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ABSTRACT

Tunneling of an electron from the electrode towards the island in single
electron transistor (SET) is a quantum mechanical phenomenon. This means, that
electron can either tunnels to the island or not depending on the probability.
Therefore, the study on how the electron interacts with a quantum dot should give the
needed information in advancing the development of SET. With several assumptions,
the electron trajectory from the electrode towards the island is studied in this research
using classical approaches. The island is first developed by optimizing gallium
arsenide (GaAs) cluster using the parallel version of GAMESS package. With the
information from the optimized cluster, GaAs quantum dot is built as an island for
the SET. The dot has a square bipyramidal shape with total 84 atoms in 1.6 nm’
volume. Then the external electric field is applied towards the dot to study the
potential distribution in the vicinity of the dot. Using this potential distribution, the
electron trajectory is mapped and plotted using MacMolPlt and GnuPlot programs.
The plotted result shows how the electron moves towards the dot and sticks in a loop.
It is found that the loop is caused by the attraction of atomic nucleus of one of the
atom in the dot. As the conclusion, the electron trajectory is discovered and plotted
from the source electrode to the island. On the other hand, the electron does not pass
through the island to the drain because of nuclear attraction which can be improved

in future simulation.
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ABSTRAK

Penerowongan elektron dari elektrod menuju ke pulau dalam transistor
electron tunggal (SET) adalah satu fenomena kuantum mekanik. Ini bermakna
elektron sama ada akan menerowong menuju ke pulau atau tidak bergantung kepada
kebarangkalian. Oleh sebab itu kajian tentang bagaimana elektron berinteraksi
dengan kuantum dot/pulau akan memberikan maklumat yang penting kepada
pembangunan SET. Dengan membuat beberapa anggapan, trajektori elektron boleh
dikaji dengan menggunakan pendekatan teori klasik. Pertama, suatu pulau mula
dibina dengan mengoptimumkan struktur gugusan gallium arsenida (GaAs). Langkah
pengiraan ini dilaksanakan dengan menggunakan perisian GAMESS dengan sistem
pengkomputeran selari. Berdasarkan maklumat dari gugusan GaAs tersebut, kuantum
dot galium arsenida dibina sebagai pulau untuk SET. Kuantum dot tersebut
mempunyai bentuk gabungan dua-piramid berdasarkan segiempat sama yang
mempunyai sejumlah 84 atom dan berisipadu sebanyak 1.6 nm’. Selanjutnya, medan
elektrik luar dikenakan kepada kuantum dot tersebut untuk mengkaji taburan
keupayaan di sekitar dot tersebut. Dengan menggunakan taburan keupayaan tadi
trajektori elektron diplotkan menggunakan perisian MacMolPIlt dan GnuPlot.
Keputusan kajian menunjukkan pergerakan elektron tersangkut dalam lintasan
berbentuk gelung. Ia dijumpai bahawa lintasan berbentuk gelung tersebut adalah
disebabkan daya tarikan nukleus dari salah satu atom dalam dot tersebut. Sebagai
kesimpulan, trajektori elektron ditemui dan diplot dari elektrod sumber ke pulau.
Sebaliknya, elektron yang bergerak ke pulau tidak melepasi pulau tersebut untuk ke
elektrod seterusnya disebabkan tarikan nukleus yang kuat dan model ini boleh

dibaiki untuk simulasi selanjutnya.
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CHAPTER 1

INTRODUCTION

1.1  Background of the Research

The principal idea of this research is to study the movement of an electron in
Single Electron Transistor (SET) from classical point of view. Thus, the main
interest is to assess how the electron would move around the quantum dot with an
applied external electric field. Ultimately this research hopefully gives the insight
towards the new way to the simulation of Single Electron Transistor. In this first
chapter of the thesis, the problem from the general idea is introduced and later

converges towards the main interest of the research.

