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Single-electron transistors (SETs) are interesting electronic devices that have
become key elements in modern nanoelectronic systems. SETs operate quickly
because they use individual electrons, with the number transferred playing a
key role in their switching behavior. However, rapid transmission of electrons
can cause their accumulation at the island, affecting the I-V characteristic.
Selection of fullerene as a nanoscale zero-dimensional material with high
stability, and controllable size in the fabrication process, can overcome this
charge accumulation issue and improve the reliability of SETs. Herein, the
current in a fullerene SET is modeled and compared with experimental data
for a silicon SET. Furthermore, a weaker Coulomb staircase and improved
reliability are reported. Moreover, the applied gate voltage and fullerene
diameter are found to be directly associated with the I-V curve, enabling the
desired current to be achieved by controlling the fullerene diameter.
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INTRODUCTION

Single-electron transistors (SETs) are Coulomb
blockade (CB) devices that produce the desired
current through controlled electron tunneling. The
SET has two electrodes (drain and source), which
are coupled to an island through tunnel junctions,
while the island is also connected to the gate
electrode through a capacitance C,. This capaci-
tance can be used to tune the electrical potential
and thereby the current flow.'™ Electron transmis-
sion is possible in four directions, as indicated in
Fig. 1, where the plus or minus sign depends on the
polarity of Vpg.*°

Electron tunneling is prevented by CB, so that
electrons cannot move from the source to drain, so
the conditions for CB should be explained for
improved understanding. The first condition is that

(Received June 1, 2016; accepted February 3, 2017;
published online February 27, 2017)

4294

the initial charge on the island must be higher than
the bias voltage. The second condition is that the
thermal energy KgT must be lower than the charg-
ing energy. The third condition states that the
tunneling resistance Rt should be more than
25,813 Q. When the external applied voltage
exceeds the Coulomb gap voltage, the Coulomb
barrier is removed. The Coulomb charging energy
exceeds the thermal excitation at the same temper-
ature.'™ Electron transfer and the CB effect are
illustrated by the energy band diagram shown in
Fig. 2.

In addition, the number of electrons on the island
increases with the movement of electrons across the
Coulomb barrier. Therefore, the applied bias is
another factor increasing electron transfer. Accu-
mulation of charge can then occur at the island,
affecting the I-V characteristic. The resulting
Coulomb staircase behavior reduces the accuracy
and reliability of the SET. Solving this limitation
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requires use of a new material with higher electron
transfer rate.®’

Graphene is a new carbon material explored by
Andre Geim and Konstantin Novoselov in 2004, for
which they won the Nobel Prize in Physics in 2010.
It consists of carbon atoms arranged in honeycomb
shape, and its special lattice results in unique
properties such as ballistic transport, high electron
mobility, and fast electron transmission. Moreover,
the temperature coefficient of this material is
negative, meaning that its physical properties
decrease with increasing temperature. In addition,
its electrical resistivity is low, so electric charges
can move easily and the electrical conductivity is
high, hence current flows quickly.®** Due to these
properties, graphene has been used for fabrication
of nanoscale switches such as SETs. On the other
hand, the allotrope of graphene chosen for the SET
structure should be stable in the nanorange and its
size controllable during fabrication. Due to its
spherical shape, the aforementioned properties can
be achieved by using fullerene, whose natural forms
are Cgg, Cr0, Cr6, Cge, and Cgs molecules. The
fullerene molecule (Cgo), which is smaller than the
other forms, has been investigated for use in SET
islands.'®!® The structure of a fullerene SET is
shown in Fig. 3.

RESULTS AND DISCUSSION

Basic Equations for the Single-Electron
Transistor

The SET consists of two serial tunnel junctions
with an island between them to enable electrons to
tunnel through the capacitances C; and C, after
overcoming.i,r the Coulomb energy, as shown in
Fig. 412517

In the charge flow process, the system’s free
energy before and after electron tunneling plays a
key role. The free energy of the first and second
junction can be calculated respectively as

g r}

Fig. 1. Electron tunneling paths in a SET.
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where e is the electron unit charge, > ¢ is the sum of
the drain, gate, and source capacitances, n is the
number of excess electrons on the Coulomb island,
and Vp and V, are the drain and gate bias,
respectively.

The single-electron tunneling rates for each junc-
tion are very important factors. Moreover, they
depend on the tunneling resistance of each junction
and the total energy change of the system. The
tunneling probability can be expressed as follows:

1 [ amw) 5
R |1 — exp[AE;" (N)/KgT] |’

where Kg, N, and T are the Boltzmann constant, the
number of electrons on the island, and the absolute
temperature, respectively. R; is the junction resis-
tivity. Furthermore, electrons tunnel through the
capacitor. The left to right direction and right to left
direction correspond to the plus and minus sign,
respectively. Finally, the SET current can be calcu-
lated as'®
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Fig. 2. (a) Coulomb-blocked condition with zero current. (b) Suffi-
cient drain—source bias voltage for transfer across the barrier.
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Current Model for the Fullerene Single-Elec-
tron Transistor

The SET can control electron tunneling to amplify
the current due to quantum-mechanical effects in
which the boundaries result in scattering by a one-
dimensional potential barrier and tunneling. Based
on the fundamentals of quantum mechanics, when a
wave crosses several regions of space separated by
different boundaries, the wavefunction of the first
region is different from that in the second or third,
while the boundary conditions specify quantities
that are the same in neighboring regions. Therefore,
the SET can be divided into three parts, corre-
sponding to the drain, source, and island, as shown
in Fig. 5a. The energy as a function of position along
the SET channel length including the barriers is
plotted in Fig. 5b, then Schrodinger’s equation is
written for each region.

