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ABSTRACT

 Methan has a large potential to adsorb and diffuse among h-BN and graphene surfaces as 
the suitable dielectric. With this background the nanoscale dielectric capacitors have been widely 
studied due to their ability to store a high amount of energy. In this research, I have modeled one 
which is composed of two graphene layers including insulating medium of a h-BN layers which are 
filed out (Methane)n,m {n=m=7) . It has been indicated that the Methane molecule is the suitable 
gas for hetero-structures of the G/(h-BN) -(Methane)7,7/G capacitor compared to those nonpolar 
gases of 3 atoms . The quantum and coulomb blocked effects of h-BN/graphene including different 
numbers of Methane for multi dielectric properties of diûerent thicknesses have been studied. We 
have shown that Quantum effect has appeared in a small thickness of capacitor due to number of 
layers and Methane atoms.  

key words: Capacitor, Graphene, Boron nitride sheet, Coulomb blockade, Methane properties.

INTROdUCTION

 The sp2-hybridized B-N and C-C bonding 
has very similar characteristics in mechanics, while 
great difference in optics and electronics. Essentially, 
the similar points result from the close positions of B, 
C and N in the Mendeleev Table, while the different 
ones result from the heterogeneous atoms. The 
bonding orbit p of B-N is mainly dominated by 2p 
orbit of N, while 2p orbit of B contributes mostly to 
the antibonding orbit p*.

 The discovery of graphene in 20041, an 
atomically thin two-dimensional (2D) graphitic 
crystal, offers new opportunities to nano electronics 
and nano materials and has stimulated worldwide 
enthusiasm for the research of 2D nano materials2. 

 Graphene has a relatively flexible molecular 
structure due to its electronic properties. It can be 
chemically fitted on top of a deposit metal atom1-4, 
a deposit molecule can be fitted on its top2, nitrogen 
and boron can be incorporated in its structure3 and 
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can have doped atom inside its sheet. This structure 
can be used in a wide area of researches such as 
electronics, capacitor, superconductors, batteries 
and diodes. The considerable characteristic of 
graphene is that it is a Dirac solid, with the electron 
energy being linearly dependent on the wave vector 
near the vertices of the hexagonal Brillouin zone4.  A 
complete history for the rising of graphene has been 
given by Geim and Novoselov5. 

 Graphene has studied in two-dimensional 
nanostructures, including carbon and hydrogen 
atoms with sp2-hybrid lattice structures. Graphene 
has a structure analogous to benzene and polycyclic 
aromatic hydrocarbons and sp2 hybrid, the chemistries 
of the compounds can be thought to be similar, 
graphene has many novel properties, such as high 
surface area, excellent electrical conductivity and 
electron mobility at room temperature, and has 
unique thermal and mechanical properties recent 
investigations have demonstrated that graphene may 
find tremendous applications in many areas3,4. 

 The nanoscale capacitors have recently 
developed and achieved properties which are premier 
to other systems of energy storage. The nanoscale 
dielectric capacitors (NDC) consist of two metallic 
graphene layers separated by insulating h-BN thin 
layers which have been successfully used to simulate 
structures of graphene/h-BN/graphene1-4.

 Both theoretical and experimental studies 
on metallic graphene were focused on understanding 
the dielectric properties of these structures and 
forming thin layers that can bestead as charge 
holding plates2,4. Furthermore it was shown that 
graphene can preserve current densities six order 
of magnitude larger than copper5. It has been 
theoretically6 and experimentally7 shown that h-BN 
layers of any thickness can be grown on graphene 
layers and it is also possible to flourish perpendicular 
carbon on top of the sheets8 and is important material 
for adsorption9-14. 

 In this study, we consider a NDC model of G/
(h-BN)m-(Methane)7,7/G capacitor composed with 
(h- BN) sheets Methane gas as an insulator using ab 
initio calculations within the density functional theory 
(DFT) and extended-huckel. Our nanoscale capacitor 
model is composed of a few hexagonal h-BN layers, 

which are stacked between two metallic graphene 
sheets as can be seen in scheme1. 

