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a b s t r a c t

Density functional theory (DFT) is used for investigating the electronic structure and optical properties
carbon nanotubes (CNTs) with doped B, Al, Ga, Si, Ge, N, P and As and different diameters. Our results
show that the stability of CNTs increased when it comes to an increase in diameter, however, stability
decreases depending on doping additives to pure CNTs. B-doped CNTs are the most effective for elec-
tronic conductivity due to its lower band gap. The non-linear optical (NLO) properties are discussed
according to dipole moment, polarizability, and hyperpolarizability. All the doped CNTs exhibit a good
NLO activity. B-, Al-, Ga- and N-doped CNTs have a significant effect on NLO properties. The band gap of
CNTs considerably decreased from 2.76 eV to 1.40 eV and 1.78 eVe0.83 eV based on the diameter. The
reactivity properties investigated based on chemical hardness, softness, and potential, electronegativity,
electrophilicity, the maximum amount of electronic charge index, the electron accepting and donating
capability as well as electronic density of states are also presented and analyzed. Herein, the results
indicated that the characteristic properties of CNTs can be controlled with different atoms doped CNTs
and diameters.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Recently, one dimensional (1D) materials have attracted
considerable attention because of their wide range applications in
different areas [1e4]. Among the 1Dmaterials, in particular, carbon
nanotubes (CNTs) have unique and tunable electronic and optical
properties based on their size and morphology. Herein, consider-
able efforts regarding the study of properties and applications of
CNTs have been dedicated by experimental and theoretical in-
vestigations in the recent years [5e8] to improve and control their
properties. Among them, the studies of diameter and the types of
doped single atom, such as boron (B), aluminum (Al), gallium (Ga),
silicon (Si), germanium (Ge), nitrogen (N), and phosphorous (P)
doped CNTs have been continuously investigated due to their
interesting properties from both a fundamental physics and the
z), mkurbanphys@gmail.com
possible applications viewpoint. For example, CNTs have tunable
thermal conductivity (k) properties depending on the diameter [9].
Although several experiments have been carried out on k values, it
is still difficult to obtain a reasonable result because of diameter of
CNTs [10,11]. Therefore, it is significant to clarify the relationship
between CNT's characteristic parameters and diameters. On the
other hand, doping of carbon-based nanomaterials with foreign
atoms is an effective approach to modify the electronic properties
and chemical activities for consequent tuning of their electro-
chemical properties [12,13], and thus doped CNTs have new desir-
able properties such as high activity and excellent stability [14e17].
The previous studies show that, B- or N-doped CNTs give rise to a
decrease in the band gap of pure CNTs thus the doped CNT needs
less energy cost [18,19]. The advances in the design of doped CNTs
have shown that it is possible to enhance the conductivity of CNTs
which means a rise of the number of holes which are charge car-
riers [20]. Moreover,N-doped CNT has a huge effect on the reducing
O2 and H2 dissociation barriers on CNTs [21,22] and the facile ox-
ygen reduction reaction [23,24]. The capability of absorption of gas
molecules in nickel (Ni) and silicon (Si) doped CNTs is also more
desirable than pure CNTs [25]. Si-doped CNT is also a good
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candidate for gas sensors or drug delivery devices because of its
considerable impact on the reactivity of CNTs [26,27]. The perfor-
mance of Al-doped CNTs have been exhibited for organic pollutant
removal and anticancer drug cisplatin [28,29]. Ge- and P-doped
CNTs have potential as a material with high electrocatalytic activity
for oxygen reduction reaction and in other applications such as
lithium-air batteries, photocatalysis, and heterocatalysis [30]. Ga-
doped CNTs exhibit superior field emission property, which is
much better than B- and N-doped as well as undoped CNTs [31].

