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Abstract. Armchair Graphene Nanoribbon (AGNR) is one of the Graphene Nanoribbon
(GNR)’s types which can be used as a semiconductor that arrange its width. Because of its
tiny width, graphene is great to be applied on devices with tunneling electron-based. In this
research, the author models the behavior of tunneling current on a bilayer armchair
graphene nanoribbon-based p-n junction diode using Airy function. The modeling’s result
shows that the tunneling current has a relation with bias voltage, temperature, and
characteristic of BAGNR. The tunneling current is directly proportional to the forward-
bias, the width of the BAGNR, and the intrinsic electric field. It is inversely proportional
to the temperature. Its value on BAGNR is bigger than on MAGNR due to the effect of
interlayer coupling y, and y; to the energy gap. The tunneling current using the Airy
function method and the WKB method have the same tendency and slight different value.
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1 Introduction

P-n junction is a basic concept of the current semiconductor devices development such as
diodes and transistors. Therefore, proper characterization of p-n junction is indispensable to
optimize its development in the modern semiconductor devices [1]. The current that generated
in the p-n junction can create either from the mechanism of electron diffusion or tunneling.
However, this diffusion mechanism requires high enough voltage in its operation. The tunneling
mechanism is applied in a Zener diode with the application of a reverse bias. Through this
mechanism, Zener diodes can operate at low voltage. To optimize the ability of electronic
devices operating at low voltage, a material that has high electron mobility and a tiny band gap
is needed. One material that meets these criteria is graphene.

Graphene is a promising material for nanoelectronics field because of its special electrical
properties with stable thermodynamic and mechanical properties. Carrier charge mobility in
graphene can be increased up to 200,000 cm? Vs [2], while increased the electronic properties
of the material on SiO; substrate only reached 2000-15000 cm? / Vs [3]. Graphene doesn’t have
a band gap because the valence band and the conduction band meet at the corner of the first
Brillouin zone [4]. This makes the conductivity in graphene difficult to stop and cannot be used
in digital electronic applications . To modify the band gap in graphene, various studies have
been carried out which then produce Graphene Nanoribbon. The electrical properties and band
gap energy in graphene nanoribbon (GNR) can be regulated through their edge and width
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structure. Based on its edge structure, GNR is divided into two types, namely Zigzag Graphene
Nanoribbon (ZGNR) and Armchair Graphene Nanoribbon (AGNR). ZGNR is a conductor,
while AGNR can be a conductor or semiconductor depending on its width[4],[5]. Current
technology is still difficult to produce (monolayer graphene) one layer of graphite.
Micromechanical cleavage and graphite exfoliation only produce multilayer graphene.
However, graphite, bilayer graphene, and multilayer graphene are derivatives of graphene.
Therefore, graphene bilayer is a material that generally has properties such as graphene with
easier fabrication and is a useful basis for multilayer graphene [6]. Bilayer graphene is also
known as a material whose energy gap can be regulated through an electric field perpendicular
to the gate potential [7],[8].

The electrical properties of GNR have been extensively studied and simulated to illustrate
their characteristics when applied in electronic devices. As though [9] which modeling the
characteristics of tunneling current in p-n junction that made from graphene nanoribbon and
carbon nanotubes using the WKB method. This method has been widely known to solve
mathematical solutions of various physical phenomena, one of which is the Schrddinger
equation. Modeling by [10],[11], [5] about tunneling current in the p-n junction and bipolar
transistors [11] that made from GNR. Modeling is done using the Airy function approach
method [11],[10]and the transfer matrix method [5],[11], the results are compared with the
WKB method. The tunneling current that generated through the Airy function transfer method
and the Transfer Matrix method shows the same values, while the WKB method shows lower
values. Based on the research [12], the WKB method has a weakness to execute the electron
wave equation in the turning point area. Therefore, in this study, the author will model the
tunneling current in the p-n junction that made of bilayer armchair graphene nanoribbon by
using the Airy function approach method and the result will be compared with the WKB method.

