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1.0 Introduction 

Recently, Two-dimensional materials have received a lot 

of attention because of exceptional characteristics they 

demonstrated in electronic and optical properties (Baig, 

2023; Gidado et al., 2024; Shuaibu et al., 2021). Following 

the discovery of graphene, heavy group-IV elements (Si, 

Ge, and Sn) are currently receiving a lot of attention due to 

their similar electronic properties. Examples include the 

properties of massless Dirac Fermions in charge carriers 

formed via linear band dispersion at the Fermi energy. 
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Recently, several experimental approaches have been used 

to create 2D materials (Geng & Yang, 2018). Silicene and 

germanene based honeycomb-like buckled structures have 

been synthesized using molecular beam epitaxy method 

(Abbasi & Sardroodi, 2018). Different allotropes of 

atomically thin tin have been theoretically predicted by 

Garcia and co-workers (Garcia et al., 2011). They have 

suggested that tin-based allotropes exhibit properties 

similar to graphene. Stanene as one of the imperative 

largest honeycomb-like structure its shows attractive 
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properties such as Dirac-cone, high carrier mobility and 

unfortunately with unfavorable zero energy band-gap 

(Abbasi, 2019). Generally, stanene has numerous 

applications such as energy storage, energy conversion and 

photocatalyst. Zero band gap of stanene has been 

confirmed by numerous first principles calculation without 

inclusion of spin-orbit coupling (SOC) (Nagarajan & 

Chandiramouli, 2017; Taura et al., 2021; Zhao et al., 

2024). However, inclusion of SOC created a band gap of 

about 0.1eV, which designates its potentiality for next-

generation optoelectronic applications. Furthermore, 

suitable chemical functionalization produces a band gap of 

0.3 eV (Chen et al., 2024; Zhang et al., 2014). Thus, tuning 

the fundamental band gap of stanene has triggered 

enormous interest in fabricating and designing electronic 

devices with high performance (Itas, Suleiman, Ndikilar, 

Lawal, Razali, Ullah, et al., 2023; Qi et al., 2021). The 

most important limitation of utilizing pristine stanene for 

optoelectronic application is its gapless nature. Conversely, 

Garg et al. used Vienna Ab Initio Simulation Package 

(VASP) to investigate the effects of doping Borron 

(B)/Nitrogen (N) elements into stanene structure and 

significant improvements in band gap opening has been 

achieved around the Fermi level (Garg et al., 2017). 

However, based on our knowledge there is no detailed 

studied on Be/N co-doped stanene nanosheets. Thus, doped 

stanene monolayer could be a promising candidate for a 

large diversity of applications. Therefore, the potential for 

a band gap to arise in stanene is of tremendous scientific 

interest. Diverse methods have been used to alter the 

electronic properties of pure stanene. For instance, Tang et 

al. recommended that electronic properties of pure stanene 

can be modify via functionalization (Tang et al., 2021; Xu 

et al., 2015). Wang and co-workers reported that 

stanene/hexagonal boron nitride (hBN) heterostructure 

produces a sizable band gap when compared to pure 

stananene (Wang et al., 2014). Several studies suggested 

that doping is one of the efficient methods to modify the 

band gap of 2D materials (Chaves et al., 2020; Lawal et al., 

2021; Nandee et al., 2022; Yang et al., 2024). The 

structural and electronic properties of Be-N co-doped 

stanene are examined in this paper by substitutional 

elemental approach using first-principles calculations 

within density functional theory (DFT) framework exposed 

to acute concentrations. 

 

2.0   Computational Method 

In this work, Quantum Espresso and Yambo codes were 

used for converging test, electronic and structural 

properties calculations. For treating exchange-correlation 

functional, generalized Gradient approximation (GGA) as 

proposed by Perdew-Burke-Ernzerh of (PBE) was used. 

