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Abstract

This thesis describes an extensive study of the optical and structural properties of
GaAs/AlGaAs V-groove quantum wire and InAs/GaAs self-organised quantum dot
structures.  For the optical characterisation, the spectroscopic techniques of
photoluminescence (PL), photoluminescence excitation (PLE), cathodoluminescence
(CL) and electroluminescence (EL) have been used. In addition important information
concerning the structural properties of the quantum wires and quantum dots has been
obtained by high resolution transmission electron microscopy (TEM) measurements.

Initial characterisation and optimisation of the quantum wire structures was conducted
using CL and TEM imaging. Further optical characterisation of optimised structures
was performed using a micro-focusing PL set-up which produced a laser spot size of
~2um, allowing individual wires to be studied. Excitation under both high and low
power density conditions revealed important information concerning the quality of the
growth and the nature of the one-dimensional confinement within the structure.
Structures were grown with the quantum wires placed in the intrinsic region of a p-i-n
junction. EL spectroscopy measurements allowed the observation of subband filling
~ effects and an enhanced luminescence intensity for the quantum wire for low forward
bias currents. This latter behaviour has important implications for device applications.
An investigation of these p-i-n samples in magnetic fields up to 14T, revealed further
evidence for 1D confinement in the quantum wires and 2D confinement of carriers in a
vertical quantum well. This vertical quantum well, a feature that arises automatically
during the growth, appears to channel carriers into the quantum wire, providing a
possible mechanism for the enhanced wire electroluminescence intensity observed. In
addition, evidence is presented for a possible excitonic-free carrier transition which is
observed for high carrier densities in the wires.

TEM structural analysis of self-organised InAs/GaAs quantum dots has shown that the
dots can show a high degree of surface ordering, aligning themselves on the step edges
of the underlying substrate. Excitation under high laser power densities using the
micro-PL set-up has shown subband separations of around 75meV, which is very
~ promising for room temperature opto-electronic device applications. In addition, very
narrow linewidth emission has been observed from individual quantum dots on a small
sub-micron etched mesa which contains ~100 dots. The electronic structure of the
quantum dots has been probed using resonant PL. and PLE. These techniques have
revealed important information regarding carrier relaxation mechanisms that exist in the
quantum dots. In PLE features are observed at approximately 60 and 90meV from the
detection energy and which move rigidly in energy when the detection energy is varied.
This behaviour is attributed to carrier relaxation by the emission of multiple LO-
phonons, a process that appears to bypass any ‘phonon bottleneck’. Similar features are
also observed In resonantly excited PL spectra. Two distinct carrier relaxation
mechanisms are demonstrated by this technique: a non-resonant mechanism from the

upper excited state and a resonant mechanism involving the emission of multiple LO
phonons, from the first excited state.
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Chapter 1

Introduction

1.1 General Introduction

Over the past 40 years the electronics industry has worked towards producing electronic
devices which have ever smaller physical dimensions and are more reliable. There have
been significant advances in these areas from the early days of the valve to the sub-
micron scale silicon devices employed in today’s integrated circuits. The aim of this
progress has been to make circuits smaller, faster and more efficient in their power
consumption. The size of the components in a circuit has a direct bearing on the speed
and the power consumed. High power consumption, with the associated problems of
heat dissipation and device reliability, is a serious problem, for example, in battery
operated equipment, aircraft applications etc., and, in addition, can also prove costly if a

device needs to be cooled to enable it to work.

Current electronic technology is dominated by silicon based devices. However, I1I-V,
particularly GaAs, semiconductor technology is breaking through in the field of high
speed microwave communications' and is already very important for opto-electronic
applications.” The interaction between electrons and the surrounding crystal lattice in
GaAs is weaker than in silicon. Electrons therefore have a smaller effective mass in
GaAs, which leads to a higher mobility' (a direct indication of the speed electrons attain
and the distance they travel before a scattering event occurs). For devices exhibiting
high switching speeds, materials with very high mobility electrons are required and
GaAs is a common choice. In addition, unlike Si and Ge, GaAs and related matenals
(e.g. GalnAs, GalnP etc.) have a direct bandgap making them suitable for electro-optical

device applications, including light emitting diodes (LEDs) and lasers.

Of particular importance in semiconductor research is the trend towards smaller and

smaller devices, leading to devices which are at the absolute limit in size; devices
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operating on an atomic scale. Future demands on electronic circuits will eventually
require this level of size reduction. At these small dimensions, when the length scale of

components 1s of the order of the de-Broglie wavelength for electrons (50nm in G::!.zﬂ&s),..3

quantum mechanics begins to have a dramatic effect on the electronic and optical

properties of the device.”

1.2 Properties of III-V Semiconductors

Opto-electronic circuits are envisioned in which photons are used instead of electrons to
carry information 1n the;i circuit. In these opto-electronic systems the inter-chip
communication time will be at its ultimate limit, restricted only by the spatial separation
of the components on the chip. For these and ﬁore general opto-electronic applications
a material that will efficiently convert an electrical signal into an optical signal, and
vice-versa, 1s required. GaAs, which has a direct bandgap, has this property. It can
efficiently absorb and emit photons at or above the bandgap energy as electrons are
promoted to the conduction band or relax to the valence band. This makes GaAs and

related III-V semiconductors very attractive systems for use in opto-electronic devices.

By contrast the lowest energy bandgap in silicon is indirect, i.e. the bottom of the
*conduction band and the top of the valence band are not aligned in k-space. For optical
transitions, particularly photon emission, relaxation of electrons from the bottom of the
conduction band to the top of the valence band (where there are hole states) must
involve a scattering event, with generally either emission or absorption of a phonon (a
quantum of lattice vibration) as shown in Figure 1.1. This additional interaction allows
crystal momentum to be conserved as carriers recombine across the bandgap from
different points in k-space. It is required because of the very small momentum of the
emitted photon. However, this two step process (photon and phonon emission) 1s very
slow (~30ns)’ compared to the single step process (photon emission) which occurs 1n
direct gap semiconductors (~1ns).” Hence competing non-radiative processes are more
important in indirect bandgap semiconductors and so a typical indirect bandgap

semiconductor generates light much less efficiently (by a factor of ---103) than direct
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bandgap semiconductors.’ For this reason opto-electronic devices generally utilise only

direct bandgap semiconductors.

I X I X

E
Phonon
k Emission
—
E Photon Photon E
g Emission Emission g
(a) Direct Bandgap (b) Indirect Bandgap

Figure 1.1 Optical recombination processes in (a) Direct bandgap and (b)
Indirect bandgap semiconductors. For a direct semiconductor a vertical
transition can occur very efficiently, resulting in the emission of a photon.
In an indirect semiconductor the optical transition requires the assistance of

a scattering mechanism to conserve momentum.

1.2.1 Band Structure of III-V Semiconductors

The band structure of a crystalline material is a representation of the allowed energy
levels available for electrons and holes as a function of their momentum or wavevector
(k). It is usually depicted for various high symmetry directions. A band structure
calculation’ of GaAs is shown in Figure 1.2. The band structures of all the samples
discussed in this thesis are similar to that of GaAs, in that they are all composed of
direct bandgap materials. As shown schematically in Figure 1.1 above, in a direct
bandgap semiconductor the lowest minima in the conduction band and the highest
maxima in the valence band lie at the zone centre (the I'-point) at k=0. All the optical

transitions observed for the samples under investigation in this thesis occur across this

direct bandgap. Carriers that are excited into states higher up in the conduction and
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valence band can relax to their respective band extrema by fast LO and LA phonon

emission, followed by recombination via a direct optical transition.
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Figure 1.2 Band Structure of bulk GaAs obtained using pseudopotential
7

calculations.

