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The field emission characteristics of tilted nanomaterials depend notably on their inclination angles. Therefore, in this paper, 

the significant influence of orientation angles (OAs for short) on field emission characteristics of a capped (5, 5) boron 

nanotube (BNT) was investigated using density functional theory calculations. Their work functions with different OAs 

decreased linearly with applied electric fields, and emission currents increased distinctly with external electric fields. There 

was a small difference among these work functions under lower electric fields. However, distinctions of work functions and 

emission currents were enlarged while the external fields ranged from -0.1 V/Å to higher value. The emission currents of the 

(5, 5) BNT under applied electric fields were comparable to that of carbon nanotubes (CNTs) under the same electric fields, 

and the apex of the (5, 5) BNT were the highest probable positions for electron emission. The tunneling probability of the 

pristine (5, 5) BNT with OA=0 reached maximum value, so that the BNTs perpendicular to the substrate would achieve the 

largest emission current. 
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1. Introduction 

 

Nanomaterials such as carbon nanotubes, graphene 

and monolayer t ransitional metal chalcogenides are 

potential structures to meet the demands of future 

nanotechnology. In recent decades, carbon nanotubes  [1] 

have attracted diverse interests as promising raw material 

for new nano-electronics because of their special 

electronic property and geometry. The applications of 

carbon nanotubes in field emission devices have been fully  

demonstrated in particular [2-3]. Boron, as carbon, also 

has attracted wide attention due to its advantages as 

candidates of superhard material [4-6]. In recent years, 

several new boron structures have been presented [7-12]. 

Thereinto, the pure boron nanotubes have been prepared in 

2004 [13-15]. Similarly, boron nanotubes are constructed 

by curling up two d imensional nanosheets along a certain 

direction. In contrast to carbon nanotubes, all boron 

nanotubes are predicted to be metallic and have large 

densities of states at their Fermi energies, regardless of 

diameter or chirality [16]. Therefore, the BNTs should be 

better metallic  systems for one-d imensional electronics 

and may have h igher superconducting temperature than 

CNTs. 

Liu et  al. [14] found that individual boron nanotubes 

can achieve a high current of 80×10
-5

 A and a current  

density of 2.04×10
11

 A/m
2
. The experimental work 

function is 4.52 eV, which may be lower than that of CNTs 

(~4.80 eV) [17]. Considering the BNTs fabricated by Liu  

et al. [13] possessing good field emission properties, [14] 

they should be useful for part icular applications in field  

emitters, light emitt ing diodes, organic light-emitting  

diode, etc. The calculated work function of boron α-sheet 

(4.11 eV) [13] is in accord with the experimental value [14] 

Therefore, the actual structure of boron nanotubes may  

stem from the α-sheet.  

The work functions and field emission characteristics 

were engineered using an external electric field, [18] 

chemical and metal dopings, [19] substrate orientations, 

[20] and self-assembled monolayers or metal oxide layers 

[21] for the design of nanoscale electric devices. Thus, 

modulation for the work functions and field emission 

characteristics of boron nanotubes on atomic scale is 

crucial fo r maximizing device performance.  Recently, the 

orientation of aligned CNTs has gotten attention and it has 

been shown that it is possible to grow CNTs with an 
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orientation angle d ifferent from the vert ical in local areas
 

[22–25]. Experimental results show that the field emission 

characteristics (particularly the electrical field  

enhancement factor) of a tilted nanotube depend notably 

on the inclination angle  [26]. However, so far there is no  

report in field emission characteristics of capped BNTs 

with different orientation angles. 

In this letter, we present the influence of OA on field  

emission characteristics of BNTs (here we selected a 

typical BNT which derived from α-sheet [27] 

single-walled armchair (5, 5) BNT) using density 

functional theory calculat ions. The simulation results  

reveal that the boron atoms at the apex (emission surface) 

of the BNT are the highest probable positions for electron 

emission. 

 

 

2. Calculation details 

 

Fig. 1 d isplays the atomic structure of the armchair  

(5, 5) α-BNT which originates from the boron α-sheet. The 

(5, 5) BNT consists of a six-layer stem along tube axis, a  

hemisphere of B80
 
fullerene, and ten hydrogen atoms. The 

orientation (inclination) angles were modeled by rotating 

tube axis (Z axis) of the (5, 5) BNT in YOZ plane with  

different angles: N*π/12 (N=0, 1, 2, 3, 4, 5, 6 and 7), 

which are illustrated in Fig. 1(a). 

