presence of caps on
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the ends of CNTs, intrinsic defects, impurity atoms, or
functional groups — on the emission properties of CNTs.

According to modern concepts of electronic conjugation
in spherical and cylindrical molecules [9-13], a special type
of p-electron conjugation is realized in single-walled carbon
nanotubes — in-plane electronic conjugation. In contrast to
the classical sr-electronic conjugation, the in-plane electronic
conjugation in spherical and cylindrical carbon macro-
molecules provides such an orientation of the p-orbitals with
respect to carbon core, which causes an increased electron
density inside the molecule. To minimize the total energy of
molecules with in-plane electronic conjugation, ,.expulsion
of electron density from the inner cavity of the nanotube
occurs, leading to the formation of new special molecular
states — emission molecular orbitals (EMO) [7,8]. In other
words, the formation of EMO due to the curvature of the
surface of single-walled carbon nanotubes is a redistribution
of the density of p-electrons from the inner region of
CNTs outward to their outer surface [14]. A similar
redistribution of the density of p-electrons (from the concave
side to the convex one) also takes place when the graphene
sheet is bent [15]. Thus, the lateral surface of CNTs
also has crystallographic prerequisites for the formation
of EMO.

A characteristic feature of the EMO of carbon nanotubes
is the preferential localization of the electron density near
the end surfaces of the cylindrical molecule. In [16]
it is shown that the length of the region of preferential
localization of electron density in CNTs is 4-55A counted
from the edge of the nanotube. The resulting emission
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molecular orbitals are vacant [7], their occupancy will be
determined only by the temperature and therefore have
an insignificant value. This circumstance causes low field
emission current densities at low electric field strength [17].
At the same time, such an EMO state can serve as a
physical basis for interpreting the emission of electrons
from CNT arrays under the action of intense visible
light [18].

It was shown in [7] that a uniform constant electric field,
whose field lines are parallel to the CNT axis, causes a
change in the EMO energy, leading to the displacement
of emission molecular orbitals to the valence band (i.e., to
the region occupied by molecular orbitals). At a certain
critical value of the electric field strength, the EMO is
filled with valence band electrons, which is the physical
basis for a sharp increase in the current density of cold
field emission [17] due to the tunneling of EMO electrons
through a potential barrier in accordance with the FN
theory [3,6).

The presented mechanism of field emission from CNTs
was successfully tested on the example of ultrashort CNTs
in an electric field with a parallel orientation of the field
vector and the axis of nanotubes [7]. Different methods of
CNT synthesis generate materials with different nanotube
morphology [2,19,20]. In addition, for different devices, the
shape of the electrodes can vary widely, and, therefore, the
electric field lines can be directed at different angles to the
axis of the nanotubes. The purpose of this work is to study
the influence of the direction and magnitude of the external
constant electric field vector on the energies of emission
molecular orbitals in carbon nanotubes (3,3) and (5,0).

2. Model and calculation method

In this work, ultrashort open single-layer (single-walled)
carbon nanotubes of chirality (n, 0) were chosen as objects
of study, where n=35, 6, 7 and (n,n), where n=3, 4.
Closed CNTs were not studied in this work, since their
emission properties are much inferior to those of open
nanotubes [7]. The length of the model CNTs was 6 cyclic
trans- and cis-carbon chains forming a cylindrical carbon
core. The free valences of the terminal carbon atoms in the
nanotubes were saturated with hydrogen atoms.

The spatial structure of the model CNTs was determined
by optimization using the Hartree—Fock method in the
3-21G basis from the FireFly application package [21], and
then the energy spectra of these CNTs were calculated.

The effect of a uniform constant electric field on the
energy spectrum of the considered model CNTs was
numerically simulated using the EFIELD option [21]. The
strength E of the constant electric field was varied within
0—21V/nm with a step of 1 V/nm. The constant electric
field vector was directed at an angle © relative to the
nanotube axis (Fig. 1). The angle © varied from 0° (the
field vector is directed along the CNT axis) to 90° (the field

Figure 1. Direction of the vector of the external uniform constant
electric field E to the carbon nanotube axis (3, 3).

vector is directed perpendicular to the CNT axis) with a
step of 15°.