Significant modifications of the band structure of semiconductors has been achieved by
restricting the motion of carriers to a two dimensional plane, by confinement within a
quantum well. Quantum wells are now common place in III-V semiconductor research
and are used in some commerctal electro-optical devices (e.g. quantum well lasers).
These structures have mainly been fabricated or ‘grown’ using the epitaxial techniques

of Molecular Beam Epitaxy (MBE) and Metal-Organic Vapour Phase Epitaxy
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(MOVPE). These techniques are described in Chapter 2. Quantum wells are formed by
depositing a very thin layer (<200A) of a narrow bandgap (1.42eV for GaAs)
semiconductor in between a semiconductor with a wider bandgap (>1.42eV, i.e.
AlGaAs with varying Al compositions). The narrow bandgap material is said to form
the well whilst the wider gap material forms the barriers. A schematic band diagram of
a quantum well is shown in Figure 1.3a. The discontinuity in the conduction band edge
results in electrons within the quantum well experiencing potential energy barriers for
one of their degrees of freedom (the growth direction), confining them so that their
motion is restricted to a plane in just two dimensions. This confinement results in a
quantisation of the allowed energy levels for motion in the growth direction and
produces a modification of the 3D band structure which leads to the appearance of 2D

subbands. In a similar manner, holes in the valence band are also confined.

Quantum Well

(a) Band Diagram ~ (b) Subband Structure

Figure 1.3 (a) A schematic band diagram for a quantum well where
electrons and holes have their motion restricted in one dimension. (b)
Subband structure that appears in a quantum well as a result of carrier

confinement.
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A simple numerical solution of Schrodinger’s equation for a quantum well allows the
confined levels to be calculated, the problem can be simplified by assuming infinite
barriers. This so-called particle in a box calculation is outlined in many standard

quantum mechanics text books® and leads to an infinite series of energy levels of the

form:

h? (nn)?
£ ) (1.1)
where W is the width of the well, m" is the effective mass of the particle and n is an
integer quantum number referring to the n" energy level. The associated wavefunctions
have a sine or cosine form with no penetration into the barriers. This infinite depth

approximation holds reasonably well for the lower energy states that are deep in the

well, giving a total energy for electrons as follows (the growth direction is assumed to

lie along the z-axis):

E=E +—(k}+k?) (1.2)

Carriers are still free to move in the plane of the well and this in-plane dispersion for
conduction band states can be approximated as parabolic for low values of k near the
zone centre. This modified 2D band structure for quantum wells is shown schematically
in Figure 1.3b. For higher energy excited states or for small barrier heights, where the
penetration of the wave-function into the barrier is significant, an infinite depth well is
no longer a good approximation. The Schrédinger equation for a finite depth well (as
outlined in any standard quantum mechanics text book)8 must be solved with suitable
modifications to the boundary conditions which are necessary because of the different
carrier effective masses in the well and barrier. Unlike the case of an infinite depth well
the equation for a finite depth well can not be solved exactly but solutions can be found

numerically. For a finite depth well the form of the wave-functions is sinusoidal in the

well but with an exponential decay in the barriers.

The in-plane dispersion of allowed energy levels for the hole states within each valence

subband 1s complicated by the multiple degeneracy that occurs at the zone centre (the
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light and heavy hole states). This degeneracy is lifted at k=0 in a quantum well due to
the ditferent quantum confinement of the states due to their carriers having different
effective masses. The hole dispersion should be calculated using the more complex
pseudOpotential7 or k.p9 theories which take into account the interactions between the

various bands and correctly describe the mixing and anti-crossing which occurs between

the valence subbands.

Optical emission 1s observed when electrons and holes recombine across the bandgap
following excitation of the semiconductor (i.e. when electron-hole pairs are created) by
photons in photoluminescence (PL), electrons in cathodoluminescence (CL) or electrical
injection of electrons and holes in electroluminescence (EL). In a quantum well the
energy of the emitted photon is the sum of the bulk bandgap energy and the electron and
hole confinement energies. As the latter two depend upon the width of the quantum
well, the emission energy of the system can be tailored to a particular value by a suitable
choice of the well width. This has a number of applications including the fabrication of
different colour LEDs and the matching of laser wavelengths to the minimum
attenuation band of optical fibres. In addition studying and exploiting the various
electrical and optical properties of 2D systems new and novel devices such as Quantum
Well LASERs,"® Resonant Tunnelling Diodes,” which exhibit negative differential
resistance effects and Self Electro-optic Effect Devices (SEEDS),.ll which exhibit the

capacity for optical switching, have been demonstrated.

1.3 Properties of Low Dimensional Semiconductors

There has been a considerable amount of research into III-V semiconductor quantum
wells during the last twenty years. From a fundamental physics point of view the
interest lies in the study and behaviour of 2D systems. This has led to remarkable
discoveries such as the Quantum Hall Effect, which has resulted in the establishment of
a resistance standard based purely on fundamental constants.'* For device applications

there 1s tremendous scope for engineering devices that respond to, or emit, photons at

specific energies (i.e. energies suitable for optical communications through the
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multi-mode optical fibres available today), as the effective bandgap, and hence emission
energy of photons, can be tailored by varying the width of the quantum wells and/or the
composition of both the barrier and quantum well material. In addition, many other

properties of quantum wells (e.g. the modified density of electronic states, see below)

are advantageous for device applications.

The natural progression in this research has been to reduce the dimensionality of these
nano-structures even further so that carriers are confined such that their motion is
restricted to one, and ultimately zero, dimensions in Quantum Wires and Quantum Dots
respectively. The samples studied in this thesis are based on these types of structure.
As 1n the case of quantum wells there is potentially much interesting physics to be
discovered by studying these structures, particularly zero dimensional quantum dots
where the carriers are confined in all three dimensions forming essentially an atomic-

like system with energy levels that are fully quantised and discrete.

This reduced dimensionality has been theoretically predicted13 1 to lead to increased
carrier mobilities I1n quantum wires because scattering can only occur into available
states that lie in the same or opposite direction as the current. In a 2D system the carrier
mobility 1s similarly enhanced, but to a lesser extent, as carriers can only scatter to states
that lie 1n the same plane on the Fermi surface. In contrast, in a 3D system electrons can
scatter into a continuous range of states around the Fermi surface so increasing the
chance of scattering and hence reducing the mobility. The modified density of states in

1D and OD systems also has important advantages for the operation of semiconductor

lasers, as discussed below.

1.3.1 The Density of Electronic States in Low Dimensional

Semiconductors

The electronic Density of States (DOS) is an important concept in semiconductors as it

can be used to explain a number of features observed in their optical spectra. In

addition it is an important factor in the performance of electronic and electro-optic

devices.
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The density of states is defined as the number of available electronic states per unit

volume per unit energy at an energy E. Assuming a parabolic E vs. k dispersion

. : h'k? :
relationship, E = S the density of states can be easily calculated for structures

having various dimensionalities. These DOS functions are briefly derived in the

following section.

1.3.1.1 The DOS in Three Dimensions (Bulk Material)

For bulk materials in three dimensions the available states in k-space lie on a sphere,

such that the volume occupied by states between k and k+dk is given by 4nk*dk , with

2T

3
each point in k-space occupying a volume (T] where L 1s the length of the sample.

k2
The number of k states within this range in k-space is therefore: (F} Vdk where

V=L, Taking into account the two possible spin orientations for each point in k-space

the number of electron states per unit volume in k-space 1is g(k)dk=k2/n2dk. The

corresponding value for the energy range E->E+dE is given by: g(E)dE=g(k)dk

Substitution of k in terms of E from the parabolic dispersion relationship above gives

the density of states in 3-dimensions:

'\ 72
g(E)=51__(2£’_] Y (1.3)

n?\ A’

The density of states for a three dimensional material is shown 1n Figure 1.4.

3D Density of States

Energy

Figure 1.4 Density of states in a three dimensional bulk material.



hapter

1.3.1.2 The DOS in Two Dimensions (Quantum Well)

Similar arguments lead to the density of states for two dimensional systems. In this case

the available k-states lie on a circular disc, so states between k and k+dk occupy an area

. . 21\’
2nkdk, with each state occupying an area (—Li) . The number of states in this area is
k
hence (-2-;-) Adk , where A=L*. The density of states for two dimensions is therefore
given by:
ml
E) = — (1.4)
8(E) = —

For two-dimensions the density of states is independent of energy, depending only on

the number of subbands i)resent at the specified energy.

The density of states for a two dimensional quantum well is shown in Figure 1.5. It has
a step-like appearance with a non-zero density of states at the band edge and additional
steps occurring at the subband energies. This is in contrast to the 3D case where the

density of states at the band edge is zero but increases with increasing energy above the

band edge.

