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QUANTUM CHEMICAL CALCULATION OF THE FIELD 
ELECTRON EMISSION THRESHOLD 
FROM SHORT BORON-NITRIDE NANOTUBES

O. B. Tomilin,a E. V. Rodionova,a,* E. A. Rodin,a  UDC 544.032,544.169
N. A. Poklonski,b,* and A. V. Knyazevc

The electronic structure of cylindrical conjugated macromolecules of boron and nitrogen atoms modeling short open 
nanotubes of zigzag (n,0) and armchair types (n,n) was calculated using density functional theory with the B3LYP 
hybrid functional in the 6–31G basis set. Their stability as a function of diameter and length was studied. It was shown 
that a constant electric fi eld applied along the tubes led to a compression of the energy gap in the electron energy 
spectrum of the nanotubes up to 0.2 eV. The threshold of fi eld electron emission from boron-nitride nanotubes was 
calculated in the framework of the emission molecular orbitals theory. It was shown that, despite conjugated systems 
of boron-nitride and carbon nanotubes being isoelectronic, substitution of carbon atoms in the nanotube framework 
of nitrogen and boron atoms led to a decrease in the threshold fi eld strength of the fi eld emission. It was found that 
the diameter of boron-nitride nanotubes had virtually no eff ect on the emission molecular orbital.

Keywords: conjugated boron-nitride cylindrical macromolecules, boron-nitride nanotubes, fi eld electron emission, 
energy gap.

Introduction. Carbon nanotubes (CNTs) are promising materials for cathode of vacuum microelectronics [1, 2], 
flat displays [3, 4], sensor devices [5, 6], and lighting elements [7, 8]. The theory of fi eld electron emission from CNTs has 
a unique history. Initially, the Fowler−Nordheim (FN) theory of fi eld electron emission, which was developed for metal 
cathodes [9], was used to interpret the experimental data. The FN theory represents emission of electrons from a cathode 
(emitter) into a vacuum as a tunneling transition of them through a potential barrier with consideration of the Coulomb 
potential of the emitted electron image in the cathode. The electron work function of the emitter was considered 
constant over the whole range of applied electric fi eld strength [10]. The FN theory also did not consider the geometric 
structure of the cathode surface [11]. A key result of the FN theory was the prediction of a linear dependence of ln (J/F2) on 
1/F, where J is the electron emission current density and F, the external stationary uniform electric field strength.

Experimental data for fi eld electron emission from CNTs showed that the dependence of ln (J/F2) on 1/F was 
nonlinear [12–14]. Considering this, introduction of correction factors into the FN formula was proposed without discussing 
their physical meaning [15]. Also, the calculated and experimental values of the work function from CNTs were observed to 
diff er [16]. Furthermore, the dependence of the emission current density J on electric fi eld strength F could be represented 
as two intersecting lines with positive slopes θ [12, 17–19]. For small values of F, angle θ  0 although θ  π/2 starting 
from a certain threshold value Fcr. This dependence of J on F indicated that the external electric fi eld F had a signifi cant 
infl uence on the work function of an electron into a vacuum [10]. The experimentally recorded photoluminescence for fi eld 
emission from CNTs also was not theoretically supported [17].

Two reasons were responsible for the above unsolved problems with a theoretical description of fi eld electron 
emission from CNTs. 1) CNTs are quasi-one-dimensional systems for which the concept of a potential image is inapplicable. 
The problem of a correct description of the potential barrier for an electron tunneling transition is not yet fi nally solved. 
Therefore, the justifi cation for the assumption made in FN theory about the work function of an electron from a cathode 
being independent of the external electric fi eld strength is dubious [10]. 2) The geometric structure and electronic structure 
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of the ends (caps [20]) of CNTs play a decisive role in fi eld emission in them. Pentagons existing in the CNT cap generate 
localized electronic states [molecular orbitals (MOs)], i.e., emission molecular orbitals (EMOs), that provide a high current 
density of emission electrons [21, 22]. Hence, the current stage of describing fi eld electron emission from CNTs is related to 
the need to consider the electronic structure of CNTs and the features of its change in an external electrical fi eld.

