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ARTICLE INFO ABSTRACT

Nanotubes have become the focus of interest in recent years because of their unique properties that make them
natural candidates for many devices. The junction of two different nanotubes can form alloys imparting new
DFT properties or enhance existing properties associated with one or both starting materials. The present study aims
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Pivez,"demid% to investigate the properties of aluminum and gallium nitride (AIN and GaN, respectively) single- and double-
Is\ltlrt;ge nanotubes walled nanotubes and double-walled alloy nanotubes (Aly 5Gag sN and Gag sAlysN) by using the density func-
Functionalization tional theory (DFT). It is observed that the emission of single-walled nanotubes (SWNT) changes from deep-UV

to the blue region of the electromagnetic spectrum for double-walled GaN nanotubes (DWGaN). For the alloy
nanotubes, the emission occurs at UVA and UVB regions for Aly sGag sN and Gag sAlg sN, respectively. Also, the
impact of the applied mechanical strain is investigated for all nanotubes. It is observed that with tensile strain,
the band gap energy decreases while the piezoelectricity increases. Of all the zigzag nanotubes investigated,
SWAIN, DWAIN, and the AlysGagsN alloy nanotube exhibit larger piezoelectric constants. The analysis of
electron density revels that the alloy nanotubes can be used to fabricate a selective dual gas sensor and that the
functionalization, using an interface or by the application of strain, can be used to modulate the properties of

materials.

1. Introduction

Nowadays, materials engineering is increasingly concerned with the
development of new materials, as well as the functionalization of ex-
isting materials for application to specific devices. Functionalization
can be achieved by doping, vacancies, adsorption, or by inducing de-
fects in the crystal lattice, creating new materials that are more efficient
than the starting materials. Another type of functionalization of current
interest is the creation of a junction of two different materials in order
to fabricate alloys. The alloys so obtained could either have very dis-
tinct properties or have similar, but significantly enhanced properties,
as compared to the starting materials.

Among the different alloys, those of aluminum nitride (AIN) and
gallium nitride (GaN), of the type GaN/AIN or Al,Ga; N, are widely
used in electronic devices [1-3]. Theoretical and experimental studies
have shown that the aluminum content in these materials can be
regulated to obtain higher efficiencies for applications in optoelectronic
devices, in particular, those that utilize deep-UV radiation [4-7]. Fur-
thermore, it was verified that the Al,Ga; N band gap energy depends
on the thickness of the layer, as well as on the concentration of Al atoms
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[8,9]. Ambacher et al. [10], have established that the formation of the
two-dimensional (2D) electron gas in non-doped GaN and AlGaN/GaN
doped heterostructures depends both on the piezoelectric and sponta-
neous polarization effects. It has been shown that by introducing the
piezotronics effect in the AlGaN/AIN/GaN heterostructure, the con-
ductance increases up to 165% under compression along with an in-
crease in the heterojunction electron gas, which has a wide application
in high electron mobility transistors and other high-performance
quantum electronics [11].

Despite many studies that report different GaN/AIN hetero-
structures, to the best of our knowledge, only a few correspond to one-
dimensional (1D) materials, such as nanowires [12], nanorods [13],
and nanotubes [14] that exhibit significant potential for applications in
opto-electronics, magnetism, photonics, and catalysis [14,15]. The po-
tential technological applications for nanotubes may be very different
from those for which other 1D materials are natural candidates. In
particular, nanotubes with small diameters serve as excellent high-
performing structures that can be used as electrocatalysts, super-
conducting materials, in electrical devices, and in nano-sized sensors
[16].
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Detailed studies of inorganic nanotubes, among them, AIN and GaN
nanotubes, began to advance, from the discovery of carbon nanotubes
by Iijima et al. [17,18] The AIN and GaN nanotubes can be used in
nanoscale photodetectors for the removal of toxic ethylene-acetylene
gas from the environment and in formaldehyde sensors, in addition to
having potential applications in the medical, electronic, optoelectronic,
and piezoelectronic devices. Such broad-scale applicability can be at-
tributed to their outstanding dielectric and piezoelectric properties,
thermal conductivity, and possible quantum confinement effect
[19-23].