2 Method

Energy band of the bilayer graphene can be written by mathematical expression in Equation
1[1]
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s = +1 for conduction band dan s = -1 for valence band, 7 is the reduced Planck constant,

and m* is effective mass. Effective mass can be written mathematically m* = 2% y; is the
¥

interlayer coupling whose value ~ 0.39 eV [13] and v, is the fermi velocity whose value 10°
m/s. Transversal momentum of GNR quantized based on its width, therefore k = :—‘Z dann =
+1, 42,43, .... With the dimension, width of GNR w than its length L (w<<L) [11]. Energy

gap is obtained by calculating the difference between the conduction band energy and the
valence band energy, Eg = Ec-Ev so that we have Equation (2).

£ - T @)
97 9wy,

The potential barrier for the p-n junction is shown in Figure 1 which is divided into 4
regions with boundary condition z=0, z=d/2, z=d.
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Fig. 1. Potential barrier in the depletion region of the p-n junction bilayer armchair graphene nanoribbon.

Mathematically, the potential profile above can be written like Equation (3).

0, z<0
V(z) ={E4 — eFz, 0<z<d 3)
0, z>d

With Eg is energy gap, e is electron charge, F is electric field, and z is the position at
depletion region. The wave equation at each region is in Equation (4).

P, = Ref17 4 Se~ikiz, z<d,

¥, = CA((2)) + DB;({(2)), d; <z<d,

Vs = PA(£(2)) + FBiE(2)), d, <z<d,

P, = Getke? z>d, (4)

A;({(z)) and B;({(2)) is the Airy function of the first kind, while 4;(¢(z)) and B;(¢(2))
1/3 _
is the Airy function of the second kind, with {(z) = (zmlef) (%— z) and &(z) =
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type and n-type. Because the width of the depletion regionisd,sod, =0, d, = g, and d; =d.

1/3 (E,- . . . .
) (EZ—FE - z), E is the electron energy, m; and m, is the effective mass electron in p-

Then, constant R, S, C, D, P, F, and G are known by using boundary condition z = 0, g, dan d.
After all constants are known, the transmittance value is obtained through the Equation (5).
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The tunneling current can be calculated using the Equation (6) [13]
evy
nge
I= v (E) = fc(E)IT(E) dE (6)

h
0
fv(E) = (1 +exp[(E — eV,)/(kgT)D™" and f.(E) = (1 +exp[E/(kgT))™" are the
Fermi-Dirac distribution function for the electron in the valence band and conduction band, kg
is the Boltzman constant, h is the Planck constant, g, is degeneration of GNR (g, = 1), and
T(E) is the transmittance as a function of energy. The calculation of tunneling current solved
by gaussian quadrature.



3 Result and Discussion

Transmittance as a function of electron energy is shown in Figure 2. The parameters used
in this research are the index N = 28 (w = 3.32 nm), the electric field F =1 MV / cm, and the
temperature T = 300 K with electron energy 0.001-0.1 eV. The BAGNR energy gap calculation
result is 0.11 eV with a barrier potential width of 1.1 nm.
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Fig. 2. (a) Electron Transmittance on p-n junction bilayer armchair graphene nanoribbon, (b) Relation of
the tunneling current to the bias voltage.

Based on the graph in Figure 2(a), electron transmittance has occurred at 0.001 eV electron
energy. This shows that even though the electron energy is lower than the barrier potential
energy, electrons can still tunnel the barrier potential. In the case of p-n junction, transmittance
shows the probability of electrons successfully tunneling the barrier potential when moving
from the p-type semiconductor valence band to the n-type conduction band [14],[16]. The
increase of the electron energy causes the transmittance also increase. When the transmittance
approaches its maximum value, the change in transmittance to the increase of electron energy
will be smaller, this condition is called the saturation state. The triangle potential barrier shape
causes the width of the potential barrier that must be penetrated by electrons in each energy
value is not same. When electron energy be higher, the width of potential barrier that must be
passed by electron will be smaller and make electron easier to penetrate the barrier potential. In
addition, increasing electron energy also increases the ability of electrons to penetrate the
potential barrier. In this research, 0.01 eV electron energy can result the transmittance that is
close to maximum so that the energy value above it does not provide such a large transmittance
change.