In the literature, there is no systematic study on the electronic
structure and optical properties of B-, Al-, Ga-, Si-, Ge-, N-, P- and
As-doped CNTs with different diameters. In this study, we
researched the binding energy, formation energy, total energy,
chemical hardness and softness, chemical potential, HOMO-LUMO
energy gap, density of state, refractive index, electronegativity,
electrophilicity, maximum amount electronic charge index, ioni-
zation potential and electron affinity. Non-linear optical (NLO) be-
haviors were performed by analyzing the polarizability, and
hyperpolarizability. All calculations were performed by quantum
chemistry calculations.
2. Computational details

The 3� 3� 3, 4� 4� 3, 5� 5� 3, 6� 6� 3, 7� 7� 3 and
8� 8� 3 CNTs represent the pure CNTs of the C36H12, C48H16,
C60H20, C72H24, C84H28 and C96H32 CNTs with various diameters,
respectively. To make the boron (B), aluminum (Al), gallium (Ga),
silicon (Si), germanium (Ge), nitrogen (Ni), phosphorus (P), and
arsenic (As) doped CNTs, one C atom of each model has been
substituted by one B, Al, Ga, Si, Ge, N, P and As atom. In order to
model the doped CNTs, a dopant atom from the central region of
the nanotubes (X position in Fig. 1) was substituted with a carbon
atom before optimization starts. Both ends of the pure and doped
CNTs were cappedwith hydrogen atoms to saturate dangling bonds
Fig. 1. (Colour online) A schematic side view of 6� 6� 3 CNT. X position on which the
doped atom is placed at the beginning of optimization.
due to fragment stabilization effect in the system [32]. The pure and
doped CNTs were fully optimized without any symmetry con-
straints at the B3LYP/6-31G(d) level [33] by Gaussian 09 [34]. We
have carried out these basis set and method due to our limited
computational resources and time constraints. Moreover, the pre-
vious first-principles calculations show that the B3LYP method
works on pure and doped CNTs [35e37] very well.

VIP and VEA of optimized pure and doped CNTs are calculated by
the following formulas,

VIP¼ Eþ � E0 (1)

VEA¼ E0 � E� (2)

where E0, Eþ and E- are the neutral, cation and anion energies of
pure and doped CNTs, respectively. VIP is defined as the difference
between the energy of cation at optimized neutral geometry and
the energy of optimized neutral. VEA is defined as the difference
between the energy of optimized neutral and the energy of cation
at optimized neutral geometry. Using the VIP and VEA energies,
the chemical hardness (h), chemical softness (s), chemical po-
tential (m), electronegativity (c), electrophilicity (u), maximum
amount of electronic charge index (DNtot), electron accepting (uþ)
and donating capability (u-) can be calculated [38e40] as
following: h¼ (VIP-VEA)/2, s¼ 1/2h, m¼ -(VIP þ VEA)/2,
c¼ (VIP þ VEA)/2, u¼ m2/2h, DNtot¼ -m/h, uþ ¼ (3� VIP þ VEA)/
[16� (VIP-VEA)], u-¼ (VIP þ 3� VEA)/[16� (VIP-VEA)]. Total den-
sity of states (DOS) of the CNTs is carried out by the GaussSum 3.0
program [41]. At the optimized structures of the CNTs, there are no
imaginary (negative) frequency modes, indicating that the opti-
mized structures are on the real minimum potential energy sur-
face was found.
3. Results and discussions

3.1. Structure, energy and stability

In this study, we performed a comprehensive study on III., IV.,
and V. group elements doped CNTs with different diameters. Fig. 1
indicate, as an example, that the initial geometry of a single atom
doped CNT obtained by replacing the middle carbon atom in CNTs
by B, Al, Ga, Si, Ge, N, P and As atoms. A schematic side and top
views of optimized pure CNTs in different diameters are shown in
Fig. 2. Studied pure CNTs have diameters in the range of 4e11 Å (see
Fig. 2), which is compatible with the usual CNTs observed in ex-
periments [42,43]. In addition, all the geometries of optimized
structures for the pure and doped CNTs are presented as supporting
information (see Figs. S1eS6). After fully structural optimizations,
there is no considerable structural distortion in the B- and N-doped
CNTs (see Figs. S1eS6). Because B and N atoms have approximately
the same atomic radius with C atom. Al-, Si-, P-, Ga-, Ge- and As-
doped CNTs are slightly destroyed the cylinder form of consid-
ered CNTs (see Figs. S1eS6). The positions of the nearest C atoms of
doped atoms except for B and N are out of the CNT surface with
different degrees.

