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Abstract

In this thesis results are described with the aim of examining the optoelectronic properties of 

InAs/GaAs columnar quantum-dots and comparing them with those of more conventional 

self-assembled quantum-dots.

The polarisation properties of a set of columnar quantum-dot samples -of varied aspect ratio 

and In compositional contrast between the rod-shaped dot and the surrounding 2-D layer- are 

studied. For this investigation a new method to obtain the ratio of the fundamental TE/TM 

optical response using edge photo-absorption spectroscopy is proposed, which corrects for 

the polarisation-dependent features of the experimental set-up. The method is verified by 

application to compressive and tensile strained InGaP quantum well structures, where the 

results are in agreement with known ratios of the band-edge matrix elements. When applied 

to columnar quantum-dot samples it is shown that the TE/TM optical response depends on 

the dot aspect ratio and the In compositional contrast. A polarisation-independent photo

absorption is illustrated for a columnar quantum-dot of an aspect ratio (dot’s height over 

diameter) 3.51:1, which is desired for use in semiconductor optical amplifiers. For the 

columnar dot of an extremely high aspect ratio, 7.5:1, a room temperature TM-dominant 

polarisation lasing emission is observed.

By studying the Quantum-Confined Stark Effect, a dramatic enhancement of the Stark shift 

amplitude is shown for columnar quantum-dot samples of an increased dot aspect ratio from

0.63:1 up to 1.12:1, which may have application in optical modulation/switching. For a 

higher aspect ratio columnar quantum-dot the shift of the band edge of the photo-absorption 

spectra is reduced dramatically and this has been attributed to an overall effect where the 

observable shift becomes the result o f higher energy transitions, where their oscillator 

strength change very rapidly within the studied range of field. For the highest aspect ratio dot,

1.e of aspect ratio 10:1, there is no any observable shift.
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“As you set out fo r  Ithaka 

hope your road is a long one, 

full o f  adventure, fu ll o f  discovery

Keep Ithaka always in your mind.

Arriving there is what you're destined for.

But don't hurry the journey at all.

Better i f  it lasts for years, 

so you're old by the time you reach the island, 

wealthy with all you've gained on the way, 

not expecting Ithaka to make you rich.

Ithaka gave you the marvelous journey.

Without her you wouldn't have set out.

She has nothing left to give you now.

And i f  you fin d  her poor, Ithaka won't have fooled you. 

Wise as you will have become, so fu ll o f  experience, 

you'll have understood by then what these Ithakas mean”.

Constantine P. Cavafy (1911)
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Chapter 1 -  Introduction and theoretical background

Chapter 1-Introduction and theoretical background

1.1 Project aims and motivation

The principal aim of the work presented here is to investigate the optoelectronic properties of 

InAs/GaAs columnar-Quantum Dot materials grown by a new approach. The project work 

involves a close collaboration with the Quantum Device Group in Swiss Federal Institute of 

Technology in Lausanne (EPFL), where the material structures were grown and processed. 

The main work objectives form two basic points: first, to explore the optical polarisation 

properties of these structures in order to understand the effect that strain, composition and 

size of dot have on polarisation-selective emission and absorption characteristics and second, 

to provide information about the electronic properties of columnar-Quantum Dots, i.e 

behaviour of carriers’ wave-functions inside the dot under the presence o f an external applied 

field.

Quantum Dot (QD) systems have attracted great interest for laser diodes due to the 

expectation for low-threshold current, weak temperature insensitivity and broadband gain 

spectra [Bimberg 1999]. In recent years there has been a lot o f research effort for 

optimisation of InAs/GaAs QD laser diodes in order to operate sufficiently at wavelengths of

1.3 and 1.55 pm, where is the minima o f loss and dispersion in optical fibres used for optical 

communication [Hecht 1999]. Because of the great potential of QD systems, there is a 

growing interest in using these materials as emitters, detectors, optical amplifiers and optical 

modulators in communication systems. However, it is necessary to resolve issues such as 

polarisation sensitivity that QD systems show in light amplification by fabricating novel QD 

structures, in which control over the polarisation can be achieved [Kita 2002]. At the same 

time the last few years’ research is moving towards fabricating novel columnar-QD systems 

in order to engineer the wave-functions inside the dot in such a way to optimise laser 

operation or to use them for a wide range o f applications as mentioned above.

4



Chapter 1 -  Introduction and theoretical background

1.2 Thesis Structure

The remainder of chapter 1 describes the basic semiconductor physics in order to provide all 

the necessary understanding on the work carried out in the next chapters. Towards the end of 

the chapter a brief historical evolution of the quantum dot laser diodes give an introduction to 

the study of novel columnar-QD laser structures.

Chapter 2 describes the experimental apparatus and techniques used through the next 

chapters in order to extract the required information from the studied samples. This includes 

measurements on different types o f strained QW materials, previously studied, in order to 

explain and verify a suggested novel method in chapter 3 with a purpose to identify the 

polarisation response o f columnar-QD materials using photo-current spectroscopy. In the last 

section of the latter chapter the escape mechanisms of photo-generated carriers in a dot are 

described by obtaining low-temperature measurements.

The suggested method is then applied in chapter 4 in order to identify the polarisation 

properties of a set of columnar-QDs samples and compare it with that o f standard aspect ratio 

QD material. In the later section, field-dependent photo-absorption spectroscopic 

measurements are taken in order to investigate the Quantum-Confined Stark Effect in 

columnar-QD with a varied aspect ratio. Then, the dual polarisation property of laser 

emission of an extremely high aspect ratio columnar-QD is presented and explained in the 

final section.

Chapter 5 gives a summary o f the main points of the experimental results analysis obtained 

in chapters 3 and 4 and proposes possible ways to further explore and develop the work 

suggested in this thesis.
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Chapter 1 -  Introduction and theoretical background

1.3 Introduction to semiconductor lasers

1.3.1 Basic semiconductor theory

The basics of the semiconductor theory are described in detail in many textbooks on solid 

state physics [Hook 1991]; here a brief anaphora to the main points is given. Within a solid- 

state semiconductor, atoms combine together to form a crystal structure and the periodic 

arrangement of atoms in the crystal is called lattice. Electrons occupy discrete atomic energy 

levels, but when arranged in a crystal structure they form energy bands separated by a region 

of forbidden energy called the band-gap [Kittel 1996]. The potential function of a single 

crystal material is periodic. Due to the periodicity of the crystal the whole structure can be 

described by a repeated basic lattice, called Bravais lattice, which is generated by the unit 

vectors, alt a2 and a 3 and a set of integers k, / and m so that each lattice point can be 

obtained from the vector R =  k a r +  la2 +  m a3 [Zeghbroeck 2007]. In order to solve 

Schrodinger’s wave equation it is consider that the electrons are standing in a periodic 

potential U(r), with the periodicity o f Bravais lattice. Thus,

l l ( f  + R) = U (f) .

Equation 1.3.1

Within a crystal a reciprocal lattice can also been defined where the central cell o f it, called
. —>

1 Brillouin zone, is o f special physical importance. This zone is defined for a wave-vector k

(k has units of reciprocal length) with value ranging between -Tc/a and +7i/a, where a  is the 

lattice constant representing the spacing between the periodically arranged atoms. Values of 

k  outside the Brillouin zone reproduce lattice motions described by values within the limit ± 

rr/a. Through Schrondinger’s equation the solutions can be described in terms of a plane 

wave and a periodic function u (k , r )  consisting the periodicity of the crystal, i.e

u (k , r  +  R)= u(k , r ) ,

Equation 1.3.2
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Chapter 1 -  Introduction and theoretical background

The solution is called Bloch’s function and it has the form

ip = e l*ru (k ,r )  .

Equation 1.3.3

It follows that if the wave-vector of the Bloch wave function lies outside the first Brillouin 

zone it can always be brought within it by choice of a suitable lattice vector. The wave 

function then remains unchanged and all the energy bands can be represented lying within the 

1st Brillouin zone [Davies 1978]. An energy band structure of a direct-band gap III-V 

semiconductor in the center of the 1st Brillouin zone is shown in figure 1.3.1. For small 

values of k , the shape of the bands can often be approximated to that of a parabola, which is 

described by equation

h2k 2 
E ~  2m '  '

Equation 1.3.4

which relates the energy with the particle momentum, given by the equation p = hk, for a 

particle of an effective mass m . The effective mass is a theoretical concept which allows 

treating the carrier, standing under the presence of the lattice electric field, as a free particle.

CB

V

VB

Figure 1.3.1 An idealised energy band diagram of a III-V semiconductor at the centre of the 

Brillouin zone. Arrows show the transitions of electrons from the VB to the CB leaving a 

positive charged hole. The split-off hole valence band is not included in the diagram.
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In the simplest case the conduction band (CB) is empty of electrons, whereas the valence 

band (VB) is fully occupied with electrons. When electrons obtain the necessary energy, 

greater than the band gap energy which is determined by the energy separation of CB and VB 

at k=0, the electron is elevated into the CB and leaves a vacant position of electron, which is 

considered as a positive charged hole. The curvature of the 3-bands displayed in figure 1.3.1 

is determined by the effective masses of electron and hole. Thus, from the diagram in figure

1.3.1 there are two different values of effective masses of holes, where the hole of heavier 

effective mass is called heavy-hole (hh) and the one with the lighter is called light-hole (lh).

1.3.2 Crystal structure o f  GaAs

Figure 1.3.2 The zincblende lattice of GaAs as appears in ref. [Neaman 1997]

A gallium arsenide (GaAs) forms a periodic structure called zincblende and differs from the 

diamond structure -in which atoms are of the same species, such as silicon- only in that there 

are two different types of atoms in the lattice. The important feature of GaAs structure is that 

the atoms are joined together in tetrahedron formation in that way in order each Ga (or As) 

atom has four nearest As (or Ga) neighbours. A schematic diagram of a zinc blende lattice of

9



Chapter 1 -  Introduction and theoretical background

GaAs is shown in figure 1.3.2, where the lattice constant a  represents the length of each side 

between two face-centered cubic (FCC) lattices.

1.3.3 Optical absorption and radiative recombination

All possible optical transitions that can occur between two energy states are analytically 

described by Einstein’s relations [Einstein 1917]. The possible optical transitions, which are 

illustrated graphically in figure 1.3.3, are absorption, spontaneous emission and stimulated 

emission. However, it should be noted that the transitions processes presented above can be 

described by Einstein theory in a semi-classical phenomenological way and can only be 

justified by using quantum-mechanical treatment of the radiation field [Loudon 1983].

ww
ww w w W W

r 'W W

Absorption Spontaneous
emission

Stimulated
emission

E i

Figure 1.3.3 All optical transitions in a two-energy level system as described by 

the Einstein equations.

The above optical processes are described in terms of Fermi functions fj and f* defining the 

probabilities o f occupancy of the states 1 and 2 respectively. In general, the carriers obey the 

Pauli Exclusion Principle and the occupancy probability can be described by a Fermi-Dirac 

distribution in thermal equilibrium [Reif 1965]
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Equation 1.3.5

where /  is the probability for occupancy at energy E , Ef is the Fermi level, k the Boltzmann's 

constant and T temperature. The Fermi level is defined as the level where the Fermi function 

is equal to half.

1.3.4 Laser diode

In order to achieve laser action from a semiconductor medium, where the coherent 

(stimulated) emission compared to other processes (absorption and spontaneous emission) is 

dominant, the first basic requirement is the laser medium to be under non-equilibrium state 

[Casey 1978]. Thus population inversion, where the electron population of the upper state 

exceeds the population o f ground state, should be obtained by electrically pumping the laser 

medium, therefore injecting carriers into the upper state of a semiconductor junction. The 

second requirement is that the semiconductor gain medium, which amplifies the generated 

light power, should be enclosed in a cavity with the two ends of the cavity to consist partially 

reflected mirrors in order to provide optical feedback [Siegman 1986]. In the simplest case 

the value of the mirrors reflectivity is defined from the refractive index difference of the 

semiconductor/air interfaces. Lasing threshold is reached when the round trip gain, within an 

optical mode, is sufficient to overcome the light optical scattering and the mirror losses 

within and at both ends o f cavity respectively, which is described by the equation [Agrawal 

1993]

Gth =  a i + ^ / n ( i ) .

Equation 1.3.6

Gth is the threshold modal gain, Lc is the length of the cavity, a t is the optical scattering 

losses and R is the mirror reflectivity.
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The first stimulated emission was demonstrated in the region of microwave radiation by 

Charles Townes in the mid-50s (the history of laser is given for example in ref. [Berlotti 

2004]). This device -called MASER- is the precursor of LASER developed in the early 60s 

[Maiman I960]. The first semiconductor lasers were p-n homojunction diodes, where the 

doping (p or n) takes place at the same material, and were characterised by very high values 

of threshold current [Hall 1962]. Moreover, an improvement of laser performance was 

achieved gradually with the creation of a p-i-n double heterostructure (DH) laser [Alferov 

1970]. This structure involves an undoped GaAs being sandwiched by higher band gap p and 

n-type AlGaAs regions. Both carriers and optical field are confined in a DH due to the 

potential barriers around GaAs and to the refractive index difference between AlGaAs 

barriers and the GaAs gain medium respectively. The difference in the refractive index 

supports the wave guiding o f the optical field in the core of the DH, within the gain 

generation region.

(a)
Energy

Jfc

(b)

Optical confinement

I I I
N-doped

Refractive
Index

'>  L T
Undoped

Barrier Active 
layer Region

P-doped

mJ

Cladding
layer

Cladding
layer

Optical
Waveguide

'fv

Figure 1.3.4 Simple diagram of a SCH QW p-i-n junctions under forward bias showing 

(a) the energy bands and (b) the refractive index profile of the constitute materials.
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Improvements in the growth techniques of DH led to the design of the active layer, being 100 

to 200nm thick in the early 70s, to about an order of magnitude thinner in the early 80s. 

When the active region thins down to lOnm, the quantum confinement of carriers takes place 

in the growth direction (see figure 1.3.4), defining a Quantum Well (QW) region. The first 

experimental observation o f a QW was published in 1974 [Dingle 1974]. Because of the thin 

QW active region of lasers, in order to retain the optical confinement o f the early DH a 

Separate Confinement Heterostructure (SCH) (details are given ref. [Coldren 1995]) was 

designed, illustrated in figure 1.3.4. In a SCH the electrical confinement is improved by the 

inclusion of barriers on either side of the QW and the optical confinement can be 

independently controlled by altering the width of the barrier material.

1.4 P-n iunction theory

In the work presented in next chapters the photo-absorption spectrum o f a wave guided laser 

diode is obtained by light incident onto the edge of the diode. A photo-current or photo

voltage signal is then measured by the detection of the photo-generated carriers. In this 

paragraph the basic physics in the simplest case of a p-n junction are described and the 

process o f photo-absorption and signal detection is discussed in detail. The equations quoted 

here for the simple case o f a p-n junction are still valid for the QW p-i-n hetero-junctions -  

studied in the next chapters- as it appears to have similar rectifying characteristics [Wilson 

1998].
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-  -  + +
-  -  + +

P-type + + N-type

-  -  + +
E

eV,
CB

VB

X

Figure 1.4.1 Schematic representation of a p-n junction.

In a p-n junction, shown in figure 1.4.1 -under equilibrium condition- a “built-in” field E0 is 

present, corresponding to a “built-in” voltage value V0, in a region depleted of carriers, 

therefore called “depletion region”. In thermal equilibrium the rate at which electrons are 

created by thermal excitation, leaving an equivalent number of holes in VB, described by a 

generation rate G0, which is equal to the rate of recombination of e'-h+ pairs. With applied 

voltage and in the case of steady state the addition of electron and hole currents result to a 

total current, called steady-state dark current Idark’ given by the equation [Neaman 1997]

qV

Idark — A) (ekr — l)»

E q u a tio n  1.4.1

where I0 is the reverse saturation current of equation

( N PL)e r NU h  ̂

E quation  1.4.2
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De,Dh are diffusion coefficients and Le,L h diffusion lengths of electron and hole 

respectively. NP and PN are the electrons and holes densities in a p and n region respectively.

Figure 1.4.2 I-V characteristic of a p-n junction diode.

The term “dark” of the total current is given because of the absence of a photo-generated 

current along the junction. The current-voltage characteristic of a p-n junction diode in the 

absence of light is presented in figure 1.4.2.

The p-n junction’s built-in potential V0 is given by the equation

Equation 1.4.3

where ri;, Na and No is the intrinsic, acceptor and donor carrier density respectively.

15
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1.4.1 Reverse biased p-n junction

E 0

-  -  + +
-  -  + +

P-type
-  -  + + N-type

-  -  + +
E

e(V 0 + Vbjas)
E,p

CB
E,n

X

Figure 1.4.3 P-n junction under reverse bias.

Figure 1.4.3 shows the p-n junction under reverse bias, where the external applied voltage is 

in the growth direction, running from n- to p-type region of the junction. This has an effect on 

the voltage of depletion region, getting increased by a factor Vbias corresponding to the 

external applied bias value. Thus, in this case the carriers are extracted from the junction, due 

to the induced field, and the current across the junction saturated to a value I0 according to 

the I-V diagram of figure 1.4.2.
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1.4.2 Lisht illumination o f  p-n junction

-  -  + +
-  -  + +

P-type
-  -  + + N-type

-  -  +

■CB
~ \e V oc

E,P 'E,N
VB

©
0  ©

Figure 1.4.4 P-n junction under photo-generated current.

The illumination of the p-n junction with light of photon energy higher than the bandgap 

energy of the p-n junction material hv > Eg, will create electrons and holes which will be 

swept away by the built-in electric field of the depletion region. The photocurrent IP, created 

by the distribution of the excess photo-generated carriers inside the p-n junction, will 

eventually affect the juction’s potential. The depletion region is reduced and a forward 

junction current Ij -counter to IP- is created. The additional generated carriers due to light 

illumination are described by an optical generation rate G [Orton 1990]. The total generated 

carriers are given by the sum of the optical and the thermal generation rate, G + G0. The total 

current Itot across the junction becomes zero when a steady state condition is reached again, 

given by equation 1.4.4

E quation  1.4.4
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Chapter 1 -  Introduction and theoretical background

The characteristic I-V curve is summarised in figure 1.4.5, where the curve has been shifted 

downwards compared to that without light illumination and the intercept of the I-V curve to I 

axis is equal to the photo-generated current IP.

Dark

Light

OC

Figure 1.4.5 IV  characteristic of a p-n junction diode under light 

illumination. The ILight on the plot corresponds to the total current Itot in 

the equation (1.4.4).

From figure 1.4.5 two critical values can be extracted which are involved in the operation of 

the photodiode. The one is the potential value Voc, which is reduced relative to that of the 

unbiased built in potential V0 o f the junction. Voc refers to open-circuit condition, when the 

total current along the p-n junction is zero. In this case, equation 1.4.4 is written in the form

Equation 1.4.5

The other critical value is the short-circuit current value, Isc which is equal to the photo

generated current IP, given by

/  QVoc \
Ip  =  I0 kT ~

18
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/  qVqc \
IP =  I0 [ e ^ r  -  l j .

Equation 1.4.6

The current IP generated by light absorption is proportional to the incident light irradiance 

Ur and is given by the equation [Wilson 1998]

, _ r)l,RAqX0
‘sc ~ he '

Equation 1.4.7

where 77 -called quantum efficiency- is the fraction of the incident radiation which contribute 

to the current flow along the p-n junction, as a few e'-h+ pairs created far from the depletion 

region of the junction recombine before reaching the depletion region. A is the illuminated 

area and XQ the wavelength o f the incident light.

1.5 Applied electric field in a p-i-n junction

In the previous section, the p-n junction characteristics under reverse bias were discussed. By 

the application of only a few volts across the junction very high values of field are generated, 

e.g 105 V/cm. In this section the effects of such high field values are discussed for the simple 

case of a p-i-n junction, where the formed intrinsic region consists of a bulk material and a 

QW.

1.5.1 Franz-Keldvsh Effect

In a bulk material the energy band in the presence of an electric field changes shape, as is 

illustrated in figure 1.5.1, and this has an effect on the absorption edge studied independently 

by W. Franz and L.V. Keldysh [Keldysh 1958] (e.g in ref [Fox 2001]). In an optical 

absorption experiment the energy gap, under the presence of an electric field perpendicular to 

the epitaxial layers o f the structure, is reduced since below band gap the incident photons can 

get absorbed via interband transitions by spatial tunnelling of electrons. The red-shift of the
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band gap energy due to reduction of band gap is the basis of electro-optical modulators that 

have the advantage that they can be integrated with semiconductor lasers on the same chip 

[Miller 2004].
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Figure 1.5.1 Schematic diagram showing the Franz-Keldysh 

effect due to the presence of electric field.

1.5.2 Quantum-Confined Stark Effect

Until now, the application of an electric field only in a bulk material has been discussed. 

When the field is applied in a material structure were the carriers can be quantum-confined in 

a very narrow region then the resultant shift in the energy transitions is described by the 

Quantum-Confined Stark Effect (QCSE) [Miller 1984a] and shows unique characteristics 

compared to Franz-Keldysh effect. This effect is studied in detail in chapter 4 with an 

application of a field in columnar-QD materials. However, the basic physical principal for a 

QW under an applied field are given here.
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W W W W

Figure 1.5.2 A schematic representation of QCSE in a QW material, where 

when a field is applied in the growth direction disorders the well shape 

causing a reduction in the transition energies.