Considering the zero potential in the left and
right regions and the middle region affected by the
V(x) potential, Schrédinger’s equation for the three
parts of the fullerene SET can be written as follows:
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2 a2
l— ;—m% + V() | Yulx) = By (x), (6)
hz 82
*%w%n(x) = Eyy(x). (7)

Schrodinger’s equation for each region can be solved
as

. . E
Yp(x) :Ale‘klx—i—Ble"klx, where £k = 2’;( )
(8)
2 )
Yir(x) =Age?”™ + Boe™** where ky= m(g/' ),
9)
Y (x) = Ase®* where ky=ks.  (10)

The fullerene SET consists of three regions, with
two electrodes that act as channels and a fullerene
island which is considered to act as a barrier,

h® extending from x = 0 to x = a. The conditions at
*%@V/I(x) = Eyy(x), (5) these boundaries can be written as follows:
lpl(()) :l//H(O) :>A]_ +Bl :A2 +B2, (11)
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The simplified dispersion relation between the
Fig. 3. SET with fullerene island. electron energy E and wavenumber & is'®?°
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Fig. 4. Charge flow in SET circuit when an electron tunnels through capacitances C; and Co..
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Fig. 5. (a) Schematic of SET regions. (b) SET energy versus posi-
tion in channel region, indicating the junction barrier.
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The transmission coefficient of the fullerene SET
can be calculated as

T = 1 ., (16)
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where E is the energy bandgap of fullerene. Thus,
the quantum drain current can be calculated based
on the Landauer formalism as

Iy = / F(E)-T(E), (17)
0

where T(E) is the transmission coefficient of the
fullerene SET, and F(E) is the Fermi probability
function, i.e., the probability of occupation of energy
level E, defined as

1
exp (L}{_B ?F) +1
Based on this model, the current—voltage charac-

teristic for the drain current of the fullerene SET in
the parabolic-band region can be expressed as

f(E) = (18)
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where ¢ = 2MKgT/h, co = 32MKgT/(9ht%a2 o),
d = EJ/KgT, x = (E — Ey)/KgT, and n = (Er — Ep)/
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Fig. 6. Comparison of current versus voltage based on fullerene
SET modeling and experimental data.

-8
10
12 & . . . :

T T T 7T
a

Current (A)

NODNMO®

Voltage (mV)

Fig. 7. |-V curves for different fullerene diameters with applied gate
voltage of 1 mV.

KgT. Also, m is the effective mass, A is the Planck
constant, ac_c = 1.42 A is the carbon—carbon bond
length, ¢ = 2.7 eV is the nearest-neighbor carbon—
carbon tight-binding overlap energy, T is tempera-
ture, Ky is the Boltzmann constant, and L is the
length of the island, which is equal to the diameter
of the fullerene molecule. The suggested model
depends on the fullerene diameter as

n

I, = / 4cico(x + d)xKpTdx .
J 4eica(x 4+ d)x + (c1(x + d) + cox)
x ! — .
c1(x +d)D? + [c1<x+§1)D2}2 n [c1<x+£>02}3 e+ 1

(20)

The quantum drain current versus voltage charac-
teristic obtained from the proposed model and
experimental data from literature are plotted in
Fig. 6.2!

Comparison of these current versus voltage
curves indicates acceptable agreement between the
proposed model and experimental data with accu-
racy of 98%. The proposed model depends on the
energy bands and the island length, confirming the
effective role of the island material in the SET
structure, as shown in Fig. 7.

The variations in Fig. 7 demonstrate the direct
effect of the fullerene diameter on the current,
enabling its control. Also, the applied gate voltage
was investigated as a second factor, as shown in
Fig. 8.
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Fig. 8. -V curves for different applied gate voltages with fullerene
diameter of 1 nm.
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Fig. 9. Current versus drain voltage characteristic of SET; the red

line shows the current of the fullerene SET at room temperature, and

the blue points show the current of the silicon SET at room tem-
perature.

Examining the changes in the I-V curve, the
current shows a direct relation with the applied gate
voltage, so by selecting a suitable gate voltage, a
desired current can be achieved. Also, the current of
the fullerene SET is compared with that of a silicon
SET at room temperature, extracted from Fig. 9.2

Analysis of the I-V curves in Fig. 9 reveals three
clear Coulomb staircase steps for the silicon SET
between drain bias of 0V and 5V, whereas a
weaker Coulomb staircase is found for the fullerene
SET. This suggests that the fullerene SET will offer
better accuracy and more perfect operation at room
temperature. Such reliability will represent a
strong reason to replace silicon transistors with
fullerene transistors, enabling a rapid technology
transition to nanoscale transistors based on new
materials.

CONCLUSIONS

The SET is a fast electronic device for use in
nanotechnology applications. It is turned on by
adding an electron to the island. The increasing
number of electrons on the island due to tunneling

Hosseini, Ahmadi, Afrang, and Ismail

under applied bias can cause electron accumulation.
Furthermore, the material used for the SET island
directly impacts on its operational speed and elec-
tron transfer rate. In this work, fullerene was
chosen as a zero-dimensional material for fabrica-
tion of the SET. A model is proposed for such a
fullerene single-island SET, and the I-V character-
istics plotted. Comparative analysis revealed that
the fullerene SET will show weaker Coulomb stair-
case behavior than a silicon SET, increasing its
reliability. It is hoped that fullerene SETs will
replace silicon SETSs in the near future. The concept
of a fullerene SET with two quantum dots may also
lead the way to faster switching in future
technology.
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