Figure 2(b) shows a graph of tunneling currents as a function of a reverse bias whose value
1-100 mV. In the equilibrium condition before reverse bias is applied, the p-type semiconductor
valence band is at the same energy level as the n-type conduction band and no electron or holes
flow through the junction region. The tunneling current increase with the increase in applied
reverse bias. These results have the same tendency with previous research by [10] who model
the tunneling current behavior in p-n junction diodes that made from Monolayer Armchair
Graphene Nanoribbon (MAGNR). When the reverse bias is applied, the high of the barrier
potential will increase so that the p-type semiconductor valence band is above the n-type
conduction band. As a result, the electron from the p-type valence band will tunnel to the n-type
conduction band. The increase of bias voltage causes the p-type semiconductor valence band
will be farther above the n-type conduction band so that the tunneling electron will be more
copious. The application of the bias voltage will provide additional energy for electrons to tunnel



the barrier potential. The number of electron that successfully penetrates the barrier potential is
proportional to the value of the tunneling current. The diagram can be seen in Figure 3.
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Fig. 3. (a) Tunneling current with variation index N, (b) Density current to the width of BAGNR.

Figure 3(a) shows the effect of the index N to the tunneling current. The tunneling current
increases with the increase of the index N. Index N is the number of the atom that composes
BAGNR. The N value determines the width and also the electrical properties of the BAGNR.
The index N that satisfy BAGNR as a semiconductor is 3p + 1 with p integer [17]. The width
of the BAGNR is proportional to the N value. Based on research by [18],[17], the energy gap in
GNR will be inversely proportional to its width, so that when N gets bigger, the energy gap is
getting smaller. The energy gap will affect the depletion region width, which is proportional to
the energy gap. When the energy gap gets smaller, the depletion region width becomes smaller.
Tiny depletion region width will make it easier for an electron to penetrate it. From Figure 3(a)
we can observe that for each increase of the index N, the increase in the tunneling current will
be smaller, as the increase in tunneling current that occurs from N = 19 to N = 22 is greater than
the increase that occurred from N = 22 to N = 25, and so on. This happens because for each
specified electric field and temperature value, the maximum current will be achieved at a
BAGNR width value, as stated in [9]. The research’s result by [9] regarding the effect of the
graphene nanoribbon width to the tunneling current, for an electric field of 1 MV/cm, the
maximum current will be generated at a GNR width around 6.5 nm with a current density 450
MA / um. Meanwhile, through the graph of current density to the width of BAGNR shown in
Figure 3(b) we can see that the maximum current will be achieved at a width of BAGNR 2.58
nm (N = 22) with a current densityihure 1619.01 pA / um. We can see the graph in Figure 4.

The effect of temperature on the tunneling current is shown in Figure 4(a). Tunneling
current decreases with the increase of temperature. The result of this research has the same
tendency as the research’s result by [9],[5]. The effect of temperature on tunneling current
behavior can be explained through the Fermi-Dirac distribution function for electron in the
valence band and the conduction band [10]. Temperature affects the resistivity and conductivity
of a material. BAGNR, although it can be categorized as a semiconductor, the energy gap is
very small and high charge mobility, causing its resistivity increase with increasing temperature,
like a conductor. This is related to the vibrations that occur in the electron when the temperature
is raised so that the electron collisions with other electron and it is difficult to arrive at a certain
point.
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Fig. 4. (a) Tunneling current with variation temperature, (b) Tunneling current with variation electric
field.