2D Density of States

nergy

Figure 1.5 Density of states in two dimensional quantum well.

1.3.1.3 The DOS in One Dimension (Quantum Wire)

In one dimension the allowed states essentially lie on a straight line in k-space. The

length taken up by states between k and k+dk is simply 2dk, taking into account the

e e s 2
two opposite directions in k-space. Each state hence occupies a length (—f—) and the

10
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: . [ dk . . |
number of states in a length dk is (;JL The one-dimensional density of states is
therefore:
'\
2m
g(E)=( 2) E (1.5)
Tth

Unlike the 2D case, where the density of states is independent of energy, the 1D density

of states shows an E™" dependence which has a maximum at the subband edge.

The density of states for a one dimensional quantum wire is shown in Figure 1.6. The
density of states tends to infinity at the subband edges but falls off rapidly with

increasing energy. This leads to a narrow distribution of allowed energy levels at the

subband edges.

1D Density of States

Energy

Figure 1.6 Density of states in a one dimensional quantum wire.

1.3.1.4 The Zero Dimensional DOS (Quantum Dot)

In a quantum dot the form of the density of states is essentially 8-function-like at the
allowed energy levels. This is a direct result of confinement in all three dimensions
which causes a complete quantisation of the energy levels. There are simply no
available states except at the discrete levels which are defined by the confinement
potential. The number of states available at these energies depends upon the nature of
the confinement potential. For a system with cylindrical symmetry, angular momentum
is a good quantum number and the lowest energy state is s-like (angular momentum of

zero). In this case the state can hold a maximum of two electrons of opposite spins."

11
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The density of states for a zero dimensional quantum dot is shown in Figure 1.7, with

o-function spikes occurring at the allowed energy levels.

0D Density of States

nergy

Figure 1.7 The zero dimensional density 'of states for a quantum dot.

1.3.2 Predicted Improvements in Laser Performance for Devices

Utilising Reduced Dimensionality Active Regions

The sharpening and enhancement of the electronic Density of States, which occurs at the
band edge as the dimensionality decreases, along with enhanced non-linearities in the
optical properties (see below) has important implications for device applications. The
exploitation of the modified density of states is predictrad13 to lead to very high
efficiency lasers that exhibit improved performance compared to conventional bulk
lasers. For example, very low threshold currents, greater temperature stability of the

threshold current” and narrower spectral linewidths!® have all been predicted for

quantum well, quantum wire, and quantum dot based lasers.

The lasing threshold current was immediately reduced by a factor of about 100 when the
dimensionality of the active region was reduced from that of a conventional 3D diode
laser to a 2D quantum well laser.” This reduction is partly due to the reduction in the
size of the active region of the device, but also results from the higher density of states
at the band edge. In the 3D case, the injected carriers are spread out over a wide range
of energies. Because of the low density of states at the band edge, the band needs to be
filled to a point where the density of states is sufficient to obtain a population inversion

that will overcome the losses of the laser. A large number of states are hence occupied
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which do not contribute to the lasing process, resulting in a high threshold current. For
2D quantum wells, the density of states is non-zero at the band edge, making a

population 1nversion much easier to achieve and a much lower threshold current is

obtained. Reducing the dimensionality again to 1D in quantum wires is expected to
show a further reduction in the threshold current. The density of states is enhanced at
the subband edge, producing a narrow distribution of carrier energies with the result that
the spectral linewidth 1s narrower and the overall gain is increased. For a quantum dot,
which represents the ultimate reduction in dimensionality, the d-function density of
states allows a population inversion to be obtained for very low currents and with the

emission having an extremely narrow spectral linewidth.

The reduced dimensionality of the active region has further consequences for laser
device performance. As the dimensionality is reduced the differential gain, which
represents the gain increase resulting from the injection of an additional electron-hole

pair, increases because of the reduced effective spread of the available electronic

17

states. © This increased differential gain results in increased modulation bandwidths

. : L ... 18
with obvious applications for communication systems.

The temperature sensitivity of the threshold current is also expected to fall as the
dimensionality is reduced. This is because, as the temperature is raised, the high energy
tail of the Fermi distribution of carriers enters an energy range that contains a reduced
number of states. Consequently only a small number of carriers are thermally excited to
these levels maintaining the population inversion at the energy where the lasing 1s

occurring.l3’19’2°

Figure 1.8 shows the calculated temperature dependencies of the threshold currents for
lasers having 3D, 2D, 1D and 0D active regions.” For the ultimate limit of a 0D
system, in the absence of thermal excitation of carriers to excited states which 1s

negligible if the energy level spacing >>kT, the threshold current is independent of

temperature.
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Figure 1.8 Temperature dependence of the threshold current for lasers

having different active region dimensionalities. (a) 3D, (b) 2D, (¢) 1D and
(d) OD. Reproduced from Arakawa."

These predicted advantageous properties of quantum wire and quantum dot based lasers
make them attractive devices for use in opto-electronic interconnects, exhibiting low
power consumption and high modulation speeds, and laser arrays for all optical
computers. In addition, quantum wires and dots have considerable potential for use as
optical modulators. Both lasers and modulators are required for optical computing
applications. Although commercial devices are not yet available, it is interesting to note
that the operation of quantum wire and quantum dot based lasers have been reported

which exhibit very promising operating characteristics (see Chapter 2).

1.3.3 Excitonic Effects in Semiconductors

Excitonic effects are important in the optical properties of semiconductors. Excitons
can be formed when an electron-hole pair is created in a semiconductor. There 1s an
attractive Coulomb force between the electron and hole, which results in a bound,
hydrogenic-like system. This serves to reduce the total energy gap of the system by a

characteristic exciton binding energy, Ey;,4, as shown in Figure 1.9a. The excitonic
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levels lie just below the band edge and result in an enhancement of the absorption

coefficient at these energies, as shown in Figure 1.9b.
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Figure 1.9 (a) The ground and first excited states of an exciton shown in
relation to the free carrier continuum states. (b) The absorption spectra for a

2D system, showing the modification to the density of states expected when

excitonic effects are included.?

In a bulk semiconductor the exciton binding energy typically has a value of ~ 4meV.*
A reduction in the dimensionality to 2D is predicted to enhance this by a factor of 4 due
to the increased overlap of the electron and hole wavefunctions.” In practice penetration
of the wavefunctions into the barriers, due to the finite barrier height, means that this
overlap 1s reduced and typically observed quantum well exciton binding energies are
therefore smaller (~10meV)* than that predicted for a true 2D system. In a quantum
wire or a quantum dot, the exciton binding energy is expected to show a further increase
as a result of the reduced dimensionality. For example, in InAs self-organised quantum

dots the exciton binding energy has been predicted to increase from 1meV in the bulk to

20meV in the dot.?

The main advantage of a larger exciton binding energy is that excitons still exist at high
temperatures, in contrast to bulk semiconductors where excitonic ionisation by phonons
at room temperature generally occurs.” Hence devices that exploit the properties of

excitons, such as optical switches and optical modulators, can be operated at room
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temperatures. Excitons are useful because they provide a high contrast absorption ratio

at the band edge, which is advantageous for modulators based on the quantum confined
Stark effect (QCSE)..2 The carrier confinement 1s also beneficial as it prevents the field
ionisation of the exciton which occurs in a bulk semiconductor. In addition, the exciton
can be quenched by the introduction of free carriers or additional excitons into the
structure by absorption. This quenching occurs because the Coulomb interaction
between the electron and hole is effectively screened by the new carriers. The
absorption at the exciton energy will hence decrease as the power of the laser beam
probing the absorption increases, increasing the number of electron hole pairs created
and quenching the excitons. Non-linear absorption therefore occurs and this is the basis

for many non-linear optical and device applications..2

1.3.4 Carrier Relaxation in Semiconductors

In general luminescence observed from direct bandgap semiconductors-occurs when
carriers recombine across the bandgap from states that are close to k=0, 1.e. at the zone
centre. The photons observed therefore have an energy, E poton=Eg-Epind> Where Eg 1s the
bandgap of the semiconductor and E,; 4 is the binding energy of the exciton. Energy
terms due to the quantum confinement of carriers can be added to this expression for
low dimensional semiconductor structures. However, direct vertical transitions (Ak=0)
can occur from states away from the zone centre when a photon having an energy
E hoton”Ey is absorbed. In this case electrons and holes are created in high energy states
in the conduction and valence bands and to recombine radiatively these carrers
generally relax, losing both momentum and energy, to the edges of their respective
bands. Alternatively, in electro-optical devices carriers are injected electrically into the
barrier material where they diffuse and are captured, for example, by a quantum well.
At the point of capture the carriers have excess energy and momentum and must relax to

the lowest state in the quantum well before they can participate in the optical process.