The application of an electric field perpendicular to a QW has a different effect compared to 

that in a bulk material. Within an applied field the well shape is distorted and the energy 

states between the CB and VB energy states are coming closer together. This reduces the 

energy of the transitions and the effect in a photo-absorption experiment is observed by a red- 

shift of the absorption spectra with increased value of applied field. In addition, the electrons 

and holes are pulled apart towards different directions by the presence o f the field. In the case 

of a QW this electron-hole separation is limited by the well barriers therefore, the presence of 

strong photon absorption is even apparent for very high values of applied field, whereas in 

the Franz-Keldysh effect there is a broadening of band-edge absorption even for small values 

of applied field. Moreover, there is another effect that counteracts the energy red-shift but has 

less effect in the overall energy shift. The bending of the energy bands with applied field 

narrows the well width at the edges causing a shift of the electron and hole energy bands 

upwards and downwards respectively, which causes a blue-shift in the energy transitions. 

The effect of an applied field parallel to the well is similar to that applied in a bulk material 

since carriers are not confined in this direction, therefore the shift o f the absorption edge, in 

that case, can be described by the Franz-Keldysh effect.
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The electro-absorption effect in a multiple QW structure is approximately 50 times larger 

than that in bulk materials [Wood 1988]. Thus, QW materials have been attractive for 

application in optical modulation [Wood 1984] [Temkin 1987] and optical switching [Miller 

1984b].

1.6 Transition Matrix Element

The strength of the transition of an electron from the VB to the CB, due to the presence of an 

electromagnetic field, is described by the transition matrix element Mr. The square of the 

transition matrix element refers to the probability of a transition to occur as appears in 

formula [Zory 1993]

\Mt \2 = l<Wt>|e • p|uc>|2|<Fft|Fc>|2,

Equation 1.6.1

where Fh , Fe are the envelope and u v , u c are the Bloch’s functions of holes and electrons in 

the VB and CB respectively. The product of the envelope function F and the Bloch’s function 

u  gives the overall wave-function T  of an electron and a hole. The factor (uv \e • p |u c) is an 

optical perturbation term depending on the light polarisation e and is described by the 

Hamiltonian factor e p. When the wave functions are perfectly spatially overlapping the 

factor (Fh \Fe) is unity and the transition of an electron from the VB to CB is likely to occur 

under the perturbation o f an electromagnetic field. In the case where there is no spatial 

overlapping of the wave functions, the transition matrix element reduces to a value close to 

zero and the transition is highly unlikely to occur.

In a QW due to the confinement in one direction the degeneracy of light and heavy hole at 

k=0, shown in early figure (figure 1.3.1), is removed. The transition strength of electrons 

from the lh- or hh-VB to CB depends on the polarisation of the incident light. The \MT\2 

resultant equations [Zory 1993] for transverse magnetic (TM) and transverse electric (TE) 

polarisations of the induced optical field are:
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TMpolarisation (e//z): \MT\2 = \M\2 [|<Fm|Fe>2] (a)

and

TEpolarisation ( e j_  z)|MT|2 = |M |2 [|<Fft/l|Fe>|2 + j<Fm|Fe>2] (b),

Equation 1.6.2

where y is the quantisation direction of the QW (see figure 1.6.1) and \M\2 is a momentum 

matrix element, constant for a given material. A further analysis of \M\2 factor is out of the 

scope of this thesis as in the following chapters only the ratio of the two polarisation TE over 

TM is used, therefore the factor \M\2 cancels out, being the same for both polarisations. 

Equations 1.6.2 are valid only close to the band edge energy at k~0. Away from the band- 

edge and for non-zero values of wave vector due to band-mixing effects an alteration in the 

shape of hh- and lh- energy bands occurs, causing a change in the transition strength.

| MT |2/|M  I2 ratio

T M

Bulk QW

C-hh 1/3 0

Cdh 1/3 2/3

t e y

Bulk QW

C-hh 1/3 1/2

C-lh 1/3 1/6

T E ,

Bulk QW

C-hh 1/3 1/2

C-lh 1/3 1/6

Figure 1.6.1 \ M T\2 / \ M \ 2 ratio for different transition and light polarisation relative 

to the bulk material and to the plane of the QW as appears in ref [Lewis 2002a].
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By assuming a perfect spatial overlap of the envelope functions, i.e (Flh\Fe) =  1 and 

(Fhh\Fe) =  1, within tables of figure 1.6.1, values of ratio \MT\2/\M \2 are summarised with 

respect to TE and TM polarisation for hh- and lh-VB to CB transitions according to equation 

1.6.2. The TE and TM polarisation are illustrated with respect to the device geometry, where 

the z-axis defines the direction of epitaxial growth.

The values of \MT\2/\M \2 in the case of bulk material show that the transition strength of c- 

hh and c-lh transitions are the same under TM and TE polarised light contrary to the QW 

material, where the relative magnitude \MT\2/\M \2 depends upon TE and TM polarisation. In 

the case where light o f TM polarisation illuminates the QW the strength o f the transition is

zero and the transition matrix element is given by the equation \MT\2 = - \M \2. For TE

polarised light there is both a contribution of el-lh l and el-hh l energy transitions. However, 

the el-hh l transition is stronger than that of el-lh l by a factor of 4.

It should be noted that the above calculations for the transition matrix element are not 

absolute and there is always a small deviation from the true values of wave function overlap 

integrals, having values less than unity. This is due to the different shape o f electron and hole 

wave functions because o f their different effective masses. Thus, the overlap cannot be 

perfect and an integral value (Fh \Fe) between 0.90 and 1 is given [Coldren 1995]. Therefore, 

the ratio \MT\2/\M \2 values given in figure 1.6.1 are approximately valid as well.

1.7 Quantum Well strain layers

Strain is induced in a semiconductor when is formed by materials where their crystal 

structure are o f different native lattice constant. The induction of biaxial strain within a QW 

material structure has the effect of splitting the lh and hh sub-bands as is illustrated in figure 

1.7.1. When the lattice constant of the well material is larger than that of the barrier material 

the strain is compressive, whereas in the opposite case is tensile. In strained QW the coupling 

between the lh and hh bands results in highly non-parabolic sub-band dispersion [Bastard
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1988]. The effect that has the strain on the band structure has been found to be beneficial for 

the fabrication of more efficient laser sources [Yablonovitch 1986] [Adams 1986].

I] No Strain II] Compressive strain

VB

(a)

a ot

aAt

VB

Figure 1.7.1 VB energy diagram of I] an unstrained QW and II] under strain QW. Diagram 

(a) shows the crystal deformation caused by the growth of material with a lattice constant 

ao between the layers of a material with a smaller lattice constant ai, which causes a shift of 

the hh energy band with respect to that of the lh as illustrated in diagram (b).

In the case of tensile strain an upward shift of conduction band and a downward shift of the 

average valence band in the energy diagram is observed, while the valence band hh- and lh- 

energy bands are pushed towards each other. For a compressive strained QW, there is an 

upward shift of the hh-band against the lh-band (figure 1.7.1), and the energy bandgap of a hh 

transition is less than that o f the lh (Eg (lh) > E g(hh)). In the case of tensile strain the hh- 

and lh- bands are moved towards each other, with the degree of the strain to determine 

whether the band edge energy is o f hh-type, i.e E g(lh) > E g(hh) or lh-type, i.e E g(hh) > 

E g(lh).
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1.8 Self-assembled InAs/GaAs Quantum Dot materials

1.8.1 Quantum dots: A brief introduction

As has been already mentioned, the fabrication of QW structures (section 1.3) and the 

introduction of strain into the crystal lattice (section 1.7) have improved the laser 

performance through the 1980s. However, the idea of reducing the confinement dimensions 

from a 2-dimensional (2-D) system to 1-D (Quantum Wires) [Kapon 1989] and finally to 0-D 

(Quantum Dots), with confinement in all three-dimensions, can be beneficial to improve the 

laser characteristics such as reduced threshold current density, temperature insensitivity, and 

narrow spectral emission [Bimberg 1999]. The first QD laser was proposed in 1976 [Dingle 

1976] and then evolved by Y. Arakawa and H. Sakaki [Arakawa 1982]. The theoretical 

predicted improvements o f QD laser performance compared to Quantum Well or Quantum 

Wire laser is due to 3-dimensional confinement of carriers, where bands o f energy states are 

substituted by discrete energy levels in an individual dot. Thus, this 0-D system is called an 

“artificial atom” because the discrete energy levels are similar to the energy levels within an 

atom. However, because o f the non-uniformity in the size, shape and composition of the 

formed self-assembled dots a dominant inhomogeneous broadening mechanism is responsible 

for the deviation of QD laser devices performance with respect to the theoretical expected. 

Also, contrary to theoretical predictions, QD laser devices show temperature-sensitive 

characteristics. This is due to the thermal escape of carriers, at elevated temperatures 

[Matthews 2002], which deteriorate the laser performance. However, since the theoretical 

prediction in the early 90s for advanced performance of QD laser compared to QW, the QD 

system have been developed in a great extent to include different materials emitting from 

visible [Micic 1996] [Damilano 1999] to near infrared up to 1.55pm [Sopanen 2000]. Ground 

state lasing emission at room temperature has been reported for InAs/GaAs QD lasers 

[Huffaker 1998] [Ledentsov 2002], with values of threshold current density being lower 

compared to that of QWs [Grundmann 2000]. Several approaches have been investigated in 

order to reduce the leakage current due to thermal escape of carriers by using tunneling 

injection structures [Asryan 2001] or enhancing the emission properties of the dots by 

stacking layers o f dots on top of each other [Yu 1999]. Even issues such as the dot’s size non
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uniformity, which is responsible for the broadening of emission spectrum, can treated by 

using a new growth technique [Verma 2008] growing dots of almost identical shape, with 

low density of defect states. Performance improvement has been reported as well by the 

growth of dots in a QW (dot-in well or DWELL) [Lester 1999], [Mukai 1999]. In the 

DWELL structures the dots are grown on a thin InGaAs layer and then are capped by a thin 

layer of the same composition material. The dot sample which is used in the experiments 

described in this thesis is a DWELL structure and more information about the properties of 

this type of structure can be found in ref [Sandall 2006].

There are two epitaxial techniques widely used for the fabrication o f QD systems; Metal 

Organic Chemical Vapor Deposition [Ludowise 1985] and Molecular Beam Epitaxy (MBE) 

[Cho 1971]. The latter one is used for the growth of the structures studied in this thesis. MBE 

can produce high quality layers, in atomic level, with a good control o f thickness, doping and 

composition [Ustinov 2003]. The most predominant method for growing QD materials is 

through the self-assembled Stranski-Krastanow (SK) growth mode. The formation of dots 

takes place by depositing a thin film of e.g InAs, of a few monolayers, on an e.g GaAs 

substrate [Ustinov 2003]. Due to lattice mismatch of about 7 percent between the InAs and 

GaAs layers there is a large strain energy which relaxes by the formation of In(Ga)As islands 

on top of the GaAs substrate. Beneath the mixed In-Ga composition islands, forming the 

QDs, there is a InAs layer -few monolayers in thickness- relaxing partially by the formation 

of dots. Under current injection, carriers are relaxed into the QDs through this layer, which is 

called the wetting layer (WL).

1.8.2 Quantum Dots for optical amvlification/modulation/switchinz

In this chapter, an introduction has been made about the benefits of quantum confinement 

towards the improvement o f laser diodes performance. However, the unique properties that 

quantum-confined semiconductor shows can be also utilized to replace commercial erbium- 

doped fiber amplifier or other suggested rare-earth doped fiber amplifiers [Ohishi 1991] 

[Yamada 1998] with Semiconductor Optical Amplifiers (SOA). Bulk semiconductor
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amplifiers can fill the gap of wavelength bands not commercially covered by rare-earth doped 

fiber amplifiers, but provide large noise figure (NF) coming from the Amplified Spontaneous 

Emission (ASE) [Akiyama 2005]. By replacing the active material of a SO A with QW or QD 

the NF can be improved. Moreover, it has been reported that the use of QDs is advantageous 

compared to QW in SOA due to their high output power [Berg 2003] [Grundmann 2000], low 

noise figure [Komori 1991] [Berg 2003] and broad gain bandwidth with ultrafast gain 

response [Akiyama 2005]. The low-noise figure is due to reduced spontaneous to stimulated 

emission rate and the small waveguide loss that QD materials are exhibit. The fast gain 

recovery and high saturation output power is due to the fast carrier dynamics [Borri 2000] 

and to a combination of low ground state differential gain of QDs -where the differential gain 

is defined as the derivative of gain over the carrier density- and large energy separation 

between the ground, excited and WL states [Berg 2003] respectively.

However, for practical applications of quantum confined systems in SOAs an important issue 

is to have a control over the polarisation with aim to achieve a polarisation-insensitive light 

amplification. It follows that the control should be achieved over the polarisation of optical 

gain, which is determined by the band-edge of the quantum-confined material (see section

1.6). For QW and QD structures parameters such as the composition and strain are important 

to control the band edge. Polarisation-insensitive QW SOA has already been reported 

[Magari 1991] [Joma 1992] [Koonath 2002] by introducing tensile strain in the QW, 

therefore moving the hh- and lh- bands towards each other, as it is already mentioned in 

section 1.7. In the case o f QD material the TE polarised light is strongly absorbed by the dot 

compared to TM due to the shape and the biaxial strain induced in these structures. This is 

discussed and explained in more detail in section 3.3.1 of chapter 3. Nevertheless, by the 

growth of repeated close-spaced dot layers on top of each other, fabricating columnar 

quantum dots, the dot size and the biaxial strain distribution can be altered, so as either to 

provide polarisation-insensitive QDs as first proposed by Takashi Kita and his co-workers 

[Kita 2002] and recently demonstrated for 1.5-pm wavelength bands [Yasuoka 2008a], or 

QDs showing even a TM-dominant gain [Yasuoka 2008b].
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In QDs, the reduction of the dimensional confinement from 2-D to 0-D enhances further the 

electro-optic effects [Aizawa 1991]. Thus, the use of QDs in a new type of devices such as 

ultra-high speed optical switches [Nakamura 2002] and small low-energy consumption 

modulators [Qassaimeh 1998] [Tatebayashi 2007] [Moreau 2007] have been already 

proposed with aim to replace the bulk or QW active region of these devices. Moreover, in 

columnar-QD systems giant electron-hole dipole moment values are observed here and also 

have been reported in ref. [Krenner 2008]. An increase of the dipole moment value can cause 

a dramatic change in the refractive index variation with applied field [Yamamoto 1985], 

which is desired for applications in optical modulation/switching.

1.8.3 From Quantum Dots to Columnar-Quantum Dots

A) Closely-stacked Quantum Dot

Having introduced earlier, the idea of enhancing the laser performance by stacking multiple 

layers of QDs [Yu 1999] a great deal has been moved towards this direction. It has been 

found that when the intermediate layer between formed dot layers is reduced from 20 to 10 

nm the self-assembled QDs aligned in the growth direction [Sugawara 1999a]. This has been 

explained in terms of the strain fields induced by the islands formation of the first grown QD 

layer which results in a preferred direction of In migration in the upper layers [Xie 1995]. 

Therefore, In(Ga)As islands on the top layers are formed at the same spatial position as in the 

layers below. By reducing even further the intermediate layer, to the order of 2 or 3 nm, the 

close-spaced QD layers form a columnar-shaped structure [Solomon 1996a] [Ledentsov 

1996a] which was first defined by Yoshiaki Nakata as closely-stacked InAs islands [Nakata

1997]. The height o f the dot can be controlled through the intermediate layer thickness and by 

changing the growth conditions. At the same time the shape uniformity of the self-assembled 

dots is experimentally evidenced by the narrower width of luminescence emission 

(electroluminescence [Solomon 1996b] or photoluminescence [Ledentsov 1996b]) compared 

to that of one-layer QD materials. The emission is red-shifted with increasing number of 

closely-stacked QD layers and this is due to the quantum-mechanical vertical coupling of the 

QDs which occurs for vertical intra-dot space of less than 4nm according to ref [Fonseca

1998]. In the case o f coupling the wave functions of the vertical aligned dots are overlapping
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and the whole columnar-shaped structure can be considered as one QD. The above 

characteristics of stacked In(Ga)As QD are responsible for improvement in QD laser devices 

performance [Heinrichsdorff 1997] [Shoji 1997].

B) Columnar-Quantum Dot

However, closely-stacked QDs exhibit degradation in their emission efficiency due to the 

presence of many defect states formed during the growth process. This issue can be overcome 

by growing an intermediate layer of thickness less than the height o f the self-assembled InAs 

islands. Thus, the dots o f the upper layers are in physical contact with the dots of layers 

below, therefore forming a columnar-QD [Sugawara 1999a]. In this case, the thickness of the 

intermediate layer is less than lnm  (3 monolayers of GaAs). The columnar-QDs exhibit an 

improvement in the photoluminescence emission efficiency and at the same time show 

similar characteristics with those of closely-stacked QDs, such as high uniformity of dot 

shape and narrow photoluminescence emission spectrum. In addition, control over the dot 

height is possible via the number o f cycles of the thin InAs/GaAs superlattice [Nakata 2000] 

[He 2007] [Li 2007]. Low threshold current and high output power lasing emission from 

columnar-QD laser diodes has been reported [Mukai 1998].

1.9 Summary

In this chapter, I have outlined the background theory relevant to the understanding of the 

work illustrated in the following chapters. I began in first section by giving an insight into the 

aims and the motivation, which lies behind this thesis work. Then, in section 1.2 I described 

the basic thesis structure. The following sections from 1.3 to 1.7 form an introduction to the 

basic laser theory. This includes an analytical description of well known values of transition 

matrix elements for QW systems and a brief introduction to strained layer QW structures. In 

the last section 1.8 I reviewed the historical development of QD lasers and I discussed issues 

related to the performance o f these structures. Finally, in the last section, a brief introduction 

to closely-stacked and columnar-QD materials has been given.
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Chapter 2-Device characterisation techniques

2.1 Introduction

In this chapter details about the methods and the experimental apparatus used to characterise 

the set of InAs/GaAs columnar-QD materials, are described. Most o f the experimental 

apparatus used were pre-existing. However, improvements and alterations are mentioned with 

the present chapter to describe how the data was obtained and processed so as to reveal the 

required information about the materials studied.

I begin, in the first section 2.2, by introducing the type of laser diode structures used for 

obtaining experimental data. Then, I describe techniques used to validate and acquire data 

associated with current-voltage-light diode characteristics.

In section 2 .3 ,1 review the main characterisation experiment used in this thesis that measures 

light absorption by the laser diode with respect to the photon energy. The chapter 

concentrates on the information that can be extracted by using polarisation-selective edge 

photo-absorption spectroscopy in comparison with other experimental approaches. This is 

shown by measurements on compressive and tensile strained GalnP/AlGalnP QW materials 

which are further used to briefly discuss the polarisation-dependent response of the 

experimental set-up. The expected behaviour of these materials is known and they are used in 

order to verify a suggested method in chapter 3 so as to remove the relative system 

polarisation response from the measurements in order to study the fundamental light 

interaction with columnar-QD materials in chapter 4.
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2.2 Device preparation and Current-Voltage-Light (1VL) measurements

2.2.1 Device processing and preparation

The materials studied in this work form two groups of structures:

L GalnP/AlGalnP QW structures with a 50pm wide oxide-isolated contact stripe, emitting at 

633nm, are used to establish the new technique. This type of laser structure is sketched in 

figure 2.2.1. In the middle of the top contact a 50 pm wide area of insulating oxide layer, 

sketched graphically beneath the p-metal contact, is removed prior to metallisation. 

Therefore, the area formed by the stripe defines the path in which carriers are injected into 

the active region. The laser diodes are cleaved typically into a square 300 x 300 pm chip. 

Also, oxide-isolated stripe structures of high-performance InAs/GaAs QD emitting at 1.3pm- 

grown in Sheffield’s ESPRC National Centre for III-V Technologies- were used in this thesis.

Oxide stripe laser diode

P-metal contact

Oxide insulator

P-doped GaAs

Active region & waveguide 
N-doped GaAs substrate 
N-metal contact

Figure 2.2.1: Schematic diagram of an oxide-isolated stripe laser diode.

2. Ridge-waveguide (RW) InAs/GaAs columnar-QD structures are illustrated in figure 2.2.2. 

The ridge provides one additional dimension of wave-guiding compared to that of oxide 

stripe laser diode. The wave-guiding is applied not only in the growth direction but also in the 

growth plane and parallel to the laser’s facet due to the effective index change in this 

direction. For very narrow ridge widths in the order of only a few microns the RW laser diode 

can support a single lateral wave-guided optical mode.
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The RW structures studied in this thesis were grown and processed by Dr. Liahne Li and 

Philipp Ridha respectively at the Swiss Federal Institute of Technology Lausanne (EPFL). 