Postulation of the existence in open and closed CNTs of unoccupied electronic states localized on the ends of spatial 
elements (end areas) of CNTs that were generated by defects decorating the CNT apex was the starting point for a theory 
of fi eld emission diff erent from FN theory [23, 24]. It was shown in terms of an ab initio method [25] that such unoccupied 
MOs shifted into the CNT valence band under the action of an applied constant electric fi eld. Charge redistributed during 
this transition through the carbon framework of the nanotube. This led to the accumulation of electrons on its apex. This 
was responsible for the physical prerequisites for reducing the eff ective work function [26]. According to the literature [25], 
the region of localization of electrons in an EMO on the CNT ends is 0.4–0.5 nm. The emission current from the localized 
electronic states is an order of magnitude greater than the contribution from states of higher occupied molecular orbitals 
(HOMOs) of the valence band.

The mechanism of fi eld electron emission from CNTs was further developed [27]. The threshold external electric 
fi eld strength Fcr was estimated. This mechanism included accumulation of electrons on the apical regions of nanotubes 
[28] followed by their tunneling into a vacuum. Calculations showed [29] that in-plane electronic conjugation [30] leading 
to the appearance of MOs ensuring localization of electrons in the CNT apical regions existed in the conjugated system of 

Fig. 1. Diagram (from the literature [28]) of electron density distribution in highest 
occupied (HOMO), lowest unoccupied (LUMO), and emission molecular orbitals 
(EMO) in three short open CNT of type (3,3) of the same length without an external 
electric fi eld; C atoms on ends of nanotubes were passivated with H atoms.

Fig. 2. Diagram of change of energy diagram of CNT (ΔE is the energy gap) upon 
increasing the fi eld strength along the tube followed by fi eld emission of electrons (e) 
into a vacuum.
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CNT π-electrons. These EMOs were degenerate and unoccupied (free) for electrons (Fig. 1). The EMO energy was highly 
sensitive to external electric fi eld strength F. Some of the formed EMOs shifted into the CNT valence band as F increased. 
The EMOs were fi lled with electrons by accumulation of electrons in the CNT apical regions followed by their tunneling 
into a vacuum (Fig. 2).

The appearance of unoccupied MOs in the CNT valence band qualitatively explained the experimentally observed 
luminescence from CNT apexes that was induced by a constant electric fi eld [17, 31, 32]. Thus, the analysis of the behavior 
of EMO energy in a constant electric fi eld could link the CNT electronic structure to their emission properties and estimate 
the threshold strength Fcr for appearance of an emission current.

The mechanism of fi eld electron emission from CNTs presented above opened possibilities for controlling their 
parameters upon CNT modifi cation. Partial or complete substitution of C-atoms in the framework by heteroatoms is one 
direction for modifi cation of carbon nanostructures with conjugated systems of π-electrons. For example, CNT doped with 
N, B, Ge, and Al atoms have been prepared experimentally [33]. Stoichiometric boron-nitride nanotubes (BN-nanotubes) 
isoelectronic to CNTs have also been prepared [34].

Boron-nitride nanotubes (BNNTs) are mechanically strong (like CNTs) and have high thermal conductivity, 
resistance to oxidation, negative affi  nity for an electron, and high thermal stability as compared to CNTs [35]. They have 
been used independently as a cathode material and an additive component for improving the properties of a composite [36].

The aim of the present work was to study the electronic properties of BNNTs of various diameters, lengths, and 
chirality and their emission properties based on the fi eld electron emission theory from CNTs [27, 28].