The mechanism by which carriers relax usually involves the emission of a phonon
(lattice vibration) which allows some of the momentum and energy of the carrier to be

lost. An LO phonon in GaAs can transfer 36meV of energy with a range of momentum
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transfer, although Ak=0 is the most efficient (the probability varies as I/Akz).B
Because of the polar nature of GaAs, carrier interactions with LO phonons is very
strong and hence the emission time for a single LO phonon emission is very fast
(170fs).5 Acoustic phonons (LA and TA) have smaller energies than the LO phonon
and their interaction with carriers is weaker so relaxation by acoustic phonon emission
occurs on a timescale at least an order of magnitude slower than for LO phonons.”’
Acoustic phonon mediated relaxation therefore becomes important when the carriers are
close to bottom of the band (when AE<Aw;o where 7w, 1s the LO phonon energy).
Figure 1.10a shows schematically carrier relaxation by LO phonon emission. In a
quantum well carriers can be injected or absorbed into excited subbands. In this case
inter-subband relaxation must occur if the carrier is to reach the bottom of the ground
state subband and recombine. A phonon can be emitted in this process, resulting in the
transfer of the carrier from the excited subband to a lower energy excited or ground state
subband. In a quantum wire the subband structure is similar to a quantum well so the

relaxation mechanisms are the same. However, as is described in the following section,

the situation in a quantum dot 1s very different.

1.3.4.1 The Phonon Bottleneck in Quantum Dots

Efficient carrier relaxation by LO phonon emission is a process that may not be possible
in a quantum dot. Because the energy levels are discrete and do not consist of subbands
of states, carrier relaxation by single LO phonon emission will only be possible if the
energy level spacings are equal to the phonon energy, a highly unlikely occurrence. In
structures of higher dimensionality, a continuum of states essentially exists and carriers
are able to relax by emitting a cascade of single LO phonons (see previous section).
This restriction imposed on efficient carrier relaxation by LO phonon emission 1n
quantum dots is known as the ‘phonon bottleneck’** and the diagram in Figure 1.10
shows a schematic representation of the phonon bottleneck in quantum dots. It has been
suggested that the performance of devices utilising quantum dots may be impaired as a
result of this effect because fast carrier relaxation to the ground state, a prime

requirement for laser devices, may be inhibited. Other carrier relaxation mechanisms
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may therefore become important in quantum dots, for example emission of multiple

2

phonons® and Auger mediated relaxation.”® These mechanisms are discussed in detail

in Chapter 7.

Phonon Bottleneck

AE> A, .

ho,,

o, , AE> ho,,

(a) Quantum Well (b) Quantum Dot

Figure 1.10 The Phonon Bottleneck in Quantum dots. (a) In a quantum well
carrier relaxation can occur via the emission of LO phonons due to the
continuum of states within each subband. (b) In a quantum dot this etficient

relaxation mechanism is inhibited if the energy level spacing does not equal

the LO phonon energy.

1.4 Outline of Thesis

The rest of the work contained in this thesis describes the optical and structural
characterisation performed on III-V semiconductor quantum wires and quantum dots

fabricated by the EPSRC Central Facility for III-V Semiconductors, Sheffield.

Chapter 2 contains a brief description of some of the techniques that have been
employed by other groups to fabricate quantum wires and quantum dots. This 1s
followed by a more detailed description of the growth mechanisms that lie behind the

growth of GaAs/AlGaAs V-groove quantum wires and InAs/GaAs self-organised
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growth of GaAs/AlGaAs V-groove quantum wires and InAs/GaAs self-organised

quantum dots that are the subject of the investigations in the present thesis.

In Chapter 3 the various experimental techniques of photoluminescence,
photoluminescence excitation, electroluminescence and cathodoluminescence are
described. These are the techniques used to investigate the optical properties of
quantum wires and quantum dots. Also, a description of the micro-focusing,

photoluminescence set-up, used extensively in the present thesis 1s presented.

Chapters 4 and 5 contain the experimental results obtained from the optical and
structural investigations performed on GaAs/AlGaAs V-groove quantum wires. Chapter
4 deals mainly with the structural characterisation of quantum wires and the
optimisation procedure used to obtain quantum wires with good optical properties,

suitable for the detailed optical investigations described in Chapter J.

Chapters 6 and 7 contain the experimental results obtained from the optical and
structural investigations performed on InAs/GaAs self-organised quantum dots.
Chapter 6 contains details of the growth investigations performed to obtamn quantum
dots and also describes the structural analysis by Transmission Electron Microscopy.
An optical study by photoluminescence is also described. Chapter 7 contains details of
optical investigations by selectively excited photoluminescence and photoluminescence
excitation spectroscopy. These techniques provide information on the carrier relaxation

mechanisms that occur in self-organised quantum dots.
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Chapter 2

Growth of Quantum Wires and Quantum Dots

2.1 Introduction

As has been briefly discussed in the previous chapter, quantum wires and quantum dots
exhibit a number of properties which are advantageous for electro-optical device
applications. However, unlike quantum wells, their successful fabrication is not
straightforward. Numerous attempts have been made to manufacture quantum wires
and quantum dots, with varying degrees of success.”™ In this chapter some of the
methods that have been employed by various research groups will be briefly described.
This is followed by a more detailed description of the methods we have used to make

the quantum wires and quantum dots which are the subject of investigation in this

thesis.

Whilst discussing these various techniques it is useful to keep in mind the properties
that quantum wires and dots should exhibit if they are to be used for device applications.
Five main requirements can be identified: high optical quality, confinement of both

electrons and holes, large energy level spacings (»kT), high size and shape uniformity

and large densities.

2.2 Description of Current Wire and Dot Fabrication

Techniques

2.2.1 Lateral Confinement with a Magnetic Field

Early investigations into the properties of 1D systems were performed by confining
electrons in two dimensions by using a strong magnetic field (~20T).* This causes the
electrons to move in cyclotron orbits, quantised into Landau levels with spacings of o,
(where ©, =eB/m , the cyclotron frequency), leading to a one dimensional density of

states which is similar to that of a quantum wire. Experiments performed on AlGaAs
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double-heterostructure lasers showed enhancements in the modulation bandwidth’ and a
reduction of the spectral linewidth,’ in agreement with predictions made for quantum
wire behaviour.’ Confining electrons in the same way, but using quantum wells instead
of bulk material, simulates the properties of a quantum dot. It should be noted that these
experiments only simulate quantum wires and quantum dots. In reality the subband
separations In actual dot or wire structures are not equally spaced like ., but by values
that depend on the dimensions of the structures and the confining potential. Although
these magnetic field experiments served to test the theoretical predictions of reduced

dimensionality in semiconductors, they do not provide a practical means of utilising

wire or dot behaviour in electro-optical devices.’

2.2.2 Etching and Regrowth

Quantum wires and quantum dots have been fabricated by patterning lithographically
nano-meter scale features onto an existing planar quantum well structure. The small
scale patterns required can be defined by electron beam lithography, and etched either
chemically (see Section 2.3.1) or by Reactive Ion Beam tr;':chniques.,8 In some cases the
resulting nano-structures are overgrown during a second growth step. The main
problem with this technique arise from the surface damage that occurs as a result of the
destructive etching process. This damage can extend deep into the structure, providing
non-radiative recombination sites that significantly reduce the optical efficiency of the
quantum wires or quantum dots formed and this can prevent the size being reduced to a
point where quantum effects are significant.” InGaAs/InP quantum wires have been
fabricated using etching techniques with feature sizes down to 10nm. However size
fluctuations are thought to prevent true 1D behaviour.'” Given these potential problems

it appears that direct etching techniques are not a practical proposition for device

fabrication.

