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a b s t r a c t

We introduce the ab-initio framework for zigzag-edged graphene fragment based single-electron

transistor (SET) operating in the Coulomb blockade regime. Graphene is modeled using the density-

functional theory and the environment is described by a continuum model. The interaction between

graphene and the SET environment is treated self-consistently through the Poisson equation. We

calculate the charging energy as a function of an external gate potential, and from this we obtain the

charge stability diagram. Specifically, the importance of including re-normalization of the charge states

due to the polarization of the environment has been demonstrated.

& 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recent developments in semiconductor theory have led to the
new field of device research focusing on structures capable of
exploiting the discreteness of the electron charge [1–3]. Their
operation is based on the discrete nature of electrons tunneling
through thin potential barriers. These devices are commonly
referred to as single-electron transistor (SET) [4,5]. It consists of
a gate electrode that electrostatically influences electrons travel-
ing between the source and drain electrodes. The electrons in SET
need to cross two tunnel junctions that form an isolated con-
ducting electrode called the island. It allows to control current
consisting of electrons traversing the device one by one, by
varying the charge on the control gate by a fraction of an
electron [6]. While SETs are extremely and exceedingly sensible
to the presence of single charged defects, impressive reproduci-
bility has been recently obtained through refined fabrication
techniques [7–9].

Graphene has been recognized as a new revolutionary material
for electronics. Compared to silicon and GaAs based classical
semiconducting materials, the understanding of electronic transport
in graphene [10] is still in its infancy. Confinement effects typically
of mesoscopic systems and electron–electron interactions [11,12]
are expected to play a crucial role on the transport properties
[13,14] in graphene [15]. Recently a tunable SET has been demon-
strated in a graphene island weakly coupled to leads [16]. Theore-
tical investigations [17,18] have attributed the existence of such a
gap to Coulomb interaction effects [19]. Nonequilibrium Greens

functions (NEGF) within with density-functional theory (DFT) [20]
or semiempirical models [21] have been successfully used in
modeling coherent transport for various types of molecular junc-
tions. However, in the case of molecular SET [22], the transport is
incoherent [23]. Although there are very limited recently published
experimental results [19] on the characterization of graphene-based
SET, theoretical studies [11,24] are not widely reported. Theoretical
studies [25] can enhance the understanding of these novel devices
and contribute towards future designs. Motivated by this, in this
article we introduced the ab-initio framework of SET’s operating in
the Coulomb blockade regime [26]. We use the model to calculate
the charging energy of graphene with zigzag edge in an electrostatic
environment [25] resembling a SET geometry. We calculate the
charging energy as a function of an external gate potential, and from
this we obtain the charge stability diagram. Specifically, the impor-
tance of including re-normalization [27] of the molecular charge
states due to the polarization of the environment has been
demonstrated.

2. Modelling and simulation

The calculation uses DFT based NEGF formalism within Trans-
SIESTA [28–31] framework, which is implemented in Atomistix
ToolKit [32]. The DFT model used here is based on pseudopoten-
tials with numerical localized basis functions. In this framework,
a compensation charge rcomp

i ðrÞ is introduced for each atomic site.
The compensation charge has the same charge Zi as the pseudo-
potential, and is used to screen the electrostatic interactions.
Next, we extend the total energy functional to include interac-
tions with a number of dielectric and metallic regions surround-
ing the system. Fig. 1 illustrates a typical SET geometry, where
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graphene fragment with zigzag edge (width¼7.104 Å and
length¼13.554 Å) is positioned on top of a dielectric material
and surrounded by metallic electrodes.

Within the metallic regions the potential is fixed to the applied
voltage on each respective electrode, and on the faces of the cell
we apply Neumann boundary conditions, i.e., zero electric field.
The system consists of a metallic back-gate, and above the gate
there is 6.7 Å of dielectric material with dielectric constant 3:5e0.
Graphene is positioned 1.2 Å above the dielectric. To the left and
right of the graphene are metallic source–drain electrodes, and
the distance between graphene and the electrodes is 6.5 Å. We
note that for a typical metal surface the image plane is 2.0 Å
above the surface, and to compare with atomic adsorption
geometries, this length must be added to the above distances.
To obtain the energies, we first calculate the charging energies of
the isolated zigzag graphene. We obtain the charging energy by
performing self-consistent calculations for the N and Nþ1 charge
states of the isolated zigzag graphene and subtracting their total
energies. For the calculation we use DFT in the spin polarized
local density approximation [33] and expand the wavefunctions
in a double-z polarized basis set. The geometries are obtained by
relaxing the graphene fragment with zigzag edge in the neutral
state. Following are program parameters used in the present
analyses: (i) basis set parameters: Type¼double-z polarized; (ii)
exchange correlation parameter: type¼LDA, functional¼PZ; (iii)
density mesh cut-off¼75 Hartree, k-point sampling¼15� 15�
15, Electron temperature¼300 K; (iv) Iteration control para-
meters: tolerance¼10�5, algorithm¼PaulayMixer, mixing varia-
ble¼Hamiltonian variables.

3. Results and discussion

To validate the modelling and methodology adopted, we start
our calculation with benzene. The charging energies of the
isolated benzene and benzene in SET environment are calculated.
We obtain EI�EA ¼ 11:48 eV and EI�EA ¼ 7:68 eV, in the isolated
phase and SET environment, respectively. Excellent agreement
has been obtained compared with the available results [23]. Being
confident about the agreement of the charging energies estima-
tion, analysis of the graphene with zigzag edge is considered next.