 The h-BN  belongs  to  the  same  family  
of  stacked  hexagonal  materials  as  graphene, 
which consists of atomically  thin sheets held  
together by weak van der Waals forces. Its intra-layer 
network consists of strong  covalent bonds, whose 
partial  ionic  character  turn  the  system  into  an  
insulator.

 Multilayers of h-BN are wide band gap 
insulators which can vail as a dielectric material 
between metal-doped graphene layers. In addition, 
the sheets that are lattice matched to graphene allow 
one to attain sturdy and high accuracy nanoscale 
spacing between two parallel metallic graphene 
plates, which can be set to favorable values.

 Monajjemi and coworkers have studied of 
nanotube carbon and graphene as electronic devices 
such as LiBTs, capacitors, diode, various transistor 
and biological sensors both in solvent and vacuum 
media, widely15-131

 Since the thickness of separation of the 
capacitors can be less than 15 angstrom, the stored 
energy has to be calculated from the ûrst principles. 
However, the available ûrst-principle methods allow 
us to treat the distribution of only one kind of excess 
positive or negative charge at a time in the same 
situation. Therefore, the main problem in this kind 
of calculations is related to separating positive and 
negative charges on the plates of electrodes in a 
capacitor. In our model, the charge carriers are 
electrons themselves; while they exist in excess in 
one plate, they are unloaded from the other one.

Theoretical model
 In  th is  model ,  a  smal l  capac i to r 
is made by creating an insulating layer of (h-BN) 

between two metal-doped graphene surfaces. We 
assume that the capacitor electrodes carry  
charges from one electrode towards the opposite 
side. So the initial energy stored in the electrostatic 
field between the capacitor plates is given by   
. 

 One of the most fundamental effects in 
nano electronics is related to the significant change 
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in the energy when the electrons are transferred 
into a nanoscopic material region such as quantum 
dot, which results in what is known as ”Coulomb 
Blockade” .

 By letting the electrons tunnel through 
the insulating layer from the negative terminal to 
the positive terminal, such that the charge (Q+”qe) 
resides on the top plate and (“Q—Hqe) resides on 
the bottom plate, the stored energy in this situation 
is now .

 Although the charge itself is quantized, 
the charge on the capacitor plates is polarized 
and not quantized. The energy cannot be stored 
in the capacitor plates until a single electron 
tunnels through the insulator h-BN layers from the 
negative terminal to the positive terminal where 
the change in stored energy can be indicated as: 

 (1). In this condition the 
large voltage is in the range of
, that is, the tunneling current will only flow when a 
sufficiently large voltage  exists. 

 The tunneling resistance can be assumed 
to be  (2) which is not a usual resistance, 
however, theoretically allowing electrons to cross the 
insulating junction as discrete occurrences where “I” 
is the resulting current due to the tunneling effect. 
Tunneling resistance is not an usual resistance, but 

an imaginary one, allowing  the electrons to cross the 
insulating junction during “t=  (3) “ where  is 
the quantum capacitance and  is a characteristic 
time associated with  tunneling events which 
is considered to be the approximate lifetime of the 
energy state of the electrons (on one side of the 
barrier).

 The , should be finite and not too 
big, so that tunneling can practically take place. In 
this case, the charge is said to be well quantized 
and the capacitor is considered to be a tunnel 
junction. 

 In this work we have calculated the RTun for 
various capacitors {(including graphene electrodes 
composed with (h-BN) sheets and Methane gas 
as the insulators} as a function of the thickness 
of (h-BN)n and difference in potential energy 
barrier between the capacitor electrodes (Via the 
uncertainty relationship between time and energy,  

(4)

 When the quantum well descends below the 
Fermi level, the electrons start to be accommodated 
in this quantum well and the excess electrons in the 
graphene layers become sensitive to charge spilling 
into the vacuum space of capacitor.  