3. Discussion of results

In the energy spectrum of carbon nanotubes, there are
several groups of emission orbitals that differ in the number
of nodes L of sign inversion of atomic wave functions in
the basic EMO expansion (see Fig. 2). The first group (I)
of emission orbitals is represented by two vacant energy-
degenerate molecular orbitals (MOs) with L =2. The
second group (II) consists of four vacant energy-degenerate
MOs with L =4. The EMO energy increases with the
growth of the number L. Therefore, the emission orbitals
of the third group (III) with L = 8 lie deep in the valence
band and do not significantly affect the emission properties
of CNTs in the indicated range of electric field strength.

Figure 3 shows the energy dependences of the boundary
(upper filled with electrons — HOMO and lower vacant —
LUMO) and emission (EMO) molecular orbitals of model
carbon nanotubes (3,3) and (5,0) on the constant electric
field strength E the strength vector of which is directed at
an angle O to the axis of the CNTs.

In the case of ® =0°, the applied electric field has
the greatest effect on the energies of the emission orbitals
(eemo), while the energies of HOMO (epomo) and LUMO
(eLumo) orbitals change to a lesser extent. Let us consider
the behavior of EMO in an electric field on the example
of emission orbitals with L =2. In an electric field,
in accordance with the Stark effect [11-13], the energy-
degenerate emission orbitals EMO; and EMO, are split.
The energy of one of the EMO; emission orbitals decreases,
and at a certain value of the field strength, the EMO energy
reaches the LUMO energy, and then, at E = E,, — HOMO
energy value. The energy of the second emission orbital
EMO; increases significantly with increasing electric field
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Figure 2. Structure of emission molecular orbitals in CNTs (3, 3) and (5,0).
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Figure 3. Energy dependences of the boundary (HOMO and LUMO) and emission (I-1(2) — EMOy,(), II-1(2) — EMOyy(3)) of CNT
molecular orbitals (3,3) and (5,0) on the field strength E of the external electric field at © = 0°, 45° and 90°.

strength and is of no interest in describing the emission
properties of CNTs. The behavior of the emission orbitals
with L =4 is similar to the behavior of the EMO with
L = 2. Thus, at an electric field strength of ELl, the value
of the EMO energy with L =4 reaches the value of the

Physics of the Solid State, 2022, Vol. 64, No. 3

HOMO energy. This circumstance qualitatively explains the
increase in the emission current with increasing applied field
strength [3-5].

When the electric field vector deviates from the nanotube
axis, the regularities in the behavior of the energy of frontier
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Figure 4. Dependence of the projections ux and py of the induced CNT dipole moment (3, 3) and (5,0) on the strength E of the external
electric field (at ® = 0°). The magnitude of the dipole moment is given in debyes; 1D =3.34-107C . m.

orbitals and EMO; remain unchanged with increasing field
strength (Fig. 3), and the EMO splitting will decrease. The
degeneracy of the EMO is completely preserved at © = 90°
due to the equivalence of the EMO for the indicated
direction of the electric field and the decrease in the dipole
moment of CNTs.

Let us trace the influence of the quantity ® on the critical
values of the external electric field strength (E!. and EL). It
can be seen from the table that the critical values of the field
strength providing electron field emission at comparable
radii for armchair-type CNTs are smaller than for zigzag-
type CNTs, which corresponds to the data [22].

For all considered model CNTs, as the angle © increases,
the electron field emission region shifts towards stronger
fields. At ® =90° in the range of electric fields up
to 20V/nm, no EMO transition to the valence band is
observed. Unlike CNTs of chirality (n, 0), the emission
properties of model nanotubes of chirality (n, n) turned out
to be more sensitive to the direction of the electric field

vector relative to the CNT axis. Thus, the values of the
critical field strength, which ensure the filling of the EMO
(L =2) with electrons, for CNT (n, 0) begin to increase
at ©® = 60°, while E!. CNT (n, n) tend to increase even at
© = 45°. The results obtained are in agreement with the
data on the dependence of the electric field amplification
factor at the end of the CNT on the direction of the field
vector determined in the work [23]. An increase in the
diameter of model nanotubes affects the E. values to a
lesser extent. Thus, for ® > 60°, ,equalization of the
emission properties of nanotubes of different chirality and
diameters is observed. In addition, an increase in the
diameter of zigzag CNTs reduces the number of emission
orbitals in the valence band, which leads to a decrease in
the emission current.