Research Model and Methodology. Model short single-walled cylindrical BNNTs of chirality (n,0) and (n,n) were 
selected for the study. Model nanotubes with various diameters and lengths were studied to evaluate the influence of the 
geometric parameters of BNNTs on their electronic and emission properties. The diameter was determined by chirality indices 
n = 5, 7 for zigzag nanotubes (n,0) and n = 3, 4 for armchair nanotubes (n,n). The linear length of the model BNNTs was 
determined by the number of interacting cyclic trans- and cis-BN atomic chains situated in the cross section perpendicular 
to the axial symmetry axis of the hollow cylindrical nanotubes. The length of the examined nanotubes varied from 2 to 10 
cyclic BN atomic chains. The free valences of terminal atoms in the examined model molecular systems were saturated by H 
atoms. Thus, the number of all atoms in the model macromolecules varied from 30 (for B10N10H10) to 176 (for B80N80H16).

The geometry was optimized and the energy characteristics of the model molecules were calculated using density 
functional theory (DFT) with hybrid functional B3LYP in basis set 6-31G from the FireFly applied program suite [37]. Self-
consistent procedures found extreme points on the potential energy surface obtained from eigenvalues of the Hess operator.

The eff ect of an external uniform stationary electric fi eld on the electronic and emission properties of BNNTs was 
numerically modeled using EFIELD options of the FireFly applied program suite. Electric fi eld force lines were directed 
along the axial axis of each nanotube. Because terminal chains in nanotubes of chirality (n,0) were nonequivalent, two 
possible directions of the applied vector of the electric fi eld strength were examined (Fig. 3). The strength of the constant 
electric fi eld F was varied in the range 0–30 V/nm in steps of 1 V/nm.

Results and Discussion. Stability of model BNNTs. The relative stability of BNNTs was estimated by calculating 
the atomization energy Eat attributed to each atom using the formula:
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 ,  (1)

where EN is the energy of an N atom; EB, the energy of a B atom; EH, the energy of an H atom; 2x, the total number of N 
and B atoms; y, the number of H atoms on nanotube apices; and EBxNxHy, the energy of the model BNNTs.

Table 1 presents the Eat values obtained using Eq. (1). The Eat values found for all examined BNNTs were positive, 
i.e., existence of cylindrical macromolecules was energetically more favorable than the same number (as in the tube) of
separate B and N atoms. The relative stability of the BNNTs increased with increasing diameter and length. This was due to 
an increase in the number of B and N atoms in the BNNTs increasing the number of π-electrons in the conjugated system, 
thereby increasing the stabilizing action of electrons in the BNNT framework with ionic-covalent chemical bonds.

Electronic properties of model BNNTs. Let us examine the electronic properties of the studied BN nanotubes using 
as an example the change of the energy gap ΔE, which is the diff erence between the lowest unoccupied (LUMO) and highest 
occupied electronic molecular orbitals (HOMO) distributing electron density throughout the nanotube framework:

∆E = ELUMO − EHOMO.  (2)
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Table 2 presents the ΔE values calculated using Eq. (2) for CNTs and BNNTs with a linear length of i = 6 interacting 
C and BN cyclic chains. The ΔE values for BNNTs were observed to increase smoothly upon increasing their diameter and 
exceeded ΔE for pure CNTs [38]. Similar results were obtained before [39, 40]. The ΔE value asymptotically approached 
the width of the energy bandgap (6 eV) of planar hexagonal BN upon increasing the BNNT diameter [41].

According to experimental data, BNNTs are broadband semiconductors [42, 43]. The bandgap width of BNNTs 
according to various estimates varies from 5.4 to 6 eV. Thus, the calculated values (Table 2) agreed with the experimental 
data.

An increase in the linear length as a function of the BNNT chirality had a diff erent eff ect on the energy gap ΔE 
(Table 3). For example, the ΔE value for BNNTs of type (n,0) decreased asymptotically with increasing length of the 
nanostructure. However, the ΔE value was practically independent of nanotube length for BNNTs of type (n,n).

Figure 4 shows dependences of ΔE on electric fi eld strength F for BNNTs of various lengths. The energy gap ΔE 
was visibly compressed regardless of the length of the BNNT and the direction of electric fi eld strength vector F. Note that 
the decrease of ΔE to a certain relative constant value was rather large. This trend stabilized with the length of the examined 
BNNTs having the number of rings i  6. For example, the ΔE value with i = 6 (Fig. 3) for BNNTs reached 0.2 eV starting 
with electric fi eld strength F ≈ 9 V/nm and was about the same upon increasing the fi eld strength further.