1.1.1 The Needs for Nanodevices

Almost all of our daily activities were carried out using the aid of electrical
and electronic equipment. The used of electronics equipment are not only facilitated
and accelerated a job, but also do the works that a man alone cannot do. Computers
are a good example, almost every office and home and in fact in the developed
country computer are personal property. A lot of calculation can be solve faster and
beyond the limit of any human brain could do. In the mean time, the increased
number of computers demanded higher electrical power to bear the needs of all the
computers. According to a report from Energy Commission of Malaysia, electricity
consumption in 2009 was 14 245 MW, an increase of 1.7 percent from the previous



year (Dept. of Statistic Malaysia, 2010). This report also showed that the increasing
trend of electricity usage was constant every year. The trend is not only encountered
in Malaysia but also involves the entire world. Thus there is a serious need in
developing the electronic devices that works in low power consumption yet same or
maybe speedy in performance. In this case, nanodevice is the answer to those

problems.

Another reason to the development of nanodevices is miniaturization trend.
Miniaturization is a continuing process in the creation and production of the ever-
smaller scale for electronic, optical and mechanical product and devices. Products
that take less space are more desirable than the larger items because it is more
convenient to use, easier to carry and easier to kept. This gives human the morale to
build smaller devices that features size efficiency. In electronics, miniaturization is
explained by an empirical observation called Moore’s law. In 1965, Gordon E.
Moore predicted the number of transistor in an integrated circuit will be doubled
periodically every 1.5 years (Moore, 1965). After 45 years introduction of Moore’s
law, the development of semiconductor technology nowadays is still following this

law.

1.1.2 Nanotechnology and Nanodevices

One of the most advance and interesting idea is to control the electrical
devices with its fundamental operator which is charge carrier (in this case an
electron) so that the energy to operate the devices is not wasted. The technology
needed to develop a device which is enabling the control of one electron is called

nanotechnology.

Nanotechnology has emerged as a very popular and important issue in every
field including science (physics, chemistry and biology) and engineering over the
decade. Nanotechnology deals with natural and artificial structure on the nanoscale
in the range from 1 um down to 10 A (Bruus, 2004). One nanometer is roughly the
distance of five neighboring atoms in an ordinary solid or about ten hydrogen atoms

lined up together. It is very exciting area of study as the technology involves the



manipulation of the ultimate building blocks of ordinary matter which is single

electron and molecule.

Although it is not referred to nanotechnology at the time, the emergence of
nanotechnology already happened in the late nineteenth century when colloidal
science started. In year 1959, Richard Feynman in his talk “There’s Plenty of Room
at the Bottom” had firstly mentioned some of the nanotechnology concepts (William
et al., 2003). He described a process by which the ability to manipulate individual
atoms and molecules might be developed. In 1974, the term “nanotechnology” was
defined by Professor Norio Taniguchi from Tokyo Science University (Taniguchi,
1974).

When dealing with nano-size materials, quantum effects come into play in
which classical theory is unable to explain what happens in these extremely small
size systems. The properties of nanoscale particles are in the range between atom and
bulk materials. These properties were proved to vary by size which leads to the
establishment of material behavior engineering. This variation have made
nanotechnology a very exotic field which still need a lot more efforts in research to

open up and reveal its under covered ability.

The advancements from micro to nano-technology have allowed the
miniaturization of amazingly complex devices. A lot of nano-devices are being
researched widely and intensively, hence its market potential is bright. Although a
portion of it is as yet conceptual, the realization of it is not an impossible matter. As
nanotechnology is dealing with the fundamental building element of materials, it is
worth to point out that the technology has remarkably brought together technologies

from physics, biology and chemistry.

1.1.3 Quantum Dot Nanodevices

It has been a decade since scientist had done theoretical study of the
properties of quantum dot to be effectively used as nanodevices, for example, single

electron transistor (SET) (Kastner, 2000) semiconductor laser diode (LDs)



(Kirstaedter et al., 1994; Huffaker et al., 1998), semiconductor optical amplifiers
(SOA) (Akiyama et al., 2003; Sugawara et al., 2004) and photodetector (Liu, 2003).
Now, the demand in the usage of nanodevices is to produce nanosize-devices with
low power consumption yet better performance. Although it has recently been
possible to produce the quantum dot nanodevices, the study on properties of the
devices is experimentally expensive because of the size. Thus the study of properties
of the nanodevice via simulation is the most cost effective method. With the
simulation is expected to be close to the real dot, the study of applied electric field on
the dot is expected to yeild valuable knowledges for the future development of

nanodevices.

