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Abstract 

In this research, 11-atom zig-zag carbon nanotubes (ZCNTs) and 11-atom armchair graphene 

nanoribbons (AGNRs) were studied under applied bias voltages at 50, 150, and 300 millivolt levels. 

The focus was on understanding their behaviour concerning transmission qualities, current-voltage (I-

V) characteristics, and energy-momentum (E-K) diagrams. The Non-Equilibrium Green's Function 

(NEGF) approach was employed to analyse various electronic properties for ZCNTs and AGNRs, 

including transmission, E-K relationships, and I-V characteristics. The results show that for the same 

number of atoms and material, the bandgap of AGNRs is lower than that of ZCNTs, associated with an 

increased probability of electron transmission in a constrained energy range. When integrated into 

polymer composites, the wider ribbon widths of AGNRs compared to ZCNTs enhance electrical 

conductivity within the polymer matrix. AGNRs' I-V characteristics exhibit linear behaviour under a 

50-mV bias, whereas at 150 and 300 mV, a plateau in current flow is observed after reaching a peak 

voltage. Conversely, ZCNTs display non-linear behaviour, with current flow decreasing after reaching 

a peak at 300 mV. These differences are attributed to the robust electron-electron bonds and the effects 

of quantum confinement, which can influence the performance of graphene- or nanotube-reinforced 

polymer nanocomposites in electronic applications. This study provides valuable insights into the 

electrical characteristics of AGNRs and ZCNTs, offering promising opportunities for their integration 

into polymer-based nanoelectronics composites for applications in flexible electronics, electromagnetic 

shielding, and energy storage systems. 
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INTRODUCTION 

In the realm of advanced nano-electronic devices, 

Graphene Nanoribbons (GNRs) have emerged as a 

subject of intense interest due to their exceptional 

mechanical, electrical, and thermal properties [14]. 

Among the different types of GNRs, Armchair 

Graphene Nanoribbons (AGNRs) stand out for their 

superior electronic features, such as tunable 

bandgap and high carrier mobility, ideal candidates 

for nano electronic applications. While much 

research has focused on the transport properties of 

AGNRs using various theoretical approaches, a 

comprehensive understanding of their behavior 

under non-equilibrium conditions, particularly in 

response to bias voltage, remains elusive. Previous 
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studies have demonstrated that edge states and the distinctive bandgap of AGNRs significantly 

influence their electrical characteristics [1]. The bandgap of AGNRs can be tailored by altering the 

ribbon's width and edge structure, enhancing their utility in applications requiring precise electronic 

properties [2-4]. Additionally, the electronic properties of AGNRs are sensitive to the presence of 

defects, which can modify charge transport and conductivity [5-7]. Despite this, the impact of defects 

on AGNR transport properties under biased voltage conditions remains underexplored. 

 
This method has been used to investigate various electronic characteristics in nanoscale systems, 

including transmission, energy-momentum (E-K) diagrams, current-voltage (I-V) characteristics, and 
noise properties. Moreover, it is valuable in exploring how factors such as disorder and other variables 
impact the electronic properties of the system. 

 
The NEGF method is widely used in various nanoscale structures, including semiconductor quantum 

dots, graphene nanoribbons, and carbon nanotubes. It is an effective tool for investigating the transport 
properties of complex systems. 

 
In this research, the investigation focused on how 11-atom armchair graphene nanoribbons (AGNRs) 

and Zig-zag Carbon Nanotubes (ZCNTs) react to applied bias voltages of 50 millivolts, 150 millivolts, 
and 300 millivolts. The main objective was to gain a good understanding of their behavior concerning 
energy-momentum (E-K) diagrams, current-voltage (I-V) characteristics, and transmission properties. 
It is important to carefully examine the various electronic characteristics of ZCNTs and AGNRs, for 
which the Non-Equilibrium Green's Function method was used, providing insights into factors such as 
transmission, E-K relationships, and I-V characteristics [20-22]. 
 
