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Abstract-The electrical and optical properties of One Dimension-Single Walled Boron Nitride Nanotube (1D-
SWBNNT) doped with transition metal Iron are studied using the Quantum ATK. Highest direct bandgap obtained 
for S1 as 5.3167eV and S3 as 3.5328eV depicted the possibility of its use as a dielectric in the memory device. 
SWBNNT showed a consistent bandgap for varying lengths of the NT. Bandgap tunability and a moderate increase 
in the number of states in Density of States (DOS) plots can be achieved by the inclusion of transition metal 
dopants in pristine SWBNNT. In Projected-DOS (PDOS) plots we observed N and Fe atoms as the majority 
contributor of electronic states in the valence band and Fe atom as the main contributor in the conduction band. 
The inclusion of Fe dopant leads to an increase in the wavelength and optical gap. High optical conductivity for 
S2, S3, and S4 depicts its use as composites in photoconductive devices. The incorporation of Fe dopant led to a 
rise in susceptibility (  ) where S1 and S2-S4 showed a weak diamagnetic and strong paramagnetic property. 

BNNTs technologies are still growing, there is a need for further development bringing out its vast applications 
in the future.

Keywords- Single-Walled Boron Nitride Nanotube, transition metal, Extended Huckel, Inductively 

Coupled Plasma 

I. INTRODUCTION 

Boron Nitride Nanotubes (BNNTs) have been a revolutionary new Low-Dimensional (LD) material 
that is being extensively studied [1, 2]. BNNTs have a constant bandgap that does not depend on the 
radius and helicity as compared to CNTs [3] and have better oxidation and corrosion resistance at high 
temperatures [4, 5]. Thus, it is highly considered as a possible alternative to CNTs [6]. It is lightweight 
and the strongest nanomaterial with Young’s Modulus of 1.3TPa and tensile strength of 33Gpa [7]. 
Applications of BNNTs are as an electrical insulator, piezoelectric/ceramic composites, biomedical 
devices, fire retardant cabling, polymer composites, and radiation shielding [8-11].  

The literature survey indicated a research gap in studying the interaction of SWBNNT with strong 
ferromagnetic transition metal i.e., Fe. BNNT showed a higher vulnerability to doping [12-15] and 
functionalization [16, 17]. This paper provides a detailed study of electrical properties like effective 
mass, Density of States (DOS), bandstructure, and Projected-DOS (PDOS). And optical properties such 
as absorption ( a

 ), dielectric constant ( ), extinction ( k ) and refractive index ( ), optical 

conductivity ( ), reflectivity ( r ), and susceptibility (  ). Understanding the electrical and optical 
properties of nanotubes helps in validating its application in nanoelectronics and optoelectronic device 
[18, 19]. 

II. METHODOLOGY 

The atomistic calculation was performed using Extended Huckel (EH) based on the tight-binding (TB) 
model [20]. SWBNNT structure is constructed with 114 repetitions and chirality (8,0), the diameter 
of 6.27Å, and thickness of 13.17Å as shown in Fig.1. Four samples considered for our study are 
Sample1 (S1): pristine (8,0) SWBNNTs, Sample2 (S2): substitution of B by Fe atom, Sample3 (S3): 
substitution of N by Fe atom, and Sample4 (S4): substitution of B-N by two Fe atoms (2Fe). Table I 
shows the details of doping concentration and fermi energy of SWBNNT samples.  

Density mesh cut-off of 150Ry, Fermi-Dirac occupation, and boarding temperature of 1200K for all the 
samples [21]. The Brillion zone was sampled at 1150 k-points using Monkhorst-Pack grid Scheme. 



Pulay mixer algorithm with the tolerance of 0.0002Ry, maximum steps of 100, and damping factor of 
0.1 was used for controlling self-consistent iteration [21]. The geometric optimization was carried out 
for SWBNNT samples using Tersoff Potential with force tolerance of 0.05eV/Å and maximum steps of 
10 [21]. Fe as dopant was embedded at different sites in S2, S3, and S4 samples shown in Fig.1(b)-(d). 
The resultant bond length of 1.41Å and bond angle of 120.16º are obtained for S2 and S3 having Fe as 
dopant substitution with Fe-N and Fe-B. Similarly, for S4 we obtained a bond length of 1.42Å and a 
bond angle of 120º. 

Optical properties were investigated at optical spectrum energy range from 0 to 5eV with 101 sample 
points [22]. The Low Range Energy (LRE) varies from 0 to 2.5eV and High Range Energy (HRE) 
varies from 2.5 to 5eV [22]. 

