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ABSTRACT 
 

The tunneling current in the P-N junction diode Bilayer Armchair Graphene Nanoribbons 
(BAGNR) was calculated. The tunneling current was obtained by solving the Schrödinger 
equation to find out the electron transmittance through a potential barrier by using the 
Transfer Matrix Method (TMM). The tunneling current was calculated for various variables 
such as bias voltage, BAGNR width, electric field, and temperature. It is found that the 
tunneling current increases with the increasing bias voltage. Furthermore, the tunneling 
current of electron increases with the increasing BAGNR width or the applied electric field, 
otherwise it decreases with the increasing temperature. The tunneling current of P-N 
junction diode BAGNR generated approximately 4.8 μA with 1 MV/cm electric field and a 
bias voltage of 100 mV. Then, the calculation of tunneling current of BAGNR was also 
compared with Monolayer Armchair Graphene Nanoribbons (MAGNR). By using BAGNR, 
the tunneling current produced is three times greater than using MAGNR. In addition, the 
tunneling current using TMM is then compared with the Wantzel-Kramers-Brillouin 
(WKB) method and shows that these two methods produce the same value at a low voltage 
below 30 mV, while at high voltages, MMT always has a higher value. 
 
Keyword: Tunneling Current, P-N Junction Diode, BAGNR, TMM. 

 
 

1. INTRODUCTION 
 
Graphene was first synthesized in 2004 by scientists namely Andre Geim and Kostya Novoselov 
in University of Manchester [1].   Graphene or monolayer graphite is a two-dimensional layer 
with a thickness of one single atom in a tight bond of carbon atoms forming a hexagonal crystal 
structure [1]. Graphene has a high electrical conductivity at room temperature with mobility 
reaching 15,000 cm2V-1s-1 under ambient temperature and can be increased to reach ~100,000 
cm2V-1s-1 at 300 K  [1,2]. The carrier mobility in graphene is one hundred times greater than 
carrier mobility in silicon which has carrier mobility around 1400  cm2/Vs [3]. This high charge 
carrier mobility value is required for high-speed electronic devices. With its extraordinary 
properties, graphene has the potential to be applied to various electronic devices today and has 
promising potential for the future. 
 
The graphene bandgap can be changed by reducing its size to a nanoscale. Graphene at this size 
is called Graphene Nanoribbon (GNR) [4]. In addition, graphene can be changed by making two 
layers of graphene or commonly called bilayer graphene to improve its properties.  
 
 
 
 
*Corresponding Author: endis@upi.edu 
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Bilayer graphene has better properties than monolayer graphene, bilayer graphene has unique 
features such as anomalous integer quantum Hall effect [5] and the ability to control the size of 
the energy gap (𝐸𝑔) by adjusting carrier concentration [6] as well as by external electric field 

[7]. With these properties, bilayer graphene can be applied more widely in various applications. 
The electronic properties are depending on the ribbon width as well as the atomic configuration 
of the edges.  The Armchair Graphene Nanoribbons (AGNR) edge structure can be either 
metallic or semiconductor depend on the width, while the Zigzag Graphene Nanoribbons 
(ZGNR) structure is only metallic properties independent with the width. Because the type of 
AGNR which can be as a semiconductor and bilayer graphene is superior compared to 
monolayer graphene, Bilayer Armchair Graphene Nanoribbons (BAGNR) can be developed and 
used on various electronic devices and can be a basic material for P-N junction diode [8,9]. 
Previously, some researchers have reported that Monolayer Armchair Graphene Nanoribbon 
(MAGNR) can be applied to P-N junction diodes and other more complex electronic devices such 
as in fabrication of ultrafast transistors, TFET, etc. [10–14] and show better performance than 
devices with conventional semiconductors, but still has limited abilities because it has a wide 
energy gap. Therefore, in this study, BAGNR was used to improve the abilities in a P-N junction 
diode 
 
P-N junction diodes are formed from P-type and N-type semiconductors. In order to produce P-
type semiconductors, BAGNR can be doped with Boron, whereas to produce N-type 
semiconductors, BAGNR can be doped with Nitrogen [15]. Boron and Nitrogen-doped bilayer 
graphene were synthesized by arc discharge using boron-packed graphite electrodes and in the 
presence of ammonia, respectively [16]. 
 
