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Abstract 
 
The structural and electronic properties of molybdenum and magnesium substitution doping in (10,0) boron 
nitride nanotube (BNNT), are investigated through first-principle calculations. The electronic band structures 
results indicate that the molybdenum doped systems behave as n-type impurity. However, the magnesium 
doped systems behave as p-type impurity when magnesium replaces boron, and as an n-type impurity when 
the magnesium replaces nitrogen. The analysis of the energies formation shows that the molybdenum re-
placing a boron and nitrogen atoms are more favorable than the magnesium substitution in boron and nitro-
gen. 
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1. Introduction 
 
Boron nitride nanotubes (BNNTs) which are known to 
be wide gap semiconductors with band gaps about 5.5 
eV [1,2] and in their native state are essentially electrical 
insulating. The form zigzag structure BNNTs are more 
stable than their carbon counterparts in terms of thermal 
and chemical stability. The other advantage about BNNTs 
is that they don’t require the choice of a specific chirality 
due to the invariance of optical and electronic properties 
from case carbon nanotubes. This makes the BNNTs su-
perior to carbon nanotubes for a series of optoelectronic 
applications. The BNNTs also possess high surface area, 
unique physical properties, and morphology. Their inher-
ent size and hollow geometry can make them extremely 
attractive as supports for heterogeneous catalysts [3-7]. 
Chemical inertness and a strong resistance to oxidation, 
for example, make BNNTs highly appropriate for the 
construction of insulating nanocables, a subject that has 
been attracting increased attention [8-10]. 

Many properties of semiconductor devices are derived 
from the presence of doping, which is an effective way to 
control and improve the source side injection of carriers 
into conventional semiconductors. Hence, the possible 
implementations of BNNTs based devices require the 
study of suitable defects and impurities that could act as 
an electron/or hole. For example, Zhao et al. in theoreti- 

cal results show to the possibility of transforming the 
insulating BNNT into a n-type or a p-type semiconductor 
by carbon-doping for the case of C substituting for B or 
N atom respectively [7]. Tang et al. in experimental 
work demonstrates a novel route for fluorine-doping, 
where the fluorine was suggested to occupy the nitrogen 
site in the nanotube and yielded an n-type semiconductor 
[8].  

In this work we study the doping of BNNT with mo-
lybdenum (Mo) and magnesium (Mg) using first- 
principle method based on density functional theory. The 
reason we choose Mo atom doping is that transition met-
al atoms are commonly present during the synthesis of 
BN nanostructure carrying formation of BN nanostruc-
tures doped with transition metals atoms [11], while the 
Mg atom is frequently considered for creating p-type con- 
ductivity in BN compound [12]. The structure was first 
relaxed and then electronic properties were obtained. The 
incorporation of the Mo and Mg are explored as substitu-
tions for B and N atoms. It is shown that incorporation of 
Mo atom in a B and N site has low formation energy and 
that the electronic band structure indicates that energy 
gap decrease when Mo and Mg impurities are introduced 
in the pristine BNNT. 

2. Method of Calculation 

First principle density functional theory [13] has been 
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employed to investigate the Mo and Mg substitution at-
oms in the B (MoB and MgB) and the N (MoN and MgN) 
sites of the (10,0) BN nanotubes. We used the Siesta 
code [14], which performed full self consistent calcula-
tions solving the Kohn Sham equations [15] and using 
numerical atomic orbital as basis sets. In all calculations 
we used a split valence double zeta basis set with polari-
zation function [16]. For the exchange and correlations 
terms we use the generalized gradient approximation with 
the parameterization of Perdew-Burke-Ernzerhof [17]. 
The interaction between ionic cores and valence elec-
trons is described by norm conserving pseudopotentials 
[18] in Kleinamn-Bylander form [19]. A cutoff of 150 
Ry for the grid integration was used to represent the 
charge density. The Brillouin zone is sampled with eigh-
teen k points special along the Γ-X directions used 
Monkhorst-Pack method [20]. 

