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Abstract: One of the important problems in current LSI circuits is increasing power dissipation in a small silicon chip.
Single-electron transistors which operate by means of one by one electron transfer, is relatively small and consume very
low power and suitable for achieving higher levels of integration. The most difficult aspect in fabricating SETs is how to
sandwich a nanometer-scale island between two small tunnel capacitors. In this paper we have used the Visual TCAD
simulator for designing the single electron device. For the design of the single electron device, we have used
two gates G1 and G2 whose length is 0.005 pum each and oxide thickness from gate to island is 0.003 um and
the island length and width is 0.015 um and 0.006 um respectively. Simulation results show the flow of single
electron from source to drain. In this paper we have also observed the effect of charge transport from source to
drain. We have also studied the donor doping, total doping, drain current to gate voltage characteristics at
Vp=0.5V and 0.05V and the drain current to drain voltage at V5=0.5, 0.025 and 0.005V.
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Introduction

Single-electron device (SED) is a key element in single electronics where device operation is based on one-by-
one electron manipulation utilizing the Coulomb blockade effect. The SED are often discussed as elements of
nanometer scale electronic circuits because SED can be made very small and can detect the motion of
individual electrons. However, SED has low voltage gain, high input impedances, and is sensitive to random
background charges [1]. This makes it unlikely that SED would ever replace field-effect transistors in
applications where large voltage gain or low output impedance is necessary. Single-electron transistor (SET)
has been received a great attention since a decade as the miniaturization of the technology reaches nano size.
Besides offering lower power consumption, SET has the advantage of faster operating speed which these are
the attraction nowadays in the fabrication of electronic devices. When nano size is reached, quantum-
mechanical effects will come into play in controlling their behavior [2,3]

In order to take advantages of those single electron effects such as the Coulomb blockade electron tunneling, and
Coulomb staircase and oscillations, many nanoscale systems have been proposed and studied in the literature.
The basic building block of SEDs and circuits is the tunnel junction, whose circuit symbol is shown in Fig. 1, as
below.
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Figure 1. Tunnel Juction

The tunnel junction is usually recognized as an energy barrier between two electrodes, whose height and width
corresponding to its capacitance Cr and tunnel resistance Ry, which are the phenomenological quantities based
on the orthodox theory. It should be noted that the tunnel junction is a representative model for a board range of
permeable nano scale structures fabricated by different methods on different materials. The electron can tunnel
through the junction one by one if the capacitances of the junction as well as capacitances at two terminals are
small enough from T which means the voltage across the junction can be changed significantly due to few

A UGC Recommended Journal Page | 245



IﬂEEﬁ International Journal of Electronics Engineering (ISSN: 0973-7383)
Volume 9 e Issue 2 pp. 245-252  June 2017-Dec 2017 www.csjournals.com

electron tunnels. After an electron tunnel happened, the voltage across the junction would decrease then
suppressing the following tunnel events [4,5]. This is the basic principle how the electron manipulation can be
realized. Such phenomenon is known as so-called Single Electron Tunneling (SET); and those devices and
circuits that utilize SET effects are usually recognized as SEDs and circuits.

Those SEDs composed by tunnel junctions are SET transistors, SET pumps and SET turnstiles, as shown in
Fig. 2 (a-c), respectively; where those are not shown including resonant tunneling devices (RTDs) and quantum
dots (QDs) [6]. The most popular one among them might be SET transistors consists of two tunnel junctions
separated by a nanoscale island to ensure the occurrence of Coulomb blockade. It has three terminals (viz.,
drain, source and gate terminals), as the traditional CMOS transistor; however, its Coulomb oscillation
character is unique and useful for circuit designers [7].
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Figure 2 SET transistors, SET pumps and SET turnstiles

The last decade has led to substantial advances in the understanding of electrical conduction through molecular
systems, mostly due to an improved control of the different measuring techniques employed to study molecular
junctions, including electro migrated single-electron transistors (SETSs)* scanning tunnelling microscopy (STM)
break-junctions, and techniques enabling measuring self-assembled mono layers (SAMs) of molecules
sandwiched between two macroscopic electrodes. The single-electron transistor can be used as the ultimate
electrometer to detect the variation of the charge [8,9].