Theoretical studies of AIN and GaN nanotubes highlight interesting
properties, such as low strain energy involved in wrapping a surface to
form a nanotube, good thermal stability, and increase in the band gap
energy with increasing nanotube diameter, until a diameter of ap-
proximately 20 A, when the band gap energy associated with the na-
notube converges to that of the respective surface [24-27].

Although AIN and GaN nanotubes have shown great potential for
various applications, very few studies have analyzed their synthesis,
application, and functionalization. Furthermore, the nanotubes of AIN/
GaN and Al,Ga; 4N heterostructures have not yet been synthesized. In
fact, there is only one theoretical study by Almeida et al., wherein
Al,Ga; 4N and GaN/Al,Ga; _yN nanotubes (0 < x < 1) [28] were
investigated, in which it was shown that single-walled Al,Ga; 4N na-
notubes displayed a direct band gap energy, with emission in the ul-
traviolet region for all concentrations of Al.

Modeling and computational simulations are fundamental tools for
research in recent years, and can be used to model functionalized ma-
terials at the atomic level, as well as to predict their properties. As
stated, the chemical bonds formed by the heterostructures significantly
change the properties in comparison to that of the original material.
Additionally, it is known that structural modifications produced by
mechanical strain, as shown by Fabris et al. [29], increase the piezo-
electricity, with a corresponding reduction in the band gap energy. The
present study aims to theoretically analyze the main properties of the
double-walled (DW) and alloy nanotubes, Aly sGag sN, and Gag sAlg sN.
In particular, the piezoelectricity and band gap energy were evaluated
as a function of the simulated mechanical strain as applied along the
periodic axis of the nanotubes. We also report an estimate of the me-
chanical limit of these structures as a function of tensile strain.

2. Method and computational details
2.1. Computational models

The theoretical equilibrium bulk structure of AIN and GaN, the
(0001) surfaces and the single-walled nanotubes were previously stu-
died, and the results can be found in reference [25]. The choice of the
nanotube size originates from this study, in this sense, according to the
low strain energy, which represents high stability of formation for na-
notubes, the nanotubes with diameters of 20 A were chosen. The
computational setup and model system of this previous work allowed us
to select the nanotube size (diameters of ~ 20 f\) to make a double-
walled nanotube model. The alloy nanotube models were constructed
from double-walled aluminum nitride nanotube by the substitution of
Al by Ga atom, thus forming AlysGag sN or Gag sAlgsN, depending on
whether aluminum or gallium forms the inner layer of the nanotube.
Fig. 1 shows the schematic representation of the construction of the
nanotubes.

To measure the relative junction stability between AIN and GaN, the
junction energy (Ej,) was determined using the relation
Ejun = (E@ — Egany — Eanv)/2S, where Eg corresponds to the alloy na-
notube energy, the Eg,y and E,yy are the energies that correspond to
each wall of the alloy nanotube, calculated separately by removing the
other wall, and S is the surface area of the alloy nanotube.
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2.2. Computational method

Periodic computational simulations using Density Functional
Theory (DFT) with the B3LYP [30] hybrid functional were made by
using the CRYSTAL17 package [31]. The aluminum, gallium, and ni-
trogen atomic centers were described by 86-21G* [32], 86-4111d41G
[33] and 6-21G* [34] all-electron basis sets, respectively. The func-
tional and basis set choice is based on the results of previously pub-
lished research [25,35]. The accuracy of the calculation was de-
termined by a set of five-threshold values: 1078, 1078, 1078, 1078 and
10~ ', which correspond, respectively, to the overlap and penetration
of the Coulomb integrals, the overlap of the HF exchange integrals, with
the last two values corresponding to the threshold for the pseudo-
overlap in the HF exchange series. Also, the shrinking factor (Pack-
Monkhorst and Gilat net) was set to 10, which corresponds to six in-
dependent k-points in the irreducible part of the Brillouin Zone in-
tegration.