Table I: Doping concentration and Fermi Energy of SWBNNT samples 

Sample Doping 

Concentration 

(%) 

Fermi 

Energy 

Ef (eV) 

1 Undoped -9.492 
2 1.042 -10.13  
3 1.042 -11.77  
4 2.083 -10.20  

Fig.1 Geometric structure of SWBNNT (a) S1, (b) S2, (c) S3, and (d) S4 



III. RESULTS & DISCUSSION 

A. Electrical Properties of BNNT 

BNNT predicted a wide bandgap of 5eV [3, 23, 24] which can be tuned by interaction with metal atoms 
[25]. Wide bandgap nanomaterials find good applications as composites in nanodevice, biodegradable 
polymers, and nanomedicines [26].   

Effective Mass 

The effective mass, band index, and energy calculation for SWBNNT samples are shown in Table II. 
The effective mass of pristine SWBNNT is 4.09E9. Further addition of heavy transition metal i.e., Fe 
to pure SWBNNT led to an increase in the effective mass of the sample. The effective mass of S2, S3, 
and S4 increases to 130.9E9, 43.6E9, and 523.6E9, respectively. It states that the effective mass of LD-
material depends on the concentration of dopant added. An increase in effective mass causes the 
crossing of bands at the Fermi energy (Ef) in bandstructure plots.  

Table II: Effective Mass, band index, and energy of four sample SWBNNT

Sample Band 

index 

Energy 

(eV) 
m(me) 

1 191 -2.701 4.09E9
2 193 -0.153 130.9E9
3 192 -0.171 43.6E9
4 195 -0.074 523.6E9

Bandstructure and DOS 

The bandgap is an important parameter that restrains material application and nanoelectronics device 
performance such as conductivity, sensitivity, and optical sensing range [27-30]. The direct bandgap of 
5.3167eV and 3.5328eV at Г point was observed for S1 and S2 samples. Quantum confinement leads 
to a higher bandgap in S1 and S2 with negligible temperature effects [31], provides its usefulness in 
high-power electronic device applications and as dielectric composites in Magnetic Tunnel Junction 
(MTJ) device [32]. A minimum direct bandgap of 0.1448eV and 1.7113eV at Г point was observed for 
S2 and S4 depicting semiconductor/metallic characteristics respectively. The addition of Fe dopants has 
significantly reduced the direct bandgap and exhibits semiconducting properties for S2, S3, and S4 
samples [33-37]. Table III shows the SWBNNT samples bandgap and its applicability.  

Another important observation was made, when the length of pristine SWBNNTs was increased (at 
11.37Å, 24.15Å, and 49.73Å) a constant bandgap was obtained. Whereas in the case of CNT/SiCNT, 
the bandgap increases with an increase in the length of nanotubes. Thus defines the bandgap consistency 
of SWBNNT which does not depend on its radius and length [38]. 

Table III: SWBNTT samples bandgap, and their applicability 

Sample Bandgap 

(eV) 

VB edge 

(eV) 

CB edge 

(eV)  

Applicability 

1 5.3167 -2.7014 2.6153 Insulator 
2 1.7113 -0.0791 1.6322 Semiconductor 
3 3.5328 -0.1145 3.1341 Insulator 
4 0.1448 -0.0709 -0.0730 Semiconductor/metallic 

From DOS plots we observed that the S1, S2, S3, and S4 samples have the highest peak at -4eV, -3.5eV, 
-2.5eV, and -3.2eV in Valence Band (VB), respectively as shown in Fig.2. The maximum number of 
states were observed in S2, S3 and S4 contributed by p-orbital as shown in Fig.2(c)-(d), depicting 
applications in optoelectronic devices [39-41]. Hence, the addition of Fe dopants leads to an increase 



in the number of peaks in DOS plots as shown in Fig.2(a)-(d), illustrate the application of SWBNNT as 
dielectrics in MTJ memory device with a high number of DOS states [22]. 

