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ABSTRACT

In order to observe the Coulomb blockade effects in a Single-electron transistor (SET) device,
the charging energy of the device has to be greater than the thermal energy. The current
conduction in a SET device takes place by tunneling of electrons from the source to the drain
electrode through the quantum dot. For controlling current flow, single dot and multi dot SET are
used. Among them multi dot SET can control the flow of current through multiple path based on
multi tunnel junctions which provides better performance than single dot SET. But the Coulomb
blockade length is larger than single dot SET. Many research activities have been done to reduce
the Coulomb blockade length. But the problem is still remained unresolved. In this research, a
mathematical model is developed to reduce the above-mentioned problem. From this model, it
can be observed that when the conductance is in between 10-2 to 10-16, the value of resistance
will remain constant. Due to fixed value of resistance, the threshold voltage and charging energy
of SET will be decreased. That’s why the current conduction time will be reduced efficiently. As
a result, the Coulomb blockade length will be minimized and the V-I characteristics curve of
multi dot SET intersects straightly closed to origin point. To derive the mathematical model,
simulation analysis has been performed by MATLAB to find out the C-R and V-I (previously
used system and our proposed system of multi dot SET) characteristics curve. From the analysis
and comparison of the simulation result, it can be observed that our proposed system reduces the
Coulomb blockade length and V-I characteristics curve precisely intersects near to the origin
point, than the previously used system. Moreover, the system will reduce the average time
consumption and cost. So, our proposed multi dot SET will increase the operating speed more
efficiently than the existing system.
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INTRODUCTION

Single Electron Transistor (SET), a three-terminal single electron device (SED), is very popular
in the field of nano electronics since a decade whichis capable of offering low power
consumption with high operating speed. Since the technology reaches nano size, the behavior of
a nano electronic single electron transistor (SET) is controlled by the quantum mechanical
effects.It is a new type of switching device which is used to control electron tunneling to amplify
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current. It can be used as charger sensor, temperature standard, voltage state logics, detection of
infrared radiation, ultra sensitive microwave detection, supersensitive electrometers, SET
spectroscopy and so on. There are many advantages of SET such as high sensitivity, compact
size, high operating speed, simplified circuit, performance of SET is better than FET and high
input impedance and low voltage gain (Singhetal. 2012). Depending on number of quantum dot,
the single electron transistor can be divided into two types which are the single dot SET and
multi dot SET. Among them multi dot SET can control the flow of current through multiple path
based on multi tunnel junctions which provides better performance than single dot SET. But one
of the major drawbacks of multi dot SET is that it has a larger coulomb blockade length than
single dot SET which increases the charging energy than the thermal energy. The main aim of
this research is to propose a mathematical model which reduces the Coulomb blockade length
and intersect the V-I characteristics curve near to the origin point, then the previously used
system.There are many researches on Single Electron transistor. A single-electron transistor
operating at room Temperature was successfully fabricated by an improved nano damascene
process. In this research, the number of fabrication process is applied to improve the room
temperature (Beaumontetal. 2009).In (Huangetal. 2009), the number of switching memory was
used for developing the system and working at the room temperature by usingTiOx Oxide Diode
in single electron transistor. On the other hand,thenumber of temperature limitation is analyzed
in single electron transistor by using graphene in (Hosseinietal. 2015).Another work is done by
usingFIB etching and deposition technology todevelop the room temperature operating single
electron transistor (Acharya 2009). Moreover, the delay and the output voltage level in the single
electron tunneling inverter are investigatedfor a wide range of temperature and load capacitance
(Elabdetal. 2017).
The previous works was done and analyzed on different types of fabrication and etching process
by using different types of materials for operating at room temperature. But in those papers no
distinction could be analyzed clearly about the C-R and V-I characteristics of multi dot based
SET. So, the objective of our research is to develop a model and analysis the multi dot based
SET by using C-R and V-I characteristics based on the effective capacitance and resistance.
SINGLE ELECTRON TRANSISTOR PRINCIPLES

The single electron transistor is constructed by gate, drain and source where drain and source are
separated by island and two tunnel junctions. On the other hand, gate is connected to island
through conductor. Electrons will get enough energy for tunneling through the junctions only if
there is bias on any electrode. In SET, the dot is incorporated to gate electrode with capacitor, Cg
in such a way that its electrical potential can be adapted by a gate and also can control the current
flow. The basic structure of SET is shown in Figure 1.