Figure 4(b) shows the effect of the electric field to the tunneling current. The tunneling
current increases with increasing electric field. The result of this research has the same tendency
as the result of research by [13],[11],[10]. When the electric field gets bigger, the depletion
region will be thinner so that electron is easier to tunnel the depletion region. The electric field
in the depletion region can be designed based on the number of impurity atoms is given when
making p-type and n-type semiconductor. The number of impurity atom will affect the charge
polarization in the junction region that form the electric field [17]. The bigger electric field you
want to produce, the dopping process has to be stronger, which means more impurities will be
given. The more impurity atoms are given, the more carrier charge on the device and the
tunneling current will increase. This can be seen in Figure 7.
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Fig. 7 a) shows the comparison between the tunneling current in the p-n junction bilayer armchair
graphene nanoribbon (BAGNR) with monolayer armchair graphene nanoribbon (MAGNR). (b) shows a
comparison of the tunneling current result using the Airy function approach method with the WKB
method.

The tunneling current in the BAGNR material is bigger than the tunneling current in the
MAGNR material. That is because the energy gap in the BAGNR is smaller than the energy gap
in MAGNR. A smaller energy gap will have a smaller depletion region width so that the electron
will be easier to tunnel. The calculation of the energy gap in MAGNR uses the equation is
written in [12]. The structure of the energy band in BAGNR and MAGNR is affected by a
hopping energy parameter between carbon atoms in graphene called interlayer coupling. The
interlayer coupling can be determined by using the tight-binding model. The energy band on
MAGNR is only influenced by y,, that connects the near neighbour carbon atoms in a graphene
layer. Meanwhile, the energy band on BAGNR is influenced by y, and y,, hopping energy
parameter between atoms from one layer to another which position are parallel [20],[9],[6].
y;has a direct effect on the effective mass value of the charge carrier on the bilayer graphene.



Values y, and y, are used in the graph are 2.6 eV and 0.3 eV, so that the energy gap BAGNR
is 0.102 eV, while for MAGNR 0.349 eV. Comparison of the value of the effective mass and
gap of energy bands between MAGNR and BAGNR as the effect of the parameters y, and y;
are shown in the following Table 1.

Table 1. Comparison of the value of the effective mass and gap of energy bands between
MAGNR and BAGNR.

*

v mn Eg (eV
e ) e (x 1072 kg) 9 v
BAGNR MAGNR BAGNR MAGNR
0,3° 1,01 2,36 - 0,146 -
3,122 0,377 1,01 2,96 - 0,116 -
0,4¢ 1,01 3,14 - 0,110 -
2,6° 0,84 3,39 3,95 0,102 0,349
3¢ 0,3° 0,97 2,55 3,43 0,135 0,403
3,122 1,01 2,36 3,29 0,146 0,419

a[21], b[22], c[23]

The result showed that the tunneling current from the Airy Function method and the WKB
method has the same value at the beginning of the given bias voltage. When the voltage is
increased and reaches a certain value, the tunneling current using the WKB method result a
lower value than the Airy function. The result of this research has the same tendency with [12]
that comparing the result of tunneling current in p-n junction made from Graphene Nanoribbon
(GNR) using the Airy function approach and WKB method, see Equation (5). In calculations
performed by [13], the solution of the wave equation using the WKB method becomes invalid
ataround and at k(z)? = 0 (turning point).

d? 2m 3
V@ + (F (E- V(z))) Y(z) =0 (7

1
with k(z) = (Zh—r; (E - V(z))z. Meanwhile, the Airy function approach can be valid in each

region including the turning point. Based on this explanation, the difference in the tunneling
current that occurs can be caused by electron energy approaching the turning point area so that
at that voltage value, the tunneling current generated by the WKB method becomes less valid.

4. Conclusion

Based on the results of the study, the tunneling current increases with the increase in bias
voltage, N index, and the electric field. Tunneling current decreases with increasing
temperature. Tunneling current behavior in bilayer armchair graphene nanoribbon p-n junction
has the same tendency with monolayer armchair graphene nanoribbon and result in bigger
tunneling current than monolayer armchair graphene nanoribbon. The Airy function method
gives better results in calculating tunneling current than the WKB method because it gives valid
values in each region including the turning point area.
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