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The single electron transistor (SET) as a fast electronic device is a candidate
for future nanoscale circuits because of its low energy consumption, small size
and simplified circuit. It consists of source and drain electrodes with a quan-
tum dot (QD) located between them. Moreover, it operates based on the
Coulomb blockade (CB) effect. It occurs when the charging energy is greater
than the thermal energy. Consequently, this condition limits SET operation at
cryogenic temperatures. Hence, using QD arrays can overcome this temper-
ature limitation in SET which can therefore work at room temperature but QD
arrays increase the threshold voltage with is an undesirable effect. In this
research, fullerene as a zero-dimensional material with unique properties
such as quantum capacitance and high critical temperature has been selected
for the material of the QDs. Moreover, the current of a fullerene QD array SET
has been modeled and its threshold voltage is also compared with a silicon QD
array SET. The results show that the threshold voltage of fullerene SET is
lower than the silicon one. Furthermore, the comparison study shows that
homogeneous linear QD arrays have a lower CB range and better operation
than a ring QD array SET. Moreover, the effect of the number of QDs in a QD
array SET is investigated. The result confirms that the number of QDs can
directly affect the CB range. Moreover, the desired current can be achieved by
controlling the applied gate voltage and island diameters in a QD array SET.

Key words: Coulomb blockade, fullerene, nanoscale, quantum dot arrays,
single electron transistor, threshold voltage

INTRODUCTION

Moore’s law predicted that the number of tran-
sistors in each chip doubles every 2 years, so a
CMOS transistor size should be smaller." On the
other hand, its scaling below 10 nm has limitations
such as leakage current and leakage power.>™
Hence, these limitations can be solved by a single
electron transistor (SET). This single electron
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device operates based on the Coulomb blockade
(CB) effect. Moreover, this electronic device works
by electron tunneling from source to the quantum
dot (QD) and then this electron transfers to drain,
as shown in Fig. 1.5713

SET has two categories based on the number of
QDs: the single dot SET and the multi-dot SET. An
electron passes through two tunnel junctions in the
first type, while in the second type one electron
tunnels to a dominant conducting path called a
multi-tunnel junction SET.**'® Furthermore, a QD
array SET has a higher critical temperature than a
single dot SET because the capacitances of
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additional dots are in series. Therefore, its effective
capacitance reduces and, consequently, this reduc-
tion increases the threshold voltage. Hence choosing
fullerene as a zero-dimensional material with amaz-
ing properties such as quantum capacitance and
high critical temperature can overcome this unde-
sirable effect with a consequent increase in the
reliability of a QD array SET.'® The structure of a
fullerene SET based on QD arrays is shown in
Fig. 2.

BASIC EQUATIONS SET

The SET contains a QD that is located between
two tunnel junctions. They consist of a capacitance
and a resistance, therefore electrons transfer from
capacitors C; or Cy and then the current moves in
the SET circuit, as shown in Fig. 3.10:1117

The rate of single electron tunneling is a key
factor. Furthermore, it is determined based on an
energy balance equation in electron tunneling. The
tunneling rate on the right side, r, and the tunnel-
ing rate on the left side, /, are given by'®2°

1 E.—E,

r(n7 V) - e2R11 — e~ (Ex—En)/ksT (1)
1 E.—E,

l(n7 V) - 62R2 1 —_ ef(Er*Em)/kBT (2)

where e is the charge of an electron, R; the
resistance of the tunnel junction, 7' the tempera-
ture, Kg the Boltzmann constant, E, the Fermi
energy of the right electrode and E,, the Fermi
energy of the island. E, — E,, is the energy of an
electron during the tunneling event as follows:
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Fig. 1. The electron tunneling in SET.
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where n is the number of electrons, e the charge of
an electron, v the applied gate voltage, and C; and
C, are capacitances of the tunnel junctions.

The probability of tunneling rate p(V, n, t) can be
given by

0p(V,n,t))/ot =[riiln — 1L, V)+1i(n — 1,V)]p(n — 1, V,¢)
+[lin+ L, V)+riin+1,V)p(n+1,V,i)
—[ri(n, V) +ri(n, V) +1i(n,V)]p(n,V,t)

(4)

where r; is the tunneling rate of the right side and /;
the tunneling rate of the left side to QD, n the
number of electrons in time ¢ and v the applied gate
voltage.