The ridge width was varied from 10 to 120pm and was formed by etching the p-side of the 

material into the waveguide area (p-doped AlGaAs) to 200nm above the active region [Ridha 

2008a], which consist the GaAs barrier material and the quantum-confined area. The P-metal 

contact is deposited only at the top of the ridge waveguide and the remaining area is covered 

by a dielectric polymer, benzocyclobutene (BCB), to ensure electrical insulation and to 

provide a desired refractive index difference in the lateral direction for improving the 

properties of the wave-guiding. The devices used for edge photo-current measurements were 

2 mm long and for laser measurements 3 mm and 4 mm long.

Ridge-wave guide laser diode

P-metal contact 
BCB
P-doped GaAs
Active region & waveguide

N-doped GaAs substrate 
N-metal contact

Figure 2.2.2: Schematic diagram of a RW laser diode.

All the structures were grown on an n-type substrate and the active region is lying close to the 

p-contact. The devices are mounted onto a copper heat sink attached to a TO-39 transistor 

header by using silver epoxy. Before gold wires are attached to the top contact of laser chips 

for electrical current injection the devices are examined in the microscope for any visible 

mirror or general structural imperfection which can increase the optical losses, and therefore 

the laser threshold current density. The device characteristics are always measured pulsed in 

low duty cycle regime to avoid self-heating effects which can affect the laser performance. 

The pulse width used in every measurement is 500 ns and the pulse frequency is 1 kHz, 

giving a duty cycle of 0.05%.

33



Chapter 2 -  Device characterisation techniques

2.2.2 Current-Voltage (I-V) characteristics

j ____________ L

Boxcar Integrator 
IP V

Pulse Generator —
Current
stepper

I

i i sample

Figure 2.2.3: Experimental set-up for measuring IV characteristics.

The apparatus -sketched in figure 2.2.3- is used to measure the Current-Voltage (IV) 

characteristics of the devices and is pre-existing together with a suitable computer program. 

A pulse current is injected into the tested sample through a current stepper controlled by the 

computer. The PC monitors the current and the voltage amplitude through the boxcar 

integrator. The boxcar is used to obtain sample in time readings of the voltage and current 

pulses using gates, where the width of the gates defines the time over which the readings are 

taken. The signal is averaged over many gates so as to obtain low signal to noise ratio 

measurements. Then the output signal is sent to the PC, where the readings are saved in a file.

An example of the IV characteristic of a columnar-QD device is illustrated graphically in 

figure 2.2.4, where by inversing the diode direction of figure 2.2.3 (earth the p-type instead of 

n-type region) reverse bias current values were obtained as well. The minimum current 

measured value is 0.1mA. The computer program is adjusted to stop increasing the reverse 

bias value for values of current higher than 0.3mA for the case of reverse (negative) bias
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measurements. Therefore, current measurements with respect to negative voltage values are 

obtained before the breakdown voltage point [Neamen 1997] is reached. After this point the 

current amplitude will increase rapidly.

250-.

150-

100 -

50-

3-12 ■9 3 0 6-6

Voltage (Volt)

Figure 2.2.4: Reverse and forward bias IV characteristic of CQD sample.

Apart from, the importance o f forward bias IV characteristic measurements which indicates 

any electrical contact problem, -i.e Ohmic- instead of diode-like curve- caused during the 

device processing or the device mounting, it is important as well to know if  there is any 

current leakage path for devices under reverse bias. If this is the case then the samples are 

unsuitable to be used for the Quantum-Confined Stark Effect (QCSE) measurements of 

chapter 4. All the columnar-QD tested samples had good rectifying properties with reverse 

current amplitude less than 0.3mA for voltage values up to -10 or -12 V. Photo-current 

measurements were obtained only for reverse bias values corresponding to a current less than 

0.3 mA according to the I-V characteristic. For the standard QD sample this limit was 

reached for a value o f -9 V.

35



Chapter 2 -  Device characterisation techniques

2.2.3 Current-Lizht (1-L) characteristics

The apparatus in paragraph 2.2.2, with an addition of a photodiode, has also been set-up for 

measuring light characteristics of laser diodes. However, because of the dual-polarisation 

nature of light emission from the extremely high aspect ratio columnar-QD (studied in 

chapter 4) the use of a polariser is required and this is not possible with the experimental set

up shown in figure 2.2.3. Also, with the experimental set-up which is described in the 

following text the near field emission and the light spectrum can be recorded by any data 

readings taken during the experiment. The experimental set-up was initially designed by Dr. 

Craig Walker and since then it has undergone improvements of the optics, electronics, the 

computer’s matlab code and the translation stage which is specially designed by Deepal 

Naidu for a precise device alignment allowing six independent degrees of freedom. The 

sample is housed within a cryostat allowing measurements to be taken down to 200K. The 

cryostat is mounted on the translation stage and the light emitted by the sample is coupled 

into the slits of a spectrometer through a micro-lenses array which collimates and focuses the 

light. Before light reaches the spectrometer’s input slit a polariser is used to select between 

the two orthogonal polarisations, TE or TM. From the spectrometer’s output slit the light is 

collected by a Xenics XEVA-126 camera consisting a 2-D 256x320 InGaAs array of pixels 

which allow the near field and light spectrum to be recorded simultaneously, as shown in 

figure 2.2.5.

3000-1

800-
2500-

l 2000 -3  600- 
cd

1500-

tZ  1000-

500-

1050 1100 1150 1200 1250 1300 1350 100 150 2000 50 250
Wavelength (nm) Pixels number

Figure 2.2.5: (a) Light spectrum and (b) near field emission -along the x-axis- 

from a lasing InAs/GaAs QD device (see diagram 1.6.1 in page 21, where the 

xyz-axes are defined).
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The threshold current density is obtained from measurements of light output versus current 

(LI) (figure 2.2.6(a)). Figure 2.2.6(b) demonstrates a light spectrum at threshold; at the point 

where the spontaneous emission is clamped (definition as appears in ref. [Coldren 1995]) and 

stimulated emission starts to take over rapidly, increasing when this point is passed. A light- 

current curve is reproduced in figure 2.2.6(a) where the point of threshold is determined by 

extrapolating the LI curve back to the zero light axes. However, the determination of 

threshold by monitoring the light spectrum when manually increasing the current pulse 

amplitude is also considered to be fairly accurate and agrees well (within an error of 

±1.5 A/cm ) with the value extrapolated from the LI curve. An example o f the light spectrum 

at threshold, is illustrated in figure 2.2.6(b) and shows the point where an ultra-narrow 

emission peak appears within the broad spontaneous emission spectra, increasing further 

rapidly with even a small increase in current amplitude, corresponding to stimulated 

emission. The error in the estimation of threshold current density is considered to be 

approximately ±1.5A/cm , including the accuracy in which the current amplitude and the 

length/width of the laser diode can be determined.
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Figure 2.2.6: A graphical example of threshold current density estimation by 

either (a) plotting the LI curve or (b) retrieving the light spectrum at threshold 

for an InAs/GaAs quantum rod laser diode at 200K.

A second experimental set-up is used to measure the light intensity in mW (power), at room 

temperature. The device is mounted in a translation stage having 4 degrees of freedom; one 

rotational and other three in X, Y and Z-axes. The emitted light passes through a polariser
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and is focused by a x40 micro-lens into the entrance of an integrated sphere calibrated to 

measure low-power emitting laser diodes. The light emission is converted in mW by using as 

a reference measurement the light emission when the device is set direct into the integrated 

sphere (i.e without using lens or polariser).

2.3 Edge photo-absorption spectroscopy

2.3.1 Introduction

In this section, photo-absorption spectroscopy is used to identify electronic transitions 

associated with the component materials of the studied semiconductor laser diodes. In 

general, edge photo-voltage or photo-current spectroscopy can be applied in any waveguide 

P-N hetero-junction laser diode where the photo-generated electron-hole pairs are separated 

by the junction field, inducing external photo-current amplitude. Thus, the experiment 

described in this section should have general applicability. By performing polarisation- 

selective edge photo-voltage spectroscopy, information about the magnitude and the type of 

strain -induced in the structure- can be extracted [Mogensen 1997a], which is not trivial to 

obtain with normal-incident photo-voltage spectroscopy, where the light incidents at the top 

of the device at the growth direction of the semiconductor. Then, follows an extended 

introduction on edge photo-voltage spectroscopy applied on compressive- and tensile- 

strained GalnP/AlGalnP QW materials, with a well known behaviour, so as to use them to 

verify a method which is suggested in chapter 3 in order to remove any polarisation- 

dependent feature o f the experimental set-up from the actual measurements. Then this 

method is used in chapter 4, where the polarisation properties of an InAs/GaAs standard QD 

and for a set o f columnar-QD materials -grown by a new approach- are studied.
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2.3.2 Experimental set-up

The experimental set-up outlined in figure 2.3.1 is implemented for both Edge Photo-Voltage 

Spectroscopy (E-PVS) and Edge Photo-Current Spectroscopy (E-PCS) depending on the 

impedance of external circuit set-up. The apparatus was pre-existing and it was constructed 

by Paul Mogensen [Mogensen 1997b]; however, a few changes in the computer code 

improved significantly the Signal to Noise Ratio (SNR) enabling data to be taken for cases 

where the signal is extremely low. Also changes of the monochromator set-up, which are 

mentioned in appendix A, allow using the experiment efficiently for measurements in a wide 

range of wavelengths.

Dark box
Input & Output slits

tube Micro-lens
Laser diode

Halogen
lamp
house

HDMonochromator

polarizer

chopper

tube (light collimation)
Translation stages

Chopper Driver Lock-in amplifier

Figure 2.3.1: Experimental set-up for photo- absorption measurements.

The light source of configuration in figure 2.3.1 configuration is a 150Watt Halogen lamp 

operating at 24 V. The characteristic emission of the Halogen lamp contains all the 

wavelengths of light spectrum from visible to near-infrared (higher than 10% of the peak 

irradiance value for a wavelength range of 400nm to 2450nm) with peak irradiance at 880nm.
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The lamp is followed by an optical chopper which modulates the light at a tunable and 

controllable frequency being 139Hz for all the measurements described here. The chopper is 

connected with a lock-in amplifier (phase-sensitive detector) and the frequency of the optical 

chopper is used as a reference in the detection of the photo-generated signal.

A monochromator and a polariser, following the chopper, are used to select light of specific 

wavelength and polarisation respectively. An array of two optical lenses collimates the output 

monochromatic light before reaching the polariser. The polariser is used to select either 

Transverse Electric (TE) or Transverse Magnetic (TM) for light polarised parallel or 

perpendicular to the growth plane of the semiconductor respectively. The polarised light rays 

reach the edge of the photodiode sample, after being focused by a xlO micro-lens, and get 

wave-guided inside the sample. Both the lens and sample are mounted on two Cartesian xyz- 

translation stages with the one holding the sample, to have three additional rotational degrees 

of freedom through all three axes allowing the waveguide device to align directly with the 

incident light. In the above experimental configuration the light is guided through closed 

tubes connecting all the parts o f the apparatus, and the illumination of the sample takes place 

inside a dark box so as the whole system to stay unperturbed of any ambient light. A 

computer controlled stepper motor rotates the angle of the monochromator grating to select 

the output wavelength. The computer is also connected with the lock-in amplifier so as to 

record the signal data output by using a suitable computer program.

The output signal o f the lock-in amplifier (LIA) is either the measured value of the voltage 

drop across the photodiode (sample) -applying E-PVS- by assuming that the external circuit 

impedance is high enough to ensure that the junction is operating under open-circuit 

conditions (Itot^0-see section 1.4.2), or is related to the amplitude of current flows external to 

the photodiode under short-circuit conditions (V~0), therefore E-PCS is applied. A schematic 

representation o f both set-ups is shown in figure 2.3.2. For photo-voltage measurements the 

signal is detected from measurement of voltage drop across the diode (sample) by connecting 

the sample with the high-impedance input of LIA. The LIA has also a built-in amplifier, 

which effectively has zero input impedance and hence by connecting the sample with this 

input no voltage is generated across the device as a result o f the photo-current. Therefore, the
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latter LIA output is used for photo-current measurements, where in this case a field across the 

diode can be applied externally in order to obtain field-dependent photo-current 

measurements.

Photo-current

s —t
+

I 1.

_ _  j ____i sample

i,

Photo-voltage

I ^  0

LIA LIA
Pre-amplifier input High impedance input

( Z ~ 0 ) (Z » 0 )X
Figure 2.3.2: Circuit diagrams illustrating the set-up under which the photo-induced 

signal is corresponding to photo-current or photo-voltage. In the case of photo-current 

circuit set up an adjustable field can be applied across the laser diode.

For low-temperature photo-current measurements described in chapter 3 the above apparatus 

is adjusted. The sample is housed within a cryostat which allows measurements to be taken 

down to 120K. For this reason a different translation stage used to hold the cryostat -  

designed and kindly provided to me by Stella Elliot- having the same degrees of freedom 

with those of the stage used in room temperature experimental set-up. Instead of using the 

dark box the whole apparatus is placed within a dark room to ensure isolation from any light 

signal interference.
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2.3.3 Edge and normal-incident spectroscopy

PVS in semiconductor devices can be obtained by light of normal incidence [Blood 1985] or 

by light incident on the edge (E-PVS) [Mogensen 1997a] [Smowton 1996] [Liang 2002] of a 

laser waveguide device. The geometry of incident light and the experimental configuration 

for both spectroscopic techniques is sketched in figure 2.3.3. Both techniques can be used to 

determine the energy gaps of the semiconductor materials and identify the sub-band energy 

transitions in quantum confined structures. However, in light of normal-incidence PVS the 

polariser can be used only to alter the direction of the electric field in the semiconductor 

growth plane, but not in the growth direction, therefore light has only TE polarisation 

components, being TEX or TEy with electric field direction at x- or y-axis respectively.

In c id en t light

E d g e  - PV S

Figure 2.3.3 Configuration for edge- and normal- light incident PVS showing possible 

orientations of light electric field for both techniques. The active region is the dark sketched 

area of a typical waveguide laser diode, with the dark colour scale to show the refractive 

contrast between the different layers. The darker in the middle has the higher refractive 

index to support light wave-guiding.

42



Chapter 2 -  Device characterisation techniques

In E-PVS by altering the polariser angle both TE and TM polarisations are obtained. 

Therefore, the advantage of E-PVS compared to normal- incidence PVS is that the first can 

be used to distinguish heavy-hole (hh) from light-hole (lh) type energy transitions [Smowton 

1996] due to selection rules associated with the coupling of different light polarisation to 

these transitions in a QW material (see section 1.6). Light polarised in the growth plane of a 

semiconductor (TE-polarisation) interacts both with lh and hh transitions having though 

stronger interaction in the latter case. TM polarised light can only interact with lh transitions.

2.3.4 Measurements on compressive and tensile strained InGaP Quantum Well systems

The electronic and optical properties in two different types of strained GalnP QW structures 

operating at 633 nm have been thoroughly analysed by Smowton et al. [Smowton 1996]. The 

material structure o f the investigated laser diodes is shown in figure 2.3.4. By altering the In 

composition of the GaxIni.xP layer it is possible to control the lattice constant o f the QW 

material. Thus, the lattice constant can be smaller or larger than that o f the surrounding 

material (Alo.6Gao.4)o.5lno.5P inducing tensile or compressive strain in the QW layer 

respectively. However, by both varying the In composition and the width of the QW layer the 

energy sub-bands in the QW are tailored properly to design different type of strained GalnP 

QW emitting at similar wavelengths [Smowton 1996]. Following an early discussion (section

1.7) the lh-hh energy sub-bands position and ordering depends upon strain. Therefore, a 

difference in the optical properties of these laser diodes is also expected. Polarisation- 

selective E-PVS is a suitable technique for investigation of such properties.
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Figure 2.3.4 Material structure of InGaP QW where the degree 

and the type of strain (compressive or tensile) is determined by the 

well In composition.
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Figure 2.3.5 TE and TM polarisation edge photo-voltage spectra for (a) 

compressive and (b) tensile strained GalnP QW laser structure.
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The measured photo-voltage spectra for TE and TM light, obtained by rotating the polariser, 

are shown in figure 2.3.5. At the sub-band edge of a QW TM polarised light only interacts 

with the lh-subband, whereas the TE polarised light interacts with both lh and hh sub-bands. 

So, in the case of the compressive strained InGaP QW sample (figure 2.3.5(a)) the lowest 

energy absorption feature o f the TE spectrum is associated with the electron-hh (e'-hh+) 

transition and the lowest energy TM absorption edge with e'-lh+ transition. The latter also 

makes a small contribution to the TE response. In figure 2.3.5(b) the lh- and hh- sub-bands of 

the tensile strain QW are indicated with different order than that o f figure 2.3.5(a). The 

lowest absorption feature is associated with e‘-lh+ transition because it appears for TM 

polarised light. The absorption feature at higher energy (2.25 eV) for both samples occurs at 

the same energy for both TE and TM polarisation and this is associated with the bulk 

waveguide core material where the light- and heavy-hole valence bands are degenerate.

However, the magnitude of the interaction of light with bulk material does not depend upon 

the polarisation and the difference in the TE and TM response from the waveguide core is a 

consequence of the experimental arrangement due to polarisation dependence o f the output to 

the monochromator. It follows that the relative TE and TM photo-voltage response of the 

QW is not a direct measure of the relative strength of the interaction of lh and hh transitions 

with polarised light. In the next chapter, a method to calibrate the relative polarisation 

response is described and verified by application to these compressive and tensile strained 

GalnP QWs, where the polarisation response is well known. Then in order to identify the not 

well known fundamental interaction of light with electronic states o f varied aspect ratio and 

In composition InAs/GaAs quantum dots, described by the transition matrix element, the 

particular method is applied.
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2.3.5 Photo-current, photo-voltase and photon flux linearity

In this paragraph, both edge photo-current & photo-voltage measurements are taken at the 

same time to show proportionality between the two spectra. Therefore, the suggested 

technique which is explained in detail in chapter 3 can be applied to either photo-current or 

photo-voltage measurements.

The induced photo-current signal amplitude is proportional to the incident light irradiance

(photon flux) (see eq. 1.4.7-page 16) and is related to the photo-voltage signal via the
qvoc

exponential term qV0c/kT  as appears in equation 1.4.6, IP =  70( e w  — i ) ? in where the 

short-circuit photo-current amplitude IP is associated to the open-circuit photo-voltage 

amplitude Voc. However, for low photo-voltage amplitudes [Blood 1985] where qV0C «  KT, 

the current-voltage relation is taken to be linear which in turn determines a linear relation 

between the photo-voltage amplitude and photon flux.
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Figure 2.3.6 Photo-current (purple line) and photo-voltage (deep green) spectra of 

compressively strained GalnP QW.
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To indentify the relation between the two photo-induced quantities together E-PVS and E- 

PCS are applied for the compressive strained GalnP QW and the results are shown in figure 

2.3.6, where for clarity the two spectra are normalized in similar signal amplitude. The ratio 

of the two photo-induced spectra is displayed in figure 2.3.7, where it is found to have a 

constant value o f 65, being deviated from this value by 5.6% for the whole photon energy 

range. This small deviation is considered to be in the level of noise o f the obtained data.
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Figure 2.3.7 Ratio of photo-current to photo-voltage spectra.

2.4 Summary

In this chapter, I have described in detail the experimental methods together with 

improvements and alterations undergone in order to use them for characterisation of the 

InAs/GaAs columnar-QD materials.

I began in section 2.2 by describing the two different types o f laser structures used in this 

thesis; an oxide-isolated 50pm wide contact stripe device of either a compressive or tensile 

strained GalnP QW material and a RW-geometry laser diode of InAs/GaAs columnar-QD 

material. I have described the experimental set-up used to test the samples, before using them
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in any other experiment, by obtaining a full range o f reverse and forward bias I-V 

characteristics. Then, I introduced the experimental procedure in which the near field 

emission, the light spectrum, and the threshold current density are obtained in order to 

identify the emission properties of extremely high aspect ratio columnar-QD device with 

respect to temperature. Room temperature threshold current measurements where the light 

output measured in mW are also obtained by an experimental set-up assembled by myself. 

All the above experiments are performed in pulsed mode and at a low duty cycle.

In section 2.3 I described in detail the apparatus used to perform edge photo-absorption 

spectroscopy. The advantage of polarisation-selective edge light incidence photo-absorption 

spectroscopy over that of normal light incidence was analysed. Then, I described how 

information about the different type of e-h transitions is obtained, by applying E-PVS in two 

compressive and tensile strained GalnP QW structures, in order to identify the type of strain 

induced in these structures. Next, I analysed briefly the polarisation-dependent response of 

the experimental set-up which affects the polarisation-selective photo-absorption 

measurements.

48



Chapter 3 -  Polarisation properties and characteristics of Quantum Dots

Chapter 3-Polarisation properties and characteristics of 
Quantum Dots

3.1 Introduction

In this chapter a new method is suggested to directly measure the polarisation dependence of 

the light-matter interaction using edge photo-absorption spectroscopy by correcting for 

polarisation-dependent features of the experimental system.