The ionization energy (EI) and the affinity energy (EA) of the
graphene (with electrode-to-graphene distantace¼6.5 Å) are
obtained as 6.58 eV and 3.71 eV in isolated phase. Similarly, EI and
EA of the graphene is obtained as 5.97 eV and 4.24 eV in SET
environment. Table 1 shows the calculated charging energies of
the system for different configurations. We calculate the total
energy of the different charge states of the SET system as a function
of the gate potential. The results are shown in Fig. 2. The total energy
includes the reservoir energy qW, where q being the charge of

graphene and W (¼5.28 eV) is the work function of the gold
electrode. Fig. 2 shows that the neutral graphene has the lowest
energy at zero gate potential. The state with the lowest energy is the
stable charge state of the graphene for a given gate voltage. Negative
gate voltages stabilize positive ions, while positive gate voltages
stabilize negative ions. In the region around zero gate voltage, the
neutral state is the lowest energy state. At negative gate potentials
the positive charge states are stabilized, while the negative charge
states are stabilized at positive gate potentials. This is in agreement
with HOMO and LUMO levels following �eVG; thus, at positive bias
the LUMO level gets below the electrode Fermi level and attracts an
electron, and graphene becomes negatively charged. At negative
gate potentials the HOMO level gets above the electrode Fermi level
and an electron is escaping from graphene, which becomes posi-
tively charged. The gate dependence is close to linear, and the slope
is related to the charge state of graphene. To understand the
dependence between the total energy and the gate potential, we
fit a quadratic function to the data:

E¼ aqVGþbðeVGÞ
2

ð1Þ

Note that we assume the linear term to be proportional to the
charge q on graphene, while the quadratic term arises from the
polarization of the graphene and therefore is independent of q. By
fitting the data in Fig. 2(a), we find for graphene a¼ 0:7043,
b¼�0:003 eV�1, where the variation with the charge state is
� 0:01 for a and � 0:001 eV�1 for b. Thus, graphene is strongly
coupled with the gate. Similarly, by fitting the data in Fig. 2(c), we
find for graphene a¼ 0:644, b¼�0:003 eV�1 and by fitting the data
in Fig. 2(e), we find for graphene a¼ 0:456.

This is due to the fact that the carbon atoms in graphene on
average are closer to the dielectric substrate. Therefore, graphene
shows an almost linear relationship between the total energy and
the gate potential, since all atoms are almost identically shifted by
the gate potential. This is illustrated by the induced potential of the
graphene SET shown in Fig. 1. From the contour plot we see that the
potential is almost constant at the carbon atoms and has a value
��1:2 eV. Dividing with the gate potential �2 eV, we estimate
a� 0:6 in good agreement with the quadratic fit above. We can
estimate the charge stability diagram from the total energies, which
is shown in Fig. 2(b), (d) and (e) for electrode to graphene
distance¼5 Å, 6.5 Å and 10 Å, respectively. Different colors presents
different number of charge states within the bias window. For the
system considered, the excitation energy of the second electron is
much smaller than for the first electron. It can also be noted that, in
the charge stability diagram the nonlinear dependence of the total
energy on the gate potential is not observed. This is due to fact that,
the charge stability diagram depends only on the differences in
energies between the charge states, and the second-order term in
Eq. (1) is independent of the charge state.

4. Conclusion

In conclusion, we exploited the use of the graphene fragment
with zigzag edge for single-electron transistor. Ab-initio framework

Fig. 1. Graphene fragment with zigzag edge (width¼7.104 Å and length¼

13.554 Å) in the SET environment considered in this paper. The electrostatic

environment model includes graphene on top of 3.7 Å thick dielectric substrate with

a metallic back-gate, and surrounded by source and drain gold electrodes

(W¼5.28 eV) with source–drain distance of about 27 Å. The contour plot shows the

induced electrostatic potential for a gate voltage of 2 V and zero source–drain bias.

Table 1
Ionization (I) and affinity (A) energies for different configurations of the system.

The distance is measured from electrode to graphene. The distances are varied

from 5 Å to 13 Å.

Distance (Å) Eþ1
I (eV) EI (eV) EA (eV) E�1

A (eV)

5.0 7.76 5.98 �4.22 �2.46

6.5 7.70 5.97 �4.24 �2.51

10.0 7.40 5.89 �4.36 �2.87

13.0 5.99 5.49 �4.99 �4.54
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has been employed for calculating the charging energy of
graphene in a metallic environment. We calculated the charging
energy as a function of the gate potential. The present study

further demonstrates the use of first-principles to gain new insight
into the properties of single-electron transistors operating in the
Coulomb blockade regime. Importance of including re-normalization

Fig. 2. (a), (c), (e) The total energy as function of the gate voltage for graphene in the SET environment. Different curves are for different charge states of graphene, blue

(�2), green (�1), red (0), turquoise (1), and violet (2); (b), (d), (f) The charge stability diagram for graphene within the SET environment at the zero gate voltage. It is

assumed that there is a linear relation between the charging energy and the gate voltage. The colors show the number of charge states in the bias window for a given gate

voltage. The color map is blue (�2), light blue (�1), red (0), green (1), and orange (2). (a) Variation of total energy with gate voltage: elec-trode to graphene distance¼5Å;

(b) Charge stability diagram: electrode to graphene distance¼5Å; (c) Variation of total energy with gate voltage: elec-trode to graphene distance¼6.5Å; (d) Charge

stability diagram: electrode to graphene distance¼6.5Å; (e) Variation of total energy with gate voltage: elec-trode to graphene distance¼10Å and (f) Charge stability

diagram: electrode to graphene distance¼10Å. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of the molecular charge states due to the polarization of the
environment has been demonstrated. It is expected that chemical/
edge modifications and/or altering geometric configuration, effect of
source–drain distance, may tune graphene-based single electron
transistor, which is focused as a follow-up work, to widen the
applications of this novel material.
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