The methodology for the calculations of elastic (c;;) and piezo-
electric (e;;) constants, along the periodic direction of the nanotube
was previously tested by our group and was shown to be in good
agreement with experimental data [25,35-37].

The applied strain was taken to be along the periodic direction and
simulates the mechanical influence on the piezoelectric constants and
band gap energy, until the nanotube ruptures. Negative strain corre-
sponds to compression, while positive strain corresponds to the tensile
strain on the nanotube.

3. Results and discussion
3.1. Analysis of main properties

Table 1 lists the geometric parameters for all the nanotube models
analyzed. It was observed that the DWNT maintain the geometrical
characteristics of the correspondent SWNT and (0001) surfaces, with an
average Al-N and Ga-N bond length of ~1.99 A, AI-N-Al and Ga-N-Ga
bond angle of ~127°, and nanotubes diameter of 18.84 A and 19.50 A
of for DWAIN and DWGaN, respectively.

For alloys nanotubes, the higher diameter of Gag sAlg sN, 19.38 A, is
due to the incorporation of Ga atoms in the internal wall, once the Ga-N
bonds length and diameter are greater than Al-N. The AlI-N = 2.02 A
and Ga-N = 2.10 A bond lengths between walls are approximately the
same for both alloy nanotubes. The calculated values for bond lengths
and bond angles are found to be within the range reported for experi-
mental and theoretical studies of these systems in the literature
[2,5,38], and are similar to bulk and surfaces.

The Ej,, values obtained for the alloy nanotubes were —0.0959 eV/
unit and —0.0957 eV/unit for AlysGagsN and GagsAlgsN, respec-
tively, which indicate good interaction between them, suggesting that,
experimentally, each can form a good substrate for the other and, once
synthesized, they will have small structural defects.

Interestingly, both the nanotube diameter and the wall thickness
appear to affect the E,q,, as well as the emission range in the electro-
magnetic spectrum (ERES). Fig. 2 depicted the influence of the wall
thickness and the composition in the alloy nanotube concerning the
Egqp. As can be seen in Fig. 2, the SWNTs have higher values of Eg,, and
by adding a second wall, Eg,, decreases for the DWNTs, with values that
are closer to the Eg,, value of the corresponding bulk material. These
results are in agreement with many theoretical and experimental works
[5,39,40]. Park et al. [41] and Goldberger et al. [40] obtained values of
Egqp between 3.2 and 3.9 eV for GaN nanotubes, and have demonstrated
the effect of nanotube wall thickness on its electronic properties, once
the structure starts to resemble the bulk structure. So far, the experi-
mental determination of Eg, for the AIN nanotube has not been re-
ported. However, many theoretical studies have reported a direct band
gap energy for both single-walled and faceted AIN nanotubes, which
were simulated at different levels of theory [15,25].
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Fig. 1. Schematic representation of the construction of DW and alloy nanotubes.

Furthermore, it is known that the difference between the optical and
electronic band gap energies is small [6], and so, the calculated theo-
retical band gap energy can be used to estimate the emission range of
the nanotubes in the electromagnetic spectrum. The DWGaN is the only
nanotube in this study with its emission in the visible region. For the
AlpsGagsN and GagsAlgsN alloy nanotubes, the emission occurs at
UVA and UVB regions, respectively. It is well-known that in AIN/GaN
heterostructures the cation content is related to the photoluminescence
(PL) emission, which increases with the percentage of Al in the sample
[28,42,43]. In our models, the percentage of Al and Ga is 50% each;
therefore, the change in the electromagnetic emission spectrum de-
pends on which material is exposed, i.e., forms the outer layer of the
DWNT. Park et al. [44] have experimentally demonstrated the re-
lationship between the valence and conduction bands with respect to
the exposed surface of GaN nanowires and nanotubes. Accordingly,
DWNTs and alloy nanotubes can be used for different applications, such
as deep-UV LEDs for water purification, medical diagnosis, ultraviolet A
and B (UVA and UVB, respectively) radiation sensors based on photo-
diodes, among others [45].