The total energies (Etot), binding energy per atom (Eb) and for-
mation energy (Ef) of the optimized pure and doped CNTs are
presented in Table S1 (see Supporting Information). Using the total
energy calculations, Eb and Ef can be given,



Fig. 2. (Colour online) Side and top views of optimized pure CNTs in different diameters.
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Eb ¼ ½i� EðCÞ þ j� EðHÞ þ Eðdoped atomÞ � Eðdoped CNTÞ�
� =ðiþ jþ1Þ

(3)

Ef ¼ Eðdoped CNTÞ � EðCNTÞ � Eðdoped atomÞ þ EðCÞ (4)

where E(C), E(H) and E(doped atom) are Etot of one C, one H and
doped atom, respectively. E(doped-CNT) is Etot of the atom doped-
CNT, and E(CNT) is Etot for pure CNT. i and j in equation (1) are
also the number of C and H atoms for pure or doped CNTs,
respectively.

Fig. 3 shows that the results for the Eb of pure and doped CNTs.
When one B, Al, Ga, Si, Ge, N, P and As atom is doped to pure CNTs,
Eb is decreased (see Fig. 3). Eb values of doped CNTs are found to be
in the following decreasing order: CNT-N> CNT-B> CNT-P> CNT-
Si> CNT-As> CNT-Ge> CNT-Al> CNT-Ga. Compared with the
doped CNTs, the stabilities of N- and B-doped CNTs are higher than
that of the others. It is well known that electronegativity is a
measure of the ability of an atom to attract the electrons. Electro-
negativity generally increases from left to right across in periodic
table while it generally decreases from top to bottom of a group.
Meanwhile, N atom has the highest electronegativity while Ga
atom has the lowest electronegativity. This may be the reason that
N-doped CNTs have higher Eb than Ga-doped CNTs. In the literature,
the effects of substitutional dopants on the C20 were studied
[44,45]. For example, the stability of C12X8 heterofullerenes where
X¼ B, Al, Ga, C, Si, Ge, N, P, and As was investigated and found C¼C
bond lengths decrease slightly as going from C12N8 and C12B8 to
C12Ga8 and C12Al8 [45]. In the study, the results showed that the Eb
of C12Ga8 and C12Al8 are less than those of C12B8 and C12N8.
Moreover, it is reported in these studies that the stability of N-
doped CNTs is higher than the Ga-doped CNTs because the C¼C



Fig. 3. (Colour online) Binding energy per atom (Eb) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.
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bond lengths of N-doped CNTs are shorter than that of Ga-doped
CNTs. Therefore, all the mentioned above examples can be
explained why different dopant gives different results. In addition,
the stabilities of N- and B-doped CNTs are in agreement with pre-
vious studies [46e48]. On the other hand, Ga-doped CNTs have
been found to be effective for drug adsorption [49]. According to Eb,
B and N-doped CNTs would be more effective for drug adsorption
than Ga-doped CNTs due to its high value. On the other hand, Eb of
pure and doped CNTs increases with an increase in diameter from
4.27 to 11.24 Å. In addition, the Eb of pure CNTs are found to be in
the following increasing order: 3� 3� 3< 4� 4� 3< 5� 5�
3< 6� 6� 3< 7� 7� 3< 8� 8� 3 (see Fig. 3). These results
indicate that stability increases depending on an increase in
diameter of CNTs. The previous studies have shown that the CNTs
with larger diameter has higher thermal stability than smaller-
diameter CNTs [50e52].