Our calculations were performed using a (10,0) BN 
nanotubes. Periodic boundary conditions and a supercell 
approximation with a lateral separation of 40 Å between 
tube centers are used to ensure that the nanotubos plus 
atom dopant do not interact with their images. The su-
percell were used have 80 atoms, with a total length of 
8.58 Å. The impurities atoms were incorporated as a sub- 
stitution (Mo and Mg)-atom in the nanotube and a fully 
relaxation was performed using the Hellmann-Feynman 
forces with a Pulay-like correction. The structural optimi-
zations were performed using a conjugated gradient pro-
cedure, and atomic positions of the structure were re-
laxed up to the point of obtaining all force components 
smaller than 0.05 eV/Å. 

 
3. Results and Discussion 

In study the structural properties of the Mo-doped in 
(10,0) BNNT, we find that the local symmetry of the 
nanotube breaks up after relaxation and it undergoes a 
Jahn-Teller distortion [21]. The Figures 1(a) and (c) 
shows the resulting relaxed structure of the (10,0) BNNT 
with a Mo substitution atom in site B (MoB) and in site N 
(MoN), respectively. While in Figures 1(b) and (d) some 
of the atoms are numbered in order to describe the rele-
vant structural parameters. In Tables 1 and 2, some inter 
atomic distances and angles are listed for the MoB and 
MoN substitution, respectively. In Figure 1(a) the Mo 
atom is displaced 0.88 Å out of the original position, 
while in Figure 1(c) the Mo atom is displaced by 1.11 Å. 
The distances between the atom 1 and its first N neigh-
bors (Figures 1(a)-(b)) are 2.08 Å, which is in agree-
ment with the results (2.07 Å) of Gajbhiye and Ning-
thoujam [22]. The distances the atom 1 and its first B 
neighbors (Figures 1(c)-(d)) are 2.38 Å, which are con-
sistent with the results (2.48 Å) of Nakazawa et al. [23]. 

The Figure 1(e) shows the resulting optimized struc- 

Table 1. Structural parameters for the MoB-doped BN na-
notube. The numbers identifying the distances and angles 
refer to Figure 1(b). 

Distances (Å)  Distances (Å) Bent angles (˚) 

1 - 2 = 2.08 8 - 9 = 1.46 2 - 1 - 7 = 82.64 

1 - 3  = 208 9 - 10 = 1.44 3 - 1 - 2 = 91.24 

1 - 7 = 2.08 10 - 2 = 1.45 3 - 1 - 7 = 82.64 

3 - 4 = 1.44 11 - 2 = 1.42  

4 - 5 = 1.44 11 - 12 = 1.50  

5 - 6 = 1.46 12 - 13 = 1.50  

6 - 7 = 1.48 13 - 3 =  1.42  

7 - 8 = 1.47   

 
Table 2. Structural parameters for the MoN-doped BN na-
notube. The numbers identifying the distances and angles 
refer to Figure 1(d). 

Distances (Å) Distances (Å) Bent angles (˚)

