
IJECT Vol. 6, IssuE 1, spl- 1 Jan - MarCh 2015  ISSN : 2230-7109 (Online)  |  ISSN : 2230-9543 (Print)

w w w . i j e c t . o r g 54   InternatIonal Journal of electronIcs & communIcatIon technology

Single Quantum Well Graphene Nanoribbon p-n Junction: 
Part I: Quantum Confinement

1Aritra Acharyya, 1Bhadrani Banerjee, 1Anvita Tripathi, 1Aman Kumar Verma, 1Manohar Verma, 
1Rituparna Sarkar, 1Utsab Mukherjee, 1Upama Ghosh, 1Sonali Banerjee

1SKFGI, Sir J. C. Bose School of Engg., Khan Road, Mankundu, Hooghly, West Bengal, India

Abstract
A Single Quantum Well (SQW) p-n junction diode based on 
graphene nanoribbon (GNR) has been proposed in this paper. The 
quantum confinement of both types of charge carriers, i.e. electron 
and holes within the quantum wells associated with conduction 
and valance bands of SQW GNR p-n junction diode under reverse 
bias has been studied by obtaining the self-consistent solution of 
coupled Schrödinger and Poisson equations. It is observed that the 
percentage of confinement of both electrons and holes within the 
respective quantum wells decreases with the increase of applied 
reverse bias for fixed width of GNR within the quantum well, while 
the same increases with the increase of the width of GNR within 
the quantum well for fixed applied reverse bias voltage.
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I. Introduction
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 [1, 
2]. Unlike the traditional semiconductors, the bandstructures of 
both semiconducting CNTs and GNRs are non-parabolic in nature 
[3]. Also the carrier transport in both CNTs and GNRs approaches 
the ideal 1-D case [3]. 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 
[3-4]. By adapting this concept of bandgap tunability property of 
GNRs, the authors have proposed a single quantum well (SQW) 
p-n junction diode structure shown in fig. 1. Keeping in mind the 
inversely proportional relation between the bandgap of GNR and 
its width, the width of the GNR within the quantum well (Ww) is 
kept greater than that in rest portions (W) of the GNR diode (i.e. 
Ww > W). Thus the bandgap of GNR having width Ww (i.e. Eg2) 
remain smaller than that having width W (i.e. Eg1) and a single 
quantum well is formed (since Ww > W, therefore Eg2 < Eg1). 

Fig. 1: (a) Cross-sectional and (b) top views of the reverse biased 
n+-n-p-p+ structure based on SQW GNR (BOX means buried 
oxide).

In the present paper, the quantum confinement of charge carriers 
within the quantum wells associated with conduction and valance 
bands of the proposed SQW GNR p-n junction diode under reverse 
bias has been studied by obtaining the self-consistent solution of 
coupled Schrödinger and Poisson equations.

II. The Proposed Structure
The cross-sectional and top views of the reverse biased n+-n-p-p+ 
structure based on SQW GNR are shown in Figs. 1 (a) and (b). The 
lengths of the n+, n, p and p+-regions are taken to be Ln+ = 15 nm, 
Ln = 25 nm, Lp = 25 nm and Lp+ = 15 nm respectively. Thus the 
total length of the structure under consideration is L = Ln+ + Ln + 
Lp + Lp+ = 80 nm. Width of the GNR quantum well (Ww) centered 
at the n-p junction (x = xj) is taken to be in the range of 2 – 5 nm. 
The coordinates of the starting and ending edges of the quantum 
well can be written as (x = xw1) ≡ (x = (xj – Lw/2)) and (x = xw2) ≡ (x 
= (xj + Lw/2)) respectively; where Lw is the length of the quantum 
well which is taken to be 10 nm. The widths of the GNR outside 
the quantum well, i.e. from x = 0 to x = xw1 and from x = xw2 to x 
= L are kept fixed at W = 1 nm. Thus both within and outside the 
quantum well, the condition for width-tunable bandgap, i.e. length 
of GNR >> width of GNR, are maintained since Lw >> Ww and 
(Ln+ + Ln), (Lp+ + Lp) >> W. The thickness of GNR is taken to be 
tGNR = 0.35 nm throughout the structure under consideration for 
which the permittivity of GNR remains constant at εGNR =16. The 
doping concentrations of n- and p-regions are taken to be ND = NA 
= 2×1024 m-3 and those of n+- and p+-regions are taken to be Nn+ 
= Np+ = 1026 m-3. Such doping concentrations may be achieved in 
GNR via either chemical or electrostatic process [1].

III. The Physical Model
The physical model used for the description of bound states in the 
quantum well of GNR p-n junction diode consists of a nonlinear 
1-D Poisson’s equation for electrostatic potential distribution 
(V(x))

,  (1)
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where q is the charge of an electron (q = 1.6×10-19 C), p(x) and 
n(x) are the specially varying electron and hole concentrations 
and N(x) is the specially varying doping concentration of the 
heterostructure system under consideration, coupled with an eigen 
value problem for 1-D Schrödinger equation 

 (2)
where ( )xme

*  and ( )xmh
*  are the spatially varying effective mass of 

electrons in conduction band and holes in valance band respectively 
(both ( )xme

