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Abstract
Single-electron transistors (SETs) are nano devices which can be used in low-power electronic systems. They operate based on
coulomb blockade effect. This phenomenon controls single-electron tunneling and it switches the current in SET. On the other
hand, co-tunneling process increases leakage current, so it reduces main current and reliability of SET. Due to co-tunneling
phenomenon, main characteristics of fullerene SET with multiple islands are modelled in this research. Its performance is
compared with silicon SET and consequently, research result reports that fullerene SET has lower leakage current and higher
reliability than silicon counterpart. Based on the presented model, lower co-tunneling current is achieved by selection of fullerene
as SET island material which leads to smaller value of the leakage current. Moreover, island length and the number of islands can
affect on co-tunneling and then they tune the current flow in SET.
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1 Introduction

The single-electron transistor (SET) as a new electronic device
operates based on the coulomb blockade (CB) which prevents
electron tunneling through tunnel junctions, so current flow
stops. Coulomb blockade occurs when thermal energy is low-
er than charging energy. The other conditions are when tunnel-
ing resistance is lower than quantum resistance or island
charge is higher than bias voltage [1–4]. Moreover, the leak-

age current rises due to co-tunneling process; therefore, SET
reliability decreases. Co-tunneling happens when an electron
tunnels from source to island while another electron leaves
island to drain at the same time. This phenomenon is shown
in Fig. 1.

This process has two types based on the number of elec-
trons of island: elastic co-tunneling and inelastic co-tunneling.
The elastic co-tunneling occurs when an electron tunnels from
source to island and then another electron moves from island
to source at the same time. Therefore, this process depends on
island structure. It occurs for an even number of electrons on
the island. The second process is inelastic co-tunneling that an
electron tunnels to island but another electron at a lower ener-
gy level moves to drain. This electron transfer produces an
electron-hole excitation in the island. These processes are
shown in Fig. 2.

Co-tunneling depends on bias voltage and temperature.
The inelastic co-tunneling is dominant in small bias voltage
and low temperature [5–10]. The multiple islands increase
probability of co-tunneling in SET [11–13]. The decreasing
of co-tunneling is required for reliable operation of SET.
Therefore, selection of fullerene as an island material with
special properties such as high electron mobility can suppress
this operation limitation. Thus, using this material can rise
SET reliability [14, 15].
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2 Modelling of Co-Tunneling Current
on Fullerene Single-Electron Transistor

Single-electron transistor is nanoscale device. Therefore, it
needs material with special properties such as nanometre size,
high carrier mobility and high speed of electron transfer.
Fullerene as a graphene-based material has these unique prop-
erties. It has high stability in nanoscale and also its size is
controllable in nanometre range. Thus, fullerene is chosen
for the island part of SET.

The proposed structure of single-electron transistor has
linear island arrays as shown in Fig. 3. They are located

between source and drain electrodes. The linear island ar-
rays cause higher critical temperature in SET. It contains a
gate electrode that islands are placed above it. Island length
is equal to fullerene diameter and the size of SET electrode
is 10 to 20 A0. When an electron tunnels from source to
first island, it will cross dominant conducting path between
islands. If it is transferred to the drain electrode, a cycle of
single-electron tunneling will be completed and the current
will flow in SET.

Quantum mechanics expresses when wave crosses from
different regions, the wave functions will be changed. Based
on this point, SET is divided in three regions: two tunnel
junctions and one fullerene island. The different parts of
SET are shown in Fig. 4.

Therefore, Schrodinger equations could be written for its
regions as

∂2

∂x2
ψI xð Þ−α2ψI xð Þ ¼ 0 x≤0 ð1Þ

∂2

∂x2
ψ xð Þ−k2ψ xð Þ ¼ 0 0≺ x≺ L ð2Þ

∂2

∂x2
ψ xð Þ−α2ψI xð Þ ¼ 0 x≥L ð3Þ

where α ¼ 2mEð Þ12
h and k ¼ 2m V−Eð Þð Þ12

h .

