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Abstract
A theory has been developed for interband tunneling in a single 
quantum well (SQW) p-n junction diode based on graphene 
nanoribbon (GNR). The Zener tunneling probability of reverse 
biased SQW GNR p-n junction diode has been calculated starting 
from the intrinsic bandstructure of GNR by evaluating the Wentzel-
Kramer-Brillouin (WKB) band-to-band tunneling probability. 
Numerical calculations show that the tunneling current increases 
with the increase of the reverse bias voltage for fixed width of 
GNR within the quantum well and also with the increase of the 
width of GNR within the quantum well for fixed applied reverse 
bias voltage.
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I. Introduction
The principle of operation of a number of traditional semiconductor 
devices such as Esaki diode, resonant tunneling diode, etc. primarily 
depends on the quantum mechanical tunneling phenomena [1]. 
Since last few years, extensive studies have been carried out on 
the phenomena of tunneling in three-dimensional (3-D), two-
dimensional (2-D) and one-dimensional (1-D) heterostructures 
based on traditional parabolic-bandgap semiconductors [2, 3]. On 
the other hand, some carbon-based one-dimensional (1-D) materials 
such as carbon nanotubes (CNTs) and graphene nanoribbons 
(GNRs) have recently attracted the attention of several researchers 
due to a number of potential applications of those in near future 
[4, 5]. Unlike the traditional semiconductors, the bandstructures of 
both semiconducting CNTs and GNRs are non-parabolic in nature 
[6]. Also the carrier transport in both CNTs and GNRs approaches 
the ideal 1-D case [7]. The primary advantage of both CNT and 
GNR is that, their bandgap can be modulated by changing one 
particular dimension of those. Diameter of CNTs and width of 
GNRs may be varied to modulate the bandgaps of those, provided 
that those dimensions (diameter and width respectively) must 
be much smaller than the corresponding lengths of CNTs and 
GNRs [6, 7]. A theory for interband tunneling in semiconducting 
CNT and GNR based p-n junction diodes was developed by Jena 
et al. [7] in the year 2008. The considered a simple triangular 
approximation for the potential energy barrier in CNT/GNR p-n 
junction diode under small reverse bias and used the WKB method 
[8] to obtain 1-D band-to-band tunneling probability leading to 
an analytical expression for net tunneling current.
Authors have already proposed a SQW p-n junction diode structure 
and studied the quantum confinement of charge carriers within the 
quantum wells associated with conduction and valance bands of 
the proposed structure under reverse bias by obtaining the self-
consistent solution of coupled Schrödinger and Poisson equations 
in the earlier part [9] of the present paper. In this paper, a theory 
has been developed for interband tunneling in SQW p-n junction 
diode based on GNR without any simplified approximation such 
as the triangular approximation of potential energy barrier [7]. 

The Zener tunneling probability of reverse biased SQW GNR 
p-n junction diode has been calculated starting from the intrinsic 
bandstructure of GNR by evaluating the 1-D WKB band-to-
band tunneling probability. Finally an analytic expression for 
the tunneling current have been developed by combining the 
expression of the same developed by Jena et al. [7] and the newly 
developed 1-D WKB band-to-band tunneling probability in SQW 
GNR p-n junction diode.

II. Calculation of Tunneling Current
In this section, the Zener tunneling probability of SQW GNR 
p-n junction diode has been evaluated starting from the intrinsic 
bandstructure of GNR. The bandstructure of the mth subband of 
semiconducting graphene may be written as [6]

( )( ) ( ) ( )22
, xkxkvsxE mxFmvc +=  ,  (1)

where  m s-1 is the Fermi velocity characterizing the 
bandstructure of graphene [6, 7]. The value of the parameter s = 
+1 denotes the conduction band and s = –1 denotes the valance 
band. The electron momentum at any space point x along x-axis 
is ( )xkx . In GNRs, the transverse momentum is quantized by the 
ribbon width [10]. Thus for the SQW GNR p-n diode structure, 
( )xkm  may be written as [6]
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where m = ±1, ±2, ±3, ±4, ……….. etc. the corresponding bandgap 
may be defined as
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The equations (4) and (5) will be valid as long as the width of the 
GNR is much smaller than the corresponding length throughout 
the device structure, i.e. Ww << Lw and W << (Ln+ + Ln), (Lp+ + 
Lp), such that the longitudinal momentum of carriers in the ribbon 
are quasicontinuous [6-7].
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Fig. 1: Energy-band diagram of reverse biased n+-n-p-p+ structured 
SQW GNR diode showing seven eigen-energy states within the 
quantum well (Eg2 is the bandgap of GNR within the quantum 
well and Eg1 is the same outside the well) in both conduction and 
valance bands for applied reverse bias of VR = 0.01 V. The figure 
also shows Zener tunneling of electrons from p-side valance band 
to n-side conduction band and E-k relations at high k limit for 
GNRs.