We set convergence tolerance to be 10-3 and 10-5 eV/Å for 

force and total energy for all self-consistency calculations 

(Mubashir et al., 2024; Ziesche et al., 1998). In the case of 

expanding electronic wave functions and charge density, a 

Kinetic energy cut offs of 50 Ry and 280 Ry were used for 

all the calculations. Structurally, stanene has low-buckled 

honeycomb structure containing two atoms arranged in 

hexagonal structure and this geometry is the most stable 

structure (Liu et al., 2022). The stable structure of stanene 

has weak π − π bonding between the tin atoms. Presence of 

buckling and weak bonding increases the stability in 

stanene due to increase in overlapping between σ and π and 

orbitals. The first Brillouin zone (BZ) of the system 

constructed from the two-atom unit cell is integrated with 

Monk-horst Pack grid of (12 12 1) for structural and 

electronic properties calculations. The constructed system 

considered in this work containing 18 atoms with a periodic 

slab of 3×3 supercell. To model the doped system various 

beryllium (Be) and nitrogen (N) atoms were substituted 

into the stanene slab of 3×3 supercell, and systematic study 

on the effects of substituting Be, N and Be-N into stanene 

on structural and electronic properties were determined and 

analyzed in detail. A convergence test for interlayer gap 

has been conducted in order to neglect interlayer 

interactions, converged value of about 25 Å has been 

attained. Therefore, we used vacuum space of 25 Å in the 

z direction to neglect any interaction between the periodic 

layers (Mohebpour et al., 2025). In structural properties 

calculations all atoms were allowed to relaxed for both pure 

and doped systems. 

 

3.0 Results and Discussion 

 

3.1 Convergence test for e-cut and k-points of pure 

stanine 

A fundamental prerequisite for first-principles calculations 

within the context of DFT is the execution of convergence 

test calculation prior to structural, electrical, and optical 

properties calculation (Itas et al., 2024; Yusuf et al., 2024). 

Figure 1 results show the outcomes of convergence tests 

with regard to the plane wave kinetics energy cut-off and 

k-points mesh, respectively. The convergence test in Figure 

1(a) shows that the total energy fluctuates greatly with 

regard to the kinetic energy cut-off from 10 Ry to 30 Ry 

and is nearly constant at 40 Ry. Therefore, for all of our 

computations, we used 50 Ry as the kinetic energy cut-off 

value. The variations of the total energy with k-points are 

presented in Figure 1(b). Nevertheless, the total energy 

changes substantially with the number of k-points 

signifying a well-converged value at exact points. 

However, the total energy decreases from 3×3×1 to 8×8×1 

k-point grids and remain almost steady at 8 x 8 x 1 k-points. 

Therefore, 12×12×1 k-point is used for all our calculations.  
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Figure 1: (a) Convergence of kinetic energy cut-off with 

respect to total energy (b) Convergence of k-points grids 

with respect to the total energy. 

 

3.2 Structural and electronic properties of pure 

stanene  
Primitive unit cell of stanene contained two atoms of tin 

(Sn) arranged in hexagonal structure (Shuaibu et al., 2021; 

Taura et al., 2021). As a results of weak π-π bonding 

between the Sn-Sn atom, Sn has buckling geometry. The 

structure of 3×3 supercell of stanene containing 18 atoms 

of tin as displayed in Figure 2(a). The computed lattice 

parameter of 3×3 supercell of stanene with inclusion of 

SOC and vdW corrections were found to be a=b=4.66 Å 

and this value is consistent with experimental value of 4.67 

Å (Ochapski & De Jong, 2022). The calculated bond length 

and bond angle of 2.920 Å and 111.6° with the most recent 

vdW functional (vdW-DFC09x) matched very well with 

experimental results of 2.94 Å (Deng et al., 2018). The 

buckling height of 0.87 Å is in good agreement with 

experimental measurement of 0.85 Å (Ochapski & De 

Jong, 2022).  It was reported that the most stable Sn is the 

buckling form due to the weak π-π interaction, which is 

difference from planar geometry of graphene. Also, by 

setting Fermi level to zero, the calculated electronic band 

structure of pristine stanene with and without SOC are 

displayed in Figure 2 (b) and 2 (c). 

 
Figure 2: (a) Relaxed structure (b) Band structure without 

SOC (c) Band structure with SOC of a 3 × 3 supercell of a 

pristine Sn sheet.  

 

Figure 2 (b) revealed that the calculated band structure of 

stanene without taken into account the effect of SOC is a 

gapless material, and the Dirac cone is located at K-point 

and this matched very well with previous results (Abbasi, 

2019; Abbasi & Sardroodi, 2018). Figure 2 (c) shows that 

addition of SOC and vdW-DFC09x open a reasonable band 

gap of about 0.1 eV. This open up the possibility of 

utilizing stanene for highly efficient integrated circuits 

(ICs) (Liu et al., 2011). Interestingly, stanene behave like 

quantum spin hall insulator (QSHI) by adding SOC (Xu et 

al., 2013). Furthermore, metallic nature of pure stanene is 

the limitation that prevent utilizing it for future 

optoelectronic devices such as solar cell, photodetector etc. 