Coulomb barrier prevents from electrons tunneling as well as transferring current through source
and drain. That’s why coulomb barrier should be removed for tunneling electrons. The electrons
do not get enough energy to tunnel through the junction at zero bias. Moreover, if the bias is
increased in such a way that it is less than the coulomb gap voltage, then the gate bias will be
above the point ofmaximum slope on the coulomb staircase which causes the state with one or
zero excesselectrons on the island to have the same energy.As a result,the coulomb barrier will
beremoved and allowed electrons to tunnel through the junctions; and between the sourceand the
drain. In SET, the bias voltage must be greater than coulomb gap and thermal energy system is
less than coulomb energy. The coulomb energy is calculated by
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Sultanaet al./Efficient reduction of coulomb blockade
=

2

/ 2C …………………………….(1)

Where “e” represents the electron charge and the sum of system capacitance is shown
by “C”. The gate has identically minus half an electron charge and the current is conducted in
transistor. Other minus half an electron charge is added to gate than its driven flow stop
(Neugebaueretat.1962, Giaeveretat.1969 and Lambe 1969). To operate transistor at room
temperature, the below equation should be followed
kT<<e2/2C……………………………...(2)
and C<< e2/2 kT ≈3.09×10−18F……….(3)
Gate
Capacitor
Drain

Island

Source

Tunneling
Figure 1.Basic structure of Single Electron Transistor
The capacitance C must be much less than 3.09x10-18 Farads. The capacitance is
related to the distance between the two sides of the junction, giving that
C<<3.09×10-18F→d<10nm………..…….(4)

The diameter of the island, d, must be less than 10 nanometers(Hosseinietal. 2015 and
Kumaretal. 2013).
SYSTEM DESIGN

Multi dot SET consists of several tunnel junctions including some quantum dot.In multi dot SET
capacitors are connected in series. Each of the junctions can be implemented with resistors in
parallel with capacitors. In case of a multi-dot device, more than two tunnel junctions take part in
the current conduction process. Hence, the abovementioned equation based model cannot predict
its behavior. To implement this model, it is assumed that the electron transport takes place in a
one-dimensional array of tunnel junctions (Meind1995 and Meind1997). This assumption is
generally thought to be valid for the investigated device with two dimensional distributions of
quantum dots, as the electron transport in such a device takes place in a single dominant
conducting path.The model of multi dot SET is shown in Figure2.
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Figure2.Modeling the multi dot SET

Considering an array of N tunnel junctions with the capacitance of alternating Junctions to be
and and the gate capacitance Cg.
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The resistance is determined by the electron tunneling and the capacitance depends on the size of
the particle. If the resistor, capacitor, the applied voltage between theelectrodesand the charge
held by the conductor is denoted by R, C, V and Q respectively, then the relationship among
them is represented by the below equation,
V = ………………………………………………..(7)

By using this equation it was tried to find out a range of capacitance at which the resistance
should remain constant. If the resistance remains fixed then the threshold voltage as well as the
charging energy will be decreased which reduces the current conduction time.Then the coulomb
blockade length will be reduced. At room temperature the relationship between resistance and
capacitance are inverselyproportional. That means if the capacitance increases, the resistance
will be decreased and vice-versa which is shown below.
R=

…………………………………(8)

=

+ + +……..+ ………………(9)

Where K represents the room temperature. In our previous work it was analyzed that by using
silicon, the multi dot SET would efficiently work at room temperature. So, in this research we
had used Silicon for fabrication. For series connection of capacitors in multi dot SET, the
effective capacitance of the junctions will be decreased. The equation is represented below-
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RESULTS AND DISCUSSION