By far most fabrication techniques produce two-terminal junctions in the form of electrode-molecule-electrode,
with either a single molecule or a self-assembled monolayer (SAM) as the active component. However, the
lack of an electrical gating capability in two-terminal junctions complicates determination of the energy level
alignment. STM break-junctions can be used to obtain statistics on electron transport at an individual
molecular level but the supramolecular and the electronic structure of the junctions cannot be investigated
independently [10]. By contrast, it is possible to measure both the supramolecular and electronic structure of
the SAMs immobilized on one of the electrodes (usually referred to as the bottom-electrode) using standard
surface characterization techniques before fabrication of the top-contact. For most systems, however, it is not
clear how much the energy level alignment changes once the molecules are in contact with the top-electrodes
and therefore models are often used to extract the relevant transport parameters. From a technological point of
view, SAM-based junctions are promising candidates for molecular electronics technologies, with rectification
ratios rapidly approaching values of commercial semiconductor devices [11].

The central question of research is: How do the degrees of freedom of a single molecule (both electronic and
mechanical) interact with an electrostatic environment under a constrained geometry? Some have chosen to
answer this question by looking at the electronic transport through single molecule transistors (SMTS),
nanometer-scale transistors in which charge transport occurs through individual molecular states [12].

Researchers use an electro migration technique to fabricate SMTs based on Cgq sition metal coordination

complexes (TMCCs). In these devices, the molecule of interest is constrained between two metallic electrodes.
At low temperatures, each transistor acts as a single-electron device in the Coulomb blockade regime. Some
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experimental results suggest that the vibrational modes of the molecules contribute to the transport
characteristics of the SMTs. From measurements of the differential conductance of these devices, observe
direct tunneling features that are consistent with vibrational excitations of the molecules. In the TMCC-based
SMTs, also observe inelastic cotunneling features that correspond energetically to vibrational excitations of the
molecule, as determined by Raman and infrared spectroscopy. This is a form of gate-modulated inelastic
tunneling spectroscopy [13,14].

2. Charge Transport through Individual Molecular States.

An electrochemical scanning tunnelling microscopy (STM) and spectroscopy (STS) to elucidate the mechanism
of electron transport through individual pyridyl-based Os complexes are used in some researches [15].
Researchers use tunnelling data obtained by two-dimensional electrochemical STS and STM imaging leads to
the conclusion that electron transport occurs by thermally activated hopping. The conductance enhancement
around the radix potential of the complex, which is reminiscent of switching and transistor characteristics in
electronics, is reflected both in the STM imaging contrast and directly in the tunnelling current [16].

3. Single-electron Phenomena

The study of single-electron phenomena associated with tunneling in semiconductor nanostructures has
emerged in recent years as a major forefront of condensed matter physics, whose implications range from
fundamental physics to electronic device applications. ‘quantum dots’. The main purpose is to describe the
various phenomena observed in these experiments and to present the theoretical understanding of these
phenomena in an introductory fashion. The paper attempts to explain the underlying physics at the intuitive
level and tries to draw, as much as possible, a unifying perspective on a relatively large body of knowledge
acquired within a short time by the conjunction of many individual contributions [17].

