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Abstract 
 

A tight-binding approach comprising a pz orbital basis set is employed to induce a bandgap in massless Dirac Fermion, 

graphene. The role of the structural parameter, chirality, has been explored to determine the electronic band structure of armchair 

graphene nanoribbon (AGNR). The present results show that the key parameter, the bandgap in quasi-one-dimensional graphene 

nanoribbon, arises from quantum confinement. It is observed that the total number of carbon atoms present in the overall unit cell 

of AGNR is equal to the total number of subbands in the corresponding electronic structure. Important band structure parameter 

effective mass is computed from the parabolic region of the band structure. A decreasing trend of energy bandgap and effective 

mass as a function of width has been reported. Our results demonstrated that armchair graphene nanoribbon can be divided into 

three families 3p, 3p+1, and 3p+2, p is an integer. In addition, the electronic density of states at different chirality values has been 

studied, to support our findings of the electronic band structure. 
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1. Introduction 
 

Graphene nanoribbon (GNR), a planar, finite, and 

quasi-one-dimensional graphene structure constitutes a class 

of fast developing innovative attractive materials (Sahu & 

Rout 2017; Senkovskiy et al., 2021; Wang, Zhao, Yang & Liu 

2013). Unconstrained graphene is a two-dimensional one-

atom-thick carbon layer with carbon atoms arranged in a 

honeycomb lattice. Theoretical investigation of graphene’s 

linear and non-linear optical absorption properties reveals its 

application in optical and optoelectronic devices (Mu & Sun, 

2020; Mu, Chai, Wang, & Li, 2019).  Graphene and related 

materials are strong candidates for photodetectors, surface 

plasmon waveguides, metamaterials, and nanolasers in the 

future (Cui, Wang & Sun 2021). It exhibits a peculiar linear 

dispersion around the Dirac point and has zero bandgap (Raza 

& Kan 2008). The behavior of charge carriers in graphene is 

just like massless Dirac Fermions (Sheka 2018). 

Since graphene does not have a bandgap it cannot 

be used in logic devices. Countless approaches have been 

 

developed to engineer a bandgap in graphene. GNR is a 

structure obtained from a graphene sheet in a particular 

orientation. GNR with narrow width of less than 10 nm are 

promising materials as they have a wide range of spectrum of 

application to be used as sensors (Shrivastav, Cvelbar & 

Abdulhalim, 2021), conductive films (Ray, Parmar, Date & 

Datar 2021), batteries (Jaramillo-Quintero et al., 2021), 

energy conservation/storage devices (Wieland, Li, Rust & 

Chen, 2021; Ghosh, Sarkar, Devi & Kim, 2021). GNR has 

been classified as a zigzag (ZGNR) and armchair (AGNR) 

depending on the alignment of edge atoms (Wakabayashi, 

Sasaki, Nakanishi & Enoki 2010). A vast number of studies 

(Jhamb, Kamal, Randhawa & Sharma 2015; Kim et al., 2018; 

Poklonski, Kislyakov, Vyrko & Bubel 2012; Dubois, Zanolli, 

Declerck & Charlier 2009) of these edge structures have been 

made because the electronic and magnetic properties of GNRs 

depend on them. 

Numerous efforts have been made to fabricate 

atomically precise GNRs, which incorporate top-down or 

bottom-up approaches (Houtsma, Rie & Stohr 2021; Yang, 

Lucotti, Tommasini & Chalifoux 2016). Recent development 

shows that GNR can be synthesized by longitudinally 

unzipping carbon nanotube (Jun et al., 2021; Kuzmany et al., 

2021). Solution dispersion, a chemical method (Shekhirev & 
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Sinitskii 2017) has manifested that graphene sheets 

impulsively split into narrow ribbons comprisal of smooth 

edges.    

Theoretical aspects using the tight-binding (TB) 

approach (Wang et al., 2007; Yazyev 2013) or DFT approach 

(Ma, Guo, Xu & Chu 2012) reveal that, unlike graphene, 

AGNR can be either metallic or semiconducting. AGNR 

properties are controlled by the width of the nanoribbon and 

the crystallographic orientation of the edges or chirality 

(Nakada, Fujita, Dresselhaus & Dresselhaus 1996). 

Characteristics of the GNR are anomalous integer quantum 

hall effect, the ability to re-engineer electronic bandgap with 

the variation of carrier concentration, or by imposing an 

external electric field (Raza & Kan 2008). 