To compute the tunneling current in GNR-based devices, several methods have been carried out 
such as Airy Function Approximation (AFA), Wantzel-Kramers-Brillouin (WKB) and Transfer 
Matrix Method (TMM). Data from several studies suggest that TMM is the best method for 
calculating the tunneling current [10,17–19]. 
 
In this study, we modeled the tunneling current of electron on the P-N BAGNR junction diode by 
using the Schrodinger equation wave function to obtain the transmittance of electrons trough a 
potential barrier using the transfer matrix method, which is a numerical approach better than 
WKB. Tunneling current of the electrons was generated and analyzed by computing the effect of 
the bias voltage, electric field on the potential barrier, width of the BAGNR and the temperature 
on the P-N junction diode. The BAGNR width depends on the N index value, which is the number 
of atomic rows on the wide side of BAGNR. The results of the tunneling currents of electron on 
the P-N BAGNR junction diode with TMM are then compared with MAGNR and by the WKB 
method. Then, to calculate and visualize the potential barrier, electron transmittance and the 
tunneling current of diode we use MATLAB which is a graphical user interface. 
 
 
2. THEORETICAL MODELS 

 
The electronic dispersion relation in BAGNR at low energy in the parabolic region is given by  
[20]: 
 
𝐸(𝒌) = ±ℏ2𝑘2/2𝑚∗                                 (1) 
 
Where 𝑚∗ is the effective mass of charge carrier that is 𝑚∗ = 𝛾1/2𝑣𝐹

2 and 𝑘 = 𝜋𝑛/3𝑤 is 
momentum where 𝑤 is the width of BAGNR, which is influenced by N index. Then, the value of 𝑛 
is 𝑛 = ±1, ±2, ±3,… [21].  
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In the case of isotropic graphene, it is assumed that the energy gap depends only on the Fermi 
velocity and bandwidth [21], then the BAGNR energy band gap at the low energy state becomes: 
 

𝐸𝑔 =
ℏ2𝜋2𝑣𝐹

2

9𝑤2 𝛾1
                                            (2) 

   
 
Figure 1. (a) Electricity Potential Profile of P-N junction in thermal equilibrium conditions, (b) profile of 

P-N electrical potential when reverse biased applied [22]. 

 
Figure 1. (a) is an energy band diagram of P-N junction in a thermal equilibrium state based on 
the P-N junction energy band structure, with no bias-voltage and without flowing current. In 
this condition, it is assumed that the P side and N side dopant causes the Fermi energy level (𝐸𝐹) 
of the BAGNR semiconductor to be in the valence band in P regions and in the conduction band 
in N regions [22].Then, in figure 1. (b) the energy band diagram of the P-N junction diode when 
given a reverse bias (𝑉𝑅). The reverse bias voltage causes the valence band in part P to be higher 
than the conduction band in part N. This bias voltage causes electrons from the valence band in 
part P to tunneling the depletion area to the conduction band in part N known as the Zener 
tunneling [23]. Then, we assumed that the doping concentrations in the N-type and P-type 
BAGNR are the same, so the barrier potential refers to ref. [10]. Therefore, the width of the 
depletion region in the P regions and N regions are equal, that is 𝑑 = 𝐸𝑔/𝑒𝐹, where 𝐸𝑔 is the 

band gap energy, 𝑒 is the electronic charge, F is the electric field in the depletion region, and 𝑑 is 
the depletion region thickness [22]. Thus, the potential profile refers to ref. [10].  
 