Table 1: Charges, HOMO, LUMO and Gap energy of the capacitor 
including 7+7=14 molecules of Methane
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 Ajayan and his coworkers have suggested7 
that the observed abnormal increase in capacitance 
with decreasing size is due to the negative quantum 
capacitance for nano-systems. This eûect arises from 
many-body interactions since the chemical potential of 
the electrons decreases with the increase of electron 
density. A few studies have reported different aspects 
of quantum capacitance; of particular importance 
are the study of Maccuci whom has reported a 
capacitance of radial quantum dots, Wang et al., on 
capacitance of atomic junctions132 and another study 
on non-linear quantum capacitance133. 

 The QM component is a development of the 
density of states of the metal electrodes, and their 
Thomas-Fermi screening lengths. Hence the hybrid 
capacitance of any nano-capacitor architecture is 
given as:  (5) Where  is 
the net capacitance of the nano-capacitor,  is the 
classical (geometric) capacitance,   and   are 
the quantum capacitances, due to the density of 
states of the (Li, Be, B), doped graphene electrodes 
M1G, and M2G, respectively. 

Computational details
 In this study, we have mainly focused on 
getting the results from DFT methods such as m06, 

m06-L, and extended-Huckel for the non-bonded 
interaction of G/(h-BN) -(Methane)n/G which are 
monotonous through the comparison between 
different situations. The m062x, m06-L, and m06-HF 
are new methane hybrid DFT functional with a good 
correspondence in non-bonded calculations and are 
useful for calculating the energies of the distance 
between two fragments in a capacitor. The double 
æ-basis set with polarization orbitals were used for 
doped graphene atoms while single æ-basis sets 
with polarization orbitals were employed for the h-BN 
layers. Calculations were performed using Gaussian 
09 and GAMESS-US packages. 

 For a non-covalent interaction, B3LYP is 
unable to describe van der Waals interactions134, 135 
in capacitor systems by medium-range interactions, 
such as the interactions of two electrodes and 
dielectric sheets. The lack of ability of B3LYP and 
most other popular functional to correctly describe 
medium-range of exchange and correlation energy 
limits their applicability for distant non-bonded 
systems of two electrodes and dielectric thickness 
in a capacitor. Moreover, some recent studies 
have shown that inaccuracy for the medium-range 
exchange energies lead to large systematic errors 
in the prediction of molecular properties136.

Fig. 1: The dimension of G/(h-BN)
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Fig. 2: The Capacitour versues 3 axis (Bohr)

Fig. 3: The electron density and Charges 
localization of Capacitor with projection

 A monolayer of graphene was optimized 
and allowed to relax to its minimum energy structure. 
It contains 45 atoms. After relaxation, all C-C-C 
angles and C-C bond were calculated to be around 
120º and 1.421Å, respectively, which are in good 
agreement with reported values137.

 Geometry optimizations and electronic 
structure calculations have been carried out using 
the DFT approach which  is  based  on  an  iterative  
solution  of  the Kohn-Sham  equation138 of  the 
density functional .

 The Perdew-Burke-Ernzerhof139 exchange-
correlation (XC) functional of the generalized 
gradient approximation (GGA) is adopted. The 
dimension of capacitor has been set via three 
dimensions as 5.655× 12.306×15.037 Å and the 
sheets are separated by various distances along 
the perpendicular direction to avoid interlayer 
interactions (scheme1). During all of the calculation 
processes, the partial occupancies were considered 
by using the Bloch corrections140.

 The charge calculation methods based on 
molecular electrostatic potential (MESP) fitting are 
not well-suited for treating larger systems where 
some of the innermost atoms are located far away 
from the points at which the MESP is computed. In 
such a condition, variations of the innermost atomic 
charges will not lead to significant changes of the 
MESP outside of the molecule, meaning that the 
accurate values for the innermost atomic charges  
are not well-determined by MESP  outside of the  
molecule. The representative atomic charges for 
molecules should be computed as average values 
over several molecular conformations. Although 
infinite graphene sheets are intrinsically metallic, 
our BG system exhibits an increase in the metallic 
properties. The interaction energy for capacitor was 
calculated in all items as indicated in the equation 
9: 
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Fig. 4:  The electron density and TdOS, PdOS, for three fragment 
for the G/(h-BN)( Methane) /G capacitor

Fig. 5: Electron density of system with projection and counter map diagram

 
+  (6) where the “ ” is the stability energy of 
capacitor. 