I begin, in the first section, 3.2, by illustrating the polarisation-dependent response of the 

edge photo-absorption spectroscopy experimental set-up by introducing a new experimental 

configuration. I then describe a technique which calibrates the relative polarisation response 

in order to obtain the ratio o f the fundamental TE/TM optical response o f a quantum-confined 

system from the measurement o f the polarisation dependence of the edge photo-absorption 

spectrum. This is followed by a validation of the method described here by application to 

compressive and tensile strained InGaP QW structures in order then to apply it to a set of 

columnar-QD materials, of varied aspect ratio and In composition, with aim to study the 

effect that dot shape and In composition have on the polarisation properties.

In section 3.3, I use the method of section 3.2 to derive the relative TE over TM optical 

response of an InAs/GaAs QD DWELL material. At the end of this section temperature and 

field-dependent photo-current spectroscopic measurements are performed for the standard 

QD, which is used as a reference sample to study the CQSE of columnar-QD materials in 

chapter 4. Then, I discuss the escape mechanisms under which the photo-generated carriers 

contribute to the overall electrical signal and useful conclusions about the nature of the photo

current signal are drawn.
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3.2 Polarisation response of quantum-confined structures

3.2.1 Edse Photo-Voltase Spectroscopy: Polarisation-dependent system response

The polarisation dependent system response of edge photo-absorption set-up is illustrated 

further, with respect to paragraph 2.3.4 of chapter 2, by introducing a new experimental 

configuration in figure 3.2.1 where the orientation of the device-polariser relative to the 

monochromator’s output slit is changed by 90°.

h

Monochromator’s Polariser 
output slit

Laser diode

P o la r is e r : a  o r  b  

S a m p le : h o r  p

P o la r isa tio n I I I

TE a + h b + p

T M b + h a + p

Figure 3.2.1 Schematic diagram of the experimental system illustrating relative orthogonal 

orientations of the slit of the monochromator, the electric field vector of light transmitted by the 

polarizer (a and b) and the plane of the waveguide and QW of the device (h and p). The relative 

position of the device (/?:perpendicular and ^horizontal) and polariser position (a and b) determines 

the TE or TM polarisation.
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Light emerges from the vertical slit of the monochromator onto the polariser which may be 

oriented such that the electric field vector is horizontal or vertical relative to the slit (denoted 

by a and b respectively). The sample is effectively a 50 pm wide waveguide which collects 

light from a width of about 0.5 mm and it may be oriented with the plane of the waveguide 

and well in a horizontal or perpendicular vertical alignment relative to the slits (denoted by h 

and p  respectively). The interaction of light with the well system is defined by the 

polarisation relative to the plane of the QW, and the TE and TM configurations for horizontal 

and perpendicular sample orientations are shown in figure 3.2.1. The TM polarisation 

measurements according to figure 3.2.1 were obtained by setting the polariser at position b or 

a for a horizontal or perpendicular device orientation. In a similar way the TE polarisation 

measurements were taken by setting the polariser at position a when the device is horizontal 

or by rotating both the device and polariser by 90° (polariser position b -  device orientation 

perpendicular).

h + b TM-polarisation

p+a>
CL

1.8 2.0 2.2 2 .4 2.6

TE-polarisation
h+a3

CO

p + b

2.01.8 2.2 2 .4 2.6
Photon Energy (eV)

Figure 3.2.2 TE (red-colour) and TM (blue-colour) polarisation edge photo-voltage spectra of 

the compressive strain GalnP QW obtained with different orientations of the sample and the 

polariser relative to the monochromator. The dashed line refers to horizontal device position and 

the solid line to perpendicular.
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The spectra of figure 3.2.2 which are obtained by taking all four possible combinations of 

polariser and sample orientation with respect to monochromator-light source show that the 

photo-voltage signal response is different for spectra corresponding to the same TE or TM 

polarisation but different sample orientation (h&p). As was mentioned above this is an 

artefact of the experiment resulting from two contributions to the overall polarisation 

behavior of the system. When the polariser is rotated, the spectrum of light incident on the 

sample edge changes due to the partial polarisation o f light by the grating of the 

monochromator. In the case o f sample rotation, keeping the polariser in a fixed angle, the 

coupling of light into the waveguide is changed by the geometrical orientation of the narrow 

monochromator slit and the flat waveguide. Both of these effects are eliminated by taking 

measurements for all four combinations of polariser and sample orientation. In paragraph

3.2.3 a new method is described for characterising the interaction of light with the electronic 

structure o f the quantum-confined system itself by removing any o f these experimental 

artifacts.

3.2.2 Calibration technique

Considering the proportionality o f the photo-voltage amplitude to the incident photon flux 

(section 2.3.5) an equation for the obtained signal is derived by adding a few terms which 

contribute to the overall photo-voltage signal. These terms are defined as follows:

The factor S(A, a  or  /?) represents the dependence of the photon flux, incident on the sample, 

on the orientation o f the polariser relative to the slits and incorporates the spectral output of 

the lamp and the monochromator system; therefore it is wavelength dependent. The terms a 

and p  refers to the position of the polariser as is shown in figure 3.2.1. The next factor 

C(p or h.) represents the geometrical coupling of light into the QW and waveguide and 

depends on the orientation of the sample with relation to slits. This may be weakly dependent 

on wavelength, but wavelength dependence o f the ratio of this factor for the two different 

device orientations does not affect the outcome o f the analysis below. The rate of the photo

generation o f carriers is expressed by the term G(TE or TM) and depends on the relative
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orientation of the electric field vector and the sample. This quantity is fundamental and 

therefore important as in the analysis below it is considered to be proportional to the 

transition matrix element (Mr), which denotes how strongly the light interacts with matter. 

Subsequently, an effort to explore the term G(TE or TM ) or the ratio of the two generation 

rates G(TE) and G(TM) allows finding the true response of the semiconductor device for the 

whole photon energy range. In addition, a fraction of light incident on the semiconductor is 

not waveguided inside the device because it is reflected and this is denoted by a reflectance 

factor r(A), which is assumed to be in some extent polarisation-independent. Thus, a term 

1 — r(A) should be added in the equation defining the photo-voltage amplitude and 

represents the light that is transmitted inside the waveguide.

Considering all these contributed factors the E-PVS spectra obtained for all possible 

orthogonal combinations of the position of the device and the polariser can be represented by 

a set of four equations

r  Vh (A, TE) *  (1 -  r(A))C(h)S(Z, a)G(TE)I,„  (A) (a)
polariser rotation <

r  [_ Vh(X,TM)  *  (1 -  r{X))C(h)S( l ,p )G(TM )lm {X) (b)
sample rotation -<

L f  Vp(X,TM)  a  (1 -  r(X))C(p)S(A,a)G(TM)IlN(X) (c)
polariser rotation -<

Vp(X,TE)  =  (1 -  r(X))C(p)S(X,(3)G(TE')Iin (A) (d)

Equation 3.2.2

where the indices p  and h refer to the device position relative to the slits and I  in represents 

the magnitude o f the incident photon flux on the polariser. From these equations the ratios of 

the polarisation sensitivity factors 5 (a)/S (/?) and geometry factors C(p) /CQ i) at a given 

wavelength are given by

5 (g ) ( V P ( T M )  V h ( T E ) V / 2

S Q 3 )  \ V h ( T M )  X  V p ( T E ) J

Equation 3.2.3

and
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C(p) / VP(TE) VP(TM )\ 1/2
C(h) \V h( T E ) X Vh(TM)J  ’

Equation 3.2.4

By dividing equations 3.2.2(a) and (b), the relationship between the TE and TM E-PVS 

signals for the same sample orientation is

, N G(TE) 5 (a )  ,  N

Equation 3.2.5

The ratio 5 (a )/5 (/? )  is known from eq. 3.2.3, so the ratio of the generation rates for TE and 

TM polarised light is derived from the measured photo-voltage signals using eq. 3.2.5. It is 

also valuable to plot the TE and TM photo-voltage signals on the same relative scale. Thus, 

the quantities

Vh,cai(JM)= J ^ x V h(TM) (a)

&

Vh.cai(JE) Vh(TE) (b)

Equation 3.2.6

of eq. 3.2.6 (a) and (b), derived from eq. 3.2.5, represent the measured signal Vh cai(TM) (or 

VhiCai(TE')) calibrated to the same spectral output of the source as the Vh(TE) (or Vh(TM)) 

signal. The generation rate ratio G(TE)/G(TM) can then be derived from eq. 3.2.5 and 

3.2.6(a) as follows

G(TE) Vh(TE)
C(TM) Vhcal(TM)

Equation 3.2.7

Having already connected the generation rate to the matrix element it is possible through eq.

3.2.7 to determine the relative response of the semiconductor device to different light
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polarisations -TE and TM- by determining the ratio of the matrix elements Mt (TE) /  

Mt (TM). These ratios are known ratios for bulk and QW materials (see chapter 1.6) and 

should be verified using this new experimental approach.

3.2.3 Avvlication to InGaP Quantum Well structures

Bulk Quantum-Well

polarization C-HH C-LH C-HH C-LH

TE 1/3 1/3 1/2 1/6
TM 1/3 1/3 0 2/3

Table 3.2.1 Magnitude of transition matrix element \MT\2/\M\2 for different transitions 

and polarizations in bulk and quantum well (QW) structures . The values for the QW are 

only valid at the band-edge energy of the transitions and for small values of k  -vector, 

due to band-mixing effects (table taken from [Coldren 1995]).

To test the validity o f the methodology set out above, measurements on the tensile and 

compressive strained GalnP quantum well laser structures are carried out knowing that the 

lowest conduction band (cb)- valence band (vb) transitions are o f different type for these two 

samples, being lh- and hh- type for the compressive- and tensile- strained structure 

respectively. It is expected the calibrated relative response -given by the ratio G(TE')/G(TM') 

o f eq.3.2.7- in each case to be determined by the ratio of the transition strengths underlined 

by the value numbers of table 3.2.1 (described earlier in figure 1.6.1).

Figure 3.2.5(a) (or (b)) shows the TE (or TM) photo-voltage spectra together with the 

calibrated TM (or TE), using eq. 3.2.6(a) (or (b)), to the same spectral response as that of the 

TE (or TM) spectra. Note that the individual spectra in figure 3.2.5 do not represent either the
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true absorption spectra or the generation rate spectra because the signal magnitudes contain 

the variation in the spectral output of the system, S(A,a or /?) and the photon flux, however 

their relative magnitudes have been corrected by eq. 3.2.6 such as their ratio at each 

wavelength should represent the ratio of the generation rates. For both samples the E-PVS 

signal in the vicinity of 2.3 eV corresponding to bulk waveguide material is the same for TE 

and TM polarisation, in agreement with the values of table 3.2.1. At the absorption edge of 

the quantum well the ordering of the TE and TM signals is reversed for the compressive and 

tensile strained samples as expected.

(a) (b)
C om pressive strained QW TE polarisation 

TM polarisation
C om pressive strained QW TE polarisation 

TM polarisation

>
Q.

Tensile strained QW Tensile strained QW

3
>
Q.

—I
2.51.9 2.0 2.1 2.2 2.3 2.4 1.9 2.0 2.1 2.2 2.3 2.4 2.5

Photon Energy (eV) Photon energy (eV)

Figure 3.2.5 Photo-voltage absorption spectra for the compressive and tensile strained 

QW samples for a horizontal sample orientation, where in (a) the TM polarisation 

spectra are calibrated with respect to TE and in (b) the TE spectra are calibrated with 

respect to TM.

The ratio of the TE over TMcai spectra is the generation rate ratio G(TE)/G(TM),  given by 

eq. 3.2.7 and plotted in figure 3.2.6. A TM signal originates only from the e'-lh+ transition, 

and since for the compressive sample -figure 3.2.5(a)- the signal at lowest energy is obtained 

for TE polarisation this corresponds to the conduction band-heavy hole (cb-hh+) transition 

(table 3.2.1) and the generation rate ratio is large, of the order of ten. Theoretically the table 

indicates that this ratio should be infinite, but due to the resolution of the monochromator and 

the fact that the light is focused onto the edge of the sample and not precisely normal to it, 

therefore there is a measured response at the cb-hh+ transition with light of nominal TM 

polarisation, so this signal is not “zero”. In the case of the tensile strained structure, figure
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3.2.5(b) shows the lowest transition to be for TM polarisation and this is uniquely associated 

with the cb-lh+ transition. The TE/TM ratio for the tensile strained QW in figure 3.2.6 has a 

minimum value of 0.24, which is close to the ratio of 0.25 predicted for the cb-lh+ transition 

in table 3.2.1. At photon energies above both sub-band edges the signal is due to both cb-lh+ 

and cb-hh+ transitions and table 3.2.1 shows that the sums of the TE and TM absorption 

strengths are equal giving a generation rate ratio of unity as shown in figure 3.2.6. The 

contrast in the generation rate ratios for compressive and tensile strained samples is in 

agreement with the predictions of table 3.2.1.

10-.

8 - Compressively strained QW 
Tensile strained QW

6 -

4 -

2 -

0.24
1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6

Photon energy (eV)

Figure 3.2.6 True TE/TM ratio for compressive (black line) and tensile (red line) 
strained InGaP QW.

Further confirmation of this new experimental approach is obtained by examining the 

behaviour of the geometry ratio C(jp)/C(K) and the system ratio S ( a ) / S (/?) obtained from 

the experimental data using equations 3.2.4 and 3.2.3 respectively. These ratios are shown in 

figure 3.2.7. Plot (a) shows that the geometrical factor has a constant value of about 4. 

According to the definition of the geometrical coupling factor C(p or K) the ratio C(p)/C(h) 

should be independent of wavelength having a constant value. This value should be greater 

than one and this can be attributed to the vertical shaped aperture of the monochromator’s 

slits where in the case of the perpendicular device orientation the area of the edge of the
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device exposed to light is wider compared to that of horizontal device position. The system 

polarisation ratio 5 (a)/5 (/?) as expected does vary with wavelength and this is primarily due 

to the characteristics of the grating [Hutley 1982].
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Figure 3.2.7 Plot of (a) geometry factor ratio and (b) polarization sensitivity ratio of 

the compressively strained GalnP QW.

3.2.4 Discussion

The TE/TM optical recombination rate ratio can be obtained using measurements of 

polarisation-resolved amplified spontaneous emission (ASE), photo- and electro

luminescence (PL and EL). By analysis of the ASE from the edge of a tensile-strained GalnP 

QW structure [Lewis 2002b] under electrical injection, a value of the TE/TM ratio at the band 

edge similar to that found here was obtained. In that case [Lewis 2002b] a particular 

methodology, requiring a specially prepared segmented contact sample, was used to convert 

the spontaneous emission rate measured in arbitrary units to the absolute values of the true 

spontaneous emission rate, without using a calibrated detector. More generally, the TE/TM 

ratio can be obtained if the relative response of the measurement system to different
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polarisations is known. However, in this chapter a method to measure the more fundamental 

TE/TM optical generation rate ratio in a material close to equilibrium which is not modified 

by the presence of carriers and therefore directly reflects the transition matrix elements 

(which is not the case for the TE/TM optical recombination rate) is suggested. This method 

does not require a calibrated system and measures the optical response over a much wider 

wavelength range than can be obtained using the method of ref. [Lewis 2002b]. When this 

approach is applied to tensile and compressive strained QWs the fundamental TE/TM optical 

response derived experimentally shows an agreement with well known theoretical values of 

the ratio of the band-edge matrix elements. This method is o f particular value for the study of 

QD and Quantum wire systems, where the strength of the interaction o f TE and TM polarised 

light with QD energy transitions is difficult to predict.

An alternative method o f the calibration technique proposed in paragraph 3.2.2 is by the use 

of an achromatic half-wave plate [optics.org 2006] which rotates the light polarisation by 90° 

for a wide range of light wavelength without changing the photon flux [Borri 2009]. The 

principle is the same as described in paragraph 3.2.2 however it has the advantage of keeping 

the device position fixed. This removes the geometrical coupling factor C (p or K) from the 

measurements as described analytically in the technique of paragraph 3.2.2.

In the last section of this chapter the polarisation response o f standard InAs/GaAs QD 

systems is identified by applying the above technique which is further used in chapter 4 to 

study the modified polarisation properties of the InAs/GaAs columnar-QD materials of 

higher aspect ratio compared to that of a standard aspect ratio QD.
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3.3 Edge-Photo-Current Spectroscopy in quantum dot systems

3.3.1 Polarisation response o f InAs/GaAs Quantum Dot materials

E-PCS measurements have been obtained for two different types of QD systems -grown 

separately by two research groups- with the aim of identifing their polarisation response 

using the method described in the previous section. The material structure of both QD 

systems is outlined in figure 3.3.1. The first structure (a) [Liu 2004a] consists of 5 layers of a 

DWELL QD layers and the other one (b) [Ridha 2007] is a standard 5-layer QD structure in 

which a 2nm InGaAs capping layer is deposited after the growth of each InAs QD layer. 

Although for both structures the InGaAs capping layer is of the same indium composition 

both the thickness of the InGaAs/GaAs layers and the GaAs spacer layer are different. In 

addition, the A1 concentration and the thickness of the waveguide cladding material differ as 

well.
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Figure 3.3.1 Material structure of a (a) 5-DWELL layers structure, where each DWELL is 

separated by a 35nm GaAs spacer and a (b) standard 5- QD layers structure, where each 

QD is separated by a 40nm GaAs spacer.
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Before analysing and comparing the photo-current spectra of both samples it is worthy to 

mention the polarisation-dependent efficiency of the “long-wavelength range” grating (see 

appendix A) used for these measurements. Figure 3.3.2 shows polarised-selective E-PCS 

measurements for the DWELL laser diode. Apart from the two polarised spectra TE and TM, 

the figure shows the calibrated TM spectra with respect to TE (TMcai) using the equation 

3.2.6(a). For a photon energy around 1.24 eV there is a sudden drop in the signal amplitude 

which is more obvious in TE spectrum. This sharp signal valley is not associated with the 

response of the sample as is reproduced for the TMcai spectrum. The polarisation-dependent 

nature of the efficiency drop associates this defect -occurring in particular photon energy- to a 

Wood’s anomaly [Wood 1902] which is characteristic of the specific grating.
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S  0 .0 0 3 -
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Figure 3.3.2 Polarisation-selective edge photo-current spectra of standard QD sample 

showing the Wood’s anomaly at around 1.24eV.

Considering the low response of the grating for photon energies around the value 1.24 eV all 

the photo-current spectra are represented for photon energies less than 1.24 eV, which lies in 

the area of interest. Each orthogonal polarisation-selective spectrum for the rest of the thesis 

is calibrated according to the suggested method of the previous chapter and represented by 

the TE and TMcai spectra or by the ratio of the carrier generation rates G(TE)/G(TM) as 

defined in equation 3.2.7 (i.e the ratio TE/TMcai). Thus, a direct polarisation response of each
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studied structure is obtained excluding the polarisation-dependent response of the system 

within the measurements.

Following this concept in figure 3.3.3 the obtained G(TE)/G(TM) ratio for both QD 

materials is presented. The ratio of the two polarisations has a maximum value close to the 

band-edge energy of the studied materials. Therefore, this peak is associated with the lowest 

QD el-hhl transition and further reduces for higher values of photon energy. There is also for 

both samples a second peak which can be associated with the first excited state e2-hh2 

transition. The hh ground and first excited state energy difference is around 50meV and 

45meV for the standard QD and DWELL QD sample respectively and depends on many 

parameters such as the width of the InAs and InGaAs capping layer. By variation of these 

parameters in ref. [Motyka 2006] an energy difference between the ground and the 1st excited 

state of 40 to 55 meV is reported.

t:
LLII-
O
2
0
2
co

0c0
CD

e-hh1

e-hh26 -
DWELL 

Standard QD

4 -

e-hh:

2 -

1

0.90 0.95 1.00 1.05 1.10 1.15 1.20

Photon Energy (eVolt)

Figure 3.3.3 True TE over TM polarisation response of the DWELL and 

standard QD structure.

It follows that QD materials strongly absorb TE polarised light compared with TM and this is 

attributed to two main characteristics of QDs. The first is that these systems are
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compressively strained due to large lattice constant of InAs QD material and the smaller 

lattice constant of the wetting layer material, being Ino.15Gao.85As for the DWELL sample 

(figure 3.3.1(a)) and GaAs for the standard QD structure (figure 3.3.1(b)). A high degree of 

compressive strain in the active region moves the lh & hh energy states in the valence band 

further apart, where the hh- and lh- states move towards and away from the conduction band 

respectively [Coldren 1995]. TM polarised light interacts only with lh- sub-bands, therefore a 

shift of the lh- energy band away from the band-edge of the QD material reduces further the 

TM absorbed light. The lenticular [Mui 1995], conical [Marzin 1994] or squared based 

pyramidal with a truncated apex [Grundmann 1995] QD shape, having a greater base 

diameter compared to its height, is the second characteristic of the dot responsible for the low 

TM absorption. A typical dot size is of 20nm base and 4nm height with an aspect ratio of 0.2 

[Sheng 2002]. Thus, the carriers are confined in a smaller area in the growth direction than in 

the plane normal to the growth direction, therefore the hole and electron interact stronger 

with light polarised to the growth plane, TE, rather than normal to it, TM, because of the 

strong quantisation in the growth direction relative to that in the growth plane. However, it is 

possible to engineer the shape of the dot by increasing its aspect ratio and to reduce the bi

axial strain distribution induced on the dot in order to enhance the coupling of TM polarised 

light with dot energy transitions. This is shown in the next chapter where the polarisation 

properties of different aspect ratio and In composition InAs/GaAs columnar-QD materials are 

studied.