The redistribution of the electron density between molec-
ular orbitals, taking into account the EMO formed by a new
type of conjugation of p-electrons in cylindrical molecules,
can be considered by studying the dipole moment g of
CNTs by the action of an electric field. The vector of the

Values of the critical electric field strength that ensure the transition of emission orbitals to LUMO and HOMO, for model CNTs (n, 0)

and (n, n) depending on the angle ©

CNT chirality index

(5,0) (6,0) (7,0 (3,3) (4,4)

Radius, nm 0.196 0.235 0.274 0.203 0.271
Angle © E! 1 I gl E! 1 E! gll I 1l

deg V/nm V/nm V/nm V/nm V/nm V/nm V/nm V/nm V/nm V/nm

0 13 21 18 — 20 — 11 18 11 18
15 13 21 18 — 20 — 11 18 11 18
30 13 - 18 — 20 — 11 19 11 19
45 13 — 18 — 20 — 13 21 12 21
60 15 - 20 — 21 - 15 — 14 —
75 19 — 21 — 21 — 18 — 18 —
90 — — — — — — — — — —
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Figure 5. Dependencies of the derivatives of the projections of the CNT dipole moment (3, 3) and (5,0) on the strength E of the external

electric field.

dipole moment induced in the electric field can be expanded
into projections along the axes X (along the nanotube axis)
and y (across the nanotube axis). The projection ux of
the dipole moment # onto the X axis characterizes the
longitudinal polarizability of CNTs, and the projection uy
onto the y axis — transverse polarizability (Fig. 4).

A significant redistribution of the electron density of
CNTs in an electric field is evidenced by a nonmonotonic
increase in the dipole moment with an increase in the
electric field strength. At ® = 0°, the main contribution to
the total CNT dipole moment comes from its ,,longitudinal“
projection tx. An increase in the strength of the external
electric field leads to an increase in the dipole moment.

Figure 5 shows the dependence of the derivative of
the dipole moment with respect to the field strength
du/dE = u’ on the field strength E. An analysis of these
dependences shows that the maxima g’ correspond to an
additional redistribution of charges in CNTs that occurs in
excess of the usual polarizability. Thus, for a CNT (3,3)
oriented along the direction of the external electric field
(at ©® = 0°), the maximum at E = 11 V/nm corresponds to
the transition of the emission molecular orbital (L = 2) at
the edge of the valence band, the filling of this EMO with
electrons and, consequently, the accumulation of electron
density in the end region of the nanotube. The second
maximum is associated with the transition of the next EMO
(L =4) to the edge of the valence band at E = 18 V/nm.
Similar transformations of the EMO energy (L =2 and
L = 4) in the CNT energy spectrum (5,0) also lead to the
appearance of maxima at E = E!, and E = ElL
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As the angle © increases, the contribution of ,the
transverse” projection of the dipole moment py to the total
dipole moment increases. At the same time, the CNT dipole
moment at a given field strength decreases with increasing
angle O, practically disappearing at @ = 90°.

4. Conclusion

The emission characteristics of cathodes based on carbon
nanotubes significantly depend on the morphology of the
materials used. Thus, when forming large-area cathodes by
printing technologies, the resulting coatings are character-
ized by an extremely low degree of order of CNTs [4,20].
For the manufacture of such cathodes, nanotubes of any
chirality and diameter can be used, since the emission
properties of CNTs in arrays with a low degree of order
,are averaged®.

At the same time, it is preferable to form arrays with a
high degree of ordering of CNTs obtained using the ,,forest*
technology [2] from armchair-type nanotubes, since for them
the critical strength of the field for the appearance of cold
electron emission (E!,) is smaller than for zigzag-type CNT
arrays at comparable nanotube radii. In addition, armchair-
type nanotube cathodes have stable emission characteristics,
regardless of the radius of the CNTs used.
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