The electronic properties were investigated by the calculation of the
density of states (DOS), which can help to predict the main difference
between the different types of nanotubes studied here. In Fig. 3 the DOS
of DWNTs and alloy nanotubes are shown, and the main orbital con-
tributors in each range are highlighted. For DWNTs, the electron
transition probably occurs between the N-2p,p, atom in the valence
band (VB) and Al-s or Ga-s in the conduction band (CB), for DWAIN and
DWGaN, respectively. The contributions found in the DOS of DWNTs is
similar to the SWNTs, monolayer (0001) surface, as well as the re-
spective GaN and AIN bulk. In the case of the alloy nanotubes, the

Table 1
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Fig. 2. Band gap energy (Egq, €V) and emission range in the electromagnetic
spectrum (ERES) as a function of nanotube diameters.

electron transition occurs between the atoms of the external wall, al-
though the difference of internal/external wall contribution for N atoms
in GagsAlgsN is more pronounced. In this sense, for the GagsAlysN
nanotube the electron transition occurs between N-2p,p, and Al-s, while
for the Al 5Gag sN, the transition occurs between the N-2p,p, and Ga-s.
In both cases, the contribution of the cation-internal wall interaction
appears above ~5 eV in the CB. Moreover, the E,q, of alloy nanotubes is

Nanotube diameter (D; A), bond length (X-N; A) (X = Al or Ga) of the inner layer (in), outer layer (out) and between layers (bet) and bond angle X-N-X (degree).

D X-N X-N

X-Nber) X-Nber) X-N-X X-N-X
SWAIN 19.78 1.79 - - - 119.75 -
SWGaN 20.38 1.84 - - - 119.72 -
DWAIN 18.84 1.79n) 1.92(6up 2.01 2.02 119.32in) 119.53outy
DWGaN 19.50 1.850m) 2.04c0u) 213 2.12 119.50(m) 119.70(oue)
Gao.sAlysN 19.38 1.84¢n) 2.03c0ut 2.0200a1 2.10Gan) 119.67gny 119230t
Alp5GapsN 19.00 1.81¢m) 1.99us 2.130v.c0) 2.05(a1) 1191505 119.62¢0ut
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Fig. 3. Density of states for DWAIN, DWGaN, and Gag Al sN and Alj 5Gag sN alloy nanotubes with respect to the inner and outer walls.

more affected by the AIN wall, as compared to that corresponding to the
DWNTs, when the displacement of the AIN conduction band is ~1 eV to
the forbidden region, i.e., closing the Egq,, whereas the displacement is
minimum in the case of GaN.

The charge distribution on the isodensity surface based on the
electronic charge density and the electrostatic potential of nanotubes is
depicted in Fig. 4, with isolines being drawn at increments of 0.001 |e|/
A. The SWNTs and DWNTs show a homogeneous charge distribution ()
along all the nanotube, as expected. The negative charge (8~ ) is more
pronounced around N atoms in the GaN nanotubes, corresponding to a
greater positive net charge (8*) on the Ga atoms than that on Al atoms,
and is consistent with the charge density for SWNTs as calculated by
Almeida et al. [28] However, when the interface AIN/GaN is formed, it
was observed that charges flow in the Al to N direction, the nitrogen
atom becomes more negative and the electron density is higher around
the AI-N bond, for all the models analyzed here. The Mulliken charges
are listed in Table S1 and validate the analyses described above. The
difference found in the charge distribution for the alloy nanotubes can
induce the adsorption or confinement of molecules. For example, for
molecules that tend to withdraw electron density, the AIN nanotube is

the more favorable adsorbent, such as NH; and NO,, while for the
molecules that tend to donate electronic density, the GaN nanotube is
the preferred adsorbent, such as CH;COOH and C¢gHsCOCHj5.