3.3.2 Photo-current signal origin

There are two contributions of escape mechanisms of photo-generated carriers in QD systems 

resulting to the overall electrical signal in E-PCS, which are illustrated in the diagram of 

figure 3.3.4 for the simplest case of a QW-shaped confined potential. Photo-generated 

carriers can escape by tunneling which is a field-dependent mechanism and by thermal 

excitation which is temperature-dependent mechanism as described in ref. [Fry 2000a] by 

using normal-incident photo-current spectroscopy. In this section, by following the same 

concept, E-PCS with respect to temperature for a DWELL QD sample is applied, the thermal 

excitation mechanism is explained and useful conclusions for the nature of the photo-current
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spectra are derived. Using the “short-wavelength range” grating (see appendix A) photo

current spectra are shown in figure 3.3.5 for a DWELL QD of the same type as that of figure 

3.3.1(b). The difference between these two structures is in the growth temperature of the 

spacer layer [Liu 2004b].

Figure 3.3.4 Diagram showing how carriers -in the simplest case of being confined in 

a well-shaped potential can escape into the barrier material by (a) thermal excitation or 

(b) tunnelling due to the presence of an external applied field.

Here, it should be mentioned that the spectra obtained in this and the next chapter contains 

the spectral output of the lamp and are not calibrated in amplitude by using a photo-detector 

of a known response. This however, does not affect the outcome of the analysis below, where 

the spectra are presented in order to indentify the different energy states without aiming to 

compare the signal amplitude between these states. In addition, for the studied wavelength 

range the spectral response of the lamp varies slowly with respect to wavelength (e.g manual- 

Bentham 200 Series) therefore this should not have an effect on the analysis of the next 

chapter where the relative change of the signal amplitude -with respect to applied reverse 

bias- for a single transition is presented. The maximum range of photon energy where the 

signal amplitude was measured is from 1.03 eV to 1.10 eV corresponding to a wavelength 

range where the response of the lamp is almost constant.
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Figure 3.3.5 E-PCS with respect to temperature for a DWELL QD.

The spectra in figure 3.3.5 show a wavelength red-shift of the lowest energy photo-current 

peak amplitude with increasing temperature associated with the temperature-dependent band- 

edge energy of the semiconductor material. This is due to lattice constant variation of the 

constituent materials with respect to temperature therefore an energy shift is observed for all 

the features appearing in the spectra. The shift in higher photon energies close to 1.3 eV is 

associated with energy transitions in the WL. From 150 K to 200 K where values of sub-band 

edge can be determined, there is an energy shift around -27 meV (from 0.991 eV to 0.964 

eV). Figure 3.3.6 illustrates the band-gap energy shift of InGaAs with respect to temperature 

for different values of In concentration, having included strain in the model’s calculations 

[Kopf 1997]. The experimentally determined band-gap energy values seem to agree more 

with the plot corresponding to an In concentration of 40%, which is typical value for a 

InAs/GaAs QD [Lemaitre 2004]. For a temperature range from 150 K to 200K the plot shows 

a band-gap shift of a few tens of meV supporting the experimentally determined sub-band 

edge shift value of -27 meV.
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Figure 3.3.6 Temperature dependence of the bandgap in InxGai.xAs 
with In content as parameter [Palankovski 2001].

In addition, the amplitude of the photo-current signal for both samples increases with 

elevated values of temperature. For the lower energy peak the increase of the amplitude with 

increasing temperature is due to thermal escape of carriers from QD energy states to the 

continuum of states in the WL. The thermally excited carriers are likely then to get swept 

away by the semiconductor internal field contributing to the detected electrical signal. 

Evidence of the thermal escape mechanism is that the signal at 120 K coming from the QD 

ground state is almost zero (inset -  figure 3.3.5(a)) but not zero for excited energy states of 

QD or from WL states where carriers can still escape due to thermal excitation. This thermal 

activation for temperature higher than 120 K is also shown in ref [Fry 2000a], where at 

temperature of 5 K an absolute value of zero signal is observed in the photon energy part of 

the spectrum corresponding to transitions coming from QD energy states. A quantitative 

relationship between the photo-current signal amplitude and temperature is derived by 

relating the photo-current to photo-voltage (see section 1.4), which is written as Voc =

7 'n(1 + £ )(eqlA5>-
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Another characteristic of the temperature-dependent E-PCS is the rapid change of signal 

amplitude for a temperature range of 175 K to 200 K, which remains unclear at the present 

time. For higher temperature values the signal increases in a lower rate until it saturates close 

to room temperature, i.e 295 K. When values even higher than room temperature (RT) are 

reached the signal does not change in amplitude and becomes extremely noisy. The decrease 

of the SNR at high temperature can be attributed to the presence of many non photo

generated but thermally activated carriers screening the net signal originating from photo

generated carriers. The saturation of signal amplitude shows that at RT and under the 

presence of the semiconductor junction’s “built-in” field Eo all photo-generated carriers 

escape from the dots and contribute to the external detected photo-current signal. Therefore, 

it is assumed that the photo-current spectrum is absorption-like and represents the true 

absorption spectra of the dots [Fry 2000a].
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Figure 3.3.7 (a) E-PCS for zero bias, where the different energy transitions are indicated, 

and (b) with respect to reverse bias voltage for the DWELL QD.

This can be further confirmed by RT E-PCS measurements in figure 3.3.7, for the DWELL 

sample of figure 3.3.1(a), with respect to external applied reverse bias. Despite expectation to 

the contrary the photo-current signal amplitude -at high photon energy part of the spectrum- 

is not affected by the presence of an increased electric field and -a t low photon energy- the
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value of peak signal amplitude associated with the QD ground state drops with increasing 

reverse bias. By considering the fact that by reverse biasing the p-i-n junction the extraction 

efficiency o f the photo-generated carriers is increased, it is expected an increase in the signal 

amplitude as well. However, the saturation of the signal amplitude in the higher photon 

energy part of the spectra with increasing electric field is an additional indication that at RT 

all the photo-generated carriers have thermally escaped and are contributing to the overall 

signal. Thus, the photo-current spectrum should represent the true absorption spectra and the 

drop in the signal amplitude corresponding to the dot ground state is associated only to the 

field-dependent oscillator strength of the ground state transition, which is discussed in details 

in the next chapter. This particular argument is important of the analysis o f the QCSE in the 

next chapter, where the DWELL QD sample is used as a reference sample for the study of 

QCSE o f columnar-QD materials with varied aspect ratio and In composition.

Photo-current signal corresponding to higher energy transitions does not seem to change in 

amplitude with applied field. However, this does not imply that the signal is saturated as for 

higher photon energy the signal is of higher amplitude. Saturation effects would cause a 

screening of the photo-absorption corresponding to different energy states and it would be 

impossible to identify them through the absorption spectra. Here, however, this is not the case 

because the different photo-absorption peaks in figure 3.3.7(a) are corresponding to different 

energy states in the dot and the WL. Furthermore in ref. [George 2007] [Sandall 2006], for 

different studied QD systems, the separation of the energy states as appeared in the edge 

photo-absorption spectra showed an agreement with this obtained by spontaneous emission, 

modal absorption measurements or with those theoretically estimated.

3.4 Summary

In this chapter, a new method to obtain the ratio of the fundamental TE/TM optical response 

of a quantum-confined system, which is controlled by the transition matrix elements, from 

the measurement of the polarisation dependence of the edge photo-voltage spectrum by 

correcting for polarisation dependent features of the experimental system is outlined.
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I began in section 3.2 by illustrating the polarisation-dependent response of edge photo

absorption measurements by introducing a new experimental configuration, where the 

orientation of the device-polariser relative to the monochromator’s output slit is changed by 

90°. This configuration is then used to describe a means to calibrate the relative polarisation 

response, which can be used for both E-PCS and E-PVS. Then, the method described here is 

verified by application to compressive and tensile strained InGaP QW structures and the 

results are in agreement with the known ratios of the transition matrix elements at the band 

edge.

Section 3.3 began by the application of this method to standard InAs/GaAs QDs, where it 

was shown that QD interacts strongly with TE but not with TM polarised light. I explained 

this by considering the shape of the dot, having low aspect ratio, and the compressive strain 

induced in the dot by the surrounding material. Furthermore, by applying temperature- and 

field-dependent photo-current spectroscopy, in a standard DWELL InAs/GaAs QD material, I 

explained the two main escape mechanisms of the photo-generated carriers, which are 

described by tunnelling and thermal excitation, and I showed that at room temperature the 

photo-current spectrum is absorption-like representing the true absorption spectra of the dots.
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Chapter 4- Electro-optical properties of Columnar-Quantum
Dots

4.1 Introduction

In this chapter the TE/TM optical response of a set of InAs/GaAs columnar-QD samples and 

the Quantum-Confined Stark Effect (QCSE) are studied and compared to those of a standard 

aspect ratio QD, presented in chapter 3. In addition, TM-dominant lasing emission from an 

extremely high-aspect ratio columnar-QD is shown.

In section 4 .2 ,1 start by briefly describing the characteristics, i.e shape and In composition, of 

the formed columnar-QDs. The studied samples form two groups; one of first generation 

columnar-QD comprising of two samples of aspect ratio up to 1.12:1 and two samples of 

different stack numbers with an aspect ratio of 3.51:1. The second generation are QRs of 

extremely high aspect ratio up to 10:1. By applying the method proposed in chapter 3 the TM 

polarised photo-current spectrum is calibrated with respect to TE and the dependence of the 

polarisation properties of the columnar-QD with respect to their aspect-ratio and the In 

compositional contrast between the QR and 2-D region surrounding the QR are studied and 

analysed.

In section 4.3, I present QCSE measurements by applying field-dependent photo-current 

spectroscopy. I start by expressing the external applied reverse bias in terms of internal 

electric field using a semiconductor simulator. Then, I briefly review the well known QCSE 

of standard aspect ratio QD materials, which is used as a reference to study the Stark-shift of 

higher aspect-ratio QD samples. There follows an analysis on the rod aspect ratio dependence 

of the band-edge shift of the photo-current spectra within the studied electric field range.
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In the last section 4.4, I begin by showing polarisation-selective Amplified Spontaneous 

Emission (ASE) of a second generation QR. Then, I compare the emission spectra with the 

photo-absorption spectra and I discuss the dual polarisation property of QR lasing emission. 

Finally, I present threshold current density measurements with respect to temperature.

4.2 Edge Photo-Current Spectroscopy in Columnar Quantum Dot materials

In this section the polarisation properties of high aspect ratio self-assembled InAs/GaAs QD 

samples grown on (OOl)-oriented GaAs substrate by using Molecular Beam Epitaxy (MBE) 

are studied and compared to those of a conventional aspect-ratio QD [Liu 2004a], analysed 

extensively in the previous chapter. The columnar-QD materials were grown and processed 

by Dr. Lianhe Li and Philipp Ridha, respectively at Swiss Federal Institute of Technology 

Lausanne (EPFL).

4.2.1 Sample growth and structural details

The columnar-QDs are formed by first growing a 1.8 monolayer (ML) InAs QD seed layer in 

the standard Stranski-Krastanow (SK) mode, and then depositing a short period of 

InAs/GaAs superlattice (SL) on the GaAs substrate. Parameters during the growth, such as 

the temperature and the growth interruption (GI), determine the In uniformity, the volume of 

the QR and the In composition [Li 2007]. GI is the time interval between the growth of GaAs 

on InAs so as to form the SL layers. Apart from the growth conditions, the number of SL 

periods determines the aspect ratio and the In composition of the Quantum Rod (QR) formed 

structure, which consists of two parts; the QR area of high In composition itself and the 2-D 

layer surrounding the QR, having a lower In composition. The rod formation is confirmed by 

dark-field cross-sectional Transimission Electron Microscopy (TEM) image shown in figure 

4.2.1(a), where the rod itself is indicated by the white dashed box. The lower In composition 

material around the rod forms the dark region and plays the same role as the Wetting Layer 

(WL) in a standard QD, acting as a carrier’s “reservoir” injecting them into the QR. Thus, for
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the rest of thesis this layer is called 2-D WL. The plot of the In concentration along the 

growth axis in figure 4.2.1(b) shows that there is a compositional fluctuation along the rod 

with the most In concentrates at the bottom and apex of the rod. Also, due to In-Ga 

intermixing during the growth In resides in the 2-D WL with uniform concentration. Thus, 

the whole structure can be considered as a high-aspect ratio of In-rich QD in an InGaAs QW. 

The characteristics of the QR materials such as the aspect ratio and the In compositional 

profile are derived by cross-sectional TEM images using the techniques of ref. [Patriarche

2004] and [Lemaitre 2004].

20nm

Growth direction

0  1 0  2 0  3 0  4 0  50  60
R elative  position [nm ]

Figure 4.2.1 (a) Dark-fleld cross-sectional TEM image of a 16-period InAs/GaAs CQD 

and (b) a plot of indium profile in rod and 2-D WL area of the CQD along the growth axis 

by ref. [Ridha 2008a].

The studied columnar-QD samples form two groups summarised in table 4.2.1. The first 

group consists of a 1st generation columnar-QDs formed by depositing a 1.8 monolayer (ML)
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InAs QD seed layer and then a period of GaAs (3ML)/InAs (0.62ML) superlattice (SL) 

[Ridha 2007]. The number of periods of InAs/GaAs SL is increased from 10 (P622) to 18 

(P6 6 6 ) and finally to 30 for both P906 and P918 samples. The difference between the last two 

samples is in the number of stacks, i.e 1 and 3 for P906 and P918 respectively, which 

represents the number of repeated formed columnar-QDs in the growth direction, where each 

of the columnar-QD array, in the x-y plane (xyz- axes are indicated in figure 1.6.1-page 21), 

is separated from the next by a lOOnm GaAs barrier material. The structural details were 

kindly provided by Philipp Ridha and are shown in appendix B.

Samples Process number InAs/GaAs SL 
periods

InAs/GaAs SL 
Monolayers

Number o f  
stacks

1*‘ generation 
Columnar Quantum 

Dots

P622 10 0.62 / 3 5

P666 18 0.62 / 3 5

P906 30 0.62 / 3 1

P918 30 0 . 6 2 /3 3

2nd generation 
Columnar Quantum 

Dots 
(QRods)

P990 35 0.95 / 6 3

P968 30 0.95 / 6 1

Table 4.2.1 1st and 2nd generation self-assembled CQD and QR structures with varying the 

period and thickness of the InAs/GaAs SL as well as the number of stacks.

The growth conditions between the 30-periods InAs/GaAs columnar-QDs and the less 

periods samples are altered, thus the first samples show a higher In composition in the QR 

region together with a reduced rod diameter from 20nm (10- and 18-period CQD) to 10 nm 

[Ridha 2007]. Estimated values such as the aspect ratio and In composition of the columnar- 

QD samples are listed within table 4.2.1. The In composition along the rod as has already 

been mentioned (see figure 4.2.1b) is not uniform varies by approximately 10 to 15% from 

the average values listed within table 4.2.2.
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Samples Process number Height/diameter
(nm)

Aspect
ratio

In composition

QR 2-D WL

1“ generation 
Columnar Quantum 

Dots

P622 12.5/20 0.63 30 16

P666 22.5 / 20 1.12 30 16

P906 35.1 /10 3.51 45 16

P918 Expected to be similar to P906

2nd generation 
Columnar Quantum 

Dots 
(QRods)

P990 75/10 7.5 51 12

P968 70/7-10 7-10 44 12

Table 4.2.2 Aspect ratio and In composition of the 1st and 2nd generation self-assembled 
CQDs and QR structures.

Considering the increased number of periods from sample P622 to P906 it is obvious that the 

height of the rod is directly controlled by the number of the SL periods. However, the 

increased number of SL periods is responsible for the presence of additional defects, visible 

in Scanning Electron Microscopy (STM) images, which are responsible for low efficiency 

electroluminescence (EL) and higher laser threshold [Fiore 2008]. This is a possible reason 

for the extremely-low photo-current signal of sample P906, where defect states can reduce 

the extraction efficiency of photo-generated carriers in the case of E-PCS. However, this is 

not the case for the sample P918 with the same number of periods, where the level of photo

current signal is higher and this can be attributed to the fact that adding more stacks should 

cause an increase of photo-generated carriers when E-PCS is applied.

The second group of columnar-QD samples consists of two samples of 2nd generation 

columnar-QDs, where the issue of the low-efficiency 1st generation high aspect ratio 

columnar-QDs, due to the presence of many defect states is overcome mainly by changing 

the thickness of InAs/GaAs SL from 0.62/3 to 0.95/6 ML fabricating good-quality columnar- 

QDs of extremely high-aspect ratio with a value approximately up to 10:1 [Li 2008a] [Li 

2008b]. A TEM image of the 30-periods columnar-QD is illustrated in figure 4.2.2. Due to
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the extremely high aspect ratio the samples of this group in this work are called QRs together 

with the 1st generation 30-periods columnar-QDs. The latest generation QRs exhibit a higher 

In contrast between the QR and the 2-D WL compared to samples of the 1st group, with lower 

In composition in the 2-D WL, and this is crucial for their unique polarisation properties, as it 

is shown later in this chapter. However, the In variation with respect to the mean value of 

table 4.2.2, is 5% along the QR and 2% in the 2-D WL. An evidence of the quality of the 2nd 

generation QR materials is that these structures are lasing at room temperature (RT) [Ridha 

2008b]. In the last section of this chapter a RT TM-dominant lasing emission is illustrated for 

the 35-period sample (P990).

Firure 4.2.2 TEM image of 2nd generation QR sample of 30-periods 

InAs/GaAs SL (P968) with aspect ratio close to 10 (The TEM picture was 

kindly provided by Prof. Andrea Fiore).

Due to the elongated shape of the formed rod in the case of the 2nd generation columnar-QD 

there is an intermediate situation between 0-D and 1-D confinement [Li 2008a] [Sek 2008]. 

This is due to the fact that although the rod diameter is smaller than the exciton Bohr radius - 

which is approximately 10 to 20 nm in InAs/GaAs system [Sugawara 2000] and the carriers 

are strongly confined in the growth plane- the rod length is larger than the exciton Bohr 

radius resulting in a weak confinement along the growth direction.
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Chapter 4 -  Electro-optical properties of Columnar-Quantum Dots

4.2.2 TE/TM optical response o f  Columnar-Quantum Dots

The electronic states in a standard aspect ratio InAs/GaAs QD structure, which were analysed 

in the previous chapter, are quantised strongly in the growth direction due to the dot shape of 

low-aspect ratio and to the bi-axial compressive strain. Thus, there is a split of heavy-hole 

(hh) and light-hole (lh) states in valence band so that TE polarised light couples more 

strongly than TM with electronic states in a QD. However, theoretical investigations [Saito

2005] [Saito 2008] using an 8-band k p model and experimental observations [Kita 2002] 

[Jayarel 2004] report that by increasing the height of the dot, the biaxial compressive strain is 

reduced and this causes an enhancement of the hh-lh mixing components of the hole states 

increasing the interaction of TM polarised light with e-h pairs because of the large lh- 

component of hole states. For a columnar-QD of aspect ratio rasp.ratio > 0.9 the biaxial strain in 

the middle of the dot becomes negative [Saito 2008], therefore the lh- valence band moves 

towards the Conduction Band (CB) and ends up being closer to it than the hh-band.

TE-> 10-period SL 0 0 5 ‘ 
TM->10-period SL 
TE->18-period SL 0 04- 
TM-> 18-period SL

0.03-

 TE->30 period SL (1 stack)
 TM->30 period SL (1 stack)
 TE->30 period SL (3 stacks)
 TM->30 period SL (3 stacks)0.030 .0 2 -

0.02

0 .01 -

0.01

o.oo-e 0.00
1.05 1.10 1.15 1.20 1.04 1.08 1.12 1.16 1.20

Photon energy (eV) Photon energy (eV)

Figure 4.2.3 TE and TMcai polarised photo-current spectra for the 1st 

generation (a) 10- and 18- period and (b) 30-period SL CQDs.
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Polarisation-selective E-PCS measurements made by the author for the 1st generation 

columnar-QD samples, in figure 4.2.3(a), show that indeed by increasing the dot aspect ratio 

from 0.63:1 to 1.12:1, for the 10-period and 18-period SL columnar-QD respectively, in the 

low energy part of the spectra corresponding to photo-generated carriers originated from the 

QD states, the TM polarised photo-current is enhanced relative to TE (the TM spectra is 

calibrated with respect to TE using equation 3.2.6(a)). This confirms that by increases the dot 

aspect ratio there is an enhancement of the hh-lh mixing components of the hole states and 

this contribute to stronger absorption of TM polarised light as the lh-component increases. 

Then, in figure 4.2.3(b) for the 30-periods samples (P906 and P918) of aspect ratio 3.51:1 the 

amplitude of the photo-current spectra is similar for the two orthogonal polarisations. 

Polarisation-independent gain is of major importance for application in polarisation- 

independent Semiconductor Optical Amplifiers (SOA).

