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A bstract
A new implementation of the finite difference method was developed, and discussed, for 
solving the time-independent, constant effective mass Schrodinger equation in three di­
mensions. The motivation behind this approach was to develop a computational technique 
which is fast to execute and requires a small memory footprint.

To demonstrate its validity, this numerical finite difference method was utilised to 
calculate the electronic eigenenergies of an infinitely deep quantum wire (QWW), where 
the results were within 0.25 meV of the analytical values. The method was used to calculate 
energies of a triangular QWW of finite depth that was found in the literature [62]. The 
calculated energies showed very good agreement with that of Gangopahdhyay [62], with 
the difference in eigenenergies ranging between 1 and 10 meV. This difference is likely to 
arise from the simplified constant effective mass Hamiltonian. The case of a pyramidal 
quantum dot (QD) was then investigated. It was found that the calculated results wrere 
within 2 meV of the values found in the literature [5]. However, the advantages o{ this 
method become apparent as it requires a fraction of the memory needed by the eigenvalue 
method and the computational times also compare favourably.

The effect of the inter-dot separation in a system of vertically aligned pyramidal QDs 
was then investigated. It was found that when the separation between the QDs was large 
enough, they behaved as if isolated. As the proximity increased, so did the interaction, 
which manifests itself as an increase in the peak value of the wave function of the higher 
energy dot and a reduction in the overall eigenenergies.

The method was extended to incorporate the Poisson equation, and used to calculate 
the eigenenergies of a QD for a varying number of electrons. As would be expected the 
eigenenergies of the system rose as more electrons were added to the system. The effect 
of introducing a varying number of electrons into a system of vertically aligned QDs,



for a number of inter-dot separations, showed that the eigenenergies for a single electron 
increased as the inter-dot separation was increased. However, for the case of multiple 
electrons, it was found that the eigenenergies initially decrease and then increase as the 
inter-dot separation is increased.
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C hapter 1

In troduction
With the advent of recent advances in epitaxial crystal growth technology, such as molecular- 
beam epitaxy (MBE) and metalorganic chemical vapour deposition (MOCVD) [1], which 
have enabled the fabrication of atomically sharp heterojunction interfaces, there has been 
a growing interest in spatially quantized systems [2]. This interest is largely fuelled by 
the miniaturisation trend overtaking the microelectronics industry. For instance, as the 
dimensions of devices become smaller it is becoming apparent that at some scale present 
device fabrication technology will reach limits at which it will become economically feasi­
ble to consider alternative approaches to computing and data storage. Yet the limits set 
by the physical laws governing present CMOS-based devices may occur at much smaller 
scales, and as such there is a considerable opportunity for the development of nanoprocess­
ing and nanocharacterization technologies that will enable the present scheme of silicon 
electronics to reach its ultimate limits. Scanned probe techniques, such as the scanning 
tunnelling microscope (STM) and the atomic force microscope (AFM), are prime con­
tenders as the silicon nanoprocessing and characterisation tools of the future. Even so, 
the physical limits of present CMOS based devices, such as tunnelling currents in gate 
oxioes [3] or statistical effects in doping very small structures, will eventually be reached 
possibly requiring entirely new approaches to computing [4]. One such route is the use 
of heterojunction devices wiiicli operate at the nanoscale level, i.e. operation as quantum



1.1. Quantum dots 2

confined devices or quantum tunnelling structures, through structural miniaturisation [4]. 
One-dimensional confinement is easily achieved through miniaturisation, by forming lay­
ered films using MBE. However, unique quantum properties, some based on the behaviour 
of a single electron, can only be achieved by higher degrees of confinement. Also, optoelec­
tronic devices such as photo-detectors and lasers operating in the far-infrared or terahertz 
region require quantum structures with very small interlevel spacing, and high emission 
efficiency which may only be achieved at room temperature with higher dimensional con-

%

finement. Arrays of well defined quantum dots (QD) structures are particularly valuable 
in such applications. These structures must be different enough in composition from the 
surrounding matrix, so that significant band offsets occur, they must be small enough so 
that the charge carriers are spatially confined and they must be uniform in size so that 
the energy levels are well defined [5].

1.1 Q uantum  dots
Quantum dots (QDs) are low-dimensional nanometre sized semiconductor (in some cases 
metallic) structures that are artificially created for the quantum confinement of only a few 
electrons. They are called quantum dots, or zero dimensional systems, in reference to their 
quantum confinement in all three spatial dimensions [6], which is similar to the physical 
situation in atoms. These dots exhibit typical atomic properties such as discrete energy 
levels, shell structures and a density of states (DOS) which consists of a series of sharp 
peaks and, as such, quantum dots are frequently referred to as artificial atoms [5,7,8]. 
However in contrast to natural atoms, the number of electrons in a QD is tunable [7] and 
their energy levels can be manipulated to tailor the number of confined states and their 
intersublevel energy spacings [9].

The unique properties of QDs have led to their utilisation in the construction of photo­
mixer devices used for terahertz generation [10], in photoconductive intersubband detec­
tors [11], in lasers [12], and more recently pairs of QDs have been used as “quantum bits'*



1.2. Fabrication techniques 3
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(qubits) [13, 14] for storing information with the ultimate goal of realising a quantum 
computer.

1.2 Fabrication techniques
From a chronological point of view, the first techniques to be employed in the realisation 
of the three dimensional confinement of charge carriers in semiconductor heterostructures

%

w'ere the lithographic patterning and etching of quantum well structures and they still
remain the most straightforward way of creating QDs [15]. There are a number of different

\

lithographic techniques such as:

• optical lithography and holography,

• X-ray lithography,

• electron and focused ion beam lithography,

• scanning tunnelling microscopy.

However the fundamental steps involved are basically the same. Namely, to grow a layered 
structure and impose further structure on it or a three dimensional pattern. Layers are 
usually patterned in two steps. First the desired area is marked out, by depositing a 
layer of light-sensitive material or photo-resist, using lithography, and the pattern is then 
transfered to the semiconductor by either etching, see figure 1 .1, or by depositing a layer 
of a different material, usually metal, on its surface.

As regards the resolution of the these techniques, patterns with line widths larger 
than 0.5 fxm can be obtained using the basic optical lithographic processes by employing 
light sensitive layers deposited on the material and then exposed to radiation of suitable 
wavelengths. For line widths smaller than about 0.5 //m, radiation of shorter wavelengths 
is required and thus an electron beam or X-rays must be used, and these can be focused 
to a spot of about 10 A in diameter. For high resolution line widths, below 0.1 //m, a 
modified version of the scanning electron microscope has been used, which can process




























































































































































































































