Fig. 3. Diagram of three BN nanotubes of type (n,0) and three of type (n,n) as systems 
of interacting cyclic (circular) trans- and cis-atomic chains (i, number of rings) and 
direction of strength vector F (with indices α and β) of external stationary uniform 
electric fi eld along nanotubes.

TABLE 1. Atomization Energy Eat (eV) of Boron-Nitride Nanotubes of Various Lengths

Nanotube length
Chirality index

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

i = 2 5.72 5.85 5.81 5.89

i = 4 6.45 6.61 6.52 6.63

i = 6 6.76 6.94 6.82 6.95

i = 10 7.05 7.23 7.10 7.22
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Note that compression of the energy gap under the infl uence of an applied constant electric fi eld was also observed 
in CNTs. The calculations showed that ΔE = 0.4–0.5 eV for CNTs after compression at F ≈ 9 V/nm. This was about double 
the value for BNNTs. This diff erence was due to BNNTs being systems of interacting electric dipoles (BN chemical 
bonds), in contrast to CNTs.

The results agreed with experimental and calculated data obtained in several investigations. For example, a 
substantial decrease in the energy bandgap width ΔE of BNNTs in an external constant electric field was reported [44, 45]. 
A non-monotonic change of the energy gap of CNTs could also occur upon their mechanical deformation [46].

Emission properties of model BNNTs. Calculations of the electronic structure of model BNNTs showed that EMOs 
existed on the end planes of all examined nanotubes. These orbitals were characterized by preferential localization of 
electron density on the apices of nanotubes even without an external electric fi eld (Fig. 1 for CNTs). The EMOs in the 
energy spectrum were gathered into groups diff ering in the number of nodes L of sign inversion of wave functions in the 
EMO basis expansion.

The fi rst group (I) of EMOs was represented by two unoccupied MOs for L = 2. These EMOs for CNTs were 
degenerate with respect to energy. The degeneracy of EMOs (I) was lifted for BNNTs because of the diff erence in the 
electronegativities of the atoms.

The second group (II) of EMOs consisted of four unoccupied MOs with similar energies for L = 4. The EMO 
energy increased with increasing number of nodes L of atomic wave functions. Therefore, EMOs of the third group (III) for 
L = 8 lay deep within the conductivity band. These features of the EMOs were observed in the energy spectra of all 
examined BNNTs.

The discussion of the emission properties of BNNTs was limited to a description of trends in the change of EMO 
energy for L = 2 in a constant external electric fi eld. Let us examine the behavior of the energy of boundary (HOMO and 
LUMO) and emission (EMO) molecular orbitals of model BNNTs in an external uniform stationary electric fi eld.

Let the fi eld strength vector be directed along the nanotube axial axis (Fig. 3). The energies of boundary MOs, 
i.e., HOMO (EHOMO) and LUMO (ELUMO), vary in an external electric fi eld in approaching directions; the energies of
the EMOs (EEMO1, EEMO2), in the opposite directions. Energy gap ΔE is compressed to a certain value (0.2 eV) for 
fi eld strength F > 9 V/nm. This persists upon increasing F further. The energy of one of the EMOs (EEMO1) decreases in 
the electric fi eld. The EMO energy reaches the LUMO energy for fi eld strength F = Fcr1 and then the HOMO energy for 
F = Fcr2. The EMO transition into the valence band is accompanied by fi lling of the emission state with electrons. This 
ensures physical conditions for fi eld electron emission from the nanotube via tunneling into the vacuum. The energy of the 

TABLE 2. Energy Gap ΔE (eV) of Single-Walled Carbon Nanotubes (CNT) and Boron-Nitride Nanotubes (BNNT) of Various 
Chirality (for i = 6)

Nanotube type
Chirality index

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

CNT 1.59 2.59 1.84 1.18

BNNT 3.41 4.90 6.00 6.03

TABLE 3. Energy Gap ΔE (eV) of Boron-Nitride Nanotubes of Various Lengths (Fig. 3)

BN-nanotube length
Chirality index

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

i = 2 4.49 5.85 6.12 6.22

i = 4 3.80 5.22 5.99 6.06

i = 6 3.41 4.90 6.00 6.03

i = 10 2.98 4.58 6.00 6.00
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other EMO (EEMO2) increases signifi cantly upon increasing the electric fi eld strength and is uninteresting for describing 
emission spectra of the nanotubes.