*  and ( )xmh
*  are spatially varying due to the inhomogeneous 

nature of the heterostructures under consideration),   is the 
normalized Planck’s constant ( π= 2/h ; where h = 6.62×10-34 J 
s), ( )xe

nψ  and ( )xh
nψ  are the wave function solutions corresponding to 

the conduction and valance bands respectively, e
nE  and h

nE  are the 
eigen-energy states corresponding to the conduction and valance 
bands respectively. The equations (1) and (2) are numerically 
solved subject to appropriate boundary conditions following 
an iterative algorithm developed by A. Acharyya [5], to obtain 
the self-consistent solution of those. Self-consistent solution of 
coupled Schrödinger and Poisson equations provides the wave 
function solutions corresponding to the conduction and valance 
bands ( ( )xe

nψ  and ( )xh
nψ ) for n number of pre-specified modes from 

which the spatial variations of electron and hole concentrations (
( )xn  and ( )xp ) can be obtained by using the following equations
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where e
nN  is the number of electrons per subband in conduction 

band and h
nN  is the number of holes per subband in valance band 

obtained. The aforementioned subband occupation densities ( e
nN  

and h
nN ) may be obtained from

,   (4)

where ( ) ( ) ( ) 




 −π= 2

, 24 gFvc EEEvEg   for ( )2gEE >  (vF is the Fermi 
velocity characterizing the bandstructure of graphene (  
m s-1) [3]) are the density of state functions for the 1st subbands 
in conduction ( ( )Egc ) and valance ( ( )Egv ) bands respectively in 
GNR [3], ( )Efc  and ( )Efv  denote the Fermi-Dirac distribution 
functions in conduction and valance bands which are given by 
( ) ( )( )TkEEf Bc exp11 +=  and , kB is the 

Boltzmann constant (kB = 1.38×10-23 J K-1) and T is temperature 
in Kelvin (K). After obtaining the spatial variations of electron 
and hole concentrations ( ( )xn  and ( )xp ) within conduction and 
valance bands of SQW GNR p-n junction diode respectively, the 
percentage of confinement of electrons and holes for given W, 
Ww, Lw, L and VR may be obtained from

   (5)

   (6)
respectively. The parameters POCn and POCp represent the relative 
amount of electrons and holes confined in the quantum wells 
associated with conduction and valance bands with respect to the 
total amount of electrons and holes respectively in SQW GNR p-n 
junction diode having dimensions W, Ww, Lw and L for applied 
reverse bias of VR.

IV. Numerical Results and Discussion
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 to study the quantum 
confinement of electrons and holes in the respective quantum wells 
of conduction and valance bands. The temperature is assumed to 
be 300 K for the numerical computations. The figs. 2 (a) – (d) 
show the spatial variations of electron and hole densities in the 
reverse biased n+-n-p-p+ structured SWQ GNR diode having 10 
nm quantum well length for different quantum well widths such 
as 2, 3, 4 and 5 nm under different reverse bias voltages such 
as 0.01 and 0.50 V. Variations of percentage of confinement of 
electrons and holes in the respective quantum wells associated 
with conduction and valance bands (i.e. POCn and POCp) of SQW 
GNR p-n junction diode having 10 nm quantum well length with 
applied reverse bias voltage for different quantum well widths as 
well as with quantum well widths for different applied reverse 
bias voltages are shown in Figs. 3 (a) and (b) respectively. It is 
observed from both Figs. 2 and 3 that relative amounts of both the 
electrons and holes confined in the quantum wells associated with 
conduction and valance bands with respect to the total amount 
of electrons and holes respectively decrease with the increase of 
applied reverse bias voltage for a particular quantum well width. 
If the reverse bias voltage is increased, then the charge carriers 
acquire more energy from the increased electric field. Therefore 
the possibility to overcome the barriers at the boundaries of 
respective quantum wells by the charge carriers become easier. 
Consequently the amount of confinement decreases for both types 
of charge carriers with the increase of reverse bias. 
It is also observed that both POCn and POCp are increased with the 
increase of quantum well width for a fixed reverse bias voltage. 
With the increase of quantum well width (Ww), the bandgap of 
GNR within that region (Eg2) decreases (since Eg(GNR) ∞ 1/Ww). 
Thus the depths of the both quantum wells associated with the 
conduction and valance bands increase. Thus more energy (i.e. 
more applied reverse bias) is then required to overcome the 
barriers at the respective quantum well boundaries by the charge 
carriers.
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Fig. 2: Spatial Variations of Electron and Hole Densities in the Reverse Biased n+-n-p-p+ Structured SWQ GNR Diode Having 10 
nm Quantum Well Length at 300 K for (a) 2 nm, (b) 3 nm, (c) 4 nm and (d) 5 nm Quantum Well Widths Under Different Reverse 
Bias Voltages

Fig. 3: Variations of Percentage of Confinement of Electrons and Holes in the Respective Quantum Wells Associated With Conduction 
and Valance Bands of SQW GNR p-n Junction Diode Having 10 nm Quantum Well Length (a) With Applied Reverse Bias Voltage 
for Different Quantum Well Widths and (b) With Quantum Well Widths for Different Applied Reverse Bias Voltages
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It is interesting to observe from all the above studies that the 
quantum confinement of electrons in conduction band is more 
pronounced as compared to that of holes in valance band.

V. Conclusion
In this paper, the authors have proposed a SQW p-n junction 
diode structure based on graphene nanoribbon (GNR). The 
quantum confinement of charge carriers within the quantum wells 
associated with conduction and valance bands of SQW GNR p-n 
junction diode under reverse bias has been studied by obtaining 
the self-consistent solution of coupled Schrödinger and Poisson 
equations. It is observed that the percentage of confinement of 
both electrons and holes within the respective quantum wells 
decreases with the increase of applied reverse bias for fixed width 
of GNR within the quantum well while the same increase with the 
increase of the width of GNR within the quantum well for fixed 
applied reverse bias voltage.
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