Fig. 4 shows that the results for the Ef of doped CNTs. From Fig. 4,
Ef is significantly decreased when one B, Al, Ga, Si, Ge, N, P and As
atom is doped to pure CNTs. Ef drops to the range of 2e3 eV, which
is Ef for N-doped CNTs. This indicates that the N-doped CNTs needs
a smaller energy cost to substitute a carbon atomwith an N atom. It
is very compatible with our previous results [53]. However, Ga-
doped CNTs need much greater energy (in range of 8e11 eV) cost
than that of the other CNTs. Note that the N-doped CNTs become
more preferable in energy than other doped-CNTs. Compared with
the doped CNTs, the 3� 3� 3 doped CNTs need less energy than
other doped CNTs and thus they become more preferable in energy
than others. We should also mention that pure and doped CNTs
have similar trends in energetic analyses such as Eb and Ef.
3.2. Electronic and optical properties

The vertical ionization potential (VIP), vertical electron affinity
(VEA), density of state (DOS) and the energy gap (Eg) between the
highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) of the optimized the pure and
doped CNTs are tabulated in Table S1.
Fig. 5 shows that the results for the Eg of pure and doped CNTs.

When B, Al, Ga, Si, Ge, N, P and As atoms are doped to pure CNTs, Eg
shows a decreasing trend. It drops to a value below 1 eV for B-
doped and N-doped n� n� 3 (n¼ 4e8) CNTs. According to our
preferred sort order, Eg of the N-doped 3� 3� 3 CNT and As-doped
4� 4� 3 CNT gives a pick. Except those and some pure 4� 4� 3
CNTs, Eg values of all CNTs are generally found to be in the following
decreasing order: CNT> CNT-Si> CNT-Ge> CNT-P> CNT-As> CNT-
Al> CNT-Ga> CNT-N> CNT-B. Eg of the pure and doped 3� 3� 3
CNTs is higher than that of other CNTs. In addition, the Eg of Si-, Ge-,
P- and As-doped CNTs importantly decreases with an increase in
the diameter of CNTs (excluding 3� 3� 3 CNTs), whereas those of
Al-, Ga-, N- and B-doped CNTs slightly reduces with an decrease in
the diameter of CNTs. Eg values of pure CNTs are also found to be in
the following increasing order: 4� 4� 3 CNT <5� 5� 3 CNT
<6� 6� 3 CNT <7� 7� 3 CNT <8� 8� 3 CNT <3� 3� 3 CNT.

We note that the electrical conductivity of the all-pure CNTs
changes considerably with doping of one atom. However, 3� 3� 3
CNTs are weaker in electronic conductivity than other CNTs due to
having the highest band gap. It is important that B-doped and N-
doped CNTs with the lowering of the band gaps can be preferred for
optoelectronic applications because the electronic transfer is easier.
This also indicates that B-doped and N-doped CNTs compared to
that of the pure and other doped CNTs allows easy excitation of
electrons fromHOMO to LUMO. It is interesting to note that after B-
and N-doping, the Eg of CNTs changes drastically. CNTs can act as a
semiconductor or conductor, depending on its diameters [54,55].
The previous studies have shown that the type of CNTchanges from
semiconductor to conductor after N-doping [56,57]. Moreover, it is
reported that the replacing the B/N in pure CNTs causes to the
formation of a new band in the band structure and the B/N doped
CNT becomes as p-/n-type semiconductor [48].

Fig. 6 shows that the results for the DOS of pure and doped CNTs.
The DOS provides general information on the electronic structure
and the band energy of the CNTs. In this study, the DOS was



Fig. 4. (Colour online) Formation energy (Ef) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.

Fig. 5. (Colour online) HOMO-LUMO energy gap (Eg) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.
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calculated in the energy range�7 to 0 eV. The DOS plots of the CNTs
show a sign anomaly change in the gap regions. In addition, the
band gap energy of CNTs is significantly decreased when B, Al, Ga,
Si, Ge, N, P and As atoms are doped to pure CNTs and thus electrical
conductance increases. Note that a high DOS corresponds to
available states for occupation at each energy level.