1.2 Introduction to Modeling and Simulation

The introduction to modeling and simulation is an important part of this
writing because the system that being studied were made via modeling and
simulations. Modeling is a technique of representing a real world system via physics
model and mathematical functions. Simulation on the other hand is an attempts to
use the model on a computer so that it can be studied on how the system work.

Simulation is an important part of modeling nanostructure, in which, to obtain
information about the behavior or properties of a structure or a system. This is a
method which predicts the properties transformation for the variable before doing the
actual experiment and the result can then be proved by the experiment. This
approach is very helpful to select the most optimal and the best performance of a

device which is build from those nanostructures before the real fabrication.

In the mean time, simulation can explain theoretical details that could not be
explained by experiment solely, for example the occupation of electrons and
reconstruction of nanostructure. We can view atomic structure model and the process
of structure transformation via 3D graphical view and animation. With the simulation
done before the experiment, the mastering of the nanostructures principles is

improved and thus reducing unneeded steps during the experiment.



An importance things should be noted here is that, in doing the modeling and
simulation there must be some approximation used based on assumption made to
model the system. There is no simulation software which can take into account every
detail that would contribute to system changes. Many of them simply adopt the
approximation which is the most optimal and closest to the real system for the
representation. First principle calculation for example is sufficient simulation
approach in order to study electronic structures and properties of the nanostructures.
The advantage is that, this calculation can be done without the need for experimental
data.

However, the calculation could be massive and consumes a very long period
to be done. Thus, to improve the performance and speed of large computation, one of
the improvement approaches that very helpful is parallel computing. Parallel
computing can reduce the computing time of computational costly calculation such
as first principle calculation mentioned above, where it distributes the calculation to

two or more processors or computers.

1.2.1 Modeling and Simulation Approach Used in This Research

In this research, there are two parts of modeling and simulation involved
which is the optimization of the cluster and quantum dot, and another part is applied
external electric field program. The cluster and dot are first build and optimized via
GAMESS software and then the information from the calculation is used as an input
to another computer program for the evaluation of the electric field effect around the

cluster/dot.

General Atomic and Molecular Electronic Structure System (GAMESS-US)
(Schmidt et al., 1993; Gordon, 2005) is used as the simulation tools for electronic
structures optimization of gallium arsenide clusters and quantum dot. Developed by
M. S. Gordon group GAMESS is a program for ab-initio molecular quantum
chemistry. Briefly, GAMESS can compute SCF wavefunctions ranging from RHF,
ROHF, UHF, GVB, and MCSCF. Correlation corrections to these SCF

wavefunctions include Configuration Interaction, second order perturbation Theory,



and Coupled-Cluster approaches, as well as the Density Functional Theory

approximation.

The electric field calculation part in this study is calculated using a program
written in Java and developed during this study. Java is a programming language
originally developed by James Gosling at Sun Microsystems (which is now a
subsidiary of Oracle Corporation) and released in 1995 as a core component of Sun
Microsystems' Java platform. The language derives much of its syntax from C and
C++ but has a simpler object model and fewer low-level facilities. Steepest decent
method is the principal method used in this program. The detail of the program

algorithm is discussed in the methodology chapter.

1.3 Statement of Problem

As the research in development of SET is experimentally aggressive, the
theoretical part on how exactly the electron moving around an island in SET is still
not conclusive. This involves of how the electron ejected from the electrode to where
the electron go and finally how the interaction with the island/dot. The study on how
the electron interacts with the quantum dot should give very much needed
information in advancing the development in SET. Although the problem is, the
tunneling of electron from the electrode to the island was quantum effect, thus
projection of the electron movement is simply does not exist. So, one way to look on
the phenomena is from the classical point of view and this is the main ideas which
this study will be working on. Rather than doing a very expensive in terms of
technology and high sensitive measurement experimentally, simulation is one of the

best tools nowadays to study operation of SET.



1.4 Objective of the Study

The main intrest of this research is in the interaction of an electron with
Gallium Arsenide quantum dot in an applied external electric field. The objectives

of this study can be summurized as the following:

1. To construct a virtual quantum dot from a selected optimized GaAs cluster.

2. To determine charge distribution and electrostatic potential plot around the
optimized quantum dot.

3. To calculate classically the path of electron movement around the GaAs

quantum dot in SET simulation.