Hence, doping stanene with non-metal elements such as 

nitrogen (N) and beryllium (Be) can make it a promising 

candidate for numerous applications like solar cell. Hence, 

significant improvements can be achieved by doping pure 

stanene with different elements like N and Be atoms by 

using substitution method. Generally, doping using 

substitutional method is a well-known approach for tuning 

the electronic properties of materials. The electronic 

properties of stanene and graphene are similar because is 

the fourth member of carbon family, therefore, band gap 

opening is possible by simple mono- (Be, N) doping and 

co-doping (Be-N). The results of Beryllium (Be) doped 

stanene indicated its potential as a promising candidate for 

optoelectronic applications. Previous study demonstrated 

that substituting Be in graphene nanosheet open its band 

gap to about 0.298 eV, signifying Be doped graphene as a 

semiconductor material (López-Urías et al., 2015). Here, 

we have taken Be doping into account in the amounts of 

5.67 %, 11.11 % and 16.67 %. In order to achieved 5.6 %, 

11.11 % and 16.67 % doping concentration one, two and 

three atoms of Be were substituted into the tin vacancy of 

3×3 supercell of Sn sheet containing 18 atoms. Here, we 

have taken Be doping into account in the amounts of 5.6 

%, one Be atom was substituted into 18 atoms of stanene 

supercell. Moreover, because of the difference in atomic 

radius, the structure warps more. For full first principles 

calculation, we have also relaxed Be doped stanene in order 

to obtained the optimized parameters, it was found from the 

results that Be doped stanene has buckling structure similar 

to pure stanene. The buckling height of Be doped stanene 

was found to be 0.89 Å and this value is higher than that of 

pure stanene. The electronic structure in Figure 3 (b) 

demonstrates that the Fermi level is shifted towards the 

valence band edge in comparison to pure stanene due to 

deficiency of electron in Be in relation to Sn, indicating that 

stanene doped beryllium is a p-type material. In this work, 

the Dirac cone was found to be shifted by 0.28 eV from the 

Fermi level. This helps to explain the change in electronic 

properties caused by Be-doping. Therefore, Be doped 

stanene exhibits a band gap above the Fermi level of 0.29, 

0.56 and 1.1 eV for 5.6 %, 11.1 % and 16.7 % 

concentrations, indicating that Be doped stanene could 

behave as a degenerate semiconductor. Band structure 

analysis of Be doped Sn shows that the band gap value 

increases as the concentration of the dopant increases.   
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Figure 3:  Relaxed structure of Be doped stanene at 

different impurity concentration (a) 5.6 % (c) 11.1 % (e) 

16.7 %   and band structure of Be doped stanene at different 

impurity concentration (b) 5.6 % (d) 11.1 % (f) 16.7 % 

Experimental and theoretical studies have shown that N 

doped graphene is a promising candidate for optoelectronic 

applications such as catalysis and solar cell applications 

(Olaniyan et al., 2018; Wang et al., 2012). Therefore, we 

expect that N doped stanene might demonstration similar 

band structure as that of N doped graphene.  Thus, we have 

calculated the electronic properties of N doped Sn by 

substituted one, two and three atoms of N in the stanene 

supercell containing 18 atoms which also corresponds 

to5.6 %, 11.1 % and 16.7 % concentrations.  Figure 4 (a), 

(c) and (e) show the relaxed structure of N doped stanene 

and the buckling parameter were found to be 0.90 Å and 

this value is almost the same as that of Be doped stanene. 

In addition, the calculated Sn-N bond length was also 

found to be 2.26 Å and this value is significantly lower than 

that of Sn-Sn of (2.920 Å). The electronic band structure in 

Figure 4 (b), (d) and (f) show that the Fermi levels were 

shifted towards conduction band edge when compared to 

pure stanene, demonstrating that stanene doped with 

nitrogen is an n-type material and providing insight into the 

change in electronic properties brought on by N-doping. 

The n-type nature of N doped stanene is in good agreement 

with previous first principles calculation (Garg et al., 

2017).  The band-gap below the Fermi level were 0.30, 0.45 

and 0.96 eV for 5.6 %, 11.1 % and 16.7 % doping 

concentrations. Furthermore, in our studies we observed 

that the Dirac cone exists for both Be- and N-doped 

Stanene while in the previous study the Dirac cone 

vanished in the case of N doped stanene (Garg et al., 2017). 