Fig. 7 shows that the results for the VIP of pure and doped CNTs.
The values of VIP remain constant around 5.2 eV when B, Al, Ga, Si,
Ge, P and As atoms are doped to pure 4� 4� 3, 5� 5� 3, 6� 6� 3,
7� 7� 3, 8� 8� 3 CNTs, whereas N-doped CNTs of those are
significantly decreased. Similarly, the values of VIP remain
approximately constant at 6 eV when Si and Ge atoms are doped to
pure 3� 3� 3 CNTs. VIP value of N-doped 3� 3� 3 CNT is also
lower than those of other doped 3� 3� 3 CNTs. In addition, VIP



Fig. 6. (Colour online) Total densities of states (TDOS) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.

_I. Muz, M. Kurban / Journal of Alloys and Compounds 802 (2019) 25e3530
values of pure and doped 3� 3� 3 CNTs are higher than those of
other pure and doped CNTs and thus a removal electron is more
difficult for 3� 3� 3 CNTs. This also indicates that the pure and
doped 3� 3� 3 CNTs are higher stability than others.

Fig. 8 shows the results for the VEA of pure and doped CNTs. VEA
shows an increasing trend as B, Al, Ga, Si, Ge, N, P and As atoms are
doped to pure CNTs. VEA of the Ge-doped and Si-doped 3� 3� 3
and 4� 4� 3 CNTs gives a pick, whereas VEA values of B-doped
CNTs are generally higher than those of other doped CNTs. Except
for doped 3� 3� 3 and 4� 4� 3 CNTs, VEA values of all CNTs are
generally found to be in the following increasing order: CNT< CNT-
Si< CNT-N< CNT-Ge< CNT-P< CNT-As< CNT-Al< CNT-Ga< CNT-
B. In addition, VEA of all CNTs is generally found to be in the
following increasing order: 3� 3� 3 CNT <4� 4� 3 CNT
<5� 5� 3 CNT <6� 6� 3 CNT <7� 7� 3 CNT <8� 8� 3 CNT. We
should also mention that the electron affinity of 3� 3� 3 and
4� 4� 3 Ge-doped and Si-doped CNTs is significantly increased
because they can be preferred to use in optoelectronic applications.
It is very compatible with our previous results [53]. Especially, B-
doped CNTs with the rising of the VEA can be preferred for opto-
electronic applications or devices, which prefer higher electron
affinity, because the electronic transfer is easier.
3.3. Global reactivity

The reactivity properties of pure and doped CNTs are discussed
in terms of the h, chemical softness (s), chemical potential (m),
electronegativity (c), electrophilicity (u), maximum amount of
electronic charge index (DNtot), electron accepting (uþ) and
donating (u�) capability calculated at B3LYP/6-31G(d) level of
theory. These parameters are presented in Table S2 (see Supporting
Information). Fig. 9 shows that the results for the h of pure and
doped CNTs. h shows a decrease trend when B, Al, Ga, Si, Ge, N, P
and As atoms are doped to pure CNTs. Except doped 3� 3� 3 and
4� 4� 3 CNTs, h values of all CNTs are found to be in the following
decreasing order: CNT> CNT-Si> CNT-Ge> CNT-P> CNT-As> CNT-
Al> CNT-Ga> CNT-Na> CNT-B. In addition, h values of 3� 3� 3
CNTs are higher than those of other CNTs, thus indicating a higher



Fig. 7. (Colour online) Vertical ionization potential (VIP) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.

Fig. 8. (Colour online) Vertical electron affinity (VEA) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.
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resistance to charge transfer and change in the band structure. A
more hard structure leads to a larger ionization potential and a
smaller electron affinity as well as a more large energy gap [58],
which implies that a lower tendency to give an electron and the
structure is more stable. In this study, h significantly decreases for
B-, N- and Ga- doped CNTs. Thus, B-, N- and Ga-doped CNTs have
more reactivity than pure and other doped CNTs. The previous
studies show that h decreases by doping of Ga in CNTs [49].
Therefore, our results agree with the literature.
Fig. 10 shows that the results for the u of pure and doped CNTs.

u shows an increase trend as B, Al, Ga, Si, Ge, N, P and As atoms are
doped to pure CNTs.u values of 3� 3� 3 CNTs are lower than those
of other CNTs. Moreover, u values of CNTs are generally found to be
in the following increasing order: CNT< CNT-Si< CNT-N< CNT-
Ge< CNT-P< CNT-As< CNT-Al< CNT-Ga< CNT-B. However, u of
the Si-doped and Ge-doped 3� 3� 3 and 4� 4� 3 CNTs gives a



Fig. 9. (Colour online) Chemical hardness (h) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.