 

 

 

                               (a)                                             (b) 

Fig. 1. (Color Online) Side view of (a) (5, 5) boron nanotube (orientation angles were modeled by rotating tube axis 

of the (5, 5) BNT in YOZ plane with different angles (OA=0, π/12, π/6, π/4, π/3, 5π/12, π/2) and top view of (b) (5, 5) 

boron nanotube with a hemisphere of B80 at one end. Green and purple balls represent B and H atoms, respectively. 

 

Our research was carried out using density functional 

theory (DFT) under Perdew–Burke–Ernzerhof (PBE) 

generalized gradient approximat ion (GGA) [28]. A 

tetragonal supercell was constructed with a vacuum width 

of 3.0/3.5 nm along X/Z axis to avoid corresponding 

deviations. The Γ point approximat ion was used to sample 

the Brillouin zone. The structure was fully optimized with  

an energy cutoff of 400 eV. We had exerted dipole and 

potential correction
 
[29-30] on structure optimizat ion. We 

had also taken into account the van der Waals (vdW) 

interactions by using DFT-D2 functional within GGA-PBE 

[31-32]. 

The work function was defined as WF = Vl - Ef (Vl 

represents vacuum level and Ef denotes Fermi level)
 
[33]. 

All structure optimization was carried out using the pwscf 

package, a suite of codes for ab init io electronic-structure 

calculations [34-35]. The emission currents under external 

fields were achieved using theory from Khazaei et  al. [36]. 

The supercell was separated by a fine mesh (80×192×192), 

and the emission current was obtained by integrating all 

the currents from all elements of the mesh.  

 

3. Calculation results and discussion 

 

The work function of the p ristine capped (5, 5) BNT 

(with OA=0) along Z-axis/X-axis (WFZ/WFX) is 

4.69/4.72 eV, which is higher than that of our calculation  

results of pristine capped (5, 5) CNTs (4.20 eV) in Ref. 37. 

The higher work functions than that presented in Liu et  al. 

[14] are based on participation of the B80 hemisphere. 

To research the field emission characteristics of the  

(5, 5) BNT, a uniform electric field (E=-0.1, -0.2, -0.3, -0.4 

and -0.5 V/Å, which are approximately equal to the 

electric field in experiments  [14], is applied along tube 

axis (Z axis). The structural change after relaxation is 

rather small under applied fields. Fig. 2 shows the work 

functions of the (5, 5) BNT along Z-axis with different  

orientation angles plotted against the applied electric fields 

(The work functions shown in Fig. 2 only  have relative 

significance in investigating the difficulty level of emitting  

electrons and influence of electric fields on them. The real 

definit ion of work function in solid state physics is the 
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work function under 0 V/Å). As shown in  Fig.  2, the work 

functions of the (5, 5) BNT decrease linearly with applied  

electric fields. The linear dependence on electric fields 

indicates that the work functions of the (5, 5) BNT can be 

simply manipulated by applied electric fields. 

 

Fig. 2. (Color Online) Work functions of the (5, 5) BNT with 

different orientation angles versus electric fields 

 

 

There was a s mall d ifference among work functions 

under 0 V/Å for the (5, 5) BNT with different orientation 

angles. However, the difference was enlarged while the 

external fields changed from 0 V/Å to -0.5 V/Å. Moreover, 

the work functions decrease evidently with the OAs. The 

(5, 5) BNT with OA=0 possesses the lowest work 

functions under all electric fields. Our result shows that the 

fluctuation of WF is mostly due to the change of vacuum 

levels, while the shift of Fermi levels has only a very slight 

impact. To be precise, the Fermi/vacuum level shift of the 

(5, 5) BNT under -0.5 V/Å is +0.54/-4.30 eV, and variation  

of work function is -3.74 eV. Moreover, other types of 

BNTs such as (9, 0) and (5, 0) BNTs are presumed to have 

similar phenomenon as the (5, 5) BNT. 

Due to the influence of applied  electric fields, the 

electrons are easily transferred from bottom to top of the 

BNTs. Fig. 3 shows the differential charge density (DCD 

for short) of the (5, 5) BNT with different orientation 

angles (OA=0, π/4 and π/2) under -0.5 V/Å. The DCD 

accumulate on apexs after apply ing the electric fields, 

exhibit ing features of a π molecular orb it (especially for 

OA=0) on the apexs. The redistribution of electric charge 

will elevate the Fermi levels and decrease the vacuum 

levels. The DCD of the (5, 5) BNT with other orientation 

angles is similar to the previously discussed DCD. 

Furthermore, the DCD under stronger electric fields are 

presumed to be more evident in charge transfer and  

Fermi/vacuum level shift. 