Finally, the current of SET can be calculated by*!

+00

I= Z e[rZ(an) —lz(n,V)]p(lLV)
N=—o0
+00 (5)
=3 e, V) ~ Lo, V)]p(n. V)
N=—c0

where e is the charge of an electron, r, [ are the
tunneling rates from the right and left sides,
respectively, the p(n, v) is the probability of electron
transfer.

Tunnel Junction

C; /Dm ‘\ C2

Fig. 3. A single dot SET system.
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Fig. 2. The structure of a fullerene SET based on QD arrays.
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Fig. 4. (a) Schematic of a SET with homogeneous linear QD arrays. (b) SET energy versus channel regions which indicates tunnel barriers.
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Fig. 5. |-V curve of a homogenous linear QD array fullerene SET at

room temperature.

CURRENT MODEL ON SET
WITH FULLERENE QD ARRAYS

The SETs can switch electron tunneling to
achieve an amplified current by quantum mechan-
ical effects. Furthermore, the wave crosses several
regions, so different wave functions can be written.
SET is divided into parts which involve QDs and
tunnel junctions. In the following, the drain current
of the SET based on two-state QD arrays as
homogeneous linear arrays and ring arrays are
investigated. There is a cooperative effect between
the dots but this small effect is neglected in the
present model of fullerene QD arrays.?>?* The
homogeneous linear arrays are shown in Fig. 4a.
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Fig. 6. 1-V curves of a homogenous linear QD array fullerene SET at
different temperatures.

The energy as a function of SET channel length by
considering some barriers is depicted in Fig. 4b and
then its regions are expressed by Schrodinger’s
equations.

The Schrédinger’s equations of fullerene SET
parts with attention to their areas are written in
the following. Each of the QDs is assumed a
potential well. The distance between QDs are equal

together as tg =t; =ty =~ = t,.
—R2d%y, 4(x
P gy, ) n=246..N @

—h* d*y, (x)

5 gz V@) =E,(x) n=246.. N

(7)

The Schrodinger’s equations are solved as
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Y, 1(x) = Aref1* 4 Bie 1 where

om(E) (8)

by =V n=2486, .. N

Y, (x) = Age?* + Bye **  where

- 9)

The Schrodinger equations are written in the
matrix of the equation as

Ifoeﬂk” —to 0 0
in Nk, ink,
—to sirsll(rzlv—nknl,l to - sisrirll\ﬁknl,l to 0
ink,_ in Nk, _
0 - sm?zlxrrl—m/én,l to sixsll(rll\f—l)k:,l to —lo
0 0 —to —toe_ik"
1 —toeik"
t
|| (10)
N 0
1 0

where ty is the length of the potential barrier,
kn1= 7”2;”@) k, = 7%‘/7@, m is the effective
mass, E the energy bond, V the potential energy,
N the number of dots and y; ¥, are Schrédinger’s
equations that were defined previously.

Therefore, the transmission coefficient of a homo-
geneous linear QD array SET is written as

2sin \/28E sin \/%
VA sinV + 1) 2EE) _gginN . (2EE | VI sin(V + 1)/ 2EE
(11)

ki

T=

where m is the effective mass, E the energy bond, E,
the band gap fullerene, %2 Plank’s constant,
a”’ =3ac_, e = 1.42 A is cthe arbon—carbon bond
length, ¢ = 2.7 eV is the nearest-neighbor carbon—
carbon tight-binding overlap energy and N is the
number of QDs.

The dispersion relationship model is based on the

Wage%number k as a function of the energy bond E

as2 1
h— (%) (12)

Therefore, the quantum drain current can be cal-
culated by the Landauer formalism as?"?®

Iy = / F(E)-T(E)dE (13)
0
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Fig. 7. 1=V curves of a homogenous linear QD array fullerene SET
for different applied gate voltages.
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Fig. 8. 1=V curves of a homogenous linear QD array fullerene SET
for different numbers of QDs.

where T(E) is the transmission coefficient of a
homogenous linear fullerene QD array SET. Fur-
thermore, F(E) is a probability of distribution
function as

1

f(E) = W (14)

Finally, a model is suggested for the drain current of
a homogenous linear fullerene QD array SET in the
parabolic region, which is calculated by



Analysis and Modelling of Fullerene Single Electron Transistor Based on Quantum Dot Arrays 4803

at Room Temperature

Fig. 9. The structure of a SET with homogeneous ring QD arrays.
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Fig. 10. |-V curve of a homogenous ring QD array fullerene SET at
room temperature.
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Fig. 11. |-V curves of a homogenous ring QD array fullerene SET at
different temperatures.