Fig. 10. (Colour online) Electrophilicity index (u) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.
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pick similar to the VEA graph, which prefers higher electron af-
finity. Except those, u of CNTs are generally found to be in the
following increasing order: 3� 3� 3 CNT <4� 4� 3 CNT
<5� 5� 3 CNT <6� 6� 3 CNT <7� 7� 3 CNT <8� 8� 3 CNT. In
addition, the u� and uþ values are increased as B, Al, Ga, Si, Ge, N, P
and As atoms are doped to pure CNTs (see Table S2, at Supporting
Information). Note that the electron affinities of the doped CNTs are
also much further from the pure CNTs. Especially, the electrophi-
licity and electron affinity of the B- and Ga-doped CNTs are higher
than those of other doped CNTs. The u, u�, and uþ are a measure of
electrophilic power of the system. The stability of the B, Al, Ga, Si,
Ge, N, P and As-doped CNTs decrease and their reactivity increase
which is in agreement with previous studies [49].

Fig. 11 shows that the results for the DNtot of pure and doped
CNTs. When B, Al, Ga, Si, Ge, N, P and As atoms are doped to pure
CNTs, DNtot shows an increasing trend. DNtot values of 3� 3� 3
CNTs are lower than those of other CNTs. The DNtot of the N-doped
3� 3� 3 CNT gives a dip and it has the lowest value in the doped
3� 3� 3 CNTs, whereas, those of Ge-doped 4� 4� 3 CNT gives a
pick and it has the highest value in the all 4� 4� 3 CNTs. Except for
3� 3� 3 and 4� 4� 3 CNTs, DNtot values are generally found to be
in the following increasing order: CNT< CNT-Si< CNT-Ge< CNT-
P< CNT-As< CNT-N< CNT-Al< CNT-Ga< CNT-B. In addition,
except Ge-doped 4� 4� 3 CNT, DNtot values are found to be in the
following increasing order: 3� 3� 3 CNT <4� 4� 3 CNT
<5� 5� 3 CNT <6� 6� 3 CNT <7� 7� 3 CNT <8� 8� 3 CNT.
When one B atom is doped to CNTs, the accepting electron has
become more effective than others. This result implies that the B-
doped CNTs have the most accepted electron charge. We should
also mention that all CNTs except 3� 3� 3 and 4� 4� 3 have
generally similar trends in electronic properties such as VIP, VEA, h,
uDNtot. There is a decrease in the h, Eg, and VIP is due to B, Al, Ga, Si,
Ge, N, P and As atoms doping processes. As a result, the stability of
the considered CNTs is lower and thus their reactivity increases.
3.4. Non-linear optical properties

The non-linear optical (NLO) properties are discussed in terms
of dipole moment (m), mean static polarizability (atot), anisotropic
polarizability (Da) and first-order hyperpolarizability (b). NLO
properties in terms of x, y, z tensor components can be carried out
Fig. 11. (Colour online) Maximum amount of electronic charge index (DNmax) for
substituted CNTs obtained at B3LYP/6-31G(d) level of theory.
based on the same methodology as reported [59,60]. NLO proper-
ties of the pure and doped CNTs at B3LYP/6-31G(d) level of theory
are summarized in Table S3 (see Supporting Information).