 

(a)                                    

  

(b)                                   

 

 (c) 

Fig. 3. (Color Online) 3D contours for differential charge 

density distributions of the (5, 5) BNT with (a) OA= 0,  

(b) OA= π/4 and (c) OA=π/2 under -0.5 V/Å. 

 

Fig. 4 illustrates the density of states (DOS for short) 

of the (5, 5) BNT under -0.1, -0.2, -0.3, -0.4 and -0.5 V/Å  

with OA=0, and Fig. 5 g ives the DOS of the (5, 5) BNT 

with different orientation angles (OA=0, π/4 and π/2) 

under -0.5 V/Å. As shown in Fig. 4, the capped (5, 5) BNT 

presents semiconducting properties because of presence of 

hemisphere of B80. The density of states of the (5, 5) BNT 

under different electric fields have no distinct difference 

except for the Fermi levels. From Fig. 5, it is evident that 

the DOS of the (5, 5) BNT with different orientation 

angles have also no distinct change except for the Fermi 
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levels. 

 

Fig. 4. Density of states (DOS) of the (5, 5) BNT with   

OA = 0 under different electric fields (0~-0.5 V/Å).  

Fermi levels are set to 0 eV. 

 

 

Fig. 5. Density of states (DOS) of the (5, 5) BNT with 

different orientation angles (OA= 0, π/4 and π/2) under 

-0.5 V/Å. Fermi levels are set to 0 eV. 

 

Fig. 6 shows the projected density of states (PDOS for 

short) of a boron atom on apex (emission surface) of the (5, 

5) BNT with different orientation angles (OA=0, π/4 and 

π/2) under 0 and -0.5 V/Å. For the (5, 5) BNT under 0 V/Å, 

the PDOS of boron atoms near the Ef is mostly due to 2pz 

orbitals of boron atoms. After applying an electric field  

(-0.5 V/Å), the PDOS of boron atoms with OA=0 and π/4  

has also no distinct change except for the Fermi levels. 

However, the PDOS near the Ef is mostly due to 2px and  

2py orbitals of the boron atoms while the orientation angle 

change from 0 to  π/2, which reveals charge transfer from 

2pz orbit to 2px and 2py orbitals  of boron atoms on the apex. 

These characteristics are consistent with differential 

charge density distribution as shown in Fig. 3. 

Furthermore, charge transfer from 2pz orbital to 2px+2py 

orbitals of boron atoms depresses the Fermi levels and 

enhances the work functions. Similar properties of PDOS 

are found for the (5, 5) BNT with other orientation angles 

and electric fields.  

 

 
Fig. 6. (Color Online) PDOS of boron atoms in the first 
layer of the (5, 5) BNT with different orientation angles 

(OA = 0, π/4 and π/2) under -0.5 V/Å. 

 
 

The field emission properties depend on many other 

factors including field enhancement factor, tunneling  

probability, electronic occupation of orbit, and electron 

density on emission site. Fig. 7 illustrates the 2D contours 

for electric field distribution of the (5, 5) BNT with  

different orientation angles (OA=0, π/4 and π/2) under -0.5 

V/Å. From this figure, we can clearly observe that the 

boron atoms on apex of the (5, 5) BNT plays an important 

role in electron emission because of the strongest electric 

field. However, the orientation angles have almost no 

influence on field enhancement factor of the (5, 5) BNT 

(2220/2220/2217 for OA=0, π/4 and π/2 in our 

calculation). 

Fig. 8(a)-(c) displays the patterns of tunneling 

probability (TP for short) of the pristine (5, 5) BNTs with  

different orientation angles (OA=0, π/4 and π/2) under -0.5 

V/Å, wherein the bright spots correspond to sharp area of 

apex of the (5, 5) BNT. Saito et al. [38] and Kuzumaki et  

al. [39] concluded from a field emission microscopy image 

of a carbon nanotip that most probable emission sites 

located either on center pentagon or on neighboring atoms. 

However, our first-princip les results show that, under the 

influence of orientation angle, the most probable emission 

sites are not necessarily the center pentagons/hexagons . 

And the boron atoms on the tip  of the pristine (5, 5) BNTs 

and their adjacent bonds are the highest probable positions 

for electron emission under an external field. 
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(a)                         

 

 (b) 

 

(c) 

Fig. 7. (Color Online) 2D Contour for electric field 

distribution of the (5, 5) BNT with different orientation 

angles ((a) OA= 0, (b) OA= π/4, (c) OA= π/2) under -0.5 

V/Å. Color depth denotes different values of electric field    

intensity. 