Maximum value of TE/TM ratio for the DWELL QD 
(taken from figure 3.3.3-page 62)6 -

10-period SL 
18-period SL 
30-period SL (1 stack) 
30-period SL (3 stacks)

L D 4-
o
CO
DC

1

1.00 1.05 1.10 1.15 1.20

Photon energy (eV)

Figure 4.2.4 TE over TM cai ratio shows the polarisation response of 1st 
generation CQD structures.

To have a clearer picture, the ratio of the polarised-selected spectra is plotted in figure 4.2.4, 

where also the maximum ratio of TE/TM for the standard aspect ratio QD sample (obtained 

in section 3.3), is indicated. As it is expected the TE/TM ratio reduces by increasing the dot
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aspect-ratio from a value of 6.5 for the QD DWELL sample to 4.5 and 3 for the columnar- 

QD of aspect ratio 0.63:1 and 1.12:1 respectively. However, this reduction for the 30-period 

columnar-QD samples is attributed both to the high aspect ratio and the higher contrast of In 

composition between the rod and the 2-D WL compared to that of columnar-QD of less 

number of periods (see table 4.2.2). The In compositional contrast is an important parameter 

defining the polarisation properties of the columnar-QD as it shown later in this section when 

the two 2nd generation QRs, of similar aspect ratio but different In composition in the QR 

region, are compared. In the case of similar aspect-ratios 30-period columnar-QD samples 

there is a noticeable difference in the TE/TM ratio. The sample of 1 stack (P906) shows a 

polarisation-independent photo-absorption response, where the ratio TE/TM is close to 1 

(with 20% deviation around this value). In the case of the multi-stack sample (P918) the ratio 

reaches a value of 2. A possible reason for this difference between the two structures can be 

due to any unintentional difference in In composition between the columnar-QD of different 

stacks for the sample of 3-stacks (P918) caused during the growth. Another way in order to 

have a control over the biaxial-compressive strain coming from the 2-D WL has been 

proposed by the use of a highly tensile-strained barrier material, such as InGaAsP 

[Kawagushi 2006a]

The results of photo-current measurements for the 2nd generation QRs, for the two orthogonal 

polarisations, together with the TE over TMcai ratio, are given in figure 4.2.5(a) and (b) 

respectively. The plots indicate that near the band edge the strength of TE-polarised photo

absorption is higher than that of TM for the sample of 30-periods SL QR, while for the 35- 

period sample the opposite is illustrated, where TM polarised photo-absorption is the 

dominant. For 35-periods SL QR sample of an aspect ratio of 7.5:1 (P990) the ratio of 

TE/TM near the band-edge is 0.14 and it reveals the dominant lh-component of hole states 

near the band edge. Contrary to 35-periods SL QR, the 30-period sample of aspect ratio 7 to 

10:1 (P968) has a TE over TM ratio close to 2 in the low energy part of the spectra, thus 

indicating a dominant hh-component of hole states in the sub-band edge, although it is of 

similar or even higher aspect-ratio compared to sample P990.
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c

30 periods SL (P968) 
35-periods SL (P990)

TE->30-period SL (P968) 
TM->30-period SL 
TE->35-period SL (P990) 
TM->35-period SL

0.000 0
1.0 1.1

Photon energy (eV)
1.2 0.95 1.00 1.05 1.10 1.15 1.20
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Figure 4.2.5 (a) TE and TM^i polarised photo-current spectra for the 2nd generation CQDs 

and (b) the ratio TE over TMcai.

Thus, the QR shape and aspect ratio is not the only parameter determining the polarisation 

properties of the columnar-QD, but the strain distribution is a prominent factor as well. The 

results on InAs columnar-QDs with highly tensile-strained InGaAsP barriers suggest that 

strain engineering is very important for controlling polarisation properties [Kawagushi 

2006b]. Similar is the case for the columnar-QD materials studied here where the 

compressive strain is induced by the 2-D WL to the QR and is determined by the In 

compositional contrast.

A theoretical investigation of lh- and hh- VB, by using an eight-band k p model calculation, 

for a fixed aspect ratio columnar-QD with a varied In compositional contrast is shown in ref 

[Ridha 2008b]. The impact of the In compositional contrast on the VB mixing of lh- and hh- 

energy bands confirm the TE/TM polarisation optical absorption response dependence on the 

In compositional contrast which is illustrated in figure 4.2.5 for the 30- and 35-period SL QR 

samples of similar aspect ratio. The eight-band k p  calculations showed that by decreasing 

the In composition in the 2-D WL, while keeping constant the In concentration in the QR, the 

lh- and hh- bands moving towards and away from the CB respectively, enhancing the lh- and 

hh- band mixing, therefore enhancing the coupling of TM polarised light with the energy 

transition in the QR. The opposite occurs when the In concentration is kept constant in the 2- 

D WL and decreases in the QR region, with lh- and hh- bands moving away and towards the 

CB respectively.
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4.3 Field-dependent Edge Photo-Current Spectroscopy: Study of Quantum-Confined 

Stark Effect

4.3.1 Introduction

In this section the optical properties of columnar-QDs and QR materials of a varied aspect 

ratio and In compositional contrast are studied by applying field-dependent photo-current 

spectroscopy and new information about the wave-functions inside the QRs is obtained. To 

compare the Stark shift o f different aspect ratio columnar-QDs the external applied reverse 

bias is expressed in terms of internal electric field by using a semiconductor simulator. 

Firstly, well known results for the standard aspect ratio QD sample are presented. This 

sample is used as a reference in order to analyse the Stark shift measurements o f columnar- 

QD samples. The results are presented in two groups of samples; one consisting o f the lowest 

aspect-ratio columnar-QD (P622 and P6 6 6 ) and the other one the high aspect ratio columnar- 

QD samples (1st generation-P906 and 2nd generation P968 and P990), where the samples of 

the latter group are called QRs in this thesis.

4.3.2 Device simulations

To compare the Quantum-Confined Stark Effect (QCSE) [Miller 1985] of the studied devices 

under reverse bias, the external applied potential (Volt) is expressed in terms of internal 

electric field (kV/cm) induced in the QR using the SimWin package [Winston 1999]. A p-i-n 

junction diagram under reverse bias is illustrated in figure 4.3.1, where the total electric field 

in i-region of the p-i-n junction, is the sum of junction’s built-in field Eo and the external 

applied field.
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Applied E-field & Growth direction 

Figure 4.3.1 Diagram of a device p-i-n junction under reverse bias.

SimWin is one of many widely available 1-D simulators incorporating a self consistent 

Schrodinger -  Poisson -  Continuity equation solver in one dimension. Thus, it is assumed 

that all variables such as current, field and potential, etc vary parallel to the flow of current 

but are uniform in the direction perpendicular to the current, In-based alloy parameters are 

not included in the simulator’s package, and therefore these are added according to ref. 

[Vurgaftman 2001]. The input values of doping-level were set according to values listed in 

the growth information tables of appendix B. Also, a value of p-type 3xl015 cm'3 background 

doping level was considered. In the case of forward bias the columnar-QDs current varies 

also in the direction perpendicular to the growth direction (current flows from the WL region 

into the QR). Thus, to simulate and obtain values of columnar-QD internal field with respect 

to externally applied reverse bias ideally a 2-D or 3-D simulator should be used. Due to the 

lack of such a commercial available package, suitable for columnar-QD structures, two 1-D 

simulations are performed; one simulates the QR region, where for the simulation purposes 

the structure is set to be a QW of width equal to the rod’s height and of In composition equal 

to the mean value of rod In concentration according to values of table 4.2.2. The other one 

simulates the 2-D WL as a QW. Also, the value of In concentration in WL is taken from table 

4.2.2. The real 2-D solution should tie somewhere between those two extremes. An example 

of this approach is shown in figure 4.3.2, where the electric field across the p-i-n junction is 

estimated for two bias values (0 and 4V).
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Figure 4.3.2 Calculation of the electric field across the active region of
two simulated p-i-n junctions corresponding to the 2-D WL (OV-green,
4V-red) and rod region (OV-blue, 4V-black) of the 18-period CQD.

The field across the quantum-confined region of the columnar-QD can be considered to have

a mean value between the values of internal field across the two simulated junctions.

Therefore, in the estimation of the internal field of the columnar-QD semiconductor junctions 

-with respect to the externally applied reverse bias- an error is included, which is estimated 

by the extreme electric field values determined by the two performed simulations of the QR 

and 2-D WL regions of the columnar-QD structure. An example of simulated band diagrams, 

for the 2-D WL of the 18-period SL columnar-QD structure (P666) for the case of reverse, 

forward and zero bias, is illustrated in figure 4.3.3. Under no external applied field the 

semiconductor is in equilibrium with the Fermi-level lying in the middle of the conduction 

band (CB) and valence band (VB). By applying bias the quasi-Fermi levels for electrons (Efe) 

and holes (2?/h)) are separated and their relative position depends upon the direction of the 

applied field (i.e reverse or forward bias).
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Figure 4.3.3 Energy band diagrams simulated for a 2-D WL InAs/GaAs CQD structure 
for forward, reverse and zero bias. In the case of non-equilibrium the position of electron 
and hole quasi-fermi levels are indicated.
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4.3.3 Electronic structure of Columnar-Quantum Dots

Prior to any analysis of the QCSE for the set of the 1st and the 2nd generation columnar-QD 

samples it would be useful to have an insight on the electronic properties of these structures. 

In ref. [Motyka 2007] the available electronic states of a 16-period InAs/GaAs SL columnar- 

QD have been mapped. The 16-period columnar-QD belongs to the same family with that of 

10- and 18-period samples studied here. It follows that the In compositional contrast and the 

rod diameter for the 16-period sample is also of the same value with this of 10- and 18- 

period columnar-QDs (see table - In comp. 30% in the QR and 16% in the 2-D WL). The 

heights of the 10-, 16- and 18- period columnar-QD samples are 12.5 nm, -20 nm and 22.5 

nm respectively. By a theoretical investigation, using a one band approximation for the 16- 

period sample, it has been determined that there is one electron state and up to three hh- or lh- 

states confined inside the rod due to the weak confinement in the growth plane, which is due 

to the /^-content in the 2-D WL. In addition, only the ground state le-lhh and le-llh 

transitions have been shown to have significantly high oscillator strength. However, an eight- 

band model predicts lower ground state and a larger number of excited states than any other 

approximation [Pryor 1998], therefore is more preferable for the estimation of the electronic 

structure in columnar-QDs.

By following an eight band strain-dependent k p model approach in ref. [Krenner 2008], for a 

similar volume squared-shaped columnar-QD (23nm x 23nm) but of higher In compositional 

contrast (In comp. 43% in the QR and 10% in the 2-D WL) compared to that of 16-period 

columnar-QD [Motyka 2007], it was found that there are three-electron states and many hole 

states confined inside the rod. By almost doubling the rod height to 40nm (the diameter of the 

rod was kept the same) the estimated number of states is increased and this can be attributed 

to the weak confinement in the growth direction, where the system is in an intermediate 

situation between 0-D and 1-D confinement [Li 2008a]. Field-dependent PL measurements in 

ref. [Krenner 2008] for the 23nm in height quantum rod (or post) have shown an extremely 

high dipole moment value corresponding to an e-h separation 20.5nm which is equal to the 

nominal height of the post. The values of dipole moment are 40 times higher than those of 

standard QDs [Petroff 2007] and it was found that electrons can spread over the whole length
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of the rod, whereas the holes are localised at the bottom and at the top, due to the fact that the 

highest In composition appears in these parts of the rod. The spread of the electron wave 

functions has been also confirmed by measurements of the lifetime constant (TC) in low- 

temperature time-resolved PL, where the TC is increasing with rod length [Li 2008a]. 

However, the field-dependent PL measurements can provide information about the Stark shift 

in a “low field regime” for field values maximum a few tens of kV/cm, as the PL emission is 

quenched at higher fields, whereas with in photo-current measurements the QCSE can be 

studied in a higher and wider range of electric field values as it is shown in ref. [Findeis 

2001]. There the QCSE was studied for an InGaAs quantum dot material in both 

complementary regimes of photo-current (PC) and PL, which for the rest of this thesis are 

named as “PC-field regime” and “PL-field regime” respectively. In this thesis the CQSE is 

studied at the “PC-field regime” by applying field-dependent photo-current spectroscopy 

where the field varies from 40 kV/cm to 350 kV/cm. The results show some agreement with 

the large dipole moment values reported in ref. [Petroff 2007] [Krenner 2008].

4.3.4 Results

A1 Standard aspect ratio Quantum Dot

The CQSE for a conventional shaped InGaAs QD material has been extensively studied in 

the literature [Fry 2000b] [Jin 2004]. Therefore an analytical investigation is out of the scope 

of this thesis. However, measurements showing the Stark-shift in a DWELL QD material 

(figure 4.3.4) are taken in order to have a comparison with those taken for higher aspect ratio 

columnar-QD materials. A brief introduction to the electronic properties of a standard shaped 

QD, which are obtained by studying the CQSE, follows as it appears in the literature.
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Figure 4.3.4 QCSE in the DWELL QD sample (shown earlier in figure 3.3.7(b)-page 68) for 

reverse bias values from 0 to 9 V corresponding to a field range from 50kV/cm to 320kV/cm. The 

zero level of each spectrum has been shifted in amplitude relative to that of 0 V spectrum in order 

the red-shift of the ground state peak amplitude -with respect to applied field- to be clearly 

illustrated.

The energy transitions (i.e ground and first excited state) are red-shifted and the Stark shift is 

not linear, being relatively smaller for lower fields. The transitions energy shift with respect 

to the internal electric field F, is described by the quadratic equation [Klingshim 1997]:

E = E0 + pF + pF2 

Equation 4.3.1

, where Eq is the transition energy for zero electric field and the linear and quadratic terms of 

the equation consists the terms of dipole moment p  and polarisability /? respectively. The 

permanent dipole moment p  is due to the initial spatial separation of electron and hole wave- 

functions along the growth axis, which is caused by the different confining potentials that 

these two carriers experience due to the difference in their effective masses. The 

polarisability /? represents the extent to which an applied field can pull the electron-hole pair
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apart, having an effect in the transition energy, and is found to be linked with the height of 

the dot [Barker 2000].

(a)

F = 0 F < 0

F

e

Figure 4.3.5 A simple diagram illustrating (a) the e-h dipole orientation (hole above 
electron) in a lens-shaped dot (figure taken from [Fry 2000b]) and (b) the effect that an 
applied field has on a dipole -in free space- due to the initial separation of the electron and 
hole mean positions. In the case of a dipole in a dot the effect of the quadratic term would 
need to be added (see eq. 4.3.1) to this picture, where in that case apart from the dipole 
rotation the dipole length is changing under the presence of the field.

In ref [Fry 2000b] it is shown that inside the dot the hole is localised at the apex while the 

electron wave-function spreads over the bottom of the dot (figure 4.3.5(a)). Considering this 

e-h dipole permanent orientation (i.e hole above the electron), the diagram in figure 4.3.5(b) 

illustrates the effect that an external applied field has in a dipole -in the free space- due to the 

initial mean spatial separation of the electron and hole wave functions, which determines the 

e-h wave functions overlap (i.e the dipole oscillator strength) and the transition energy. The 

diagram does not illustrate the effect of the quadratic term in the electron-hole separation as it 

depends on the characteristics of each dot material. This term is determined using a second- 

order perturbation theory [Barker 2000]. For a negative applied field the electron (or hole) is 

moved towards the apex (or base) of the dot and the e-h overlap increases with respect to the 

growth direction, whereas in the case of a positive applied field the e-h overlap decreases and 

the transition energy is reduced. The maximum transition energy of the e-h dipole is at the 

point where the maximum dipole oscillator strength is observed for a negative applied field 

[Fry 2000b]. Thus the permanent dipole moment is positive and the dipole orientation, i.e the 

hole above the electron, is attributed to the In compositional variation inside the QD, being

ytrtf'ffff,
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high and low at the apex and the base of the dot respectively. The hole of higher effective 

mass compared to the electron mass is more localised at the part of the dot with the highest In 

concentration.

B1 Lowest-aspect ratio 1st generation Columnar-Quantum Dots

Photo-current measurements as a function of reverse bias for the 10- and 18-period 

InAs/GaAs SL columnar-QD samples, i.e P622 and P666 respectively, are illustrate here, 

where the amplitude of the Stark shift is compared with that of the DWELL QD sample of 

figure 4.3.4 in page 86. According to table 4.2.2 the 10-period and the 18-period columnar- 

QDs have the same diameter (20nm) and height of 12.5nm and 22.5nm respectively.

10-period InAs/GaAs SL columnar-QD
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Figure 4.3.6 Field-dependent photo-current spectra for the 10-period CQD sample 

( P 6 2 2 )  from 0V to 10V corresponding to a field range from 45 kV/cm to 340 

kV/cm.
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Figure 4.3.6 shows the red-shift of the photo-absorption spectra for the 10-period SL 

columnar-QD with respect to applied reverse bias. The sub-band edge shift is not clear for 

high values of reverse bias where a second peak in the low-energy part of the spectra appears, 

which red-shifts with bias.
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Figure 4.3.7 Field-dependent photo-current spectra where the signal amplitude -of 
the data showed in figure 4.3.6- is normalised and shifted to an extent so as to 
illustrate the Stark-shift of the 10-period CQD sample (P622).

This shift is illustrated clearly in figure 4.3.7 where the spectra of figure 4.3.6 have been 

relatively shifted in amplitude. According to the latest figure the evolution of the two 

different peaks with increasing reverse bias are represented by the arrows (1) and (2). For 

zero applied bias there is one peak at around 1.12eV which gets broader until a value of field 

around 125 kV/cm (corresponding to 2.5 V reverse bias). After this point and for a higher 

value of electric field is clear that there are two different peaks corresponding to two different 

transitions; one which is red-shifted in energy with the presence of electric field and one 

which is not affected. The first transition corresponds to a heavy hole ground state transition 

because there is no similar shift of the band-edge of the TM photo-current spectra within the 

range of the applied field and the latter transition corresponds to an excited transition,
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according to the analysis below, where in order to investigate these transitions and study the 

QCSE the shift of transitions energy and change of the relative photo-induced signal 

amplitude with respect to electric field is analysed.

In figure 4.3.8 the normalised peak signal intensity corresponding to each transition 

(indicated by the arrows (1) and (2) in figure 4.3.7) is plotted with respect to electric field and 

is compared with that of the ground state peak signal DWELL QD sample (as it is shown in 

figure 3.3.7(b) of chapter 3-page 68).
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Figure 4.3.8 Normalised peak signal amplitude with respect to electric field for the 

ground state of standard aspect ratio QD (blue triangles) and the ground state 

transitions, (1) (red circles) and (2) (black squares) of the 10-period CQD material.

The attention should be focused on the relative change of signal amplitude with increasing 

electric field because the absolute photo-current signal amplitude for different structures is 

not exactly comparable as the signal magnitude contains their system response. This includes

90



Chapter 4 -  Electro-optical properties of Columnar-Quantum Dots

the extraction efficiency of the photo-generated carriers, where different samples have 

different confinement potentials. The photo-current signal amplitude for each sample is 

expected to change with an increasing value of applied field in two possible ways: (1) 

increase due to higher extraction efficiency of carriers in the p-i-n junction and (2) decrease 

(or increase) as the applied field moves the of the e-h pair of the dipole away (or closer) to 

each other with respect to the dot growth direction. For the standard aspect ratio QD sample 

there is a drop of the signal peak amplitude -corresponding to ground state transition- with 

increasing field (see figure 3.3.7(b)) and this can be explained by the fact that by increasing 

the value of field, the e-h pair wave-functions move further apart and the spatial overlap is 

reduced with respect to the growth direction (see the picture in figure 4.3.5(b)). The drop of 

the signal amplitude for the range of applied reverse bias values is 15% and is associated 

directly with the ground state e-h dipole transition oscillator strength as the photo-current 

signal for the DWELL QD is absorption-like according to section 3.3. This drop in the 

oscillator strength also agrees well with a drop in amplitude by 20 to 25%, for similar values 

of field, reported in ref. [Fry 2000b].
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Figure 4.3.9 Energy shift of the ground state peak for the 10-period CQD sample- 

P622 (red circle) and DWEEL QD sample (blue triangle) with respect to a electric 

field.
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For the case of the 10-period columnar-QD in figure 4.3.7, although there is a small increase 

in signal amplitude of the peak value which is not affected in terms of energy by the change 

of electric field and is represented by the arrow (2), the signal amplitude for the lowest 

energy transition is (arrow (1)) drops dramatically and loses almost 85% of the zero bias peak 

value. The difference between the signal intensity of these two peaks is significant and it 

shows that the wave functions overlap of the ground state transition (arrow (1)) decreases 

rapidly -with increasing field- for a dot of increased volume, which is also followed by a 

large energy shift illustrated in figure 4.3.9 for reverse bias values higher than 2.5 V. It 

follows that the oscillator strength reduces rapidly, for a range of field values from 130 

kV/cm to 320 kV/cm, and the energy shift AE of the ground state transition, in this region, is 

almost linear represented by the equation AE *  pF. For a field range from 130 kV/cm to 320 

kV/cm this shift is 65 meV and is much higher than this of the standard aspect ratio QD 

which is less than 20 meV. The strong energy shift should be described by a dipole where the 

electron is weakly confined inside the rod and a hole localised at the one end, i.e at the apex 

of the rod. In this field-regime, corresponding to a reverse bias range from 2.5 V to 9 V, the 

polarisability f$ can be considered to have a very small value, i.e f}~0, and the field can 

increase the e-h separation in a much greater extent than that in a standard aspect ratio QD 

due to the increased dot volume. It follows that a large red-shift in the transition energy due 

to the very high dipole moment is taken place, and this shift is accompanied by a rapid 

reduction of the oscillator strength. Thus, a value for the dipole moment p, for the ground 

state e-h pair, can be determined by fitting a linear equation to the data of figure 4.3.9. The 

slope of the graph gives a value (5.4±0.4)xl0*28 Cb m, corresponding to a large electron-hole 

separation of 3.4+/-0.2 nm which is much higher than the values of 0.4 nm [Fry 2000b], 0.5 

nm [Findeis 2001] and 0.62 nm [Hsu 2001] given in the literature for a dipole separation in 

standard aspect ratio QD. It is also higher than that of ring-shaped QDs, where there was 

reported a separation up to 2.5 nm [Warburton 2002], investigated in “PL-field regime”. 