2.2.3 Etched Stressor Wires and Dots

The major disadvantage of directly etched wires and dots is the high resultant surface
damage which, in the worse case, can destroy the optical efficiency of the structure.

This problem can be reduced if the etched region can be kept separate from the optically
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active region. In stressor wires and dots a quantum well 1s grown close to the surface of
the sample, which is then coated with a thin layer of a non-semiconductor material,
typically carbon'' or tungsten.'* The carbon layer is stressed due to it having a different
lattice constant compared to the underlying semiconductor. The surface is next
patterned using standard lithographical techniques and etched to a depth which passes
through the carbon but does not penetrate the semiconductor as far as the quantum well.
The resultant isolated islands (for dots) or stripes (for wires) of carbon, which are
known as stressors, are now able to relax laterally and cénsequently produce a strain
field in the semiconductor immediately below them. If this strain field is of the correct
sign then the resultant strain modulation of the quantum well band gap produces a
lowering of the conduction band and a rise in the valence band edges, resulting in carrier
localisation at this point. It is this localised strain reduction of the quantum well band
gap which produces the dot or wire. Because of the highly non-uniform strain field the
effective size of the dot or wire is smaller than that of the etched stressor. Although
post-growth etching has been performed, it is spatially separate from the wires or dots
and hence the effect of any surface damage is limited. The main disadvantage of this
technique is that the strain modulation of the quantum well band gap is relatively weak,
resulting in weak carrier confinement potentials and hence small energy level spacings
in the wires or dots. Hence, although this technique allows the study of physics in 1D

and 0D systems it is probably not suitable for device applications.

2.2.4 Electrostatically Defined Dots and Wires

In this technique a metallic Schottky contact is deposited on the surface of a structure
which generally contains a single quantum well. By applying a suitable voltage to the
gate, an electric field is produced which extends into the semiconductor. This field
. modulates the band structure of the quantum well and, for suitable shaped metallic
contacts, either a quantum wire or dot may be formed. An advantage of this technique
is that, due to the lateral spread of the electric field, the resultant dots or wires can be
significantly smaller than the physical gate structure on the sample surface. An example

is the so-called ‘split-gate’ where a wire is formed below the gap between two gates, the
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size of the wire, which can be controlled by the size of the electric field, being
significantly smaller than the physical gap between the gates.”” The disadvantages of
this technique is that, because of the relatively large size and small confinement
potential of the dots and wires, they have very closely spaced energy levels. In addition,
the electric field modulates the valence and conduction band edges in the same sense so

that only electrons or holes are confined. This latter property makes these structures

unsuitable for electro-optical device applications.

2.2.5 Growth on Non Planar Substrates

2.2.5.1 Fractional Layer Superlattices

Quantum wires have been formed by growing alternate 1/2 mono-layers of AlAs and
GaAs on vicinal surfaces. The (001) substrates are typically 2° off axis, this results in
steps of IML height and terrace lengths of ~8nm. If quantum wires are to be formed on
these substrates then very careful control of the growth conditions is essential. The
growth mechanism relies on being in the regime where growth occurs on the step edges
and proceeds across the surface without the formation of isolated islands on the step
terraces as shown in Figure 2.1a. In Figure 2.1b 1/2ML of GaAs is grown followed by
1/2ML of AlAs (Figure 2.1¢) and this pattern is repeated until a quantum wire of the
required height is formed (Figure 2.1d). The wire is then capped with AlGaAs. Growth
of these Fractional Layer Superlattices has been achieved by both MBE' and
MOVPE."” In order that high quality wires are produced, the surface needs to be
prepared so that the steps have equal length. This can be achieved, to some extent, by
growing an initial buffer layer which can be monitored by RHEED in MBE; growth
commencing when the steps are of uniform size and distribution. A polarisation
anisotropy has been observed in the PL and absorption spectra of these structures, for

polarisation .L and || to the wires, and this has been taken as evidence of the lateral

. 16
confinement of the carners.
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The final quality of these fractional layer superlattices is obviously very high if the

growth can be controlled to the required tolerance. In particular there is no post growth
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processing damage of the structure and impurity incorporation 1s minimised. However,
the growth sequence is very complicated and also very slow, suggesting that this

technique is not suitable for mass device production, even if the necessary growth

control can be achieved.

S | Vicinal Substra
(a) Surface Diffusion to Step Edge
-

e —

—‘_.__—‘——'——l____l(‘—____
(b) 1/2 ML GaAs
(c) 1/2 ML AlAs |

(d) Tilted Super Lattice

N
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N\

Figure 2.1 Schematic diagram showing the growth of fractional layer

superlattice quantum wires on Vicinal Substrates.

2.2.5.2 Patterned Vicinal Surfaces

This technique involves the lithography and etching of off-axis, ~6° (001), GaAs
substrates to produce periodic corrugations along the [011] direction. The subsequent
overgrowth with AlGaAs by MOVPE results in the formation of stable (001) facets
having a regular step density with the periodicity of the original grooves. This
technique hence provides a controllable method for forming quantum wires of a
specified density. Growth of GaAs results in enhanced growth at the step edges, Figure

2.2, thus forming a quantum wire in these regions with connecting quantum wells on the

(001) facets.'’

(100) facet

Vicinal Substrate
QWR

Figure 2.2 Quantum wires grown on a patterned Vicinal Substrate.
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2.2.5.3 Ridge Grown Quantum Wires

Patterned (001) GaAs substrates, with reverse mesa etched stripes running along the

[110] direction, have been used to form very sharp, narrow ridges ~10nm, following the

growth of GaAs.'™"

GaAs QWR {111}B Side Walls
s \ :'llllli: /
GaA Quantum Wire 2 ::2\: 2D
Q > AlG .| Trench Shaped Etch
uantum aAs I e
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Figure 2.3 Ridge grown quantum wires.

The (111)B side walls of the ridge grow at gmuch lower rate than the (001) top, thus
narrowing the ridge. The sharpness of the ridge top is a function of the growth
mechanism and is therefore independent of the mﬁfonnity of the substrate pattern, a key
advantage of this process. A 10nm AlGaAs cladding layer is grown on top .of the
resultant structure shown in Figure 2.3. This follows the existing pattern, maintaining
the profile of the ridge. GaAs is next deposited and grows preferentially on the apex of
the ridge to form the quantum wire. Quantum wells also form on the side walls and the
base of the trenches. The optical spectra of these structures appear very good with a
spectrally isolated wire emission. Hence this technique appears to be very promising for

the fabrication of small (18x9nm), high quality quantum wires.
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2.3 The V-Groove Method for Growing Quantum Wires

The V-groove method for growing quantum wires is the technique used to create the
quantum wires studied in this thesis. This technique has many advantages compared to
the other quantum wire fabrication methods. Similar to growth on vicinal substrates'” it
provides a method whereby quantum wires can be formed in a one-step, in-situ growth
run, without the need for post-growth processing. This removes the possibility of

inducing damage into the wire, which can potentially destroy its optical properties.

The V-groove technique was first used by Kapon et al.*’ and has lead to the fabrication
of quantum wire lasers with very low threshold currents of 0.6mA.*' Briefly, the
technique involves growing an AlGaAs buffel" layer on an etched V-Groove substrate.
This tends to sharpen the V as the Al species has a small diffusion length on the (111)A
facets of the side walls. The AlGaAs growth is followed by growth of a quantum well
of GaAs. Differences in the diffusion lengths of Ga on (111)A and (001) facets cause
Ga to diffuse to the base of the grooves and form a crescent shaped quantum well. The

lateral tapering of this well provides confinement for carriers in a second dimension,

leading to the formation of a quantum wire.

The preparation of quantum wires by the V-Groove technique 1s a two stage process.
The first stage involves patterning the substrates by photo-lithography and, by using an
anisotropic wet chemical etch, the formation of a saw-tooth shaped surface profile
results. The second stage involves the epitaxial growth of a quantum well on the

patterned substrate using the growth technique Metal-Organic Vapour Phase Epitaxy,
(MOVPE).