 The electron density (Both of Gradient norm 
& Laplacian), value of orbital wave-function, electron 
spin density, electrostatic potential from nuclear  
atomic charges, electron localization function (ELF), 
localized orbital locator (LOL  defined by Becke & 
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Tsirelson), total electrostatic potential (ESP), as 
well as the exchange-correlation density, correlation 
hole and correlation factor, and the average local 
ionization energy. 

RESULTS ANd dISCUSSION

 Horizontal boron nitride (h-BN) in nature 
is an ideal electrical insulator that can be polarized 
by applying an external electric ûeld; the number of 
h-BN layers between the graphene plates has been 
calculated and optimized as a suitable simulation of 
dielectrics. Furthermore, graphene and h- BN are 
two well-known single layer honeycomb structures, 
so the proposed model can be easily fabricated. 

 In this study, BN was chosen as a dielectric 
since it is an excellent spacer with a lattice constant 
close to that of graphene. We speciûcally studied 
the dielectric properties of G/(h-BN) (Methane) /G, 
including the number of h-BN respectively.

 Similar  to  graphene,  the anisotropic  
binding of  h-BN allows  for  the formation  of  
various  layered  structures.  Long-range interlayer 
interactions play a dominant role in characterizing 
the structural and mechanical properties of these 
systems and hence their performance in the 
simulation of our capacitor models.

 The sp2-hybridized B-N and C-C bonding 
has very similar characteristics in mechanics, while 
great difference in optics and electronics. Essentially, 
the similar points result from the close positions of B, 
C and N in the Mendeleev Table, while the different 
ones result from the heterogeneous atoms. The 
bonding orbit p of B-N is mainly dominated by 2p 
orbit of N, while 2p orbit of B contributes mostly to 

the antibonding orbit p* . This implies a significant 
charge transfer from B to N, around 0.4 electrons. 
In contrary, there is no significant electron transfer 
in C-C bonding so the B-N bonding is partially ionic; 
while C-C bonding is covalent (This also leads to the 
different electron band structure).  

 The values of the distances between 
graphene layers capping h-BN layers, dielectric 
constants of the layered h-BN sheets (k), magnitude 
of the charges on the graphene plates, electrostatic 
properties using the SCF density, fitting point 
charges to electrostatic potential charges from ESP 
fit, the stability energy of capacitor (eV), various 
capacitances including the net capacitance and 
the potential difference between two electrodes of 
graphene plates are listed in tables {1-2}.

 Gap energy and kinetic energy, potential 
energy, Laplacian of electron density and density 
of all electrons  are depended to various number of 
He in the table1 which it can be exhibited the proper 
situations for He and number of h-BN plates in figs 
1-5.

 In addition, according to the electronic 
structures, we have considered two isolated 
graphene layers which are doped by these atoms in 
various distances. The atomic structures, interlayer 
spacing, relative positions of the layers and the cell 
parameters have been optimized.

 Here we have considered the interlayer 
attraction using extended-Huckel force field for h-BN 
to describe its interlayer interactions including  h-BN 
inter-layer  potential, attractive  components  and the 
classical mono-polar electrostatic  term  that  takes  
into account  the partially  ionic character of h-BN. 

Table 2: The Charges of two graphene electrodes and the stability 
energy, difference potential, dielectric 

Methane     dielectric  
number    constant(k)

1,1 0.23 0.12 1.44 1.1
2,2 0.32 0.15 2.34 1.5
5,5 0.45 0.18 1.56 1.8
7,7 0.57 0.23 1.99 1.9
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 For long distances of dielectric thickness, the 
classical capacitance rule of the “ ” is adaptable. 
This adaptability does not go for short distances, 
which is attributed to the quantum size effect. We 
identified the dielectric permittivity as a function of 

dielectric size through abinito calculations, 

 ,    a n d 
 by   ,  us ing  the 

molecular dynamic simulation. 
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