To calculate the electron transmittance, we employ the transfer matrix method (TMM). In this 
method, the potential profile is divided into n segments and the wave function was obtained by 
divide the profile potential into four regions. Additionally, the electron transmittance in the 
BAGNR P-N junction diode was compered by WKB. In the WKB methods the profile potential is 
not divided into n segment but used a formula there are refers to ref. [22]. Then, the analytical 
expression of the electrons transmittance is derived by using an exponential solution of the 
Schrödinger equation and by applying the boundary condition of the potential profile in ref. 
[10]. Whereas, the tunneling current in the P-N BAGNR junction is expressed by equation (3) 
[22]: 
 

𝐼 =
2𝑔𝑣𝑒

ℎ
 ∫ [𝑓𝑣(𝐸) − 𝑓𝑐(𝐸)]𝑇(𝐸)𝑑𝐸

𝑒𝑉

0
                        (3) 

 
With 
 
𝑓𝑣(𝐸) = (1 + exp [(𝐸 − 𝑒𝑉𝑏)/(𝑘𝐵𝑇)])−1                       (4) 
 
And 
 
𝑓𝑐(𝐸) = (1 + exp [𝐸/(𝑘𝐵𝑇)])−1                       (5) 
 
which is the Fermi-Dirac distribution function for electrons in the valence band and conduction 
band, 𝑘𝐵 is the Boltzmann constant, h is the Planck constant, 𝑔𝑣 is the degeneration of BAGNR 
(𝑔𝑣 = 1) and 𝑇(𝐸)  is transmittance. Then, all of the steps are calculated by MATLAB. 
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3. RESULTS AND DISCUSSION 
 

Figure 2 shows the results of the calculation of electron transmittance. The value of the energy 
gap in BAGNR is 0.11 eV, greater than the electron energy in this calculation. For the electron 
energy value of 0.001 eV, the transmittance obtained is more than zero, which is about 0.5. This 
means that there are electrons that succeed tunneling through the potential barrier. The greater 
the energy value of the electrons that come, the more electrons that can tunneling the potential 
barrier so that the transmittance is higher, which is close to 1, this is accordingly with the 
research that has been done before [17,24].  In these conditions, most electrons have enough 
energy to tunnel a potential barrier wall so that the electrons transmission the potential barrier 
walls become numerous [11]. 
 

 
Figure 2. Electron transmittance of P-N BAGNR junction diodes. 

 
Figure 3 shows the results of the calculation of the tunneling current as a function of applied 
bias voltage with different N index values. This graph is plotted using equation (3), where the 
electron transmittance is affected by the energy gap. The energy gap is influenced by the N 
index which affects the width of the band. In this picture, there is a significant increase in the 
current along with the increase in the value of N = 22 to N = 28, but for N = 28, 34 and 40 the 
transition is not significant even though the tunneling current still rises. If the value of n is 
greater, the number of atoms that comprise the P-N junction diode is increasing, so the number 
of charge carrier particles will increase. When the number of particles carrying charge (in this 
case is electrons) increases, the value of the current produced will be higher. Previous research 
shows that the electronic structure of the AGNR is greatly affected by the width of the ribbon, 
which is influenced by the index value of N [25]. A graphene nanoribbon system will be a 
conductor when 𝑁 = 3𝑝 + 2 and is a semiconductor or metallic for 𝑁 = 3𝑝 and 𝑁 = 3𝑝 + 1 with 
𝑝 are integer (1,2,3,…)  [8,25]. In this study, we use 𝑁 = 3𝑝 + 1 (with 𝑝 = 4; 5; 6; 7) for 
semiconductors because it is used for diode devices. 
 

 
Figure 3. The tunneling current as a function of the bias voltage with various N.  
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The results are in accordance with several studies that have been done before, which shows that 
the BAGNR energy gap decreased with the increase in the width of the ribbon [25–31]. In a 
study conducted by Jena, et al. (2008) current density increases with increasing GNR width and 
reaches a maximum when the width of the AGNR reaches a certain value, namely 𝑤0 [22]. When 
the width exceeds this 𝑤0, the tunneling current will saturate because one of the conditions for 
the tunneling process to occur in the P-N junction diode is that the depletion width must be very 
thin [23]. In this study, we varied the width of the BAGNR from ~2.5 𝑛𝑚 (N = 22) to 𝑤 = ~5 𝑛𝑚 
(N = 40) and show that the tunneling current has a significant increases for N = 22 (w = 2.58 
nm) to N = 28 (w = 3.32) because the width is predicted to be below the value of 𝑤0. While, for N 
= 28, 34 and 40 the changes of tunneling current is very minimal because it is predicted to have 
reached saturation and the width exceeds the 𝑤0. 
 