By implementing our proposed mathematical model, the below simulation results are found.
Here we have used MATLAB which is used for predicting the behavior of a system without
building and testing hardware protot
prototype.
ype. So by using MATLAB simulation environment, we can
easily understand either my proposed model will be worked properly or not. From the C-R
C curve
of multi dot SET, which is shown in Figure3, the range of conductance is determined. When the
range of conductance isfrom 10 to10 , the resistance remains fixed. At the same time in this
conductance range the curve intersects straightly at origin point. If the value of conductance
conduc
increases, the value of resistance will be increased simultaneously which is undesirable. As a
result the curve does not intersect at origin point straightly. The next section will describe the V-I
V
characteristics curve of multi dot SET.

Figure3.Simulated
Simulated C
C-R characteristic of a multi dot SET device
The V-II current characteristics curve of multidot based SET,based
based on previously proposed
techniques (Acharya 2009)is
is shown in Figure 4.From this figure, it can be observed
observe that the
coulomb blockade length is high. If we see the equation of multi dot SET
SET, it will be found that
there are more than two capacitance
capacitances which are connected in series,
es, hence the charging energy
increases.. When the charging energy increases, the threshold
hold voltage is also increased that makes
the effective capacitance low and conduction time is high. Due to the decrease
decreas of effective
capacitance, the voltage fluctuation increases. For increasing voltage fluctuation some charging
energy loses and time delay
ay occurs. That’s why the SET goes to conduction later. As a result, the
V-II curve does not intersect to the zero point straightly which is shown in Figure
igure 4.
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Figure 4.Simulated
Simulated V
V-I characteristic of a multi dot SET device

From this Figure 4, it is found that the coulomb blockade length is -1.8
1.8 V to +2.2 V and the V-I
V
characteristic curve will be intersected approximately at -160pA
160pA which is very far from the
origin. On the other hand, the
he voltage fluctua
fluctuation or drop equation, V = Q/C implies that at the
time of increasing effective capacitance the voltage ffluctuation
luctuation will be decreased or vice-versa. If
it is possible to increase the effective capacitance of the junction with respect to charging energy
for multi dot based single electron transistor, we will get smooth V
V-I curve. From figure 5 it can
be seen that the coulomb blockade length is approximately -1
1 V to +1.5 V and the intersection
point of V-II characteristics curve is -280 pA which is very close to the origin. So, by
implementing our proposed technique, we improve the above performanc
performancee which is previously
shown in Figure 4.. As a result, from Figure 5, itt is seen that the coulomb blockade length is
smaller than the previous one because of lower threshold voltage. Hence the curve intersects
straightly closed to the origin point.
Through this research, it has been observed that the comparison of V
V-I curve in multi dot SET.
From Figure 4 and 5, it is analyzed that the coulomb blockade length of Figure 4is larger than the
Figure 5. This occurs because of low effective capacitance, high threshold voltage and charging
energy. In the case of Figure 5, it is seen that the coulomb blockade is smaller for low threshold
voltage, charging energy and high effective capacitance. It happens for fixed resistance where
the conductance range will be 10 to 10 .
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Figure5.Simulated
Simulated V
V-II characteristic of a multi dot SET device

CONCLUSION

In this research, the performance analysis is done by implementing C
C-R
R and V-I
V characteristics
curve in multi dot based SET. The behavior of capacitance and resistance is observed in multi
dot based SET. For fixed resistance, the value of capacitance is obtained at origin point
poin when the
conductance range is 10 to 10 .Because of fixed resistance, the threshold voltage becomes
low, hence the current conduction time will be reduced. So, the coulomb blockade length will be
decreased.On the other hand, the V
V-I curve will be intersected near to the origin point. Our
research work analyzes the behavior of the current conduction in the coulomb blockade of multi
dot SET. However, further investigation is required to improvement the current changeability in
the non-blockade region of the device.
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