Id=/ﬂ eficzxL[G(NJrl)L\/cl(x—+d)f[(NJrl)L\/m}s}72{6NL\/cl(x—+d)f[NL\/W]S] 1 (15)
0

e+ 1

et {6(]\, ~DLVerl+d) - [(N - DLyer(w+d)] 3]

where L 1is the island length, c¢; = (_ZW{BT)’

E E-E, -E .
C2 = (79?32(Tff32>> d=gr *=Kr> 1= gro T 18
the temperature, Ky the Boltzmann constant, N the
number of dots, m the effective mass, 2 Plank’s
constant, a..=142A is carbon—carbon bond
length, ¢ = 2.7 eV is the nearest-neighbor carbon—
carbon tight-binding overlap energy, E is the energy

bond, E, band gap of fullerene and Ey is the Fermi
energy.

The curve of current versus voltage based on the
proposed model as a homogenous linear QD array
fullerene SET is plotted in Fig. 5.

The effects of some factors such as temperature,
applied gate voltage and the number of QDs have
been investigated. The current versus voltage
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Fig. 12. |-V curves of a homogenous ring QD array fullerene SET
for different gate voltages.
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Fig. 13. |-V characteristics of a homogenous ring QD array fullerene
SET with different numbers of QDs.

characteristics of the proposed model at different
temperatures are plotted in Fig. 6.

The result of the temperature up to room tem-
perature shows that the CB and the threshold
voltage increase at higher temperature. The second
factor is the applied gate voltage and its effect on
the CB is reported in Fig. 7.

The variations in Fig. 7 show that increasing the
applied gate voltage decreases the CB and threshold
voltage. Another effective factor is the number of
QDs and their effect is shown in Fig. 8.

The difference between the curves in Fig. 8
demonstrate that the number of QDs has a direct
effect on the current. Moreover, the second state as
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Fig. 14. |-V curves of a homogenous ring QD array fullerene SET
for different island diameters.
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Fig. 15. The comparison of current versus voltage curves based on
the proposed model of a fullerene SET and experimental data.

a homogeneous ring structure consists of 2 N QDs
in two symmetrical rows has been investigated. Its
structure is shown in Fig. 9. Each of QDs is
assumed a quantum well in Schrodinger’s equa-
tions. These equations are solved, so the solution is
written as a matrix®*

foe g 0 0 1 _tyeits
e TN N I O
0 ~Getto Sl g | oy 0
0 0 —t —toethn 1 0

(16)

where to is the length of the potential barrier,
2m(E 2m(V-E . .

poy =2 g, — V2B s the  effective

mass, E the energy bond, V the potential energy,
N the the number of dots and y/; y, are Schrodin-
ger’s equations as

¥, 1(x) = Ajelfn1* L Bie 1 where

2m(E) (17)

by =V n=2486, . N
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Fig. 16. Drain current versus voltage characteristics of QD array

SETs. The red circles shows the current of the QD array fullerene SET

at room temperature, and the blue squares show experimental data of

the QD array silicon SET at room temperature (Color figure online).

Yo, = Age?™ + Boe™*  where
om(V —E (18)
% n=2486, . . N

Therefore, the transmission coefficient of a homo-
geneous ring QD array SET is given by

ky =

4 sin /2;:‘2E sin

where L is the island length, C; =

m E, E-E,
Ca = (G25), d = = = o
the temperature, Ky the Boltzmann constant, N the
number of dots, m the effective mass, 7 Plank’s
constant, a._. = 1.42 A is cthe arbon—carbon bond
length, ¢ = 2.7 eV the nearest-neighbor carbon—car-
bon tight-binding overlap energy, E the energy
bond, E, the band gap of fullerene and Ey the Fermi
energy.