 (a) 
 

(b) 
 

Figure 4. The tunneling current as a function of the bias voltage with an electric field variation F= 0,1 
MV/cm; 0,3 MV/cm; 0,5 MV/cm; and 1 MV/cm for (a) N= 40 and (b) N=28. 

 
The results of the calculation in Figure 4 (a) show the tunneling current of the bias voltage with 
N = 40 and Figure 4 (b) for N = 28 at room temperature (300 K) based on equation (3) where 
the variation of electric field influenced the potential barrier, so the transmittance affected [10]. 
Both of these graphs show that the tunneling current is higher when the electric field is greater, 
which means that the electron which tunneled the potential barrier walls is increasing. With the 
increasing electric field, electrons traversing the depletion layer obtain higher and higher 
kinetic energy, thereby the density of tunneling current is increased [24]. Some atoms will have 
enough energy to raise an electron from the valence band to the conduction band which occurs 
because of the release of covalent bonds, thereby creating an electron-hole pair. This 
phenomenon is called the impact of ionization [23]. But we find the difference in the result of 
tunneling current for N = 40 and N = 28 with the same electric field variation. This difference 
can occur because for a larger BAGNR width (greater N) the tunneling current will be easier to 
reach up to its maximum point until it reaches saturation there is when the width reach 𝑤0 
because of an increase in the carrier of charge will increase the number of electrons that get 
additional energy when the electric field is applied in the depletion. While for smaller BAGNR 
widths (smaller N) the maximum tunneling current is not easily achieved. 
 
The tunneling current phenomenon in P-N junction can occur if the electric field in the junction 
is large enough. On P-N junction diodes made from ordinary semiconductors such as Silicon (Si) 
with an energy band gap of 1.14 eV, the required electric field reaches 15 MV/cm to produce a 
tunneling current of about ~1.3 μA with a device width of 3.32 nm. While in BAGNR with the 
same width, the electric field needed to produce the tunneling current is only about 0.1 MV/cm 
which is much smaller than the P-N junction diode with silicon material. For example, in order 
to produce an electric field around 1 MV/cm in ordinary semiconductors requires a large doping 
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concentration of about > 5 × 1017 cm-3 in the P region and the N region [23]. Whereas for the 
BAGNR, the required doping concentration will be much smaller  [15]. 

 
 

Figure 5. The tunneling current as a function of bias voltage with temperature T = 7 K, 77 K, 250 K, 300K 
and 500 K. 

 
Figure 5 shows the plot of the calculation of tunneling current as a function of bias voltage with 
the temperature varied. In the picture, the tunneling current is inversely proportional to the 
temperature. This means that an increase in temperature will reduce the tunneling current [12]. 
When the temperature raises, a thermal resistivity raises too so the tunneling current decreases. 
This thermal resistivity occurs due to electron collisions which increase as the temperature 
increases. The results of this calculation are in accordance with the research that has been done 
before on the GNR-based P-N diode [10,22]. 

 
 

Figure 6. The comparison plot of the tunneling current as a function of the bias voltage for MAGNR and 
BAGNR. 

