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Abstract:  

The Dirac electron tunneling current in an n-p-n bipolar transistor based on armchair graphene nanoribbon (AGNR) has been modeled. The 

electron wavefunction was derived by employing the relativistic Dirac equation. The transmittance was derived by using the transfer matrix 

method (TMM). The Landauer formula was used to calculate the Dirac electron tunneling current. The results showed that various variables 

such as base-emitter voltage, base-collector voltage and the AGNR width affect the Dirac electron tunneling current. It was found that the 

Dirac electron tunneling current increases with increasing base-emitter and base-collector voltages. Moreover, the increase in the AGNR 

width results in the increase in the Dirac electron tunneling current.  
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Introduction  

In recent years, graphene nanoribbon (GNR) material 

has been interesting in research for nanoelectronic 

devices. Two types of GNR are obtained based on the 

edge shape: zigzag graphene nanoribbons (ZGNRs) and 

armchair graphene nanoribbons (AGNRs). The ZGNRs 

have metal properties for all widths, while the AGNRs 

can be either semiconducting or metal depending on 

their widths [1,2]. Because of these properties, various 

nanoelectronic devices can be made [3]. Graphene 

nanoribbon bipolar transistor is one of the GNR 

applications for the nanoelectronic devices.  

 

Several models have been done to calculate the tunneling 

current in bipolar transistor based on silicon and 

graphene material by solving the Schrödinger equation 

[4-7]. In this paper, we study the tunneling current in n-

p-n bipolar transistor based on AGNRs by solving the 

relativistic Dirac equation. The transfer matrix method 

and Landauer formula are employed to calculate the 

tunneling current. The effects of base-emitter voltage, 

base-collector voltage and the AGNR width on the 

tunneling current will be discussed in detail. 

Theoretical Model 

The band structure of AGNRs is given by [8]: 

             
22

nzF kkvs            (1) 

where 
zk  is the electron momentum along GNR axis, 

wnkn 3/  is the electron transverse momentum which is 

quantized by the ribbon width, w is the width of AGNRs, n 

= ± 1, ± 2, ± 3,…,  s = +1 and s = +1 indicate the 

conduction and valence bands, respectively,   is the 

reduced Planck constant, and 610Fv  m/s is the Fermi 

velocity. Figure 1 shows the energy diagram of the n-p-n 

bipolar transistor [4]. The emitter, base and collector are the 

AGNR doped to be n, p and n, respectively. The p- and n-

types of AGNR can be made by doping [9] or 

electrostatically engineered [10]. 

 

 
Figure 1. The energy diagram of the n-p-n AGNR with bias. 
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The electron behavior in graphene is described by the 

relativistic Dirac-like Hamiltonian as given by [11]                                                          

                 .ˆ FviH  ,         (2)                                                             

where  is the Pauli spin matrix. The wave functions in 

each region are determined by solving Eq. (2).  

 

The electron transmittance is obtained by employing the 

TMM. In the TMM, the potential profile of the device is 

divided into many small segments, and the barrier in 

every segment is assumed constant as shown in Fig. 2 

[12,13]. The relativistic Dirac equation is solved 

analytically in every segment. By applying the continuity 

of the wave function and their derivatives at the 

boundaries, the transfer matrix between two neighboring 

segments can be obtained. For all system, the overall 

transfer matrix is determined by multiplying all these 

transfer matrices. 

 
Figure 2. The discretization of potential profile of the n-p-n 

AGNRs into n segments. 

 

Finally, the Dirac tunneling current is obtained by 

employing Eq. (3)             
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where )(Ef E
 and )(EfC

 are the Fermi-Dirac energy 

distribution functions for electrons in the emitter and the 

collector, respectively, 
Vg  is the degeneration of  GNR  

(
Vg = 1), h is the Planck constant, and T(E) is the 

electron transmittance. 

Results and Discussion 

Figure 3 depicts the Dirac tunneling current as a function 

of base-emitter voltage (Vbe) for various base-collector 

voltages (Vbc). The AGNRs length as base in the device, 

d1, the AGNR index (width), N, and the temperature, T, 

were 25 nm, N = 28 (w ≈ 3.32 nm), and 300 K, 

respectively. It is shown that the Dirac tunneling current 

is proportional to the base-emitter voltage and it 

increases with the increase in the base-collector voltage. 

It is also seen that the difference between the Dirac 

tunneling current for base-collector voltage more than 

0.3 V is not significant. The increase in the forward bias 

in Vbe and Vbc (also called the active mode) causes the 

increase in Dirac tunneling current [14].  
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Figure 3. The calculated Dirac tunneling currents as a function 

of base-emitter voltage for different base-collector voltage. 

 

Figure 4 shows the calculated Dirac tunneling currents as 

a function of base-collector voltage for various base-

emitter voltages. The negative sign in Vbe indicates the 

reverse bias. It can be seen that the Dirac tunneling 

currents increase insignificantly with Vbc for Vbe more 

than 0.3 V. However, the Dirac tunneling currents 

increase significantly for Vbe less than 0.3 V and Vbc 

more than 0.7 V. These results show that the Vbe plays 

an important role in increasing the tunneling current 

compared to the Vbc. 

 

The Dirac tunneling current as a function of base-emitter 

voltage for various AGNR index (width) N is given in 

Fig. 5. It was taken that the base-collector voltage and 

the temperature were 0.3 V and 300 K, respectively. It is 

shown that the Dirac tunneling current increases with the 

AGNR index N. The AGNR width w is proportional to 

the AGNR index N [14]. It is also shown that the band 

gap decreases as the AGNR index increases [1]. The 

results are consistent with those obtained in Ref. [13,16]. 
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Figure 4. The calculated Dirac tunneling currents as a function 

of base-collector voltage for different base-emitter voltage. 

 

Figure 6 demonstrates how the base-collector voltage 

affects to the Dirac tunneling current for various the 

AGNR index. The base-emitter voltage of 0.3 V and 

temperature of 300 K are used. It is shown that the Dirac 
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tunneling current increases insignificantly as the base-

collector voltage increases for the same of the AGNR 

index. As the AGNR index increases, the Dirac 

tunneling current increases significantly. 

0.1 0.2 0.3 0.4 0.5

10
-14

10
-12

10
-10

10
-8

10
-6

10
-4

 

 

I 
(A

)

Vbe (V)

 N = 16

 N = 19

 N = 25

 N = 28

 
Figure 5. The calculated Dirac tunneling currents as a function 

of base-emitter voltage for different AGNRs width-N index. 
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Figure 6. The calculated Dirac tunneling currents as a function 

of base-collector voltage for different AGNRs width-N index. 

Conclusions 

The Dirac electron tunneling current of n-p-n bipolar 

transistor based on AGNR has been studied by solving 

the relativistic Dirac-like Hamiltonian. The transmittance 

was calculated numerically by using the TMM and the 

Dirac electron tunneling current was obtained by 

employing the Landauer formula. It is shown that the 

Dirac tunneling current increases as the base-emitter and 

base-collector voltages increase. It has been also shown 

that the Dirac electron tunneling enhances with 

increasing the AGNR width. 
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