1 - 2 = 2.38 8 - 9 = 1.45 2 - 1 - 7 = 72.88

1 - 3 = 2.38 9 - 10 = 1.45 3 - 1 - 2 = 78.57

1 - 7 = 2.28 10 - 2 = 1.45 3 - 1 - 7 = 73.30

3 - 4 = 1.46 11 - 2 = 1.46  

4 - 5 = 1.45 11 - 12 = 1.45  

5 - 6 = 1.45 12 - 13 = 1.47  

6 - 7 = 1.48 13 - 3 = 1.42  

7 - 8 = 1.48   

 
tures in the doped (10,0) BNNT with an Mg substitution 
atom in B-site (MgB), and Figure 1(f) shows some atoms 
are numbered in order to describe the relevant distance. 
In Table 3, inter atomic distances and angles are listed 
for the MgB substitution. The distances between the atom 
1 and its first N are 1.98 Å for the Mg-N distance qua-
si-collinear with the axis, and 2.00 Å for Mg-N distances 
where N atoms are related by a mirror plane containing 
the Mg atom and nanotube axis. As compared to the dis-
tances in Mg3N2, where these distances vary from 2.08 Å 
to 2.18 Å [24], a very small enlargement is observed. 
The relaxed structural configuration of the MgN system is 
shown in Figure 1(g). In Figure 1(h), some of the atoms 
are numbered in order to describe the relevant structural 
parameters. In Table 4 inter atomic distances are listed 
for the MgN system. The Mg atom moves out of tube axis, 
leaving a vacancy and forming a wrong B-B bond of 
1.95 Å. The distances between the 1-2, 1-3 and 1-7 at-
oms are 2.35 Å, 2.73 Å and 3.12 Å, respectively. These 
values are much different than the Mg-B distance that is 
of the order 2.23 Å and 2.53 Å of the ab initio calcula-
tion by Yang et al. [25]. 

Electronic band structure near the Fermi level were
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Figure 1. Relaxed structure representation for BN nanotube with and Mo [Mg] substitution atom in: (a)-(b) [(e)-(f)] B site 
and (c)-(d) [(g)-(h)] N site. The atoms are represented by atomic symbol. 
 
Table 3. Structural parameters for the MoB-doped BN na-
notube. The numbers identifying the distances and angles 
refer to Figure 1(f).  

Distances (Å) Distances (Å) Bent angles (˚) 

1 - 2 = 1.98 8 - 9 = 1.45 2 - 1 - 7 = 92.38

1 - 3 = 1.98 9 - 10 = 1.47 3 - 1 - 2 = 108.42

1 - 7 = 2.00 10 - 2 = 1.44 3 - 1 - 7 = 92.37

3 - 4 = 1.44 11 - 2 = 1.42  

4 - 5 = 1.47 11 - 12 = 1.50  

5 - 6 = 1.45 12 - 13 = 1.50  

6 - 7 = 1.46 13 - 3 = 1.42  

7 - 8 = 1.46   

 
Table 4. Structural parameters for the MoB-doped BN na-
notube. The numbers identifying the distances and angles 
refer to Figure 1(f).  

Distances (Å) Distances (Å) 

1 - 2 = - 5 - 6 = 1.44 

1 - 3 = - 6 - 7 =1.46 

1 - 7 = - 7 - 8 = 1.45 

2 - 3 = 1.95 8 - 9 = 1.45 

3 - 4= 2.50 9 - 10 = 1.48 

4 - 5= 1.47 10 - 2 = 1.51 

 
obtained for the doped nanotubes in situations MoB, MoN, 
MgB and MgN. The band structure for the pristine (10,0) 
BNNT is shown in Figure 2(a). The band gap of 4.05 eV 
is in good agreement with those calculated for nanotubes 
with diameters ≥ 14.0 Å in literature [26,27]. The results 

indicate the (10,0) BNNT to behave as a wide band gap 
semiconductor or insulator. The Fermi level is repre-
sented by the dashed line. The Figures 2(b) and (c) shown 
the band structure for the majority (spin-up) and minority 
(spin-down) carriers, respectively. We can observed that 
the Fermi level of the MOB system is shifted 1.26 eV up 
compared with that of the pristine (10,0) for both major-
ity and minority  electronic bands. By comparison with 
the pristine BNNT we can observe that the Mo-doped in- 
troduces levels relatively flat in gap region. The band 
structure for the majority state (Figure 2(b)) shows that 
the localized level is located at about 0.59 eV above the 
top valence band and almost localized level at about 0.57 
eV below the bottom of the conduction band. While that 
the band structure for the minority state (Figure 2(c)) 
shows that three deep levels emerge into the band gap 
and another one at the bottom of conduction band. Two 
of the deep gap states are semioccupied and two are 
empty. The semioccupied levels are located at about 0.3 
eV and 2.76 eV above the top of the valence band, re-
spectively. The empty levels at about 1.00 eV and 0.21 
eV below the bottom of the conduction band, respec-
tively. By substituting the N for Mo in the pristine tube 
the band structure changes, as show the Figures 2(d) and 
(e), which represent the spin-up and spin-down band 
structure, respectively. The Fermi level is shifted up, 
0.36 eV, compared to undoped (10,0) BNNT. Other 
change in MoN is that several almost localized levels 
appear in gap region are all centered on the Mo impurity 
atom. The band structure for the spin-up level shown the 
unoccupied level 0.24 eV above the Fermi energy and 
the occupied level 0.23 eV below the Fermi energy. On