3.1 Planar quantum dots

One commonly studied structure, which will be referred to as a planar QD, is created by patterning several
metal electrodes, or gates, on the surface of a two-dimensional electron gas (2DEG) heterostructure, usually of
GaAs. Figure 3 depicts the structure of a representative planar QD schematically. A negative voltage applied to
a gate raises the electrostatic potential in its neighborhood and, typically around -0:5 V, depletes the underlying
2DEG in the vicinity of the gate. Consequently, under suitable biasing conditions, a small region of 2DEG
remains at the centre of the structure, and is isolated from the remainder of the 2DEG. Numerical methods are
commonly used to model the resulting potential and charge distribution in a self-consistent way [11]. There are
two narrow constrictions, one formed between gates GO and G1 and the other between gates GO and G2, which
are depleted of electrons, but the potential there is just slightly above the Fermi level and thus presents a low-
energy barrier across which an electron can tunnel; in fact, the transparency of this tunnel barrier can be tuned
by the voltage applied to these gates [18.19].
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Figure 3 structure of a representative planar QD

3.2 Vertical quantum dots

A different approach to realizing single-electron tunneling semiconductors is to have current flowing vertically
with respect to the heterostructure layers, relying on AlGaAs, or other large-gap materials, to form tunnel
barriers. Like their planar counterparts, these vertical QDs are structures in which the electrons are confined by
the combination of the heterostructure layers providing vertical confinement and lithography to provide in-
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plane confinement; however, the details of fabrication are quite different. Here no in-plane tunnelling is
required, allowing strong lateral confinement which is achieved by eliminating all but a narrow pillar in a
standard

Metal

n+ GaAs

Figure 4 Vertical quantum dots

or modified, double-barrier tunneling heterostructure. A schematic diagram is shown in Fig. 4. Several variants
of this basic design have been explored by workers in the field. One of the technical challenges is making a
separate electrical contact to the top of the pillar. The bottom is usually contacted via the conductive substrate
itself, or a conducting under layer [20].

4. Design of Single Electron Device

Single electron devices control the transport of individual electrons by way of the charging energy. It is
composed of a source, drain, and tunnel junction with a Coulomb island in between. The tunnel junctions are
insulators which separate the source, Coulomb Island and drain. Electron transport in the device is via
tunneling sequentially to each of the components. Currents in the single electron device are considered not
continuous since the charging energy of the Coulomb Island only allows the tunneling of one electron at a
time. The single electron device has attracting features over other devices including its ultra-low power
consumption, scalability down to the nanometer range [21], and it’s high sensitivity to a small amount of
charge [22]. However, a critical requirement for fabricating single electron device lies in the manipulation of
its components in the right positions.

Therefore, on a general note we rather focus on those parts of the device that are critical to realize room
temperature operation and large circuits (both pure SET based circuits and hybrid SET-FET circuits). One can
broadly identify the following as important requirements for any SET fabrication scheme to this end [23].

A). Size of the island is the primary factor that determines the operating temperature of SET. We have seen in
the previous section that charging energy consideration demands an island/channel dimension of nearly 5 nm
for room temperature operation. Therefore SET fabrication technology should be capable of fabricating a
channel of at least 5-10 nm size (diameter for spherical, edge length for rectangular channels) [24].

B). As seen in the literature, the minimum resistance of tunnel barriers should be at least 26 k . But to enable
e_cient digital/analog circuit operations thermally activated tunneling has to be blocked. So the practical
requirements for barrier resistance are much higher (about 5 times quantum resistance). Also, as the current
through the SET depends on tunnel resistance, it should not be “too high' as well. For room temperature
operating SETSs it is usual and acceptable to have resistances from 100 k to about a couple of M. Besides, an
ideal barrier would have a fixed barrier height [25,27].

C). It is necessary to have good gate control of the channel, to realize high peak to valley current ratio
(PVCR).[28]

D). In order to realize high density functional circuits using SETS, it is essential to have a reliable fabrication
technology that enables fabrication of large number of SETs. Since due to low current drive of SET, hybrid
SET-FET circuits rather than all-SET circuits seem to be more useful. So the SET fabrication technology has
to be compatible with CMOS technology. The closer it is to CMOS technology the better it is the best case
being SET fabricated in CMOS technology [29].
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5. Results and Discussion

The single-electron device (SED) is one of the best candidates for future nano electronic circuits because of its
ultralow power consumption, small size and unique functionality. SEDs operate on the principle of Coulomb
blockade, which is more prominent at dimensions of a few nano meters. Typically, the SEDs consist of two
capacitive coupled ultra small tunnel junctions with a nano island between them. Size of the island is the
primary factor that determines the operating point of SED.