2.3.1 Etching the Substrates: The Formation of the V-Grooves

The substrates used in our experiments were (001) n* GaAs, with exact (001) giving the
best results (see chapter 4). Whole wafers were used for most of the samples described
in this thesis as it was found in the course of our investigations that the most uniform

growth occurred on fully patterned wafers. To pattern the substrate photo-resist, a

chemical that reacts when exposed to ultra-violet light, is dropped onto the surface of
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the substrate which 1s then spun at high speed to form a thin uniform layer of resist, any

excess photo-resist is spun off.

Ultra Violet Light

== Photo Resist

Substrate

[sotropic
Etch

Anisotropic
Etch

Figure 2.4 Three stages of the Etching Process. (a) Patterning of the mask,
(b) Isotropic etch, (¢) Anisotropic etch forming the V-Grooves.

The substrates are then mounted below a mask which has been patterned with lines
spaced at the required groove pitch. Our initial experiments used masks with line
spacings of 4 or 8 um. The lines on the mask are aligned so that they lie parallel to the
[011] crystallographic direction of the wafer. Ultra-Violet light is then shone through
the mask onto the substrate, exposing only thin lines of resist, Figure 2.4a. The UV
light changes the structure of the resist in these exposed areas. The substrate is then
rinsed for ~60s. in a developing solution, this is an alkaline solution which cleans off the
exposed areas of resist. A short, 3s. dip in HCI de-oxidises the surface. The waters are
then etched through the photo-resist pattern for 10s. in a solution of HBr : CH;COOH :
K,Cr,07 in the proportion (1:1:1). This is an isotropic etch which attacks all crystal
planes at similar rates, leaving shallow U-shaped valleys between the areas of resist,
Figure 2.4b. The wafers are next rinsed twice in de-ionised water and then etched 1n a
(1:8:40) solution of H,SO,4 : H,0, (30%) : H,0. This etch is a selective etch which
tends to preferentially etch (001) planes faster than (111) planes. The use of a selective
etch means that at the resist windows etching will occur down into the substrate, any

lateral etching which would tend to undercut the resist, is much slower. Because of the

different (001) and (111) etch rates, a V-shaped groove, formed by the intersection of
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two (111)A planes, is produced, Figure 2.4c. The etching time depends on the mask
used, the 8um pitch samples were etched for 4.5 mins. and the 4um for 2.5 mins. The
substrates are again rinsed twice in de-ionised water and the photoresist is removed with
acetone. Finally the substrates are rinsed in isopropyl alcohol and de-ionised water and

are blown dry with inert nitrogen. At this point they are ready to be loaded into the
MOVPE reactor.

2.3.2 Growth on V-Groove Substrates by MOVPE

MOVPE is one of the primary epitaxial growth techniques used to fabricate III-V
semiconductors. For the growth of GaAs/AlGaAs semiconductors the Group III
chemical precursors ar‘e Tri-Methyi Gallium (TMGa) and Tri-Methyl Aluminium
(TMAI). The Group-V element, arsenic, is derived from the gas arsine, (AsH;). The
growth process depends on the reaction between the metal-organic compounds and

arsine, with the growth of GaAs/AlGaAs semiconductors utilising the following

1'eactions.+22

Ga(CH3)3 + ASH3 —>» GaAs + 3CH,

Al(CH;); + AsH; = AlAs + 3CH,

The reactor used to grow the quantum wire structures studied in this thesis is a
horizontal flow type, operating at a pressure of 920 torr. A schematic diagram of the
reactor is shown in Figure 2.5. The substrate is loaded into the reactor and baked under
a high arsine over-pressure. This deoxidises the surface to make it ready for growth, the
arsine over-pressure preventing decomposition of the substrate. Heating is induced with
an r.f. coil, the temperatures used are typically in the range from 600°C - 750°C. The
Group-1II chemical precursors are in a liquid form. H, is passed through their
containers which cause them to vaporise and mix with the H, carrier gas. The gas flow
rate is controlled by automated valves which allow the passage of the required volume
of gas. The gases are transported to the reactor cell which consists of a quartz tube

inside of which is the heated substrate. As the gases pass over the substrate they react
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and the desired semiconductor grows epitaxially. The gas reaction process can be

summarised into four stages.

1. Gas flow over the substrate 1s assumed to be ideal laminar flow. Hence, at the

substrate boundary it is assumed that there is no gas flow (stagnant layer) so the

reactants are transported to the surface of the substrate by diffusion.

2. The temperature of the substrate causes the reactants to decompose on the surface

where the reactions take place.

3. Surface diffusion of the decomposed elements occurs until favourable bonding sites

are found on the substrate and the elements are incorporated into the growing layer.

4. Finally, the by-products of the reaction, the methane and hydrogen carrier gas are

removed from the reactor.
Hz H2
Reaction Chamber Waste Gases
TMGa TMAI
H,

Substrate Holder

Automated Valves g

R.F. Induction Heater

Figure 2.5 Schematic diagram of an MOVPE reactor.

By varying the relative proportions of the TMGa and TMAI precursors AlGaAs of

different compositions can be grown. Generally materials are grown with a high arsine
over-pressure as this ensures that arsenic quickly incorporates itself into the layer
providing As bonds for the Ga’ or Al" to attach themselves to. This prevents the

desorption of the grown layer by the loss of the Group-III elements which could occur

due to the high temperature of the substrate.

Growth of quantum wires on a V-groove substrate does not require any particularly

special conditions for growth, although higher growth temperatures lead to a greater
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selectivity in the growth of GaAs and AlGaAs on different surfaces which is a crucial
factor for the formation of the quantum wires.™ Higher temperature growth does,

however, lead to carbon incorporation into the layers with an associated reduction in the

quality of the material.”’

i GaAs Cap EOOOA

e GaAs QW 15A - 30A
AlGaAs Barrier
| um

| Gans Bufer Layer 500A

| GaAs V-grooved substrate

Figure 2.6 Typical growth structure of a quantum wire grown on a V-groove

patterned substrate.

A schematic diagram of a typical V-groove structure is shown in Figure 2.6. A GaAs
butfer layer 1s grown, followed by an AlGaAs cladding layer and the thin GaAs
quantum well which forms the quantum wire. The wire 1s overgrown by a second

AlGaAs barrier and a GaAs cap to prevent oxidation of the aluminium containing

layers.

2.3.3 Theory of the V-Groove Method for Producing Quantum Wires

The mechanism behind the growth of quantum wires on patterned substrates relies on
differences in the growth rates on different crystallographic surfaces.” During the
growth on patterned substrates the incoming atoms in the gas phase are presented with a
series of (001) and (111)A planes. The atoms diffuse across these surfaces until they
reach a site that is energetically favourable for them to bond to. Atoms involved in the
growth have surface diffusion lengths which depend on the orientation of the crystal
plane they are growing on. This is because the arrangement of atoms on a given plane 1s
different, so the density of bonding sites and hence the availability for bonding on the
surface 1s different. For V-groove patterned substrates, the side walls have a (111)A
orientation whilst the tops and base of the grooves expose (001) facets. A curved

(001)-like surtace 1s formed at the base of the groove as a result of the fact that the two

ﬁ
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(111)A side walls formed by the original etching do not intersect sharply, but form a

smooth, circular base, as shown in Figure 2.7.

GaAs Cap

AlGaAs Barrier
GaAs Quantum Well

1
(00D)Top
Quantum Well

(111)A Side Walls

YN

AlGaAs Barrier

N

Crescent Shaped
Quantum Wire

(GaAs Substrate

Figure 2.7 Diagram showing the resultant shape of the quantum well grown
on a V-Groove substrate. Note the enhanced GaAs growth at the bottom of
the groove which tends to planarise the base, resulting in a crescent shaped

quantum wire. There is less GaAs growth on the side walls.