METHODOLOGY 

To study the I-V characteristics and transmission of Armchair Graphene Nano Ribbons (AGNRs) 
and Zigzag Carbon Nanotubes (ZCNTs) using the Non-Equilibrium Green's Function method, a model 
is created with a tight-binding Hamiltonian considering carbon atom interactions within the honeycomb 
lattice [23]. This model establishes a scattering region with AGNRs and ZCNTs connected to semi-
infinite leads representing source and drain electrodes, assuming that both leads are made of the same 
material as the channel. Bias voltages are applied to the leads to create a non-equilibrium state, and 
Green's functions are calculated to describe electron propagation. The analysis includes determining 
transmission coefficients and I-V characteristics to understand electron transmission and current flow 
through the system, leading to insights into the electronic properties of AGNRs and ZCNTs under 
biased conditions. 

 
The subsequent step involves formulating the Non-Equilibrium Green's Function (NEGF) equations. 

These equations are derived by integrating the Hamiltonian with self-energy functions that describe the 

connection between the scattering region (comprising AGNRs and ZCNTs) and the leads (representing 
the source and drain electrodes). These self-energy functions play a crucial role in elucidating the 

coupling of AGNRs and ZCNTs to the electrodes. Subsequently, the NEGF equations are solved using 
numerical methods, specifically employing the iterative Green's function technique. This methodology 

enables the determination of the transmission properties and I-V characteristics of AGNRs and ZCNTs 

[20-24]. 
 
In the third step, the accuracy and reliability of the NEGF method are evaluated by comparing its 

results with data obtained from other theoretical approaches. This comparative analysis serves to 
validate the findings and ascertain the method's efficacy in predicting electronic properties. 

 
The final step involves investigating how different factors impact the electronic properties of AGNRs 

and ZCNTs when subjected to bias voltages of 50 millivolts, 150 millivolts, and 300 millivolts. These 
factors include the width, length, bias voltage, temperature, and doping level of AGNRs and ZCNTs. 

However, the primary focus of this paper remains on their behavior regarding transmission properties, 
Energy-Momentum (E-K) relationships, and current-voltage (I-V) characteristics. The NEGF method 
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is used to thoroughly analyze various electronic attributes of both AGNRs and ZCNTs, allowing for an 
exploration of aspects such as transmission, E-K relationships, and I-V characteristics. 

 

Additionally, the expression for the calculation of the quantum wave function (Ψ) for any type of 

particle, such as an electron, can be derived from the Schrödinger equation  
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Expression for the calculation of quantum wave (ᴪ) for Time Independent particle (Time Independent 

Schrodinger Equation) 
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Expression for the calculation of quantum wave (ᴪ) for free electrons 
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By solving the above-obtained equation here the function
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Expression for Green’s Function 

 

G(E) = (EI − H − ΣL − ΣR)
−1 (5) 

 

Channel current-calculation Expression 
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Fermi-level energy Expression 
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Expression for propertyof transmission 

T(E) = tran(ΓLG(E)ΓRG
∗(E))  (8) 

 

Expression of Green’s Function 

G(E) = (EI − H − ΣL − ΣR)
−1  (9) 

 

Self-energy Expression 

Σ = τ𝗀τ+ (10) 
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Figure 1. E-K diagram for free electron. 

 

E = energy of an electron, K = wave vector, for free electron the Potential Energy is zero  

 

K.E + P.E = T.E, Hence K.E = T.E 

m
E kh

2

22

=  (11) 

 

Figure 1 illustrates the relationship between electron energy and velocity as the wave vector (K) of 

free electrons ranges from "0" to "∞." This transition in wave vector corresponds to a shift in energy 

(E) from "0" to "∞." This graphical representation is commonly referred to as the Energy-Momentum 

(E-K) diagram, which is a valuable tool for understanding the permissible energy levels and associated 

momentum of electrons at specific energy states. The E-K diagram also provides information about a 

material's structural characteristics, indicating whether it behaves like a semiconductor or a metal and 

whether its band gap is direct or indirect [18-22]. While one approach to determining the band, gap 

involves extracting it directly from the E-K diagram, it can also be determined by analyzing the 

material's electronic characteristics, often through the simplification of the time-independent equation, 

leading to valuable insights. 

 

= EH  (12) 

where H=Hamiltonian operator (energy operator) and E=Energy eigenvalue. 