Now the interband tunneling probability in a SQW GNR p-n 
junction diode having space dependent bandgap of Eg(x) has 
been evaluated. The doping concentrations of n- and p-layers 
(ND, NA) are kept at such levels that the equilibrium Fermi level 
remain at the conduction band edge (Ec(x)) in the n-side and at 
the valance band edge (Ev(x)) in the p-side. Forward bias would 
not lead to current flow under this situation. But reverse bias of 
appropriate magnitude leads to tunneling of electrons from valance 
band to conduction band as shown in Fig. 1. The potential energy 
barrier seen by the electrons in the valance band of the p-side is 
Vsc(x) which can be obtained from the self-consistent solution of 
Schrödinger-Poisson equations as described in detail in the earlier 
part (Part I) of the paper [9]. 
Since the energy of carriers near the band edge ( ( ) 0≈xkx ) is 
conserved during the tunneling of electrons from the valance 
band to the conduction band, the condition

  (6)
holds for the wavevector ( )xkx  for all x. From equations (1) and 
(6) the wavevector ( )xkx  may be obtained as

  (7)

which is imaginary. Denoting this by ( ) ( )xixk xx κ= , where the real 
quantity ( )xxκ  may be written as

  (8)
Now the 1-D WKB band to band tunneling probability for the 
reverse biased SQW GNR diode is given by [8]

   (10)

It is assumed that, except for the narrowest bandgap GNRs, the 
tunneling is primarily from first valance subband (i.e. m = 1) in 
the p-side to the first conduction subband in the n-side. From 
the band diagram shown in Fig. 1, the net tunneling current in 
SQW GNR p-n diode due to applied reverse bias of VR may be 
evaluated from [7]

 (11)
where the spin degeneracy gs = 2 and valley degeneracy gv = 1 
for GNRs.

III. Numerical Results and Discussion
Initially the self-consistent solution of coupled Schrödinger and 
Poisson equations have been obtained for the proposed SQW GNR 
p-n junction diode by varying the dimensional parameters such as 
Ww, Lw, etc. under different biasing conditions. The temperature is 
assumed to be 300 K for the numerical computations. Variations 
of tunneling current (IT) in SQW GNR p-n junction diode having 
10 nm quantum well length (Lw) with applied reverse bias voltage 
(VR) for different quantum well widths (Ww) are shown in fig. 
2. On the other hand, fig. 3 shows the variations of IT in SQW 
GNR p-n junction diode having Lw = 10 nm with Ww for different 
VR. It is observed from figs. 2 and 3 that the tunneling current 
increases with the increase of applied reverse bias voltage for 
particular quantum well width. The maximum value of IT is found 
to be ~10-4 µA at VR = 0.5 V for Ww = 2 nm, whereas the same is 
obtained as ~100 µA at the same value of VR for Ww = 5 nm. With 
the increase of quantum well width (Ww), the bandgap of GNR 
within that region (Eg2) decreases (since Eg(GNR) ∞ 1/Ww), which 
leads to larger tunneling probability of electrons from valance 
to conduction band within the well region and consequently the 
tunneling current increases significantly. Moreover, the slopes 
of the IT vs. VR curves are found to be much larger for VR < 0.1 
V, while those decrease significantly for higher values of reverse 
bias voltage. 

Fig. 2: Variations of Tunneling Current in SQW GNR p-n Junction 
Diode Having 10 nm Quantum Well Length With Applied Reverse 
Bias Voltage for Different Quantum Well Widths
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It is observed from fig. 3 that the tunneling current increases 
sharply with the increase of quantum well width for any VR. But 
the said sharp increase of IT is found to be ceased when the quantum 
well width increases above 4.5 nm. The quantum confinement of 
electrons and holes within the quantum wells associated with the 
conduction and valance bands respectively becomes dominant at 
higher quantum well widths (i.e. Ww > 4.5 nm), which may be 
cause of the aforementioned cease of tunneling current for Ww > 
4.5 nm at any applied reverse bias voltage.

Fig. 3: Variations of Tunneling Current in SQW GNR p-n Junction 
Diode Having 10 nm Quantum Well Length With Quantum Well 
Widths for Different Applied Reverse Bias Voltages

IV. Conclusion
In this paper, a theory has been developed for interband tunneling in 
a SQW GNR p-n junction diode. The absolute potential distribution 
within the SQW GNR p-n junction diode has been initially obtained 
from the self-consistent solution of the coupled Schrödinger and 
Poisson equations. The Zener tunneling probability of reverse 
biased SQW GNR p-n junction diode has been calculated starting 
from the intrinsic bandstructure of GNR by evaluating the WKB 
band-to-band tunneling probability without using any simplified 
assumption regarding the shape of the potential energy barrier. 
Numerical calculations show that the tunneling current increases 
with the increase of the reverse bias voltage for fixed width of 
GNR within the quantum well and also with the increase of the 
width of GNR within the quantum well for fixed applied reverse 
bias voltage.
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