Fig. 3 The structure of single-
electron transistor with multiple
fullerene islands

Fig. 2 The elastic co-tunneling and the inelastic co-tunneling

Fig. 1 The co-tunneling process in SET

Fig. 4 a The regions of fullerene SET. b Potential across the island length
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Transmission coefficient of fullerene SET can be given by:
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Where Bm^ is effective mass, Bh^ is plank’s constant,
BE^ is energy of fullerene and BEg^ is energy band gap of
fullerene, BL^ is the length of island, a = 1.42A0 is carbon-
carbon bond length, t = 2.7ev is the nearest neighbour
carbon-carbon tight binding overlap energy and BN^ is
the number of islands.

The Landauer formalism is used for modelling of co-
tunneling current in fullerene SET as [16]:

Id ¼ ∫
n

0
F Eð Þ:T Eð ÞdE ð5Þ

where BF (E)^ is the Fermi probability function and "T (E)"
is the transition coefficient. Based on the Landauer formal-
ism, co-tunneling current of multiple fullerene SET is
modelled as:
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where Bm^ is the effectivemass, Bh^ is plank’s constant, BT^ is
temperature, BKB^ is Boltezmann’s constant, BL^ is length of

island, Eta is η ¼ E F−Eg

KBT
, x ¼ E−Eg

KBT
,C1 ¼ 2m:KB:T

η

� �

,
C2 ¼ 32:mKB:T

9η t:ac−cð Þ2
� �

, ac − c = 1.42A0 is carbon-carbon bond

Fig. 5 The comparison between current versus voltage characteristics of
proposed model and experimental data of fullerene SET

Fig. 6 I-V curves for fullerene
SET with different number of
islands

Fig. 7 I-V curves of fullerene SETwith different island lengths
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length, t = 2.7ev is the nearest neighbour carbon-carbon tight
binding overlap energy and BN^ is the number of islands.

To measure the accuracy of proposed model, the current-
voltage characteristics of the model and experimental data for
fullerene SET extracted from reference [14] are compared to-
gether in Fig. 5.

The comparison between two current-voltage characteris-
tics indicates good agreement between them in Fig. 5, so it
confirms suitable accuracy of suggested model.

Proposed model depends on some parameters. Two effec-
tive factors are investigated in this research. The impact of the
number of islands on the proposed model is reported and
plotted in Fig. 6.

The second factor is island length. Its effect on SETcurrent
is shown in Fig. 7

The physical phenomena in Figs. 6 and 7 are investigated.
Increasing number of islands rises free electrons and probabil-
ity of co-tunneling in SET. Therefore, it increases the coulomb
blockade and zero current range in SET. Moreover, island
with bigger length has more carbon atoms and electrons.
Therefore, their probability of co-tunneling and coulomb
blockade range are higher than small islands. On the other
hand, decreasing co-tunneling and leakage current depends
on island material. The comparison study in Fig. 8 shows that
fullerene island has lower leakage current than its silicon
counterpart.

In addition, co-tunneling current versus drain voltage char-
acteristic of suggested model for multiple fullerene islands
and experimental data extracted from reference [17] are com-
pared in Fig. 8.

The analysis of I–V characteristic in Fig. 8 shows that co-
tunneling process is observed in silicon SET in the drain bias
between 0.03 and 0.09 V and its leakage current causes to
reduce main current in this range, but leakage current of ful-
lerene SET is lower than silicon SET. The comparison study
indicates that the fullerene island has better suppression of co-
tunneling, and thus, the performance is better than silicon one.
Hence, development of nanotechnology predicts the replace-
ment of silicon SET with fullerene SET and the number of
electronic devices comprising new materials such as fullerene
can increase.

3 Conclusion

The single-electron transistor (SET) as a fast nano device
works by coulomb blockade effect, so it controls the current.
In this device, the number of islands as an important factor of
SET plays effective role on its operation. Island arrays cause
co-tunneling phenomenon which leads to the leakage current
in SET. In this paper, fullerene-based SET with multiple
islands is modelled and it is compared to experimental data
of fullerene SET, so its good accuracy is confirmed.
Moreover, comparison study between the proposed model
and silicon-based SET is carried out which indicates co-
tunneling current of fullerene SET is lower than that of silicon
SET, and hence, it shows higher reliability than silicon one. In
other words, fullerene islands can reduce undesirable effect of
co-tunneling in contrast to the silicon SET. Furthermore, is-
land array SET has higher critical temperature than single
island SET. The presented results recommend the replacement
of the silicon SETwith the fullerene one.
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