(a)                     (b)                  (e)                (f) 
  

(c)                        (d)                    (g)              (h) 
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Figure2. Calculated electronic band structure for: (a) (10,0) BNNT, (b) spin-up electrons MoB defect, (c) spin-down electrons MoB 
defect, (d) spin-up electrons MoN defect, and (e) spin-down electrons MoN defect. The Fermi energy is indicated by dashed line. 
 
the other hand, the band structure for the spin-down 
level shows the occupied level 1.28 eV below the Fermi 
energy and the unoccupied level 0.5 eV above the Fer-
mi level. The energy gap between the highest occupied 
molecular orbital (HOMO), lowest, and the unoccupied 
molecular orbital (LUMO) of the Mo-doped BNNTs is 
0.51 eV for MoB and 0.42 eV for MoN. In both MoB and 
MoN systems the Fermi level shifts up to the conduction 
band due to the charge transfer from tube to the Mo 
atom. These systems behave as a semiconductor n-type. 

The spin-up and spin-down band structure for the MgB 
system is shown in Figures 3(b) and (c), respectively. 
The Figure 3(a) presented, for comparison, the band 
structure for the isolated (10,0) BNNT. The Mg doping 
moves the Fermi energy towards the valence band thus 
indicating the Mg is acting as an electron acceptor. The 
change more significant in the band structure for major-
ity states (Figure 3(b)) occurs in the gap region, where 
we can observe that three deep levels emerge into the 
band gap. We can observed that the first level below the 
Fermi energy present the dispersion energy around 0.25 
eV along the Γ-X direction and, thus suggesting a delo-
calized character. On other the hand, the first level above 
the Fermi energy is relatively flat, with dispersion energy 
around 0.15 eV along the Γ-X direction that suggests a 
localized character. The other flat level is localized at 
2.98 eV above the Fermi energy. The band structure for 
the minority states (Figure 3(c)) shows that the principal 
change is that one flat level appears 2.97 eV above the 
Fermi гenergy and new levels appear in the valence band 
and conduction band. The Figure 3(d) and (e) show the 
spin-up and spin-down band structure, respectively. Un- 
like what happens with the Mg atom replacing an atom of 

B, replacing the N atom by atom of Mg causes the Fermi 
level to move to the conduction band. We infer that the 
difference between the two systems must occur due to 
the fact of structural relaxation after a vacancy arises, 
since the Mg atom does not remain connected to the tube. 
The Fermi level shifts (1.18 eV) to the bottom conduc-
tion band due to the insertion of the impurity. If observ-
ing the band structure for spin-up (Figure 3(d)) shows 
that the localized level appears in 0.44 eV below the 
Fermi level. Also, we observed one level relatively flat at 
approximately 2.01 eV below Fermi level with an energy 
dispersion, in direction Γ-X, around 0.10 eV. The other 
around level rises in ~1.03 eV above the Fermi level with 
an energy dispersion around 0.10 eV in Γ-X direction. 
The around value 0.10 eV from dispersion energy sug-
gests a localized character. Finally, the Figure 3(e) 
shows the band structure for spin-down, where it can be 
observed that again a relatively flat level appears in gap 
region. One level is localized 1.61 eV below the Fermi 
level with the dispersion energy the 0.11 eV, while two 
levels are localized in 0.45 eV and 1.06 eV above the 
Fermi level, with dispersion energy the 0.11 eV and 0.05 
eV in Γ-X direction, respectively. By comparison, with 
the (10,0) BNNT in the both band structure spin-up and 
spin-down, new levels emerge in top valence band and 
bottom of the conduction band. In the MgB and MgN de-
fects, the difference between the HOMO and the LUMO 
are 0.18 eV and 0.86 eV, respectively. 