However, the e-h separation of the dipole (3.4 nm) is 3-4 times less than the height of the 

columnar-QD (12.5 nm) and this can be attributed to the fluctuation of In composition along 

the rod as it is shown in figure 4.2.1(b)-page 72. Local potentials can confine the e-h pair in a 

smaller volume than that of the total volume of the rod.

In the case of the excited state transition, indicated by the arrow (2)-figure 4.3.7, this does not 

change in energy with respect to the electric field, i.e AE «  E0. This is an indication that both
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electron and hole wavefunctions are localised in the same spatial position inside the dot, i.e at 

the base of the dot, which has been demonstrated by calculated wavefunctions for a similar 

columnar-QD system using an 8 band-k-p model [Krenner 2008]. In this case the application 

of an electric field along the growth direction does not have an effect on changing the 

electron position inside the dot, due to the direction of the applied field under reverse bias, or 

the position of the hole which is strongly confined at the bottom of the dot due to the high 

local In concentration. This behaviour where there are transitions which shift weakly or very 

strongly in energy as a function of field due their spatial position -as it is studied in “PC-field 

regime” above- has been also observed in “PL-field regime” [Krenner 2008].

18-period InAs/GaAs SL columnar-QD
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Figure 4.3.10 Field-dependent photo-current spectra for the 18-period CQD 

sample (P666) from 0V to 10V corresponding to a field range from 43 

kV/cm to 330kV/cm.

Figure 4.3.10 shows the red-shift of the photo-absorption spectra with applied reverse bias for 

the 18-period columnar-QD sample (rod height 22.5nm). The amplitude of the Stark-shift is
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similar to that of lower height 10-period columnar-QD structure for the same range of electric 

field. From figure 4.3.10 two mean characteristics of the photo-current spectra, which are 

useful for the explanation of the Stark shift in the “PC-field regime”, can be derived. These 

are the follows:

(1) There is not any apparent peak signal amplitude shifting with applied field, like in the 

case of the 10-period columnar-QD, where an almost linear shift of the peak -corresponding 

to ground state transition-, within an applied field range from 130 kV/cm to 320 kV/cm, was 

illustrated (figure 4.3.9).

(2) The absorption-like tail of the spectrum gets broader with increasing value of reverse bias 

as is indicated by the dashed arrow on the plot.

According to an earlier discussion in section 4.3.3 it is expected, by almost doubling the rod 

height from 12.5 nm to 22.5 nm, that more states will be confined inside the rod and dipoles 

with higher values of dipole moment will exist due the increased rod volume. However, an 

increase of the dipole moment should enhance the amplitude of the Stark shift with applied 

field (i.e this can be explained by the simple case where AE *  pF), but at the same time the 

value of the oscillator strength, i.e determined by the overlap of the wave functions, is 

expected to exhibit a even more rapid decrease or increase with applied field, depending on 

which direction the field moves the e-h wave functions, than that in the case of the 10-period 

columnar-QD. Thus, transitions where their wave functions showing strong overlap (or weak 

overlap) for a given value of electric field can exhibit a very rapid decrease (or increase) of 

their overlap by even a small change of the field. Therefore, the characteristic (1) of the 

photo-current spectra, mentioned above, is due to two effects taking place at the same time; 

first there are more states contributing to the overall photo-current signal and second each 

transition’s oscillator strength changes (increases or decreases) rapidly with respect to electric 

field, therefore the shift in energy for a specific transition cannot be resolved in the “PC-field 

regime”. The red-shift of the photo-absorption spectra with applied field in figure 4.3.10 is 

due to an overall effect, where photo-generated carriers corresponding to different transitions 

-which these transitions experience a rapid change in their oscillator strength with respect to 

field- contribute to the photo-current signal amplitude for a given field value. The 

characteristic (2) of the photo-current spectra, where a broadening of the absorption tail is 

observed, confirms further both of these effects mentioned above. However, in the case of the 

“PL-field regime”, where the field along the rod is changing by only a few kV/cm, the
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gradual increase (e-h dipole moves close to each other with respect to the growth direction) 

or decrease (e-h dipole moves away from each other) in the ground state e-h wave function’s 

overlap can be mapped from the shift of the PL spectra, therefore giant e-h dipoles have been 

reported [Petroff 2007], where the e-h separation is related directly to the nominal rod height.

Cl Quantum Rods

To study the CQSE in high-aspect ratio columnar-QDs, i.e QRs, field-dependent photo

current measurements for the 1st generation 30-period QR consisting 1-stack of columnar- 

QDs and for both 2nd generation QR samples (see table 4.2.1 and 4.2.2 for further details) are 

obtained. In figure 4.3.11, the photo-current spectra with respect to external applied field for 

the 1st generation and the 2nd generation 30-period QR sample (rod heights: 1st gen: 35.1nm 

and 2nd gen: 70nm) are shown.
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Figure 4.3.11 Photo-current spectra for the (a) 30-period 1st generation QR 

(P906) and (b) 35-period 2nd generation QR with respect to reverse bias.

For both of the samples there is an enhancement of the excitonic absorption feature in the low 

part of the energy spectra with increased values of reverse bias. The strongest photo

absorption peak appears at 8V and 4V for the 1st and 2nd generation QR respectively. For 

higher values of bias the peak gets smoother. Excitons absorb light of lower energy than that 

of the semiconductor band edge. Thus, any estimation of the band-edge energy shift of the 

absorption spectra with respect to applied field is not possible due to the field dependent 

strength of the excitonic absorption. However, the exciton absorption strength is expected to
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decrease with increased temperature, where in this case the exciton can obtain the necessary 

energy to ionise.

In figure 4.3.12 photo-current measurements with respect to temperature -for temperature 

greater that room temperature- are illustrated for the 2nd generation QR (P968) under a 

reverse bias value of 4V, i.e where the excitonic absorption strength is maximum. For 

temperature higher than 360K the excitonic peak is less pronounced and at 420K is not 

apparent at all.
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Figure 4.3.12 Photo-current spectra for the 2nd generation of 30-period InAs/GaAs 

QR (P968) under 4V of reverse bias for a temperature range of 320 to 420K.

In order to investigate the shift of the photo-current spectra field-dependent measurements are 

obtained at 420K (figure 4.3.13(a)), where the spectra band edge is not screened by the 

exciton photo-absorption. In figure 4.3.13 (b) the spectra are normalised in amplitude for a 

photon energy around 1.02eV corresponding to a region where the photo-current signal 

appears to be flat.
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Figure 4.3.13 (a) Photo-current spectra for the QR P968 with respect to reverse bias at

420K, where in (b) have been normalised in amplitude in order to investigate the Stark-shift.

Given that the estimation of the absorption edge shift of the spectra with respect to applied 

field have an associated error which is due to the choice of the point where the spectra are 

normalised and to the SNR there is no observable shift of the cut-off wavelength as illustrated 

in figure 4.3.13(b). In the case of the QR samples the signal amplitude of the photo

absorption tail is associated with photo-generated carriers coming from an increased number 

of closely spaced energy states, compare to that of lower aspect ratio 10- and 18-period 

columnar-QDs, due to the intermediate situation between 0-D and 1-D confinement. At the 

same time due to the elongated-shape of the dot in the growth direction the spatial separation 

of e-h pairs, determining their transition oscillator strength, can change very rapidly with 

applied field as the electrons are spread out over the whole dot volume. Following the same 

analysis for the edge shift of the photo-absorption spectra with applied reverse bias for the 

18-period columnar-QD in page 94 the overall observed energy shift can then be smaller than 

the shift in energy of any individual transition. However, in the case of the extremely high 

aspect ratio 30-period QR, due the high number of energy transitions, there is no observable 

shift of the band edge in the studied field regime.
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4.3.5 Discussion

The dramatic enhancement of the electro-optic effect which js observed by changing the dot 
shape from that of the DWELL QD to that of the lowest aSpect ratio coiumnar.QD samples

(aspect ratio 0.62:1 and 1.125:1), is promising for the fabrication of optical 

modulation/switching devices in optical telecommunication. However, there are limitations in 

further enhancement of the Stark-shift amplitude by increasing height of the dot as it is 
shown in the “PC-field regime”, which can be summariSed t0 the tWQ following basic 

parameters, with the second to be a combination of two effects taken place at the same time*

(1) TheJJuctugtion ofj n  composition along the rod where local potentials can confine the e-h 

pair in a smaller volume than that of the total volume of the rod as is observed in the case of 

the lowest aspect ratio 10-period SL columnar-QD. For the flehj values 130 to 315 kV/cm 

where there is an almost linear energy shift of the ground state with respect to the electric 

field, a dipole of e-h separation (3.4 nm) of a value 3-4 time* iess than this of the columnar- 

QD height (12.5 nm), derived. An additional confirmation for the strong iocal potentials 

exhibit along the rod is the presence of e-h pairs that are strongly localised inside the dot as it 

is found that their transition energy does not change with a variation of the electric field 
value.

(2) The appearance .of  additional states & the rapid chan̂  o f the transitions oscillator 

strengthwUh the applied fie ld, which both qre_due to Jhe^ 0t eionvatinn in the ^rowtk 

direction. By almost doubling the dot height to a value of 22.5 nm the amplitude of the 

Stark-shift remains to similar levels with that of 12.5 nm height ^ot ^he induced Stark red- 

shift of the photo-absorption spectra shown in figure 4.3.9 -page 91- is an outcome of 

contribution of photo-generated carriers corresponding to d i f f e r  energy transitions, where 

the carrier’s wavefimctions overlap change rapidly with the electric field, in the case of the 

“PC-field regime”. By further increasing the dot height- fabricating QRs- the confinement 

along the growth direction becomes even weaker and many additional energy transitions, 

confirmed by calculations of the electronic states within 3-D approach in the eight-band k p 

approximation [Li, 2008(b)], contribute to the photo-current spectrum For the extremeiy high 

aspect ratio 30-period QR, there is no observable shift of the spectra band edge with applied 

field.
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In this section also it was shown that by increasing the QD height - fabricating high-aspect 

ratio columnar-QDs- can be either obtained polarisation-insensitive devices for a possible 

application in SOA or devices where light of TM polarisation is absorbed stronger than that 

of TE near the band-edge. A TM-dominant emission property for the latter device is reported 

in details in the following section.

4.4 Laser characteristics of extremely high aspect ratio C olum nar Q uantum  Dot

4.4.1 Light polarisation and wave-guiding

The Amplified Spontaneous Emission (ASE) spectra at room temperature (20 °C) for the 

extremely high aspect-ratio 35-period SL QR for both TE and TM light polarisations are 

illustrated in figure 4.4.1.
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Figure 4.4.1 Amplified Spontaneous Emission (ASE) spectra for the 35-period InAs/GaAs 

SL QR for both TE and TM polarisations at drive current densities from 111 to 667 A/cm2.
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As it is expected from edge photo-current measurements in earlier section of this chapter, in 

figure 4.2.5(a), the plot shows that at the low energy part of the spectrum the dominant light 

emission of the QR is of TM polarised light where the emission is due to e-lh transition.
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Figure 4.4.2 Comparison of ASE and photo-current measurements for (a) TM and (b) 

TE polarisation.

In order to verify the different peak intensity values appearing in the polarised-selected ASE 

spectra, figure 4.4.2 demonstrates a comparison between the E-PVS and ASE measurements 

for the two polarisations TE (figure 4.4.2(a)) and TM (figure 4.4.2(b)), where the photo

current signal amplitude is normalised to the same level with that of ASE spectrum. Figure 

4.4.2(a) represents data taken for TM polarisation where the peak value of very low current 

density ASE spectra coincides with this of photo-current for photon energy at around 1.027 

eV. For the case of TE polarisation -in figure 4.4.2(b)- in order to identify the different 

energy state transitions, in comparison with this of photo-current absorption, an ASE 

spectrum of higher drive current density than this of TM (figure 4.4.2(a)) is shown. The first 

peak in low energy part of the ASE spectrum -at 1.039 eV- is associated with the peak value 

of photo-current spectrum at 1.029 eV and represents an e-lh transition as can be seen both in 

TE and TM photo-absorption spectra. However, an approximately lOmeV energy blue-shift 

of the ASE peak value with respect to this of photo-current spectrum is due to band filling. 

This must be so, since as the current density increases electrons and holes occupy higher 

energy states of the bands, and therefore recombine emitting light of higher photon energy.
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There is also a second peak in ASE spectrum approximately 48meV apart from the first and 

this peak value agrees well with this of photo-current spectrum. At that particular photon 

energy this peak is also obvious in the TM ASE spectrum of similar current density value 

with that of TE (not shown here). This is further confirmed by the calibrated polarisation- 

selective photo-current measurements (figure 4.2.5(a) -  page 77) where the TE and TM 

photo-current at this photon energy are almost of the same amplitude as well. This suggests 

that there is a lh-hh band-mixing effect for higher energy states than that of the ground state. 

Both photo-current and ASE measurements demonstrate that the ground state transition is of 

e-lh type, with an estimation of transition matrix element ratio MT(TEyMT(TM) equal to 0.14 

close to band-edge photon energy (see figure 4.2.6(b)-page 77). This is followed by a laser 

emission at TM polarisation as shown in figure 4.4.3 at room temperature (20° C) and at a 

wavelength of 1194nm (1.038eV). However, there is an obvious TE polarisation lasing 

emission just at threshold, having the same threshold current density and peak emission 

wavelength value with this of TM (see later figure 4.4.4(b)). The dual polarisation property of 

lasing emission, corresponding to the same threshold current density for both polarisations, 

cannot be explained from the ASE and photo-current spectra, which show a lh-type ground 

state in the valence band. Therefore, it would be expected that TM lasing only would occur 

due to the lh-like ground state.
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Figure 4.4.3 Room temperature TM-dominant lasing emission from the 35-period 
InAs/GaAs SL QR with a threshold current density of 1.07 kA/cm2.
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In order to investigate the polarisation properties of the 35-period columnar-QD sample the 

near field emission and the light spectrum are captured just above threshold for laser devices 

of two different ridge widths, 11 and 23 pm. The results are summarised in figure 4.4.4.
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Figure 4.4.4 Near field emission along the laser diode x-direction (a) & (c) and emission 

spectra (b) & (d) -just above threshold- for two 35-period InAs/GaAs SL QRs RW 

devices of 11 pm and 23 pm ridge width respectively. The emission characteristics are 

taken at different temperatures (230 K and 260 K for 23 pm- and 11 pm-RW 

respectively).

The near field emission for the two RW laser diodes of 11 pm and 23pm show that there is a 

spatial separation between the maximum light intensity peak values of the two orthogonal 

polarisations TE and TM. Plot (a), which refers to the 11 pm-RW, shows that at the point -  

across the facet- where the maximum light intensity of TM polarised light appears, there is no
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TE polarised light coming from the RW. On the contrary, the light emission of the latter 

polarisation appears near to and around the TM-maximum, where the level of TM-polarised 

light is low. For the case of the 23 pm-RW similar light emission behaviour is illustrated in 

plot (c), where the RW device lase in different spots across the facet, with light intensity to 

peak between TE and TM polarisation with a spatially alternative way across the facet. 

However, it is noticed, both from the near field (a) and (c) and from the lasing spectra (b) and 

(d), that as the ridge width decreases the total TM/TE light intensity ratio -above threshold- 

decreases. This polarisation-dependent near field emission pattern as well as the variation of 

relative overall TM/TE light intensity with respect to the ridge width indicates that this 

characteristic emission should be due to the 2-D ridge wave-guiding property of the laser 

diode, where components of both polarisations (TE and TM) can exist at the same time in a 

single mode, contributing both to the lasing mode above threshold. However, it should be 

noted that the lasing emission in both polarisations requires the material to provide TE as 

well as TM optical gain, where this should be the case for the 35-period sample.

In a similar ridge waveguide optical fiber structure [Kaiser 1973], designed for single mode 

operation, it was shown that there can exist two different polarisations in a single mode, i.e 

there are two fundamental modes Eq0 and EqQ corresponding to polarisation in the x and y 

direction respectively. The TE-TM coupling leads to a leakage of power from the ridge 

[Adams 1981] and the degree of leakage depends on the ridge height, determined by the 

etching depth, and the ridge width [Ogusu 1979]. Therefore, in the case of the 35-period QR 

RW laser diodes it should be expected by decreasing further the ridge width to reduce the TE 

light intensity with respect to TM, without being able to cancel it, paying as well a penalty in 

the output light power.

During the laser measurements an increase of the threshold current density and an apparent 

filamentation in the near field emission was observed when measurements were repeated 

several times. Especially at high temperatures, where the devices were driven harder to reach 

the threshold current density, the degradation was occurring even faster. Therefore, only at 

low temperature the devices were driven to a current density up to 7 or 8 times the threshold 

current density to monitor the laser action at high current densities. Figure 4.4.5 shows
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spectra for a current value of almost 1.5 times the threshold current, where a two-state lasing 

occurs with TM-dominant polarisation emission for both states. Two lasing states have been 

reported for a standard QD [Markus 2003] or for a QD incorporating tunnel injenction 

[George 2007] with an energy separation between the two-states of 65 or 80 meV 

respectively. In the case of the 35-period QR this separation is around 18meV. Multi

wavelength laser characteristics of columnar-shaped InAs/GaAs QD lasers have also been 

reported elsewhere, with a separation of the lasing spectral lines between 16 to 19 meV 

[Sugawara 1999b]. This is attributed to the fact that dots of different size, and therefore of 

different energies, start to lase independently -in  order in which the required threshold gain 

has been obtained- due to their spatial localisation.
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Figure 4.4.5 TM-dominant two states lasing emission at 230K for a laser device of 
length of 3mm for a current density of 0.38 kA/cm2.
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4.4.2 Threshold current measurements versus temperature

The threshold current density values as a function of temperature for a range from 200 K to 

300 K are illustrated in figure 4.4.6, where a noticeable increase of threshold current density 

at elevated temperatures occurs. This is a general characteristic that has been observed in QW 

and QD structures due to the increase of thermally activated leakage current and to the 

increase of the spontaneous emission originating from higher sub-bands in QWs. Gain 

saturation in QDs has also been observed due to escape of carriers in the wetting layer at high 

temperatures [Matthews 2002]. This can be a possible reason for the abrupt increase of 

threshold current density for temperatures higher than 260K.
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Figure 4.4.6 Temperature-dependent threshold current density for a 35-period InAs/GaAs 

SL QR (P990), ridge width 11 pm and diode length of 3mm (blue circle) and 4mm (gray 

circle), and an oxide stripe DWELL QD as appear in ref. [Scandall 2006]
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4.5 Summary

In this chapter, I have outlined the dependence of the TE/TM optical response of InAs/GaAs 

columnar-QDs to the QD aspect ratio and the In compositional contrast between the QR and 

the 2-D WL region. Also, an analytical study of the QCSE has shown that the direction and 

amplitude of the Stark-shift is aspect-ratio dependent. A dominant TM polarised laser light 

emission was observed from the 35-period InAs/GaAs SL QR. *

In Section 4.2, I started by describing briefly the geometry characteristics of the columnar- 

QD materials studied in this chapter and I gave details such as the aspect ratio and the In 

composition across the QR and 2-D WL, derived by TEM images. The studied samples 

formed two groups; one of 1st generation columnar-QDs consisting of two samples of aspect 

ratio up to 1.12:1 and two samples of an aspect ratio of 3.51:1. The 2nd generation are QRs of 

extremely high-aspect ratio up to 10:1 and of different In compositional contrast between the 

QR and 2-D WL region. A study of the polarisation relative response TE/TM, using E-PCS 

and by applying the method introduced in chapter 3, illustrated that by increasing the aspect 

ratio of the rod the TE/TM ratio is reduced and reaches a value close to 1, for the 1st 

generation columnar-QD sample of 1 stack and 30-period InAs/GaAs SL, which is desired 

for application in polarisation-independent SOA. Measurements for the 2nd generation QRs 

have shown that the TE/TM ratio depends as well on the In compositional contrast. The QR 

of the highest In composition contrast shown the lowest value of TE/TM ratio -0.14- close to 

the band-edge.