Figures 5 and 6 show dependences of energy E of boundary and emission MOs on the strength of the applied 
constant electric fi eld for single-walled BNNTs. Figures 5 and 6 and Table 4 show that the EMO energy reaches the LUMO 
energy for |Fcr1|  12 V/nm, i.e., in the region after compression of the energy gap under the infl uence of a constant electric 
fi eld for (n,0). The EMO energy transitioned into the region of valence band energies for |Fcr2|  13 V/nm.

Let us compare critical strengths Fcr1 and Fcr2 of model CNTs and BNNTs. Table 4 shows that the emission 
properties of the studied BN nanotubes exceeded those of CNTs [47]. This was due to the larger compression of the energy 
gap in BNNTs, which led to a decrease in the threshold strength of the external fi eld electron emission, as noted before [48]. 
The fi eld strength required to fi ll the EMOs with electrons for BNNTs was practically independent of the nanotube diameter 

Fig. 4. Dependences of energy gap ΔE on external uniform stationary electric fi eld 
strength along BN-nanotubes (i = 2, 4, 6).
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and the direction of the applied electric fi eld strength vector. However, the critical strength Fcr1 decreased with increasing 
diameter of BNNTs of type (n,0). Also, strength Fcr1 for type (n,0) BNNTs was aff ected by the direction of the electric fi eld 
strength vector. For example, the EMO energy reached the LUMO energy at signifi cantly weaker fi elds when the electric 
fi eld strength vector was directed to the side of the BH terminal fragment of a BNNT (β direction of the electric fi eld 
strength vector). Note that type (n,n) BNNTs had a smaller Fcr2 than type (n,0) nanotubes.

Table 5 shows that the critical strengths ensuring onset of fi eld emission decreased asymptotically upon increasing 
the length of the nanotubes. Analogous results were obtained earlier for CNTs [47]. The eff ect of the electric fi eld strength 
vector direction on the Fcr1 and Fcr2 values was observed in model BNNTs of chirality (n,0) with small linear length. Note 
that the critical fi eld strength ensuring electron emission was smaller when vector Fcr1 had the β direction than for the  
direction.

An increase in the lengths of the conjugated system of rings in type (n,0) BNNTs consisting of many cyclic fragments 
nullifi ed the diff erence between the Fcr2 values for diff erent directions of the electric fi eld strength vector. However, the 
Fcr1 values diff ered by 8 V/nm regardless of the diameter and length of type (n,0) BNNTs with diff erent directions of Fβ 
(Fig. 3). This could be explained by the energy in the electric fi eld decreasing more for an EMO localized on a terminal 
nanotube fragment containing a BH bond than an NH terminal fragment.

Fig. 5. Dependence of energy E of boundary and emission molecular orbitals of 
BN-nanotubes of the zigzag type (n,0) (i = 6) on electric fi eld strength F and direction 
, β.

Fig. 6. Dependence of energy of boundary molecular orbitals and emission molecular 
orbitals of BN-nanotubes of the armchair type (n,n) (i = 6) on external electric fi eld 
strength F.



1039

Conclusions. Numerical calculations by quantum chemistry methods showed the fi eld electron emitters based on 
short single-walled BNNTs had several advantages over CNTs, i.e., 1) the strength of the constant electric fi eld required for 
fi eld emission from BNNTs was less than from CNTs of the same chirality, diameter, and length; 2) the emission properties 
of BNNTs were practically independent of their diameter.
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