The growth rate of GaAs is faster on (001) planes than (111)A, this means that the
thicknesses of layers grown on these two surfaces are unequal. This results 1n thicker
deposits forming on the (001) planes. Conversely growth of AlGaAs on (111)A is faster
than that on (001) and this has the effect of sharpening the base of the groove by

reducing the radius of curvature at the base. The actual degree of sharpening depends

on the aluminium composition of the grown layer.25

These growth properties are exploited to obtain a GaAs quantum well at the bottom of
the groove, which has a lateral thickness variation. This results in carrier confinement
in this lateral dimension. Growth of the first AlGaAs cladding layer sharpens up the
groove leaving a template for the GaAs quantum well to form a quantum wire. The

growth of the GaAs tends to planarise the grooves; migration of the gallium species to
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the bottom of the groove forces the (001) facet to widen and creep up the side walls,
resulting in a crescent shaped quantum wire which tapers into the (111)A side wall
quantum wells. The radius of curvature at the bottom of the groove is increased as a
result of the GaAs growth. The AlGaAs cladding layer grown after the wire resharpens
the groove profile, providing the possibility for the growth of a second GaAs quantum
wire if required. It is therefore possible to grow a vertical stack of quantum wires 1n the

groove, one of the major advantages of this technique.

The V-groove technique for quantum wire formation is not limited to MOVPE, growth
by MBE? has also been demonstrated. In an interesting development, the formation of
very sharp V-Grooves has been achieved when AlAs barriers have been grown by
MBE,*’ which has an important bearing on the final lateral width of the quantum wire.
Growth of quantum wires on V-Groove substrates has not been restricted to the
GaAs/AlGaAs system; strained InGaAs/GaAs®® and lattice matched InP/InGaAsP”
quantum wires have also been fabricated. The later material system is very attractive as

lasers can be fabricated with a lasing emission in the 1.3-1.55um range, suitable for long

distance optical communications.

2.3.4 Trench Buried Quantum Wires on V-Groove Substrates

Growth of AlAs on V-Groove éubstrates, having a pitch of 100nm and using suitable
MOVPE growth conditions, results in the V shape transforming into a U shape with
(110) side wall facets. This causes a narrowing of the trench down to ~20nm and depth
~30nm. Subsequent GaAs growth fills the trench, resulting in a quantum wire of these
dimensions, which are small enough to provide strong carrier confinement. This
technique, which is related to the more conventional V-groove technique studied in this
thesis, is attractive because the size of the quantum wire can, to a certain degree, be
tailored to the size required and the wire density can also be controlled. Recent results

show there to be a PL anisotropy and blue shift of these wires, both of which are

eXpected foralD SYStem,30’3l
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2.4 Growth of Self Organised InAs/GaAs Quantum Dots

The quantum dots investigated in this thesis have been grown by Molecular Beam

Epitaxy (MBE), employing a self-organised growth mechanism which relies on the
large lattice mismatch between the two semiconductors used. This is a one stage
process that involves no post- or pre-growth processing. However the results appear to
be very sensitive to the growth conditions used (see chapter 6) and a wide range of

conditions have been reported by various groups growing nominally identical structures.

2.4.1 MBE Growth

In an MBE reactor the substrate is held on a heated, rotating holder inside a chamber
which is under ultra high vacuum, ~10""° Torr. Attached to the chamber are a series of
Knudsen cells which contain the basic elements that are used in the growth. The cells
are heated to a point where the elements evaporate, and a series of baffles result in the
production of an atomic beam. Shutters, which are capable of switching in ~0.1s, are
used to switch these beams on and off. The atomic beams impinge on the surface of the
substrate where the epitaxial growth occurs. Growth rates are typically of the order of 1
monolayer per second, (=3As™) so the level of control over the growth provided by the

shutter switching has essentially monolayer accum.cy.32

2.4.2 Stranski-Krastanov Growth Mechanism

Normal MBE growth of unstrained layers proceeds with layer-by-layer growth in a two
dimensional growth mode. Atoms which land on the growth surface diffuse laterally
until an atomic site which is energetically favourable is found. At any point in time the
growth surface will consist of a series of mono-layer steps and terraces. Atoms that find
their way to a step edge will be easily incorporated as the energy needed to break all the
bonds which exist at this point is generally high compared to the available thermal
energy. A lower number of bonds are present on the terraces between the step edges
making the incorporation of atoms here less likely. This growth selectivity at the step

edges has the effect of keeping the growth surface flat to within a single monolayer.
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When a material 1s grown that is lattice mismatched to the underlying layer(s) strain is
introduced 1nto the growing layer. Strain energy is stored in the layer and this can affect
the growth process. As the system will always attempt to be in the lowest possible
energy state the strain energy may be relieved by the formation of mis-fit dislocations if
sufficient energy exists to form these dislocations. As the strain energy increases with
increasing layer thickness, a critical thickness, which 1s a function of the material, the
size of the strain and the substrate orientation, exists above which strain relaxation
occurs by mis-fit dislocation formation.”” These dislocations are essentially a disruption
of the lattice periodicity and in semiconductor materials they are not desirable as they
provide non-radiative recombination centres for free carriers, greatly reducing the

luminescence efficiency of any device.

An alternative mechanism for strain relief in layers that are under compression 1s
provided by the Stranski-Krastanov growth pr(}cess..z’4 This occurs when the growth
mode changes from a 2D layer-by-layer mode to a 3D growth mode where coherent
islands of material are formed on the surface. Plastic deformation of the islands reduces
the strain energy although at the expense of an increased surtface energy.” These
islands can be dislocation free and may have a size of the order of the de Broglie
wavelength for electrons and holes, giving rise to the possibility of strong carrier
confinement in all three spatial dimensions.”® This is the basis for the Stranski-
Krastanov self-organised growth of quantum dots.

GaAs Growth [nAs Growth [nAs Growth GaAs Growth
Bufter Layer 2D layer-by layer 3D Islanding Capping Layer

bt bl g

Figure 2.8 Schematic diagram of quantum dot formation utilising the
Stranski-Krastanov growth mechanism. At first InAs grows 1n a 2D

layer-by-layer mode, beyond a critical thickness 3D i1slanding occurs

forming the dots.
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Figure 2.8 shows a schematic diagram of the Stranski-Krastanov growth mechanism.
The growth of the strained InAs material is initially 2D layer-by-layer and this forms a
2D quantum well wetting layer which underlies the quantum dots. Evidence for the
existence of this 2D layer will be presented in Chapters 6 and 7. When the strain has
built up to levels such that it is energetically unfavourable to continue 2D growth a
transition to 3D growth occurs and the material on the surface begins to coalesce and

form islands (quantum dots). The growth mode reverts back to 2D during the growth of

the nominally unstrained GaAs cap which results in a rapid covering of the islands and

normal 2D growth continues.

Self-organised quantum dots have been fabricated in several material systems, the main
requirement being sufficiently large strain of the correct sign. The most commonly
studied system is InAs/GaAs where there is a 7% lattice mis-match, resulting in islands
which have a typical base size of ~10-25nm and ,heights of ~2-10nm,>’?**” the exact
size and shape being dependent on the growth conditions used. Other material systems
with less strain have resulted in larger dots, examples include GalnAs/GaAs,®

InP/GaInP*' and Si/Ge.** The quantum dots investigated in this thesis are InAs/GaAs

where the InAs forms the dots and GaAs the confining material.

Although the majority of self-organised dots are grown by MBE, probably because of
the low growth rates required and also because in MBE the 2D—3D transition can be
monitored by RHEED (see chapter 6), there have been a few limited reports of their
growth by MOVPE. For example, GalnAs/GaAs dots and dot based lasers have been

reported43 and InP/GalnP quantum dots have been fabricated and studied.**

2.4.3 Self-Organised Stressor Quantum Dots

Strain-induced quantum dots formed by self-organised stressors is a technique for
fabricating quantum dots which employs a combination of two of the techniques
described above.* Using this technique strain induced dots (see section 2.2.3) have
been produced using the strain field which results from the growth of strained InP/GaAs

self-organised 1slands close to an existing InGaAs/GaAs quantum well. The strain
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modulation of the quantum well creates a two-dimensional parabolic potential well
which confines carriers in the other two dimensions. A quantum dot is hence formed.

Excited state separations of ~20meV have been observed from these samples.*
2.5 Summary

To study the physics of quantum wires and quantum dots and to incorporate them into
opto-electronic devices, they need to be formed with clean, damage free interfaces. This
ensures that the non-radiative recombination of carriers is kept to a minimum,
maintaining good optical efficiency. Techniques that involve etching a pregrown
quantum well are inherently problematic as the resultant surface damage provides a high
density of non-radiative recombination centreQ. Further contamination of the samples,
particularly oxygen incorporation during growth is also a potential problem that needs
to be minimised to ensure good quality growth. The accuracy required in the etching
time and etch concentrations also needs to be very tightly controlled when aiming for

reproducible results. These problems appear to make these methods impractical for the

fabrication of high optical quality wires and dots.