It has been proven that the AGNR bandgap is larger 

than those of bilinear graphene under a vertical electrical field, 

making AGNR a promising candidate for the fabrication of 

FET devices (Chen, Sangai, Gholipour & Chen 2013). First-

principle simulations indicated that the edge bond relaxation 

in AGNRs is a predominant parameter to determine their 

bandgap energies as the bonding characteristics between 

carbon atoms drastically change at the edges (Sako, 

Hosokawa & Tsuchiya, 2010). 

The tight-binding method of modelling materials 

(Wang et al., 2021; Goringe, Bowler & Hernandez, 1997) is a 

conventional, simple, and highly computational efficient tool 

for the quantitative description of electronic structures. 

Theoretically, another method such as density functional 

theory coupled with LDA has the disadvantage that it 

underestimates the bandgap of semiconductors and insulators 

(Miyake & Saito, 2005). The GW approximation of many-

body perturbation theory is computationally extremely 

expensive (Wilhelm, Golze, Talirz & Hutter, 2018). Keeping 

this in mind, the molecular structure, electronic band 

structure, and effective mass of AGNR are computed using 

the tight-binding model. Small-width AGNR, due to the large 

bandgap, plays an important role in room-temperature 

electronics (Borin Barin et al., 2019). Hence, the present study 

focuses on the investigation of the electronic structure of 

AGNR having a very small width in chirality ranging from (4, 

0) to (15, 0). Experimentally manufacturing GNR in the range 

of 1-2nm has the drawback that line edge roughness due to 

lithography and etch process (Knoch, 2020) is transferred into 

fluctuating potential along the nanoribbon. This leads to 

discrepancies in the electronic properties. Compared to the 

experimental landscape, a lot of theoretical research work 

(Cassiano, Monteiro, de Sousa, & e Silva, 2020; Hayyu, 

Azhar & Majidi, 2018; Kheirabadi, Ghayour & Sanaee, 2020; 

Salih & Ayesh 2021; Xie et al., 2015; Wilhelm et al., 2018) 

has been done to elucidate the electronic structure of AGNR. 

But still, further study is needed to get a clear picture of the 

band structure of AGNR by taking edge bond relaxation 

effects into account. Along with this, previous findings have 

triggered me to investigate the shape of subbands, effective 

mass, and the role of bonding in AGNR.  The nano hub online 

simulator tool CNT Band (Seol et al., 2006) has been used for 

this purpose. This tool uses MATLAB programming scripts. 

 

2. Theory 
 

The electronic band structure of armchair edge 

graphene nanoribbon has been evaluated using the TB 

approach for the π electron network. s, px, and py orbitals are 

at a larger distance from the Fermi level, hence pz orbital 

mode has been employed in this study. A pz orbital 

overlapping integral t = 3 eV is adopted in our approach. By 

considering only the nearest neighbor interaction, the C-C 

bond length is constant with the value of ac-c = 0.142 nm. The 

length of the unit cell in AGNR in this TB simulation is 0.426 

nm. 

The energy dispersion of graphene near the Fermi 

points are Dirac cones because the band structure of graphene 

nanoribbons can be predicted from a 2D graphene sheet, 

which is a zero-gap semiconductor (Jia et al., 2016). Dirac 

cone is created when the upper and lower bands cross at point 

K (K’) in the Brillouin zone termed as Dirac points. The low 

energy dispersion relation at the Dirac point (Johari, Ahmadi, 

Chek & Amin 2010) can be represented by the massless Dirac 

equation 
 

   (1) 

 

here, β is the quantized wave vector and kx is the wave vector 

in the direction of the length of the nanoribbon. Band energy 

expressed in Equation 1 can be rephrased as  
 

    (2) 

 

where the energy bandgap of GNR is Eg = 3tac-cβ. Equation 2 

states that the relation between the energy and wave vector is 

not parabolic. For semiconducting GNR, a parabolic relation 

between energy and wave vector is built by adopting a square 

root approximation. Near Г the energy-wave momentum 

relationship for carriers within the first Brillouin zone is 
  

    (3) 

 

here, m✴ is the effective mass of GNR. 