The overlap population (see Table S2), based on Mulliken analysis,
is an usual and simple method for describing electronic interactions
between bonded atoms. The overlap values for Al sGag sN are 121 m|e|
and 165 m|e|, for Ga-N and Al-N, respectively, whereas for Gag sAlg 5N,
the overlap values are 138 m|e| and 131 ml|e|, for Al-N and Ga-N, re-
spectively. Once a high overlap population represents a greater cova-
lent character of the bond, the results show that the Ga-N and Al-N
bonds are more ionic compared with the single- and double-walled
nanotubes, that have an overlap population of ~290 mle| and
~298 m|e| for Al-N and Ga-N bonds, respectively. However, the AI-N
bonds in all the models investigated here are seen to have a more
pronounced covalent character, which might explain why the AIN na-
notubes are observed to be more rigid than the GaN nanotubes, as in-
dicated by their elastic constants listed in Table 2. These values are in
good agreement with the bulk, (0001) surface and SW nanotube data
[15,25,46]. In contrast to the electronic properties of the alloy nano-
tubes, the elastic constant is affected to a greater extent by the material
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Fig. 4. Charge distribution on the isodensity surface of (a) SWAIN, (b) SWGaN, (c) DWAIN, (d) DWGaN, (e) AlysGagsN and (f) Gag sAlp sN nanotubes.

Table 2
Elastic (c;;, GPa) and piezoelectric (e;;, C/m?) constants.

€11 €11

SWAIN [25] 387.31 0.83
SWGaN [25] 367.46 0.62
DWAIN 351.61 0.14
DWGaN 311.48 0.08
Gag sAlgsN 300.52 0.08
AlgsGagsN 321.19 0.1

which forms the internal wall of the nanotube. The rigidity of the inner
wall adds to the rigidity of the nanotube. In this sense, the GagsAly sN
nanotube is ~6.54% less rigid than AlysGagsN, which corroborates
with the above-mentioned hypothesis of the rigidity of the internal
wall.

The addition of the outer wall in the nanotube appears to lead to a
decrease in the piezoelectric properties (Table 2). Thus, the SWAIN and
SWGaN are ~83% and 87%, respectively, more piezoelectric than the
corresponding DWNTs. Unexpectedly, the alloy nanotubes seem to ex-
hibit the low piezoelectricity observed in the DWNTs. When AIN, the
most piezoelectric material among them [25,47,48], forms the inner
wall of the nanotube, the piezoelectric constant of Aly 5Gag sN nanotube
is 21% lower than that for the DWAIN, but is seen to be 28% higher
than the corresponding values for the DWGaN and Gag sAlpsN nano-
tubes. These results show that DWGaN, DWAIN and the corresponding
alloy nanotubes are all piezoelectric, just like the SWNTs.

3.2. Strain versus piezoelectricity and band gap energy

One way to modify the material properties is by the application of
mechanical strain. In this process, the structure is modified and it is
known that these structural changes can regulate the properties of the
material, and could also induce new properties hitherto not associated
with the starting material. In order to investigate this, the mechanical
strain was applied along the periodic axis of the nanotubes, which was
varied between —20% to 24%, so as to analyze the maximum possible
compression and stretch of the nanotube. The piezoelectric constants
and band gap energy are shown in Fig. 5, as a function of the applied
strain and the detailed results are given in the Supplemental Material
(Tables S3-S5). Additionally, the nature of the bond (overlap popula-
tion) as well as the Mulliken charges of the strained nanotubes were
evaluated and are listed in Tables S6-S8.