Fig.2 Density of States (DOS) vs Energy (eV) of (a) S1 (red), (b) S2 (blue), (c) S3 (purple), and (d) S4 (green) 

Projected-DOS (PDOS) 

PDOS plots for SWBNNT samples are shown in Fig.3(a)-(d). PDOS plot for S1 defines the even 
contribution of B and N shells in VB and CB as shown in Fig.3(a). S2, S3, and S4 predict the majority 
contribution of electronic state by Fe atom of L2 shell, N atoms of the L1 shell, and N atoms of L1 shell 
in the VB as shown in Fig.3(b)-(d). The cause of uneven charge distribution is due to unsymmetric Fe 
doped observed in PDOS plots for S2 and S3, resulting in a negligible electronic state in CB. Except 
for S4 having symmetry Fe doped leads to contributed of electronic state by Fe atoms of L2 shell in CB 
[42]. Uneven charge distribution between Fe atoms observed in PDOS plots is defined due to the lower 
electronegativity of Fe atoms compared to B (~2.04) and N (~3.04) atoms [22]. As more electrons are 
attracted by nitrogen atoms because of higher electronegativity [22].  



Fig.3 PDOS vs Energy (eV) plots of (a) S1, (b) S2, (c) S3, and (d) S4 

B. Optical properties of BNNT 

Investigating the optical properties of nanotubes is a new domain of interest in nanoscience [43]. The 
SWBNNT axis is set along the z-direction with Low Range Energy (LRE) range from 0-2.5eV and 
High Range Energy (HRE) range from 2.5-5eV for studying the optical properties [22]. This paper 
provides the study of optical properties of Fe doped SWBNNTs, as the same has not been explored 
much. 

Optical Absorption ( a
 ) 

Absorption predicts the photoluminescence property of optical materials [44, 45]. Optical absorption 
coefficient (    ) is given as,  

     2 2
1 2

1
2 ( )

2
              

                     (1) 

Where,  is the unit of energy, 1( )   and 2 ( )  are real and imaginary dielectric function. 



Optical absorption vs energy(eV): Observing a
  plot for S1, the LRE to HRE indicating the no peak 

contribution along xx/yy/zz direction determines its high reflectivity and insulating property. The 
highest peak was observed along xx direction in LRE for S2 as shown in Fig.4(a). Absorption peak in 
LRE appears due to sum over allowed band transition from occupied valance states to empty conduction 
state [22]. For S3 a

  plot showed the highest peak along xx/yy/zz at HRE because of allowed band 

transition from empty conduction states to occupied valance states [22]. The LRE to HRE indicates the 
highest peak along xx/yy direction for S4 as shown in Fig.4(a) & (b). Two major peaks denote sub-
band transition caused by first and second peaks for 2Fe doped S4. 

A constant optical gap of SWBNNT (S2 and S3) has applications in nano-optoelectronic devices for 
the absorption of harmful ultraviolet light [22]. Multiple peaks were observed for S4 shown in Fig.4 
due to the addition of 2Fe dopant, distorting its previous absorption parameters. The dual highest peak 
was observed at 1.2eV for S4. The highest optical gap peak for S3 of 5.71E-8cm, S4 of 1E-5cm, and 
S2 of 1.11E-5cm signify monochromatic nature and larger absorption intensity. Hence, finding 
applications in photodetector devices for wavelength detection [22].  

Optical absorption vs wavelength(nm): BNNTs are also considered as a promising electron emission 
material due to their negative electron affinity (NEA) [22]. No visible light spectrum was emitted while 
observing the absorption vs wavelength ( ) plot for S1.   of 700nm (red light), 300nm (UV light), 
and 5000nm (Infrared light) were observed for S2, S3, and S4 and predicting its use as composites in 
LEDs, medical devices and sensor applications [44].  

Comparison between absorption and luminescence measurement helps to reinterpret band and correlate 
absorption and emission [22]. Table IV shows the calculated Absorption peak, Energy, and Wavelength 
of SWBNNT samples. The addition of Fe dopant leads to an increase in the wavelength and optical gap.  

Fig.4 Absorption Vs Energy (eV) of S1, S2, S3, and S4 along (a) xx, (b) yy, and (c) zz direction 



Table IV: Calculation of Absorption, Energy, and Wavelength of SWBNNT samples   

Sample 

SWBNNT 

1st peak 

Absorption 

(cm) 

Energy 

(eV) 

Wavelength 

(nm) 

2nd peak 

Absorption 

(cm) 

Energy 

(eV) 

Wavelength 

(nm) 

1 Nil Nil Nil Nil Nil Nil 
2 1.11E-5 2 700 (red) 1.82E-5 3.6 300 (near 

ultraviolet) 
3 5.71E-6 5 300 (near 

ultraviolet) 
1E-5 4.5 2700 

(Infrared) 
4 1E-5 1.2 5000 

(Infrared) 
1.82E-5 3 450 (Blue) 

Dielectric constant ( ) 

Dielectric function ( ) consists of real ( 1( )  ) and imaginary part ( 2 ( )  ) [44] given as,  