1.5  Scope of study

The area of this field of study are very large and it is decided to focus on the
crucial part that are expected. This research will cover the installation of software
that will be used, parallel system computing, construction of virtual GaAs cluster and
quantum dot, and finally studying the movement of electron with external electric
field in the vicinity of a quantum dot. This study is hoped to improve the modeling

and thus will result in parameters that could be experimentally measured.

1.6 Thesis Review

In this chapter the general introduction and brief description to the whole
study is discussed; from the need of background, nanotechnology, and simulation,
towards research objective and scope of the study. In the next chapter, the literature
review on operational principle of Single Electron Transistor (SET) is discussed and
it is included with the effect of confinement. In chapter three, the computational
method of developing virtual quantum dot is discussed. The quantum theory used in
the calculation which includes Hartree-Fock Method (HF) and Density functional
Theory (DFT) is explained in this chapter. In chapter four, the methodology of the



whole research is explained and a flow chart is presented to simplify the work
process. Limitations and assumption used in this theoretical study are also included
as to show the scope of the study. Chapter five present the result and the discussion
analysis. Chapter six which is the last chapter concludes the study by summarizing
the theory and result of the analysis. Suggestions for future work are also given in

this chapter.



112

REFERENCES

Akyuz G.B., Akgungor K., Sakiroglu S., Saddiki A., Sokmen 1., (2011). Energy
calculation of quantum dot: Physica E,. 43, 1514-1517.

Akiyama T., Kawaguchi K., Sugawara M., Sudo H., Ekawa M., Ebe H., Kuramata A,
Utsubo K., Morito K., Arakawa Y, (2003). 29thEuro.conf.on Opt.Comn. (ECOC),
Rimini Fiera, postdeadline paper.

Amerudin A. S., Aryanto D., Othaman Z., Ismail A. K., Wibowo E., (2010). Surface
Morphology and Optical Properties of Self-Assembled InysGag sAs
Nanostructures Grown on GaAs Substrate Using MOCVD Proceedings of
RAFSS 2010.

Arashida Y., Ogawa Y., Minani F., (2010). Correlated photon from multi-carrier
complexes in GaAs quantum dot: Superlattices and Microstructure, 47, 93-97.

Becke A.D., (1993). A new mixing of hartree-fock and local density-functional theory:
Journal of Chemical Physics. 98, 1372.

Becke A.D., (1993). Density functional thermochemistry.I11.The role of exact exchange:
J. Chem.Phys. 98, 5648.

Becke A.D., (1997). Density-functional thermochemistry. V. Systematic optimization of

exchange correlation functional: Journal of Chemical Physics107, 8554.



113

Bode B. M., Gordon M.S. (1998). J. Mol. Graphics Mod., 16, 133-138.
http://www.scl.ameslab.gov/MacMolPIt/

Bruus H., (2004). Introduction to nanotechnology: Technical University of Denmark.

Lyngby.

Coe J.P., Sudbery A., D’Amico I., (2009). Entanglement in GaAs and CdSe quantum
dot: Exact calculation and DFT approximation. Microelectronics Journal, 40,
499-501.

Dept. of Statistic Malaysia, (2010). Index of Industrial Production. Malaysia. October
2010.

Durrani Z. A. K., (2003). Coulomb blockade and single electron transistor: Physica E,
v17, 572-578.

Dupuis M., Spangler D., and Wendoloski J. J,. (1980). National Resource for
Computations in Chemistry Software Catalog, University of California:
Berkeley, CA Program QGO1.

Edamatsu K., Watatani C., Itoh T., Shimomura S., Hiyamizu S., (2001). Resonant
excitation and anti-stokes luminescence of GaAs single quantum dot: Journal of
Luminescence, 94-95, 143-146.

Fermi E., (1927). Application of statistical gas methods to electronic system. Atti. Acad.
Naz. Lencei, CI. Sci. Fis. Mat. Nat. Rend.6:602.

Geerligs L. J., Anderegg V. F., C. A. Van der Jeugd C. A., Romijn J., and Mooij J. E.,
(1989). Influence of dissipation on the coulomb blockade in small tunnel
junction: Europhysics Letters, 10(1):79-85.


http://www.scl.ameslab.gov/MacMolPlt/

114

Gordon M.S., Schmidt M.W.,(2005) "Advances in electronic structure theory:GAMESS
a decade later". In C.E.Dykstra, G.Frenking, K.S.Kim, G.E.Scuseria. (Eds.)
"Theory and Applications of Computational Chemistry,the first forty years"
Chapter 41, pp 1167-1189, Elsevier, Amsterdam.