As can be seen in Fig. 5, the SWNTs appear to be more sensitive to
strain and the piezoelectric constants are found to oscillate. For all the
nanotube models, the application of a compressive strain is seen to lead
to a slight increase in the piezoelectric constant. Despite SWNTs are
more rigid than DWNTs and the alloy nanotubes, all can be compressed
until a limit of —12%, after which the piezoelectric constants were
observed to start decreasing and the bonds AIl-N and Ga-N become
weaker. An abrupt decrease in piezoelectric constants is seen for a
compressive strain of —16%. In the limit of compression, the overlap
population is greater between the atoms and the bond character is al-
tered. In all cases, the AIN and the Alj 5GagsN nanotubes appear to be
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(b) DWAIN and DWGaN
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Fig. 5. Piezoelectric constants and band gap energy of (a) SW, (b) DW and (c) alloy nanotubes under compressive and tensile strain.

more resistant to the strain. This is consistent with the fact that AIN
materials are more rigid, and the fact that Al constitutes the inner wall
in the AlysGag sN, which increases the rigidity of the alloy nanotube.

In contrast, the tensile strain affects the properties of the nanotubes
to a greater extent. The SWNTs are found to exhibit a greater oscillation
in piezoelectric constants, with the values being less than that of the
unstrained nanotube, until a tensile strain of 8%. The piezoelectric
constants increase significantly beyond a tensile strain of 12% for
SWGaN, while such an increase for SWAIN only appears in response to a
tensile strain of 16%. The present study indicates that 16% represents
the limit of the tensile strain for both SWNTs, beyond which the na-
notube starts to broken. The bond lengths of Ga-N and Al-N are found to
be around 2.18 A, which indicates that there is no chemical bond, but
only an electrostatic interaction between a cation and an anion. The
overlap population decreases potentially from this limit, indicating the
change in the bond character (see Table S6).

In contrast to what is observed for the SWNTSs, it was observed that
the piezoelectric constant of DWAIN starts to increase beyond a tensile
strain of 4%, while for DWGaN, this occurs from 8% onwards. The
DWGaN exhibits a noteworthy increase in percentage in the piezo-
electric constants, ~600%, and the value achieved is similar to that
observed for the SWGaN (0.62C-m?). It is seen that 20% is the limit of
tensile strain for both DWNTs in this study, and at 22% tensile strain,
the rupture of the nanotube occurs. However, the changes in the
overlap population and Mulliken charges appear at 16% for DWAIN and
only at 20% for DWGaN. This behavior is consistent with the softness of
the GaN materials compared with AIN. Nevertheless, despite the rapid
increase in piezoelectric constants given by tensile strain, the values did
not permit the DWNTs to be classified as a good piezoelectric material.

The limit of tensile strain for the alloy nanotubes is taken to be 20%,

since they are observed to rupture at a 22% tensile strain. The
Al 5Gag sN is the most rigid nanotube and presents the higher increase
in the piezoelectric constant before the rupture, with an increase of
1292% with respect to the unstrained nanotube, which makes it the
most piezoelectric nanotube in the present study. For the alloy nano-
tubes, the piezoelectric properties depend on the material constituting
the inner wall. Since the Al-N bond is seen to be sensitive to deforma-
tions, when the strain is applied, it creates a large tension on the AIN
wall, which translates to an increase in piezoelectric constants.
Additionally, it seems that in both alloy nanotubes the Al-N bond suf-
fers more the tensile strain effect than Ga-N bonds. In this sense, the
abrupt decrease in the properties is caused by changes in the overlap
population of the AIl-N bonds (of the wall and between them).