The characteristic of current versus voltage based
on the proposed model of a ring QD array fullerene
SET is reported in Fig. 10.

The effective factors such as temperature, gate
voltage, the number of QDs and island diameter
have been investigated. The effect of temperature is
reported in Fig. 11.

The changes of I-V curves in Fig. 11 are the
direct effect of temperature on the CB and the
threshold voltage. Furthermore, the effect of applied
gate voltage is investigated in Fig. 12.

The curves of Fig. 12 show that increasing
applied gate voltages decrease the CB and the
threshold voltage. Moreover, the effect of the num-
ber of QDs on the I-V curve is reported in Fig. 13.

Curves in Fig. 13 confirm that increasing the
number of QDs increases the CB and threshold

(@ﬁﬂ)

b

n:KT,Tls

ta”’ \/ ta”’

ta/u

(2 sin 2(157,,?) sN

2
2mE —
eV sinN. m,,, )) —4 sin? 2E-E)

(19)

ta

where m is the effective mass, E the energy bond, E,
the band gap fullerene, 7 Plank’s constant,

a” =3, Qe = 1.42 A is cthe arbon—carbon bond
length t = 2.7 eV the nearest-neighbor carbon—car-
bon tight-binding overlap energy and N is the
number of QDs.

The drain current of a homogeneous ring QD
array SET is modeled by

0.22(6c,xL — c3x3L3) |6 /c1(x + d)L — \/c1(x + d)3L3 6NL+/c1(x +d) — N3L?
2 2

voltage. Furthermore, the effect of island diameter
is investigated in Fig. 14.

The curves of Fig. 14 show that increasing the
island diameter decreases the CB and the threshold
voltage.

The comparison study indicates that a homoge-
nous linear QD array fullerene SET has a lower CB
and zero current range than a homogenous ring QD
array fullerene SET. Furthermore, the drain

3 2
1 d) ]xKBT.dx

n
I |
0

(2f6Lvattd -LyaErd) |- [2- [NL/aE T d)] 1
—

+ il [12NLyfer(x + d) — [2N3L3 /e + ) || )

[12L\/cﬂx—kd —2I3\ /e x4—d)}2




4806

current versus voltage characteristics of the pro-
posed model and experimental data of a fullerene
SET extracted from the literature are shown in
Fig. 15.16

The comparison study of the proposed model and
experimental data confirms the good agreement
between them. Moreover, the model of the QD array
fullerene SET is compared with the QD array silicon
SET at room temé)erature extracted from the liter-
ature in Fig. 16.2

The analysis of the I-V curve in Fig. 16 shows
that the CB range is observed between the drain
bias of 0 V and 1.5V, and therefore the threshold
voltage is 1.5 V in the QD array silicon SET, but the
CB is in the millivolt range and also it is much
smaller in the QD array fullerene SET than in the
silicon one. Moreover, the result of the comparison
study confirms that the QD array fullerene SET has
a better operation at room temperature, and there-
fore has more reliability. Hence, this result demon-
strates that a silicon dot can be replaced by a
fullerene dot in a QD array SET.

CONCLUSION

SETs as nanoscale devices with low power con-
sumption play important roles in the nanotechnol-
ogy era because their operation depends on
transferring an electron between tunnel junctions.
SETs work at cryogenic temperature which has
been reported as an operation limitation for these
devices. QD arrays can reduce this temperature
limitation but they increase the threshold voltage.
In this research, the SETs with fullerene QD arrays
in two states, linear and ring, have been investi-
gated and their characteristics of current versus
voltage have been modeled. a comparison study was
carried out which indicates that the threshold
voltage of a QD array Fullerene SET is lower than
a QD array silicon SET. Furthermore, a linear QD
array SET has a lower Coulomb blockade range and
more reliability than a ring QD array SET. More-
over, the applied gate voltage and QD diameters
have direct effects on its current. The SETs with
different numbers of QDs were investigated, while a
comparison study of their I-V curves shows that the
number of QDs directly affect the CB range. The
results predict that a QD array silicon SET can be

Khadem Hosseini, Ahmadi, and Ismail

replaced by a linear QD array fullerene SET in
future nanotechnology.
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