Goddard. 111 W. A., Brenner D. W., Lyshevski S. E., lafrate G. J., (2003). Handbook of
Nanoscience Engineering and Technology. U.S.: CRC Press. 1-9.

Gosh C., Pal S., Goswam B., Sharkar P., (2005). Theoretical study on size-dependent
properties of GanAsn cluster: Chemical Physics Letters, 407, 498-503.

Grill P.M.W., Johnson B.G., Pople J.A., Frisch M.J., (1992). The performance of the
Becke-Lee-Yang-Parr (B-LYP) density functional with various basis sets:
Chemical Physics Letters. 197, 4-5.

Gutsev G. L., O’Neal R. H., Saha B. C., Mochena M. D., Johnson E., and Bauschlicher
C. W., (2008). Optical Properties of (GaAs)n Clusters (n) 2-16) J. Phys. Chem.
A, 112, 10728-10735.

Hohenberg P., Kohn W.,(1964). Inhomogeneous electron gas: Phys. Rev. 136, B846.

Huffaker D.L and Deppe D.G, (1998). Electro luminescent efficiency of 1.3pum room
tempreture GaAs-based quantum dot. Appl Phys. Lett. 73,2564-2565.

Jensen F., (1999). Introduction to Computational Chemistry, John Wiley & Son Ltd.

Kastner M.A, (2000). The single electron transistor and artificial atoms: Ann. Phys.
(Leipzig), 9, 11-12, 885-894.



115

Karatzer P., Morgan C.G, Scheffler M., (1998). Density functional theory studies on
microscopic processes of GaAs Growth: Progress in Surface Science, vol.59,
135-147.

Karamanis P., Begue D., Pouchan C., (2007). Ab initio finite field (hyper)polarizability
computations on stoichiometric gallium arsenide clusters GanAsn (n=2-9):
Journal of Chemical Physics 127, 094706.

Kirstaedter N., Ledentsov N.N., Grundmann M., Bimberg D., Ustinov V.M, Ruvimov
S.S., Maximov M.V., Kop'ev P.S, Alferov Urichter Z.l., Werner P., Gosele U.,
Heydenreich J., (1994). Electron.Lett 30, 1416.

Kolb P.W., Drew H.D., (2008). Investigation of coupling in natutrally occurring GaAs
quantum dots: Physica E, 40, 594-599.

Korambath P.P., Karna S. P., (2000). (Hyper)polarizabilities of GaN, GaP and GaAs: An
ab initio time-dependent hartree-fock study. J. Phys. Chem. 104, 4081.

Kolos W., Wolniewicz L., (1964). Accurate adiabatic treatment of the ground state of
the hydrogen molecule: Journal of chemical Physics. 41, 3663.

Kohn W., Sham J., (1965). Self-consistent equation including exchange and correlation
effect: Phys. Rev. 140, A1133.

Kuroda K., Kuroda T., Watanabe K., Mano T., Kiddo G., Koguchi N., Sakoda K.,
(2010). Distribution of exciton emission linewidth observed for GaAs quantum

dots grown by droplet epitaxy: Journal of Luminescence, 130, 2390-2393.

Lee S., Shin D.W., Kim W.M., Cheong B., Lee T.S., Lee K.S., Cho S., (2006). Room
temperature synthesized GaAs quantum dot embedded in SiO, composite film:
Thin Solid Films, 514, 269-301.



116

Liu H.C., (2003). Quantum infrared photo detector: Opto-Electronics Lev, 11, (1), 1-5.

Likharev K. K., (1999) Single electeon devices and their applications. Proc IEEE, 87,
606-632.

Lou L., Nordlander P., Smalley R.E., (1992). Electronic structure of small GaAs clusers.
J Chem Phys. 97, 1858.

Lu Q.L., Jiang J.C., Wan J.G., Wang G.H., (2008) Density-functional study of ring-like
Ga,As, (n< 3< 14)clusters. Journal of Molecular Structure. THEOCHEM 851,
271-276.