 

RESULTS AND DISCUSSION 

The study used the NEGF approach to analyze the electrical properties of ZCNTs and AGNRs under 

different bias voltages. Results showed that AGNRs have broader ribbon widths and narrower bandgaps 

than ZCNTs, indicating lower energy requirements for electron movement. Both AGNRs and ZCNTs 

exhibited high transmission coefficients, suggesting good conductivity. At higher bias voltages, AGNRs 

showed a constant current, while ZCNTs exhibited a decrease, attributed to electron interactions and 

quantum effects. These findings enhance our understanding of these materials for potential 

nanoelectronics applications. 

 

Figure 2 depicts the atomic arrangement of both 11-atom AGNR and ZCNT under a honeycomb 

configuration. The AGNR exhibits a width of 1.23 nm, whereas the ZCNT has a width of 0.43 nm. 

Comparing both materials with the same number of atoms reveals an interesting fact: the ribbon width 

of armchair graphene nanoribbons (AGNRs) is significantly larger than that of zigzag carbon nanotubes 

(ZCNTs). This difference in width is a result of the different structures of AGNRs and ZCNTs. AGNRs 

have a flat, ribbon-like structure with edges that consist entirely of carbon atoms, while ZCNTs have a 

cylindrical structure with a zigzag pattern along the circumference. The larger width of AGNRs makes 

them more suitable for certain applications where a wider structure is desired, while the narrower width 

of ZCNTs may be advantageous in applications requiring a more compact structure. 
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Figure 2. Pristine lattice of 11-AGNR and ZCNT honeycomb structure. 

 

 
Figure 3. Energy-momentum (E-K) diagrams of11-atom AGNR&ZCNT (a) 11-AGNR, (b) 11-ZCNT. 

 

Figure 3 illustrates the band structure of 11-atom AGNRs and ZCNTs with armchair edges in an 

Energy-Momentum (E-K) diagram. The diagram shows two distinct bands separated by a band gap. 

The upper set of bands represents the conduction bands, which are not fully occupied by electrons, 

while the lower set represents the valence bands, which are completely occupied by electrons. The 

obtained band gap values are 0.13 eV for 11-atom AGNRs and 0.90 eV for ZCNTs. This band gap 

indicates the energy required to transmit an electron from the valence band to the conduction band, and 

it has a significant impact on the electrical characteristics of ZCNTs and AGNRs. 

 

The band structure of 11-atom AGNRs and ZCNTs with armchair edges demonstrates a substantial 

band gap, which arises due to quantum confinement effects. This study reveals that when comparing 

materials with the same number of atoms, the band gap in AGNRs is significantly narrower than that 

of ZCNTs. This difference implies that the energy required for electron transmission from the valence 

band to the conduction band is lower in AGNRs than in ZCNTs. 

 

Figure 4. illustrates the Transmission-Energy diagram, providing valuable data on the electronic 

properties of 11-atom ZCNTs and 11-atom AGNRs over an energy range from -12 eV to +12 eV. The 

specific shape of the diagram is influenced by various factors of AGNRs and ZCNTs, including their 

dimensions, doping levels, and temperature. The relationship between energy and momentum in the 

transmission-energy diagram shows nonlinearity within this energy range. 

(a) (b) 
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Figure 4. Transmission of 11-atom AGNRs and ZCNTs (a) 11-AGNR, (b) 11-ZCNT. 
 

This nonlinearity is attributed to eigenvalues that create an electric field inside the ZCNT and AGNR, 
leading to changes in the energy levels of the holes and electrons in the structure. Importantly, this 
phenomenon is associated with the narrower band gap in AGNRs compared to ZCNTs, indicating that 
AGNRs require less energy to move an electron from the valence band to the conduction band than 
ZCNTs. 
 

Figure 5 illustrates the current passing through both AGNRs and ZCNTs under a bias voltage of 50 
mV. As the voltage is applied, the current through both structures increases from zero. The current-
voltage characteristics of AGNRs exhibit a linear behavior under 50 millivolts, reaching a saturation 
point where the current levels off. This saturation current is limited by the available number of 
conducting states in AGNRs. In contrast, ZCNTs display a different behavior, with a decrease in current 
after reaching the saturation point in the I-V curve. The I-V trends in Figure 5 indicate a larger carrier 
concentration, as evidenced by a steeper I-V curve and a higher saturation current. 
 