 

3. Results and Discussion 
 

3.1 Structural analysis 
 

GNR has nomenclature zigzag and armchair, which 

is determined by the pattern that appears on their transport 

edge whereas carbon nanotube (CNT) is named based on 

pattern on the circumference (Li, Xu, Srivastava & Banerjee 

2009). Both types of nanomaterials are described by chirality 

(n, m) and chiral angle θ defined as 
 

    (4) 

 
In Equation 4, when θ=0˚ the value of m is zero, 

hence an armchair edge GNR has chirality value n=integer 

and m=0. With the variation of index n in the chirality (n, 0) 

the width of armchair edge GNR also varies as 

 

   (5) 
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In Equation 5, N depicts the number of dimer lines. 

Figures. 1(a) and 1(b) shows the representative model of 

AGNR for chirality (6, 0) and (13, 0) depicting the number of 

dimer lines along the width W. It is evident from Figures 1(a) 

and 1(b) that the number of dimer lines in (6, 0) and (13, 0) 

AGNR are 6 and 13, respectively. Therefore, it can be inferred 

that the total number of dimer lines N obtained in AGNR is 

equivalent to the first index n in chirality (n, 0).  
 

 
 

Figure 1. Structure of Armchair Graphene Nanoribbon showing the 

number of dimer lines along the width of the ribbon. The 
region between the dashed lines depicts the unit cell. (a) 

Chirality (6, 0), Dimer Lines (N=6), and no of carbon 

atoms in the unit cell (12).  (b) Chirality (13, 0), Dimer 

Lines (N=13), and no of carbon atoms in the unit cell(26)  
  

Consequently, in the present approach following the 

previous convention (Dubois, Zanolli, Declerck & Charlier 

2009), we cite an AGNR comprising of N dimer lines as N-

AGNR. The unit cells are shown in the Figures. 1(a) and 1(b) 

have 12 and 26 carbon atoms respectively for (6, 0) and (13, 

0) AGNR. Hence it can generally be stated that the number of 

carbon atoms in the unit cell of AGNR is 2N. 

 

3.2 Electronic band structure 
 

The electronic structure of AGNR is computed 

using the pz level of the TB theory, which shows that two-

thirds of AGNR are semiconducting, and depending on the 

value of chirality (n, 0) other AGNR are metallic. Similar to 

CNT, GNR is both semiconducting and metallic (Wang et al., 

2007).  Figures. 2 (a-l) depict the band structure of an 

armchair edge N-AGNR for N ranging from 4 to 15. The 

examination of Figure 2 shows that a bandgap can be 

generated near Dirac points of graphene. With an increase in 

the chirality of an AGNR by one the total number of the 

subbands increases by two. The total number of subbands in 

the band structure of AGNR is the same as the total number of 

carbon atoms present in their overall unit cell. 

 
 

Figure 2. Band structure of AGNR. (a) N=4. (b) N=5. (c) N=6. (d) N=7. (e) N=8. (f) N=9. (g) N=10. (h) N=11. (i) N=12. (j) N=13. (k) N=14. (l) 

N=15 
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AGNR can be divided into three distinct families N 

= 3p, N = 3p+1, N = 3p+2, p is an integer.  The top of the 

valence band and the bottom of the conduction band are 

located at K= 0. For family N = 3p and 3p+1, there exists a 

direct bandgap and these armchair edge GNR are 

semiconductors. As it is clear from Figures 2 (b), (e), (h), and 

(k) the system is metallic when N = 3p+2, even though it 

exhibits an infinitesimally small bandgap. The metallic 

character of the nanoribbon is enhanced with the increase in 

the width of the nanoribbon as the bandgap becomes almost 

zero at larger width. The variation of bandgap with width for 

these three distinct categories follows an inverse relation with 

the width and is depicted in Figure 3. Results are in agreement 

with the earlier reported results (Kheirabadi, Ghayour & 

Sanaee 2020; Son, Cohen & Louie, 2006). The three distinct 

families of armchair edge GNR follow a Gap size hierarchy, 

Δ3p+1 > Δ3p > Δ3p+2. The semiconducting behavior of an 

AGNR can be attributed to quantum confinement. The 

bandgap calculated at Г point in AGNR for three distinct 

groups is tabulated in Table 1(a) to Table 1(c). 