1 2( ) ( ) ( )i                (2) 

Where 1( )   and 2 ( )  are the incoming light frequency of real and imaginary part of the dielectric 

function, respectively. The imaginary part of the dielectric constant illustrates the optical gap of 
SWBNNTs [22]. The peaks in the imaginary part i

  denote direct interband transitions between the 

Van-Hove (VHs). Distinctly two VHs transition of E1 and E2 was observed for S2, S3, and S4 along zz 
direction as shown in Fig.5(a)-(c). No peaks were observed in real and imaginary dielectric constant 
plots determining the low dielectric constant (Ɛ~1) value of pristine SWBNNT (S1). Table V shows the 
real dielectric constant value at 0eV for S1, S2, S3, and S4 along xx, yy, and zz direction. 

Table V: Real dielectric constant value at 0eV for S1, S2, S3, and S4 along xx, yy, and zz direction 

Samples  S1 at 0eV S2 at 0eV S3 at 0eV S4 at 0eV 

Re[Ɛ] along 
xx direction 

1 1.12368 1.20838 1.51868 

Re[Ɛ] along 
yy direction 

1 1.03508 1.23824 8.86546 

Re[Ɛ] along 
zz direction 

1 1.02256 1.23392 1.05616 



Fig.5 Dielectric constant of S1, S2, S3, and S4 along (a) xx, (b) yy, and (c) zz direction 

Extinction ( k ) and Refractive Index ( ) 

The sum of scattering and absorption representing the total effect of medium on radiation passing the 
material is determined using extinction spectrum [44]. Reflection of light ( ( )R  ) gives the relation 

between the   and k as 

2 2

2 2

( 1)
( )

( 1)
k

R
k





 


 

                    (5)  

Optical extinction and optical refraction index peaks were observed at 0eV and 1eV for S1 shown in 
Fig.6 &7. Similarly, maximum optical extinction and optical refraction peaks of 0.5 and 1.2, 0.35 and 
1.175, and 1.7 and 3 were observed at 1.9eV, 4.5eV, and 0.2eV for S2-S4 as shown in Fig.6 & 7. 
Identical maximum peaks were observed for optical extinction and refractive index for S2-S4. Thus, 
extinction and refractive plots validate the dielectric function ( )   of LD-SWBNNT material [46, 47].  



Fig.6 Extinction of S1, S2, S3, and S4 along (a) xx, (b) yy, and (c) zz direction 



Fig.7 Refractive Index of S1, S2, S3, and S4 along (a) xx, (b) yy, and (c) zz direction 

Optical conductivity ( ) 

Optical conductivity also helps in determining the electrical conductivity of the low-dimensional 
materials [48, 49]. High optical conductivity of 2.22E-3, 2.5E-3, and 4E-3 Ω.cm was observed for S2-
S4 along xx direction as shown in Fig.8(a). The lowest optical conductivity of 1.5e-09 Ω -1cm-1 was 
observed for S1 shown in Fig.8, depicting its high resistivity along xx direction. S2, S3, and S4 samples 
can be used as composites in photoconductive devices [22].  

High   peaks were observed at 0.2eV (LRE), 1.8eV (LRE), 4.5eV (HRE) and 1.2eV (LRE) for S1, 
S2, S3, and S4, respectively. The maximum peak was observed in S1-S4 referring to low to high inter-
band transition. High optical conductivity is due to the corresponding valence and conduction sub-bands 
transition (C1-V1, C2-V2) arises from the symmetry of Fe doped SWBNNT [47]. The study suggested 
that the energy of maximum optical conductivity increases with a decrease in diameter [50]. 

Fig.8 Optical conductivity of S1, S2, S3, and S4 along (a) xx, (b) yy, and (c) zz direction 



Reflectivity ( r ) 

The highest reflectivity of 0.35 is observed for S4 along yy direction as shown in Fig.9(b). The lowest 
reflectivity of 0 with a Reflective Index ( ) of 1 was observed for S1. The reflectance of nanotubes 

 R   is calculated having prior knowledge of its dielectric function     [51] given as,  

 
2

2

1 ( )

1 ( )
R






 

 




  
 
 

                 (vi) 

Optical reflectivity is the method to identify the nature of materials by measuring the incident beam 
fraction (transmitted or reflected) of monochromatic light onto a material [51]. Optical reflectivity of 0, 
0.05 at 1.8eV, 0.05 at 4.5eV and 0.35 at 0.2eV were observed for S1, S2, S3, and S4 along zz direction 
respectively, as shown in Fig.9(c). S4 predicts the maximum reflectivity peak lying in LRE, whereas 
for S2-S3 maximum reflectivity peak lying in HRE. It is observed that directions perpendicular to the 
tube axis (i.e., xx and yy direction) have higher optical reflectivity. S4 has the highest reflectivity of 
0.35 at 0.2eV, which predicts its implementation as a photoelectric sensor [47]. 