In situ processes, which rely on pre-patterning a substrate to encourage preferential
growth on certain planes, are very attractive. Full control of the resultant wire density,
down to the limit of the lithography used, is possible. In addition, these techniques
result in excellent interface quality. Devices can be grown which are removed from the
original pattern and so any irregularities in the original etch are eliminated. As a
consequence etch related damage in the active region is low and contamination is
negligible, resulting in very high optical quality structures. The growth of quantum
wires by the V-Groove method appears to be the most effective technique, with
promising laser structures having been produced using this process.25 The resultant

wires have a high optical quality, are reasonably uniform and subband spacings ~30-

45meV have been reported.*’

For the growth of quantum dots, the self-organised islanding approach is accepted as

being the most promising so far.> Apart from possibly size and shape uniformity this
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technique satisfies the requirements listed at the start of this chapter. A large amount of
work 1s being performed world-wide on quantum dots prepared using this method and

promising laser devices have already been reported.”

In conclusion, self organised techniques represent possibly the simplest and most
optimum method for producing low dimensional quantum wire and quantum dot
structures. For quantum wires, increases in the size of the 1D subband spacings are
desirable and for quantum dots improvements need to be made to reduce the size and
shape inhomogeneities that exist. However, laser devices exhibiting very promising
characteristics have already been reported which utilise both self-organised quantum

wires® and quantum dofs,”’ demonstrating the promising nature of these techniques.

The rest of work in this thesis describes the structural and optical investigations that
have been carried out on GaAs/AlGaAs V-groove quantum wires (chapters 4 and 5) and

InAs/GaAs self-organised quantum dots (chapters 6 and 7).
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Chapter 3

Experimental Techniques

3.1 Introduction

This chapter contains an outline of the experimental techniques used to investigate the
optical properties of the III-V semiconductor quantum wires and quantum dots studied

in this thesis.

The techniques of Photoluminescence (PL) and Photoluminescence Excitation (PLE)
are descnibed, along with a description of the micro photoluminescence (uPL)
equipment used for the study of individual dots and wires. In addition for the study of
quantum wires the techniques of Cathodoluminescence (CL) and Electroluminescence

(EL) were also used. A description of both of these experimental techniques is given.

3.2 Photoluminescence (PL)
3.2.1 Description of the Photoluminescence Technique

Photoluminescence (PL) is an experimental technique that provides information about
the size and quality of semiconductor structures containing quantum wells, wires or
dots.' In a PL experiment the sample is excited with a light source (generally a laser
which provides an intense monochromatic source) which emits photons of an energy
greater than the bandgap of the material under investigation. This incident light 1s
absorbed by the material, creating electron-hole pairs in the semiconductor. These
photoexcited carriers relax to the band edges, as. described in Chapter 1 é.nd shown
schematically in Figure 3.1. Once the electrons and holes have relaxed to their band
edges excitons may form. Recombination of the carriers now occurs via either radiative
or non-radiative processes. In a PL experiment it is the radiative recombination events
that are recorded, with the emitted photons analysed by a suitable spectrometer and
detector. The energy of the emitted photons provides information regarding the

bandgap of the material and, in a quantum system, the additional energy which results
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from confinement of the carriers. The energy of the emitted photons can, however, be
modified by potential fluctuations of the band edges® or the influence of impurities,”’
both leading to a photon energy which is less than true bandgap of the material. In
addition, any inhomogeneity of the structure will result in a spatial variation of the band
edges which will be reflected in a spread in the energies of the emitted photons. Hence
both the energy and linewidth of the PL can be used to give a direct indication of the
quality of the sample. In most of the experiments described in this thesis PL was used

to assess both the degree of carrier confinement in the various structures under

investigation and also their structural quality.

Conduction Band

NSNS VAV,
E Epr

cX

Valence Band

Figure 3.1 Schematic diagram of the PL process in a semiconductor. A
photon E., is absorbed, creating an electron-hole pair which undergo rapid
energy relaxation to their respective band extrema. The carriers may then

recombine radiatively with the emission of a photon Ep, .

3.2.2 Experimental Details of PL. Measurements

The basic photoluminescence experimental arrangement is shown in Figure 3.2. The
laser excitation was provided by various sources, HeNe A.,=63284A, HeCd A,=44204,
Argon ion A.=4880A and a diode laser A,=7850A. For some of the experiments

described in Chapter 7, selective excitation was performed using a lamp and
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monochromator combination or a tuneable, Ar’ pumped, Ti-Sapphire laser. These

arrangements are described in more detail in Chapter 7.

Cryostat
Single, Double or Triple I .D——
Grating Spectrometer ‘
Sample
>
CCD, Ge or
+— Photo-multiplier
Detector

| Excitation Source

Computer Laser or Minimate

Control

Figure 3.2 Schematic diagram showing the apparatus used to perform the PL

measurements.

To allow spectral analysis, the emitted photoluminescence was dispersed using a grating
spectrometer, for which one of three systems were used. The first spectrometer was a
0.75m single grating device with a 600/mm, 1um blazed grating. This provided a
resolution of 20A/mm slit-width. The second system was a double grating 0.85m
spectrometer with 1200/mm, 700nm blazed gratings giving a resolution 4.5A/mm
slit-width. Although the resolution of the second spectrometer is considerably thter
than the first, this is at the price of a significantly lower throughput of light. However
the double grating spectrometer also exhibits excellent stray light rejection qualities
which makes it particularly suitable for the photoluminescence excitation measurements
described below. Finally, for most of the experiments performed on quantum wires, a
two-stage triple grating spectrometer was used. The first stage consists of a 0.22m
double spectrometer which acts as a bandpass filter allowing transmission of an
undispersed portion of the incident light. This relatively narrow range of wavelengths is
then dispersed by the second 0.65m spectrograph stage, equipped with either a 300 or

1200/mm grating. Detection of the light in this system was by a multi-channel,
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nitrogen cooled Charge Coupled Device (CCD) chip which allowed the rapid
acquisition of data and hence a high degree of light sensitivity for wavelengths <9000A.
Detection for the other two spectrometers was with a nitrogen cooled Germanium p-i-n
photodiode, sensitive to near infra-red radiation ~8000-17,000A. For all experiments

the spectrometer and data acquisition were computer controlled.

3.3 Micro-Photoluminescence (uPL)

For the majority of photoluminescence experiments performed on quantum wires a
micro-photoluminescence set-up was used. A schematic diagram of the micro-
photoluminescence set-up used i1s shown in Figure 3.3. This consists of a very high
quality microscope objective (NA=0.65) with a long working distance of ~6mm. This
long working distance allows a sample contained within the cryostat to be imaged by
the externally mounted objective. The incident laser excitation is reflected through the
microscope objective by a pelicle beamsplitter and focused onto the sample which 1s
held in a liquid helium cooled cold finger cryostat. A special Oxford Instruments
Microscope Cryostat is used which allows the sample to be placed very close (*5mm) to
the window. In addition, the cryostat has only a single, very thin window to minimise
distortion of the focused laser beam. The microscope objective can focus the laser
light down to spot size of ~1-2pum, the exact size being dependent on the wavelength of
the light being used. The emitted photoluminescence is collected by the same
microscope objective and, by a series of mirrors and lenses, is focused onto the slits of
the spectrometer for analysis. A rotating table with eyepieces of various magnifications
allows a visual image of the sample to be obtained, hence enabling the accurate
positioning of the laser spot onto the region of interest on the sample. Before a
spectrum is recorded a mirror (also mounted on the rotating table) is moved into
position which directs the light onto the slits of the spectrometer. At this stage the
sample can no longer be viewed by eye. The cryostat is mounted on motorised x-y
stages which allow horizontal translational movement. The position of the laser spot
relative to the sample is therefore altered by moving the whole cryostat. The

microscope is not moved by this operation, hence all the optics remain in position.
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