From Table S3, it can be found that the mean static polarizability
(atot) and anisotropic polarizability (Da) values increase promi-
nently as B, Al, Ga, Si, Ge, N, P and As atoms are doped to pure CNTs.
Urea is the first molecule calculated NLO properties, and thus it is
used as a reference for comparison [61e63]. All the pure CNTs
showed a lower value for b in comparison with urea
(0.371� 10�30 esu). From Table S3, however, it can be found that b
is available to enhance when B, Al, Ga, Si, Ge, N, P and As atoms are
doped to pure CNTs. In addition, all the doped CNTs show enhanced
the b values in comparison with urea. From Table S3, Al- and Ga-
doping are a more effective way to improve significantly the
nonlinear optical properties of all the CNTs. Similarly, B- and N-
doping are also an effective way to importantly increase the NLO
properties of 5� 5� 3, 6� 6� 3, 7� 7� 3 and 8� 8� 3 CNTs. It is
reported that a structure to be considered a viable candidate should
have b greater than approximately 500� 10�30 esu [64]. Therefore,
our results indicate that B-, Al-, Ga- and N-doped 8� 8� 3 CNTs
should also have considered being a viable candidate for further
studies. We should also mention that all the doped CNTs exhibit a
good NLO activity.

3.5. The refractive index (n)

The refractive index (n) values of the CNTs were calculated from
Ravindra relation [65], which is defined as:

n¼4:084� 0:62Eg (5)

where Eg is HOMO-LUMO gap which represents a linear relation.
Based on the doped atom and diameter, the CNTs have different n
values (see Fig. 12). For example, the n of the pure 3� 3� 3 CNT is
2.37 (the smallest), while the 4� 4� 3 is 3.22 (the greatest). When
it comes to the atom doped CNTs, B-doped CNTs 7� 7� 3 and
8� 8� 3 are found to be 3.56 (the biggest value), however, Si- and
Ge-doped CNTs is almost 2.84 (the smallest value). From the results
obtained, one can conclude that the value of n for CNTs can be
controlled with changing the diameter of CNTs and substituted
different atoms on CNTs.

4. Conclusions

We have studied the structural, electronic, reactivity, non-linear
optical and optoelectronic properties of the pure and B-, Al-, As-, Si-
, Ge-, N-, P-, and As-doped CNTs with different diameters by DFT at
B3LYP/6-31G(d) level. The analyses of the energetic show that the
binding energy, formation energy, and chemical hardness are
decreased when B, Al, Ga, Si, Ge, N, P and As atoms are doped to
CNTs. These results indicate that the stabilities decrease depending
on doping additives of pure CNTs. However, the stability of CNTs
increases with an increase in the diameter of CNTs. More impor-
tantly, the band gap is decreased as B, Al, Ga, Si, Ge, N, P and As
atoms are doped to CNTs. Our results show that B-doping decreases
greatly band gap from 2.76 eV to 0.83 eV. Therefore, it appears to be
the most effective for electronic conductivity. We found that the Eg
of Si-, Ge-, P- and As-doped CNTs significantly decreases with an
increase in the diameter of the CNTs (except 3� 3� 3 CNTs).
However, the band gaps of Al-, Ga-, N- and B-doped CNTs slightly
reduce with a decrease in the diameter of CNTs. It is interesting to
note that the band gaps are changed as directly or inversely pro-
portional with diameter depending on the type of doping atoms.
Therefore, it is of great interest to produce CNTs with the desired
diameter. The analyses of the reactivity show that electrophilicity



Fig. 12. (Colour online) Refractive index (n) for substituted CNTs obtained at B3LYP/6-31G(d) level of theory.
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and maximum amount of electronic charge indexes are increased
as B, Al, Ga, Si, Ge, N, P and As atoms are doped to CNTs. In addition,
B-doping appears to be the most effective for accepting an electron.
Note that all the doped CNTs exhibit a good NLO activity. Especially,
B-, Al-, Ga- and N- doping are an effective way to enhance the
nonlinear optical properties of the CNTs. We believe that this study
will be useful for better understanding the nature of the CNTs as
well as a powerful tool for experimental researches in the future.

Supporting Information

Supporting information includes the graphical pictures of all
optimized structures for pure and doped CNTs obtained at B3LYP/6-
31G(d) level of theory, as well as the structural, electronic, reac-
tivity and non-linear optical (NLO) properties of pure and doped
all-CNTs.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jallcom.2019.06.210.
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