The device simulation is to define the device characteristics such gate characteristics and drain characteristics.
The output data from the process simulation is used as an input data for device simulation. The process
simulation is to define the SET device structure and process parameter. In the process simulation, the layout is
become as an input data. The layout consist of five parts namely source, gatel, gate2, island and drain as
shown in Fig. 5.

Figure. 5 SED Layout

We have observed that charging energy consideration demands an island/channel dimension of nearly 5 nm.
Therefore SED fabrication technology should be capable of fabricating a channel of at least 5-10 nm size
(diameter for spherical, edge length for rectangular channels).In order to observe the Coulomb blockade effects
in a Single electron device, the charging energy of the device has to be greater that the thermal energy.
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Figure. 6 Donor Doping

We have designed the single electron device with two gates by taking the reasonable length and width.
Corresponding geometry of the mess is shown in the results. For the design of the device, we have used two
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gates G1 and G2 whose length is 0.005 pum each and oxide thickness from gate to island is 0.003 um and the
island length and width is 0.015 pum and 0.006 um respectively. When we simulate the model we observed the
flow of single electron from source to drain. In this paper we have also observed the effect of charge transport
from source to drain.

Fig. 6 shows the donor doping which is constant throughout the circuit. When donor atoms are introduced into
the semiconductor material, they are all ionized. Each donor atom creates one free electron if the concentration
of donor impurity (e.g. Phosphor) in Si is ND, the concentration of free electrons *ND (ND= 10*20 ¢cm-3).
Total doping density is a parameter to adjust the number of electrons in the quantum dot to a particular range.
Doping range is chosen from 18-20 on logarithmic scale. Fig. 7 shows the total doping which are considerably
18 to 20 at different levels.
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Figure.7 Total Doping

The graph in Fig. 8 shows the drain current, Ip as a function of the gate voltage, V¢ at drain current to gate
voltage characteristics at Vp=0.5V and 0.05V. The another graph in Fig. 9 shows drain current, Iy as a
function of the gate voltage . The drain current to voltage at V=0.1 V, 0.25V and 0.5 V are used to show the
difference at these levels. Almost linear characteristics are shown at gate voltage 0.5 V. As we decrease the
gate voltage it starts to become constant.
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Figure.8 Drain current, Iy as a function of the gate voltage, Vg
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Figure 9 Drain current, Iy as a function of the drain voltage, Vp

Fig. 10 shows the electron mobility. In this figure we observed that at beginning of the simulation there is less
number of electrons at the surface of the island and when we stop the simulation the mobility of electrons
increased.

Figure 10 Electron Mobility

Electron density is increasing when electron moves from source to drain. Fig.11 shows the
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Figure. 11 Electron Density

electron density. In this we tried to show that measurity of electrons are moved to drain one by one.
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Conclusion

Among various single-electron devices (SEDs), the single-electron transistor (SET) is the most fundamental. The SET
simulation is successfully simulated using Visual TCAD simulation tools. The value of parameters that obtained in this
simulation is smaller than the previous experiment and the charging energy is higher than the previous reported.
Ultimately, this research has utilized the process and device simulation tools as an alternative for an actual SET fabrication
process. The proposed model has been verified at device level for both symmetrical and asymmetrical devices. A set of
simulations is then successfully performed for different parameters of SET devices. The model is able to accurately
describe the Ip-Vp and Ip-Vg SET characteristics at different levels. A model is described and used to study the electronic
properties of SET. We have also concluded that coulomb blockade charging phenomena play an important role to the
SET operation.
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