Another aspect interesting to explore is the preferential 
site for doped position. In principle, the Mo should sub-
stitute boron preferentially, due to their closer electro-
negativity. This is further confirmed by calculating the 
formation energy (Eform). Dopants Table 5 presents the 
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Figure 3. Electronic band structure of (a) (10,0) BNNT, (b) spin-up band MgB defect, (c) spin-down band MgB defect, (d) 
spin-up band MgN defect, and (e) spin-down band MgN defect. The Fermi energy is indicated by dashed line. 
 
Table 5. Calculated formation energies (in eV) for MoB, 
MoN and MgB in B-rich and N-rich conditions. 

Defect N-rich B-rich 

MoB –11.64 –9.00 

MoN –5.70 –6.86 

MgB 2.40 5.04 

MgN 6.71 5.16 

 
formation energy (Eform) of the molybdenum and magne-
sium substitution the system (10,0) BNNT in B-rich and 
N-rich conditions. The formation energy is calculated 
through the expression: 

Eform = E[Tube + D] – nNμN  – nBμB – nDμD   (1) 

where E[Tube+D] is the total energy of D(Mo,Mg)- 
doped nanotube, n is the number of atoms (B, N, Mo, 
and Mg) and μ is a chemical potential. The chemical 
potentials for B and N atoms must also obey the equilib-
rium condition [28]. 

μBN[tube]= μN + μB              (2) 

The chemical potentials μN, μB, μMo, and μMg, which 
are calculated as the total energy per atom of the more 
stable configurations: the cubic Mo bulk, Mg hexagonal 
bulk, α-B bulk, and N2 molecule, respectively. All these 
calculations are performed using the same procedure as 
employed to the study of the Mo and Mg substitution im- 
purities. Two extreme conditions can be specified defin-
ing the foreign species as either an N-rich or a B-rich 
environment. For the B-rich conditions, the μN, is calcu-
lated using 2 by taking μB as a fixed parameter. On the 
other hand, for an N-rich condition, μB is calculated us-
ing 2 with the μN taken as fixed. 

Table 5 lists the calculated values for formation ener-
gies in both N-rich and B-rich conditions of the (Mo,Mg)- 
doped BNNT. The comparison of the results in terms of 
the formation energy from the Mo and Mg are interesting. 
We observe that the system with a doped Mo atom pre-
sents negative formation energy. Indicating that it is rela-
tively easy to incorporate a Mo atom in the BNNT in 
both B-rich and N-rich conditions. The calculated values 
for the formation energies in both B-rich and N-rich 
conditions of the Mg-doped BNNT (see Table 5) shows 
that the formation energies are higher in the MgN re-
placement. Indicating a greater probability for Mg to re-
place the boron atom than the nitrogen atoms. 

Examination the band gap it is seen that the defective 
systems alter the (10,0) BN nanotube band gap. On the 
other hand, the presence of defective levels in the band 
gap completely changes the optical and electronic be-
haviors of these systems. The band structure of the low 
formation energy MoB defect turns it possible to be iden-
tified by optical experiments once transitions from the 
level in the gap should require much lower energies than 
the nanotube intrinsic transitions. 
 
4. Conclusions 
 
In summary, (Mo and Mg)-doped in a (10,0) BNNT were 
studied using the first principle calculations, based on the 
density functional theory. For the possibilities, MoB, MoN 
and MgB, significant outward radial relaxations of the 
Mo and Mg atoms  are observed, resulting in (Mo and 
Mg)-first neighbors distances similar to those found in 
literature in compounds involving B and N atoms. For 
the MgN system a vacancy is formed in (10,0) BNNT 
with replace of Mg atom in place of N atom. The band 



G. P. SOARES  ET  AL. 
 

Copyright © 2011 SciRes.                                                                              JMP 

862 

structure shows that new levels appear in gap region and 
these levels are centered on the Mo and Mg impurity. 
Also, the difference between HOMO and LUMO is di-
minished when the Mo and Mg atoms are replaced in the 
pristine tube being that smallest difference between the 
HOMO and LUMO is observed in the MoN system 
whose value is 0.42 eV. The results for the formation 
energies indicate that the configuration more favorable 
energetically where the B (N) substitution by a Mo atom, 
especially for the N-rich situation in MoB configuration. 
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