 

 

 

(a)                               

 

(b)                           

 

(c) 

Fig. 8. Total tunneling probability pattern for (a) the (5, 5) 

BNT under -0.5 V/Å with OA= 0, (b) the (5, 5) BNT 

under -0.5 V/Å with OA= π/4, (c) the (5, 5) BNT under  

-0.5 V/Å with OA= π/2. Luminance in the pattern denotes  

different values of the tunneling probability. 
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We have also achieved localized electron density 

(LED for short) of the (5, 5) BNT under applied electric 

fields with different orientation angles (OA=0, π/4 and  

π/2), and Fig. 9 shows the LED for molecule orb its 

associated with the largest emission currents. As shown in 

Fig. 9(a)-(b), the localized electron density is mainly  

localized around pentagon and hexagon rings on the 

emission surface (apex) of the (5,  5) BNT. Therefore, the 

pentagons/hexagons on apex own both maximum TP and 

maximum LED, and then the molecule orbital achieves the 

largest current on pentagon/hexagon. In addition, energy 

orbits localized on the other pentagons/hexagons and 

sidewall result in smaller emission currents than that of the 

degenerated energy orbits mentioned above. As shown in  

Fig. 9(c), the localized electron density is mainly  localized  

on sidewall. Consequently, the degenerated energy orbital 

approximately contributes largest emission current on 

sidewall. 

 

 

(a)                     (b)                             

     

(c) 

Fig. 9. (Color Online) The electron density of orbits which have the largest emission currents for (a) the (5, 5) 

BNT under -0.5 V/Å with OA= 0, (b) the (5, 5) BNT under -0.5 V/Å with OA= π/4, (c) the (5, 5) BNT under 

-0.5 V/Å with OA= π/2. 

 

According to the tunneling probability, the electronic 

occupation of orbits, and LED for molecu le orb its, the 

total emission currents for the pristine BNT with different  

OAs were achieved by integrating the currents from all 

molecule orb its and all elements of the meshes, which are 

shown in Fig. 10. The current of the (5, 5) BNT with  

different OAs is very close to those of CNTs and carbon 

nanocones [40-41]. The emission currents under lower 

external fields (-0.1 and -0.2 V/Å) are relatively weak, 

with an order of 10
−7

 A. With enhancement in external 

fields, the potential barrier around the emission spot of the 

BNT is lowered, which make it possible to emit the 

electrons from low-energy molecule orb its. And then deep 

molecule orbitals would participate in field emission and 

make larger contribution to total current (with an order of 

10
-6

 A). Therefore, the emission currents under -0.3~-0.5 

V/Å are ev idently larger than that of under -0.3~-0.2 V/Å, 

with an order of 10
−6

 A. Moreover, from Fig. 10, one can 

find that the total currents increase exponentially with  

applied fields. However, comparing to the emission 

currents from all ind ividual states, it is unexpected that 

possibly the contribution of the same molecu le orb it to the 
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emission current at strong field  are less than that at weak 

field. 

 

 

Fig. 10. (Color Online) Emission current versus electric 

field for the (5, 5) BNTs with different orientation angles. 

 

 

There is a s mall distinction among the emission 

currents under -0.1 V/Å for the (5, 5) BNT with different  

orientation angles. However, the distinction was enlarged 

while the external fields changed from -0.1 V/Å to higher 

values. Moreover, the emission currents decrease evidently 

with orientation angles . The (5, 5) BNT with OA=0 gains 

the strongest emission currents under arbitrary  electric 

fields. Therefore, the (5, 5) BNT perpendicular to the 

substrate is good candidate for field emission devices. 

Moreover, other types of BNTs (such as (9, 0) and (5, 0) 

BNTs) are presumed to have similar conclusions as the           

(5, 5) BNT. 

 

 

4. Summary 

 

We have researched the influence of orientation angles 

on electronic and field  emission characteristics of the (5, 5)  

BNT using density functional theory calculations. The 

calculation results reveal that the boron atoms at the center 

of emission surface and their adjacent bonds of the BNT 

are the h ighest probable positions for electron emission. 

The emission currents of the (5, 5) BNT under applied  

electric fields are very close to those of CNTs and carbon 

nanocones, and their work functions decrease linearly with  

applied electric fields. The work functions of the BNT 

decrease/increase regularly with E/OA, but the emission 

currents increase/decrease evidently with E/OA. 

Enhanced/weakened field emission properties  by rotating 

the tube axis are related to change in W f and total currents, 

which are attributed to increase of the Ef and decrease of 

the Vl. The (5, 5) BNT with OA=0 gained the strongest 

emission currents under arbitrary  electric fields. Therefore, 

the (5, 5) BNT with OA=0 can be strong candidate for 

electron field emitters. 
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