Figure 6 illustrates the current-voltage behavior of 11-atom AGNRs and 11-atom ZCNTs under a 
150-mV bias voltage. As the voltage is applied, both AGNRs and ZCNTs exhibit a rapid increase in 
current from zero. These specific AGNRs and ZCNTs show linear current-voltage (I-V) characteristics 
initially when subjected to a 150-millivolt bias, ultimately attainment a saturation point wherever the 
current stabilizes. The saturation current is primarily determined by the available conducting states 
within AGNRs and ZCNTs. 
 

However, beyond this saturation point, AGNRs maintain a constant current, while ZCNTs show a 
decrease in current in the I-V curve. This pattern can be attributed to a greater carrier concentration and 
the possibility of a band gap in the structures of AGNRs and ZCNTs. It also relates to the steeper I-V 
curve and higher saturation current noted in both sets of I-V plots. 
 

 
Figure 5. I-V Characteristics of 11-atom AGNRs under bias voltage of 50mV (a) 11-AGNR, (b) 11-

ZCNT. 

(a) (b) 

(a) (b) 
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Figure 6. I-V Characteristics of 11-atom AGNRs and ZCNTs under a bias voltage of 150mV (a) 11-

AGNR, (b) 11-ZCNT. 

 

 
Figure 7. I-V Characteristics of 11-atom AGNRs and ZCNTs under a bias voltage of 300mV (a) 11-

AGNR, (b) 11-ZCNT. 

 

Figure 7 depicts the current behavior in 11-atom AGNRs and 11-atom ZCNTs under a bias voltage 

of 300mV. As the voltage is applied, the current initially increases from zero for both the 11-atom 

AGNR and ZCNT. These specific AGNRs and ZCNTs exhibit linear current-voltage (I-V) 

characteristics when subjected to a 300-millivolt bias, reaching a saturation point where the current 

stabilizes. The available conducting states within the AGNRs and ZCNTs primarily determine the 

saturation current. 

 

After reaching this saturation point, AGNRs maintain a constant current, while ZCNTs exhibit a 

further decrease in current or a reduction in the I-V curve. This behavior corresponds to the steeper I-V 

curve and greater saturation current observed in both sets of I-V graphs shown in Figure 7, and is 

explained by the presence of a band gap and higher carrier concentration in the structures of ZCNTs 

and AGNRs. 

 

CONCLUSIONS 

In this paper, research has been conducted to investigate the transmission, Energy-Momentum (E-K) 

diagrams, and I-V characteristics of ZCNTs and 11-atom AGNRs under three different bias voltages 

(50 mV, 150 mV, and 300 mV) using the NEGF approach. The study has yielded significant insights 

into the behavior of AGNRs and ZCNTs. An interesting observation is that AGNRs have significantly 

broader ribbon widths than ZCNTs, and AGNRs also display narrower bandgaps than ZCNTs, 

indicating that AGNRs require less energy for electron movement between valence and conduction 

bands compared to ZCNTs. 

(a) (b) 

(a) (b) 
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Additionally, the study has revealed that both AGNRs and ZCNTs exhibit higher transmission 

coefficients for the same number of atoms within the energy range of -12 mV to +12 mV, peaking at 

the Fermi energy, indicating good conductivity of AGNRs and ZCNTs. Regarding the I-V 

characteristics, different behaviors were observed at different bias voltages. Both 11-atom AGNRs and 

ZCNTs show linear responses at a 50-millivolt bias, while at higher bias voltages of 150 and 300 

millivolts, they exhibit uniform current flow after reaching a peak voltage. In contrast, ZCNTs display 

distinct non-linear behavior that becomes more pronounced with increasing voltage, with a noticeable 

decrease in current after reaching the peak voltage at 300 millivolts. These differences in behavior can 

be attributed to robust electron-electron bonds and quantum confinement effects. 

 

This study demonstrates the NEGF's effectiveness in analyzing AGNRs' and ZCNTs' electrical 

properties, offering insights for future electronic device design. Further research is crucial for a 

comprehensive understanding. 
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