In all the models analyzed here, the applied strain leads to a de-
crease in Eg,, values. However, as all nanotubes can be more stretched
than compressed, the nanotubes exhibited smaller E,q, values when 8%
of tensile strain (rather than 8% of compressive strain) was applied. For
SWNTs, the band gap decreases by almost 35% before the nanotube
ruptures, and the Eg,, for both DWNTSs decrease considerably with the
tensile strain, which makes them more conducting than the SWNTs
(both with and without strain), as well as the DWNTs (0% strain), the
bulk material and (0001) monolayer surface. Consequently, the range
of emission in the electromagnetic spectrum is also modified. The
Gag.sAlp sN nanotube was not the most piezoelectric nanotube, even
after the application of tensile strain, but the reduction in E,, was
enough to change the emission in the electromagnetic spectrum, from
UVB (0% strain) to blue (16% strain) and red (20% strain). These re-
sults suggest that structural manipulation can be used to modify the
properties of materials.

Interesting, small changes were found in DOS analysis. As expected,



N.L. Marana, et al.

Computational Materials Science 177 (2020) 109589

o

0%

piezoelectricity t

Strain

+20% N
> nanotube diameter ‘
overlap population ¥

\

6+

o,

Fig. 6. Resume of the strain-induced properties for (a) Gag sAlpsN and (b) Al sGag sN nanotubes.

with the compression strain, the orbitals become more concentrated
around the gap region, however, the main behavior of the contribution
of the orbitals was not modified. The tensile strain alters the con-
tribution of the s orbitals of the Al and Ga in the conduction band,
closing the band gap. In special, the inner and outer layer of the DWNTs
and alloy nanotubes have similar contribution of s orbital in the for-
bidden region.

To resume and clarify the effect of the strain in the alloy nanotubes
properties, the charge distribution on the isodensity surface is depicted
in Fig. 6. As can be seen, with the increase of the tensile strain, the
nanotube diameter decrease, and the electronic density between the
bonds become narrower, suggesting a weakening between the bonds.
However, in both cases, the N atoms bonded with Al atoms have the
more pronounced negative charges (as can be confirmed by Mulliken
charges in Table S8). In contrast, with the compressive strain, the
electronic density between the bonds are more scattered, indicating an
increase in electron sharing between atoms.

In this sense, the piezoelectric properties of the nanotubes studied
here can be efficiently increased with the application of tensile strain.
The nitride nanotubes are known to be more resistant to the tensile
strain, as compared to other materials, and the piezoelectric response
attained with the application of tensile strain in this study is higher than
that exhibited by DWZnONT, DWGaN, ZnO@GaN, and GaN@ZnO na-
notubes [35], but is less than that exhibited by ZnO@GaN and GaN@
ZnO nanotubes, when subjected to tensile strain.

4. Conclusions

DFT was used to theoretically investigate the properties of AIN and
GaN nanotubes, as well as the AlysGagsN and GagsAlysN alloy

nanotubes. The effect of strain applied along the periodic axis of na-
notube on the piezoelectric constants and band gap energy was in-
vestigated. The single-walled nanotubes, both with and without appli-
cation of the external strain, are found to be more piezoelectric than the
double-walled nanotubes. Also, it was shown that all nanotubes re-
spond satisfactorily to the tensile strain until ~16%. Without the ex-
ternal strain, the band gap energy of double-walled is reduced, by the
addition of the second wall, in comparison with the single-walled na-
notubes. The influence of the external wall is intensified when the alloy
is constructed; thus, the alloy nanotube acquires the band gap energy
value of the material that constitutes the outer layer. Additionally, the
analyzed of the Mulliken charges of the alloy nanotubes showed that
the charge is concentrate around Al-N bond, and this behavior can
contribute to the rigidity of AlysGagsN nanotube. When the strain is
applied, the band gap is altered and nanotubes are found to become
more conducting, however no significant changes were found in DOS of
the strained nanotubes. The present study clearly demonstrates that
both, creation of an interface and application of an external strain, can
be used to manipulate the material to enhance or modify selected
properties. In this sense, with the alloy nanotubes, the difference in
atomic charges between the walls can be used to fabricate a selective
gas sensor. Also, the strained nanotube can be applied in some elec-
tronic device that requires a band gap energy of about 2.6 eV.
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