The discrepancy between our results and that of Garg et al. 

(Garg et al., 2017) could be due to low concentration level 

or lack of inclusion of van der Waals correction in their 

calculation. This suggests that N doped stanene is an n-type 

material. Additionally, the structure shows more distortion 

around the N-centre and this can be understood from the 

Sn-N bond distance (2.26 Å) in comparison to Sn-Sn bond. 

Thus, our studies suggested that N doped stanene could be 

a promising candidate for optoelectronic application 

similar to N doped graphene.  

.  

 

 

 

 
  

Figure 4:  Relaxed structure of N doped stanene at 

different impurity concentration (a) 5.6 % (c) 11.1 % (e) 

16.7 %   and band structure of N doped stanene at different 

impurity concentration (b) 5.6 % (d) 11.1 % (f) 16.7 %  

  

Finally, we have also considered Be-N co-doped stanine to 

compare the results to that of mono-doping and see if there 

is improvement for band gap opening in stanine. 
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Furthermore, Olaniyan et al. (2018) have investigated the 

stability, electronic and optical properties of beryllium and 

nitrogen co-doped graphene phases using Projected 

Augmented Wave (PAW) with the Generalized Gradient 

Approximation as proposed by Perdew Burke Ernzerhof 

(PBE). In their studies they found that Be-N co-doped 

graphene is a promising candidate for various applications 

such as optoelectronic and nano-electronic devices 

(Olaniyan et al., 2018). Additionally, Be-N co-doping 

induces electron (e) and hole (h) concurrently. Therefore, 

there is possibility of wider band gap opening in stanene. 

For this, we have performed band structure calculations of 

Be-N co-doped Sn using nearest-neighbours configuration. 

In the case of Be-N co-doped Sn two atoms of 3×3 Sn 

supercell was substituted by a pair of Be and N atoms 

which corresponding to 11.1 % of B-N doping. In our 

arrangement, Be and N atoms were co doped in a way such 

that the distance between them is the lowest to for the 

formation of covalent bond. The electronic band structure 

of Be-N co-doped Sn is depicted in Figure 4 (a) and the 

results shown that the Fermi level is shifted towards the 

valence band edge when compared to that of pure stanene, 

which indicates that stanene co-doped Be-N is also a p-type 

material and this helps to explain the change in electronic 

properties caused by Be-N co-doping. Moreover, Dirac 

cone in the band structure plots of Be-N co-doped Sn 

vanished at the Fermi level whereas in the case of Be- and 

N-doped Sn there is existence of Dirac cone at the Fermi 

level. However, a band value of 1.24 eV formed above the 

Fermi level, indicating that Be-N co-doped Sn is 

degenerate semiconductor material. Accordingly, our 

findings suggested that Be-N co-doped Sn is a promising 

material for optoelectronic and other application like Be-N 

co-doped graphene.  

 

   
Figure 5:  (a) Relaxed structure of Be-N co-doping stanene 

(b) band structure of Be-N co-doping stanene 

 

5.0 Conclusion 

In this paper, first-principles approached were used to 

investigate the structural and band structure of the effects 

of Be and N mono-doped and co-doped stanene to fully 

exploit the possibility of using stanene as semiconductor 

material for optoelectronic application. Kinetic energy cut-

off convergence test revealed that total energy fluctuates 

greatly with regard to the kinetic energy cut-off from 10 Ry 

to 30 Ry and is nearly constant at 40 Ry. The results of 

variations of total energy with k-points shows that total 

energy decreases substantially from 3×3×1 to 8×8×1 k-

point grids and remain almost steady at 8 x 8 x 1 k-points. 

The computed lattice parameter, bond length and bond 

angles with vdW corrections (vdW-DFC09x) were found 

to be consistent with experimental value for both Be and N 

mono-doped and co-doped stanene. The calculated band 

structure of Be and N mono-doped and co-doped stanene 

show that addition of impurity opens up a band gaps below 

and above the Fermi level, indicating a transition from 

metallic nature to semiconductor. Additionally, Be-N co-

doped stanene sheet opens up a wider band gap of 1.24 eV 

in comparison with the mono Be-and N-doped systems. 

Our findings suggested that Be-N co-doped stanene is a 

promising material for optoelectronic, solar and other 

application like Be-N co-doped. 
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