Mereni L.O., Dimastrodonato V., Young R.J., Pelucchi E., (2010). Pyramidal quantum
dots: High uniformity and narrowexcitonic emission. Superlattices and
Microstructures 47, 78-82.

Mereni L.O., Dimastrodonato V., Juska G., Pelucchi E., (2011). Physical properties of
highly uniform InGaAs pyramidal quantum dots with GaAs barriers: Fine
structure splitting in pre-patterned substrates. Superlattices and Microstructures
49, 279-282.

Moore G.E, (1965). Cramming more components onto integrated circuits: Electronics,
Volume 38, Number 8.

Montgomery J.A., (1993). "General Atomic and Molecular Electronic Structure
System™: J.Comput.Chem. 14, 1347-1363.

Nemcsics. A., Toth L., Dobos L., Heyn C., Stemmann A., Scharmm A., Welsch H.,
Hensen W., (2010). Composition of the GaAs quantum dot growth by droplet
epitaxy: Superlattices and Microstructures, 48, 351-357.



117

Nogami M., Hirachi Y. and Ohta K., (1982), Present state of microwave GaAs devices,

Microelectronics Journal, vol. 13 No. 3.

Pardew J.P., (1965). Accurate Density Functional for energy:Real-space cutoff of the

gradient expension for the exchange hole: Phys. Rev. Lett. 55.

Pardew J.P., (1991). Electronic structure of solid, Akademie Verlag, Berlin.

Parr R.G., Yang W., (1989). Density Functional Theory, Oxford University Press.

Pelucchi E., Dimastrodonato V., Mereni L.O., Juska G., Gocalinska A., (2011),
Semiconductor nanostructures engineering: Pyramidal quantum dots, Curr. Opin.
Solid State Mater. Sci. 2011.09.002.

Perdew J. P., Zunger, (1982). Self-interaction correction to density-functional
approximations for many-electron systems: Phys. Rev. B. 23(10):5048-5079.

Popple J. A., Beveridge D.L., (1970). Approximate Molecular Orbitals Theory,
McGraw-Hill.

Rasmi A., Hashim U., (2005). Single electron transistor (SET):Literature Riview. J.
Penyelidikan dan Pendidikan. 2.

Schmidt M.W., Baldridge K.K., Boatz J.A., Elbert S.T., Gordon M.S., Jensen J.H.,
Koseki S., Matsunaga N., Nguyen K.A., Su S.J., Windus T.L., Dupuis M.

Stevens W.J., Krauss M., (1992). Relativistic compact effective potential and efficient,
shared-exponent basis sets for the third-, fourth-, fifth-row atoms: Can. J. Chem.
v70.



118

Stephens P.J., Devlin F.J., Chabalowski C.F., Frisch M.J., (1994). Ab initio calculation
of vibrational and circular dichroism spectra using density functional force field:
Journal of Physics Chemistry. 98, 11623.

Sun Y.L., Chen X., Sun L., Guo X., LuW., (2003). Nanoring structure and optical
properties of GAgAsg. Chemical Physics Letters. 381, 397-403.

Sugawara M., Ebe H., Hatori N., Ishida M., Arakawa Y, Akiyama T., Utsubo K., Nakata
Y., (2004). Theory of optical signal amplification and processing by quantum dot
semiconductor optical amplifier: Phys.Rev. B, 69 235332.

Tachibana K., Someya T., Ishida S., Arakawa Y., (2000). Formation of uniform 10-nm-
scale InGaN quantum dots by selective MOCVD growth and their micro-

photoluminescence intensity images. Journal of Crystal Growth 221, 576-580.

Taniguchi N., (1974). “On the basic concept of Nano-Technology”, Proc Intl. Conf.
Prod. Eng. Tokyo, Partll, Japan Society of Precision Engineering.

Vosko S. J., Wilk L., Nusair M., (1980). Accurate spin-dependent electron liquid
correlation energies for local spin density calculations: A critical analysis: Can.
J. Phys.. 58: 1200.

Yi J.-Y., (2000). Atomic and electronic structure of small GaAs clusters: Chemical
Physics Letters 325, 269-274.

Zettiliv N., (2009). Quantum Mechanics; Concepts and Applications. 2", ed.
Jacksonville. Wiley.