 
Figure 6 shows a plot of the comparison of the results of the tunneling current calculation as a 
function of bias voltage using MAGNR and BAGNR. In these calculations, we used the width 
parameter AGNR w = 3.32 nm (N = 28), the electric field F = 1 MV/cm and the temperature T = 
300 K, interlayer coupling 𝛾0=2.6 eV for both MAGNR and BAGNR and for BAGNR interlayer 
couplings are used 𝛾1= 0.3 eV. Based on the results of calculations obtained an energy gap for 
MAGNR of 0.35 eV with a depletion width of 3.49 nm this value is obtained based on the 
disperse relations [17]. While for BAGNR the energy gap obtained from the calculation is equal 
to 0.102 eV with a depletion width of 1.02 nm. The BAGNR energy gap value is much smaller 
than the MAGNR and the BAGNR depletion width is much thinner than MAGNR, so the electrons 
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will be much easier to penetrate through the potential barrier walls of the BAGNR than MAGNR 
[32]. 
 
The energy band structure of the graphene bilayer is influenced by 𝛾0, which is the hopping 
parameter in the same plane 𝐴𝑗 ↔ 𝐵𝑗 , 𝛾1is hopping parameter 𝐴1 ↔ 𝐴2, 𝛾3 is hopping parameter 

𝐵1 ↔ 𝐵2 and 𝛾4 is hopping parameter 𝐴1 ↔ 𝐵2 or 𝐴2 ↔ 𝐵1. In this study only the influence of 
interlayer coupling 𝛾0 and 𝛾1was reviewed, because these two parameters directly influence the 
energy gap of BAGNR. Whereas in MAGNR, the hopping parameter that affects the energy band 
gap is only 𝛾0 because MAGNR is only composed of a layer of carbon atoms. As a result, the 
tunneling current on BAGNR increases much more than MAGNR because BAGNR is not only 
affected by the interlayer coupling 𝛾0, but is also influenced by the interlayer coupling 
parameter 𝛾1 which is proportional to the effective mass of the load carrier thus decreasing the 
energy gap in BAGNR [20,33]. Meanwhile, the hopping parameter 𝛾0 affects the Fermi velocity n 

BAGNR and MAGNR. The relation 𝛾0 with Fermi velocity is shown in equation 𝑣𝐹 =
3

2

𝛾0𝑎

ℏ
 [34], 

where 𝑎 = 1,42Å is the distance between carbon atoms. 
 
This Fermi velocity value affects the effective mass of charge carriers on BAGNR and MAGNR. 
The charge carrier in a conductor crystal or semiconductor has a certain effective mass 
depending on the crystal structure. For graphene bilayer, the effective mass of the charge 
carrier with Fermi velocity is connected by the equation 𝑚∗ = 𝛾1/2𝑣𝐹

2 [35], while the effective 

mass MAGNR of Fermi velocity is related to the equation 𝑚∗ = 𝐸𝑔/2𝑣𝐹 . 

 

 
Figure 7. Tunneling current plot of the bias voltage with a different method, F = 0.1 MV/cm. 

 
Figure 7 shows a tunneling current which is calculated as a function of the applied bias voltage. 
In calculations, the width of BAGNR is 3.32 nm (N = 28), the electric field in the depletion area is 
1 MV/cm, and the temperature used is 300 K. It was found that the tunneling current was 
obtained by the MMT and WKB methods increases when the bias voltage increases. All 
calculated tunneling currents are equal at a low bias voltage of less than 30 mV. A further 
increase in the bias voltage makes the tunneling current calculated by the WKB method always 
lower than that obtained by the MMT method [10,36]. 
 
 
4. CONCLUSION 

 
The tunneling current on the P-N BAGNR junction diode is influenced by BAGNR width, electric 
field, and temperature. The increases in the width of the BAGNR, the greater the electric current 
produced. Similarly, when the electric field applied is getting higher, the resulting tunneling 
current is higher too. In this calculation, the tunneling current is obtained at a voltage of 100 mV 
with N = 28 with an electric field variation of around 1.3-5.0 μA. Meanwhile, for N = 40 the 
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tunneling current obtained is around 4.0-5.0 μA. Meanwhile, the increase in temperature will 
reduce tunneling current. BAGNR has better properties than MAGNR if it is applied to the P-N 
junction diode. Calculation of tunneling current using MMT is more accurate than the WKB 
method and the MMT has also been used as the calculation standard. 
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