Along with this, the shape of subbands is also an 

important key factor that affects the electronic properties of 

AGNR. Figures 2 (b), (e), (h), and (k) show that the energy 

subband at top of the valence band and bottom of the 

conduction band is linear for family N=3p+2. From Figure 2 it 

can be visualized that there is a parabolic dispersion around 

the Г point, AGNR with family N = 3p having a steeper slope 

than those with the family N = 3p+1. Effective mass is 

calculated from the E-k dispersion curve near the parabolic 

regime. The creation of the bandgap in GNR leads to a 

massive Fermionic behavior of charge carriers. Therefore 

small bandgap (large bandwidth) GNR should have a lower 

effective mass.  

In Figure 4, a plot of effective mass m* in units of 

free electron mass m0 with width is displayed for distinct 

families, the variation for the 3p and 3p + 1 family is plotted, 

and 3p + 2 family is not included as it exhibits linear 

dispersion relation. The effective mass of the charge carrier’s 

hole and electron is taken to be the same. The variation of m* 

shows it has a value ranging from 0.0769m0 to 0.492m0. The 

trend followed as observed in Table 2 (a) and Table 2(b) is 

m*(3p+1) >   m*(3p), for all p values. This behavior can be 

subjected to the cutting scheme in graphene to produce GNR, 

the cut closer to the Dirac point will result in a conic section 

that is sharper and hence will lead to the lower effective mass 

of charge carriers (Tayo 2014). 

Using the pz orbital approach the plots of the 

dependence of the density of states against the energy of the 

three families 3p, 3p+1, and 3p+2 are displayed in Figures. 

5(a-l).

 

 
 

Figure 3. Energy Bandgap as a function of ribbon width for distinct 

families of AGNR 

 
Figure 4. Effective mass as a function of ribbon width for distinct 

families of AGNR 

 
Table 2. (a) Effective mass v/s width for family N= 3p, where p lies 

in [2, 5], (b) Effective mass v/s width for family N= 3p+1, 
where p lies in [1, 4] 

 

a b 

Width W 

(nm) 

Effective mass 

(m0) 

Width W 

(nm) 

Effective mass 

(m0) 

    

0.615 0.122 0.369 0.492 

0.984 0.098 0.738 0.250 

1.353 0.085 1.107 0.183 
1.722 0.077 1.476 0.138 

    

 

 
Table 1. (a) Bandgap energy v/s Width for family N= 3p+1, where p lies in [1, 4], (b) Bandgap energy v/s Width for family N= 3p+2, where p 

lies in [1, 4], (c) Bandgap energy v/s Width for family N= 3p, where p lies in [2, 5] 

 

a b c 

Width W (nm) Bandgap energy (eV) Width W (nm) Bandgap energy (eV) Width W (nm) Bandgap energy (eV) 

      

0.369 2.80490 0.492 0.34921 0.615 1.24090 

0.738 1.70610 0.861 0.23042 0.984 0.87405 
1.107 1.22370 1.230 0.17193 1.353 0.67445 

1.476 0.95346 1.599 0.13712 1.722 0.54903 
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Figure 5. Density of States of AGNR. (a) N=4. (b) N=5. (c) N=6. (d) N=7. (e) N=8. (f) N=9. (g) N=10. (h) N=11. (i) N=12. (j) N=13. (k) N=14. 

(l) N=15   

 

So obtained energy dispersion relation gives rise to 

the density of states that varies as  E-½. The gap opening in the 

density of states determines the energy gap.  Symmetrical 

behavior is observed in several states in the valence band and 

the conduction band. Taking into account the fact that GNR 

comprises of sp2 bonding and the π bonding, it can be inferred 

that p-shell is mainly responsible for the states near the Fermi 

level this is following the findings of Chang et al (Fan & 

Chang 2017). 

 

4. Conclusions 
 

Tight binding model π electron approximation has 

been employed to investigate the structural aspects, electronic 

band structure, and effective mass of AGNR for different 

chirality. The simulation reveals that AGNR in some cases has 

metallic nature while in other cases it behaves like a 

semiconductor. The armchair edge GNR belonging to family 

N = 3p and 3p+1 are perfect semiconductors, whereas the 

armchair edge GNR of family 3p+2 are metallic, and have a 

very narrow bandgap. N refers to the number of pairs of atoms 

per GNR unit cell termed as dimer lines. The density of states 

study variation with energy also confirms the existence of 

bandgap in AGNR. The bandgap varies with ribbon width due 

to quantum confinement. Finally, the study of variation of the 

effective mass m* of charge carrier with width has shown that 

m* decreases as the ribbon width of the GNR increases. 
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