Fig.9 Reflectivity of S1, S2, S3, and S4 along (a) xx, (b) yy, and (c) zz direction 

Susceptibility (  ) 

The addition of Fe dopant in SWBNNTs has significantly increased the magnetic susceptivity in S2-S4 
shown in Fig.10. S1 has a minimum   of 6E-11, depicting its weak diamagnetic (  <0) property.  S2-
S4 exhibited   of 0.55, 0.4, and 7.6 respectively, depicting higher paramagnetic (  >0) property. An 
increase in Fe dopant concentration leads to a rise in   with stronger magnetic properties. Therefore, 



predicts the possibilities of using LD Fe doped SWBNNT material as a ferromagnetic layer in 
nanodevices. Table VI shows the susceptibility (χ) at 0eV for S1, S2, S3, and S4 along xx, yy, and zz 
direction. 

Fig.10 Susceptibility (χ) of S1, S2, S3, and S4 along (a) xx, (b) yy, and (c) zz direction 

Table VI: Susceptibility (χ) at 0eV for S1, S2, S3, and S4 along xx, yy, and zz direction 

Samples  S1 at 0eV S2 at 0eV S3 at 0eV S4 at 0eV 

χ along xx 

direction 

5.55E-11 0.12 0.21 0.52 

χ along yy 

direction 

5.55E-11 0.04 0.24 7.87 

χ along zz 

direction 

-1.11E-16 0.02 0.23 0.06 

IV. CONCLUSION 

Atomistic computation based on EHTB methods was used for the analysis of SWBNNT with different 
Fe doping sites. Further, the electrical and optical parameters were determined using the Quantum ATK 
tool. The addition of Fe as a dopant in SWBNNT resulted in the increase of effective mass value for 
S2, S3, and S4 samples. The effective mass is an important parameter in the device perspective. The 
highest direct bandgap obtained for S1 and S3 was 5.3167eV and 3.5328eV at Г point depicting its 
high-power electronic devices application. For S4 and S2, bandgap was obtained are 0.1448eV and 
1.7113eV at Г point with semiconductor characteristics. The SWBNNT shows a consistent bandgap 
with an increase in the length along the z-axis compared to CNT/SiCNT. The addition of Fe dopants 
leads to an increase in the number of peaks in DOS for SWBNNT, predicting its application in memory 
devices. A weaker and lesser number of DOS for S1 was observed in comparison to other samples. 



From PDOS plots we observed N and Fe atoms as the majority contributor of electronic states in VB 
and Fe atom as the main contributor in CB.  

Infirm optical excitation was observed due to lower SWBNNT density. The addition of Fe altered the 
absorption and wavelength properties (increase in Fe dopant leads to an increase in the wavelength and 
optical gap). The constant optical gap in S2 and S3 predicted applicability in nano-optoelectronic 
devices. From optical absorption vs wavelength plots of S2, S3, and S4 depicted its uses in the 
photodetector, LEDs, medical devices, and sensors. Dielectric constant ( ) is anisotropic for all the 
samples of SWBNNT. The imaginary part ( i

 ) of   peaks denote the direct interband transitions 

between the VHs as E1 and E2. Identical maximum peaks were observed for optical extinction and 
refractive index for S2-S4. High optical conductivity for S2-S4 were 2.22E-3, 2.5E-3, and 4E-3 Ω.cm 
along xx-direction, which can be used as composites in photoconductive devices. The lowest optical 
conductivity for S1 is 1.5E-09 Ω -1cm-1 depicting its high resistivity along xx direction. The maximum 
energy of optical conductivity increased with a decrease in diameter. The highest reflectivity of 0.35 at 
0.2eV is observed for S4 predicting its use in a photoelectric sensor such as smoke detectors. An 
increase in Fe dopant concentration led to a rise in  . S1 has a minimum   of 6E-11, depicting its 
weak diamagnetic (  <0) property.  S2-S4 present χ of 0.55, 0.4, and 7.6 respectively, showing higher 
paramagnetic (  >0) property. BNNTs related technology is still in infancy, but the recent trend in 
BNNTs development has resulted in fascinating and promising applications in near future. 
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