In section 4.3, I began by expressing the external applied reverse bias in terms of internal 

electric field, using a semiconductor simulator, in order to compare the QCSE of the varied 

aspect-ratio columnar-QDs. I first introduced the much studied Stark shift in an InAs/GaAs 

QD system -where the energy shift is described by the quadratic equation E = E0 + pF  + PF1 

[Fry 2000a]- by presenting field-dependent edge photo-current measurements for the standard 

aspect ratio QD sample.
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By studying dots of different heights and aspect ratio, the amplitude and of the absorption 

spectra band-edge shift with respect to electric field is found to be related with the dot aspect 

ratio. For the case of the lower aspect-ratio 1st generation columnar-QD samples (asp. ratio 

0.63:1 and 1.12:1), a dramatic enhancement of the electro-optic effect was observed, which is 

promising for the use of these material in optical telecommunication (i.e optical 

modulators/switches). In addition the limitations concerning the further enhancement of the 

electro-optic effect by fabricating even higher aspect ratio columnar-QDs were analysed and 

discussed here. The two main parameters contribute to the quenching of the large Stark-shift - 

as it is studied in “PC-field regime”- are: (1) the fluctuation of In composition along the rod, 

where the e-h dipoles can confine in smaller volume than that of the total volume of the rod 

due to the presence of local potentials along the rod and (2) the appearance of additional 

states & the rapid change of the transitions oscillator strength with the applied field, which 

both are due to the dot elongation in the growth direction. In the latter parameter the Stark- 

shift of the photo-absorption spectra is an overall effect of photo-generated carriers 

corresponding to different transitions, where their oscillator strength changes rapidly with 

field. By further increasing the dot height- by fabricating extremely high aspect ratio QRs, 

there is no any observable shift of the band-edge as illustrated for the QR of aspect ratio 10:1.

In section 4.4, ASE spectra for the extremely high aspect-ratio 35-period InAs/GaAs 

columnar-QD sample shows emission from both TE and TM polarisations, with TM to be the 

dominant. The different emission peaks as appears in polarised ASE spectra agrees well with 

those of edge photo-current spectra. I then, demonstrate a TM-dominant laser emission at
a

room temperature (20 C) with a threshold current density of 1.07 kA/cm . The dual 

polarisation emission above threshold was also analysed and attributed to the ridge 

waveguide properties, where the nominal TM mode consists of a small TE component, and to 

the fact that the studied material provides optical gain in both polarisations. By increasing 

further the current density a two-state lasing with a small separation of 18meV is observed. 

Threshold current density measurements with respect to temperature show an abrupt increase 

of the threshold current density above 260K.
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Chapter 5 - Summary and future work

5.1 Motivation recap, background and Summary

In this thesis I have produced results with the aim to examine the optoelectronic properties of 

InAs/GaAs columnar-QDs and compare them with those of a standard aspect ratio QD. Each 

section begins with a motivation recap with the experimental investigation and results 

analysis obtained in this work summarised in the following bullet points.

5.1.1 Polarisation response o f  Columnar-Quantum Dots 

Motivation/Background

In general, PL [Sugawara 1999] or EL [Ridha 2008a] measurements have been taken for 

different columnar-QD systems in order to identify the polarisation properties of these 

materials for possible application in polarisation-insensitive Semiconductor Optical 

Amplifiers (SOAs). For the columnar-QD materials studied here prior to their fabrication the 

polarisation properties has been modelled and theoretically investigated by using eight-band 

k p model calculations [Ridha 2008b] with aim to predict the TE/TM optical response 

dependence on dots aspect ratio and In compositional contrast between the rod and the 2-D 

WL region. However, polarisation sensitive photon emission measurements do not provide 

information on the relative TE/TM optical absorption strengths which itself determines the 

gain in an amplifier. Here in order to study the polarisation properties of these novel materials 

a new -more fundamental- approach was proposed, which allow obtaining the TE/TM optical 

generation ratio for a wide wavelength range including that close to the band edge, which is 

of the most importance.

In  this thesis:

► For the investigation of the polarisation properties of columnar-QDs, with aim to compare 

them with this of a standard shape QD, a novel experimental technique in chapter 3 was
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suggested by using edge photo-absorption spectroscopy. This technique requires a new 

experimental configuration, where the orientation o f the device-polariser relative to the 

monochromator’s output slit is changed by 90°, providing a mean to calibrate the relative 

TE/TM optical response -for both E-PVS and E-PCS- and measure the fundamental TE/TM 

optical generation rate ratio.

► The suggested method is verified by application to different type of strained InGaP QW. 

The TE/TM photo-voltage signal spectra ratios for the tensile and compressive strained QW 

samples were found to be 0.24 and 10 respectively, agreeing well with the theoretical 

predicted TE/TM transition matrix elements ratio values. For the case o f the compressive 

strained QW sample this ratio theoretically should be infinity. This deviation was mainly 

attributed to the fact that the light is focused onto the edge of the sample and not precisely 

normal to it.

► By applying the method above to a group of columnar-QD samples and a standard aspect 

ratio QD, which was used as a reference sample, the dependence o f TE/TM optical response 

of columnar-QDs to the dot’s aspect ratio and the In composition contrast, which determine 

the biaxial strain induced into the rod, was shown and explained. The studied samples were 

divided into two groups of columnar-QDs defined by the generation type; the 1st generation is 

of high aspect ratio up to 3.51:1 and the 2nd generation o f extremely high aspect ratio up to 

10:1 and of different In compositional contrast with this o f 1st generation. The two main 

outcomes explaining the dependence of the fundamental TE/TM optical response of 

columnar-QDs are outlined as follows:

•  The TE/TM  ratio decreases with an increase in dot height. The TE/TM ratio near 

the band edge for the columnar-QD is reduced approximately from 6.5 for the standard 

aspect ratio QD, to 4.5 and 3 for a columnar-QD o f aspect ratio 0.63:1 and 1.12:1, 

respectively. The two columnar-QDs have the same diameter value (different height) 

and similar values of In compositional contrast.

•  The TE/TM  ratio decreases with an increase in In  compositional contrast The

values of TE/TM ratio near the band-edge of the extremely high aspect ratio QRs, but of 

similar aspect ratio, were found to be 2 (aspect ratio 7-10:1) and 0.14 (aspect ratio 

7.5:1). The difference in the relative TE/TM optical response is due to the In
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composition in the QR area being 51% and 44% for the sample of lowest and highest 

TE/TM ratio respectively.

► For the two 1st generation samples of 3.51:1 aspect ratio the amplitude of the photo

current spectra is similar for the two orthogonal polarisations and this has potential 

application in polarisation-insensitive SOAs. Although these two samples were grown to 

have similar characteristics (only the number of QD stacks is different) the 1 stack sample 

showed a TE/TM ratio close to 1 while the 3 stack columnar-QD reached a value of 2 close to 

the band edge. The cause of this deviation is not clear at the moment, however the most likely 

cause is a difference in In composition between the two samples due to unintentional growth 

differences.

5.1.2 Quantum-Confined Stark Effect in Columnar-Quantum Dots 

Motivation/Background

The QCSE in a standard aspect ratio InAs/GaAs QD material has been studied by normal- 

incident photo-current spectroscopy [Fry 2000b] and the energy shift caused by the 

application of an external electric field parallel to the semiconductor growth direction, is 

described by the equation E  = Eo + p F  + (IF 2. The field-dependent photo-current 

measurements showed a permanent dipole orientation with a positive dipole moment, i.e the 

hole is localised above the electron inside the dot [Fry 2000b]. By increasing the dot height 

field-dependent low-temperature PL measurements for a Quantum Posts (or Quantum rods) 

of high aspect ratio, where the post length was varied from 10 nm to 60 nm, have shown that 

values of dipole moment 40 times higher than those o f QDs o f standard shape can be found 

[Petroff 2007], corresponding to extremely high values o f e-h separation inside the post 

[Krenner 2008]. These enhanced electro-optic properties which are desired for application in 

electro-optical modulation and optical switching are studied here in a higher and wider range 

of applied field, i.e in the “PC-field regime”, in order to have a complete picture of the QCSE 

in these materials. This leads to new information about the Stark shift amplitude and direction 

which is found to be closely linked to the aspect ratio of the columnar-QD samples studied 

here.
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Results taken in this thesis are summarised as follows:

► By using temperature- and field-dependent edge-photocurrent spectroscopy the two main 

escape mechanisms, i.e tunnelling and thermal excitation, of the photo-generated carriers 

from the dot states of a standard DWELL sample has been discussed in chapter 3. It is shown 

that at room temperature the photo-current spectrum is absorption-like representing the dot’s 

true absorption spectra, therefore the 15% decrease in signal amplitude -corresponding to 

ground state- for a internal electric field range from approximately 50 to 320 kV/cm is 

associated with the reduction of the e-h pair oscillator strength. The above results are then 

used as a reference in chapter 4 for the study of QCSE in dot of higher aspect ratio, i.e 

columnar-QDs and QRs.

► From the characteristics of the Stark shift analysis o f the 1st and 2nd generation columnar- 

QD samples the results can be summarised in the two following categories:

•  Lowest aspect-ratio 1st generation Columnar-QDs. For the 10- and 18-period 

InAs/GaAs SL columnar-QDs, having a height of 12.5 and 22.5nm and an aspect ratio 

of 0.63 and 1.12 respectively, an enhancement of the electro-optic was observed. In the 

case of the lowest aspect ratio 10-period columnar-QD, transitions that are shifted very 

weakly or very strongly with applied field were indicated. For the latter case, a large 

and linear red-shift o f the ground state transition, i.e 65 meV compared to that of 20 

meV for the DWELL QD in a field range from 130 kV/cm to 320 kV/cm, was observed 

which was accompanied by a rapid reduction of the oscillator strength with field. Thus, 

in this field range, a high value of positive dipole moment value was derived 

corresponding to an e-h separation of 3.4+/-0.2 nm inside the rod, which is almost 7 

times higher than that of a standard aspect ratio QD and 3-4 times less than that of the 

rod height. The deviation between the e-h separation and the rod height was attributed 

to the local In compositional fluctuation along the rod, which confines the carriers in a 

volume less than that of the total volume o f the rod. In the case of higher aspect ratio 

columnar-QDs the Stark-shifi is of the same amplitude (18-period CQD) or of smaller 

amplitude (2nd generation QRs-see below) and this explained as an outcome of two 

effects taking place at the same time; (1) there are more states contributing to the 

overall photo-current spectra and (2) these transitions experience a very rapid change in
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their oscillation strength -in the studied field range regime, i.e “PC-field regime”,- as 

the rod volume increases.

•  High aspect ratio Columnar-QDs, Le Quantum Rods. By further increasing the dot 

height- fabricating QRs- the confinement along the growth direction becomes even 

weaker and many additional energy transitions, confirmed by calculations of the 

electronic states within 3-D approach in the eight-band k p approximation [Li, 

2008(b)], contribute to the photo-current spectrum. For the extremely high aspect ratio 

2nd generation 30-period QR, there is no observable shift o f the spectra band edge with 

applied field in the “PC-field regime”.

5.1.3 Laser characteristics o f  extremely high aspect ratio Columnar-Quantum Dot. 

Motivation/Background

Control over the polarisation for columnar-QD systems grown by different approaches has 

been reported [Kita 2002] [Li 2008a], with evidence o f net TM optical gain [Kita 2006] 

[Yasuoka 2008b]. However, until now a TM lasing emission from any InGaAs material has 

not been reported. By using the proposed method of calibrating the relative TE over TM 

photo-absorption response in chapter 3, it was observed for the extremely high aspect ratio 

35-period InAs/GaAs columnar-QD sample a TM-dominant photo-absorption, i.e the TE/TM 

ratio of the photo-current spectra near the band edge was 0.14. Thus, the emission properties 

of these samples are studied here and show a TM-dominant amplified spontaneous and lasing 

emission, which agrees well with the TM-dominant photo-absorption strength.

Here,

► A TM-dominant laser emission at room temperature (20° C) with emission wavelength at 

1.194 pm and a threshold current density of 1.07 kA/cm2 is observed. The light emission 

above threshold and at both orthogonal polarisations was analysed by obtaining the near field 

emission from laser diodes of different ridge widths. The presence of both polarisations in 

lasing emission was attributed to the ridge waveguide properties, where for the nominal TM 

mode a small TE component can exist at the same time, contributing both to the lasing mode 

above threshold for a material structure that provides both TE and TM optical gain.
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Temperature-dependent threshold current density measurements for a temperature range from 

200K to 295K show that there is an abrupt increase in threshold current density above 260K, 

which requires further investigation.

5.2 Overall summary

In this thesis the fundamental TE/TM optical response o f a set o f InAs/GaAs columnar-QD 

was analysed by proposing a new method in order to measure the relative TE/TM optical 

generation rate ratio using edge photo-current spectroscopy. The dependence of polarisation 

response on the dot aspect ratio and the In compositional contrast between the rod and the 2- 

D WL regions was identified. By applying photo-current spectroscopy, the dependence of the 

amplitude of the band edge shift of the spectra, with respect to electric field, on the columnar- 

QD aspect ratio was analysed and information about the wave function’s behaviour under the 

presence of electric field was obtained. Finally, TM-dominant lasing emission was observed 

in the case of extremely high aspect ratio columnar-QD.

5.3 Future work

In this thesis the optoelectronic properties of a set of columnar-QD materials grown by a new 

approach were analysed. However, due to the novelty of these structures and their interesting . 

properties shown here there is a lot of spaces for further research as a few questions have 

arisen.

From the study of QCSE in lowest aspect ratio columnar-QD samples it was possible to 

extract information about the amplitude of the Stark-shift and how the In variation along the 

rod influences the e-h dipole under the presence of an electric field. However, there is no 

information about the orientation of the dipole in the case of zero field because there is no 

data taken for negative or positive - in  a regime less than the junction’s “built-in” field- 

values of electric field. An interesting contribution in this work would be the growth of such 

material structures with inverted p-i-n regions, i.e two identical in growth columnar-QDs of
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n-i-p and p-i-n junctions, which allow measurements of the Stark shift to taken both for 

negative and positive values of internal field. A further investigation of the aspect ratio 

dependence of the dipole orientation could lead to fabrication of columnar-QDs with 

maximum overlap of electron and hole wave functions for optimum laser performance.

Optical gain measurements for the lowest aspect ratio columnar-QD of TE-dominant gain 

have already been reported by our collaborators [Ridha 2008b] and an investigation of TM- 

dominant gain has recently been reported in ref. [Yasouka 2008b], without a demonstration 

of TM lasing. Therefore, gain measurements for the extremely high-aspect ratio sample 

(lasing in TM) would be an interesting addition to this work as it would provide us with an 

insight to TE-TM gain relation and how this related to the dual-polarisation emission 

property of the laser structure. In addition, gain measurements using the segmented contact 

method [Blood 2003] could answer to the question about the non-radiative mechanisms 

responsible for the abrupt increase of threshold current density above 260K. However, gain 

measurements weren’t possible here as the devices showed a fast degradation during the laser 

measurements. Nevertheless, these novel materials have shown good laser properties, i.e 

lasing in room temperature [Li 2008] [Li 2008b], although they are very new materials. 

Therefore, there is a potential for further improvement in the future which can be realised 

with a combination of improvement in growth technique and the understanding of the 

radiative mechanisms responsible for the temperature-sensitive threshold current density. For 

application as laser sources in optical telecommunication it would be also interesting to know 

if this novel material can be modified to cover emission wavelengths of 1.3 or 1.55pm. 

Theoretically, as the dot size increases the emission wavelength red-shifts [Coleman 2008], 

therefore by controlling the shape and In composition in columnar-QD it should be possible 

to tune the emission wavelength to desired values.

Finally, to use these columnar-QD materials as polarisation-insensitive SOA there are a few 

requirements that should be further studied, such as the level o f material gain, the carrier 

dynamics and the level of noise figure.
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Appendix A- Diffraction grating theory and monochromator set-up
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Figure A.1: Light ray picture of a blazed grating

The principal idea behind a diffraction grating is to disperse the incoming light in a way such as 

to spatially separate each of the incident light wavelengths. The wavelength selection then can be 

possible by setting an output slit aperture. Because of the spatial wavelength separation the width 

of the aperture determines the resolution of the output wavelength. A typical diffraction grating 

in a monochromator consists of a number of small parallel grooves ruled on the surface of an 

appropriate material and then coated by a high reflected material such as aluminium. Thus in a 

blazed diffraction grating each of the grooves is inclined at an angle operating as small mirrors 

reflecting the incident light at a specific angle.

According to figure A. 1 the light is incident and diffracted at an angle a and p, respectively, with 

respect to the grating normal. Each blazed grating is characterised by a groove facet angle cp,
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equal to the angle between the facet and the grating normal. The general grating equation is 

given by

d{sina  —  sin/?} = mA 

Equation A.1

, where d is the pitch of the grooves, m is the order of the diffraction and X corresponds to the 

light wavelength.

The blaze condition, corresponding to “blaze wavelength” b̂iaze for which the grating is most 

efficient, is satisfied when the light incidence angle is equal to the angle of reflection, where both 

of the angles are with respect to the facet normal. This is expressed in terms of an equation as

a  -  (p =  p +  cp

or

p =  a  — 2cp 

Equation A.2

Then the general grating equation is given as [Hutley 1982],

d{sina —  sin (a  — 2<p)} = mAbiaze 

Equation A.2

, where the angle of diffraction p is substituted by using equation A.I. The manufacturers can 

alter the “blaze wavelength”, thus “tune” the efficiency of a grating such as different designed 

gratings operate more efficiently in the desired wavelength ranges. However, the efficiency of 

the grating can drop dramatically for a specific value of grating angle, first observed by Wood 

[Wood 1902], and is called Wood’s anomaly. This drop in the efficiency it is polarisation 

dependent and has extensively explained later by Hessel [Hessel 1962].

116



Appendix A -  Diffraction grating theory and monochromator’s set-up

In this thesis edge photo-absorption spectroscopy is applied for both QW red emitting laser 

diodes (emission wavelength around 633nm) and GaAs/InAs QD systems emitting at infrared up 

to 1.3pm. Thus, for the measurements of QW and QD laser devices two different grating systems 

are used. The first grating contains 1200 grooves per mm, having a “blaze wavelength” at 750nm 

to obtain measurements for the QW structures. This grating system was also used for early stage 

measurements of QD materials. The operating wavelength range of this grating is from 400 to 

1300nm and in this thesis is called “short-wavelength range” grating. The “long-wavelength 

range” grating has 830 grooves per mm and a “blaze wavelength” at 1200nm and is optimum for 

a wavelength range from 1.1 to 1.8pm.
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Figure A.2 TE polarised E-PVS of InGaAsN QW structure with or without using long-pass filter.

Together with the “long-wavelength range” grating for each spectroscopic measurement obtained 

in this wavelength range a 715nm long pass filter -100% efficient to “cut” light wavelengths 

shorter than 680nm- is used to block light of second order diffraction up to 1360nm (~0.9 leV). 

Usually, in conventional monochromators the first order diffraction of light is used as a 

monochromator’s output wavelength with higher order diffraction wavelengths (eq. A.2) getting 

blocked by the set-up. However, the monochromator used in the experiment described above
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allows some higher diffraction order light wavelengths to get through. Evidence of that is shown 

in figure A.2, where TE polarised E-PVS measurements are obtained from InGaNAs QW 

structures. Although, the spectra are similar at the photon energy range 1.1 to 1.35eV, at low 

energy part of the spectrum there are obvious enhanced absorption features for the spectrum 

obtained without the use o f long-pass filter. These features are associated with absorption 

coming from second order diffraction o f light wavelengths corresponding to the visible range.
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Appendix B -  Growth details

1st generation Columnar-QDs:

P622 (columnar QDs with 5 QD stacks and 10 multilayers)

top
air
GaAs
GaAs
AIGaAs grading
AIGaAs
AIGaAs
AIGaAs grading 
GaAs

40 nm 
22 nm 
28 nm 
1200 nm 
300 nm 
28 nm 
131.5 nm

p-doped
p=2e19
p=2e18
p=1e18
p=5e17
p=5e17
undoped

p=2e19

(7 0 %  Al a n d  3 0 %  G a A s)  

(7 0 %  Al a n d  3 0 %  G a A s)

GaAs 40 nm undoped
InAs QD 0.55 nm undoped 5  tim e s  (= 5QD s ta c K s)

As undoped
GaAs QD 
As

0.85 nm undoped
undoped

1 0  t im e s  ( = 1 0  m u l t i l a y e r s )

InAs QD 0.21 nm undoped

GaAs
AIGaAs grading
AIGaAs
AIGaAs
AIGaAs grading 
GaAs (buffer)
bottom

171.5 nm 
28 nm 
300 nm 
1200 nm 
28 nm 
720 nm

undoped
n=5e17
n=5e17
n=1e18
n-1e18
n-doped

(7 0 %  Al a n d  3 0 %  G a A s)  

(7 0 %  Al a n d  3 0 %  G a A s)

n=2e18

P666 (columnar QDs with 5 QD stacks and 18 multilayers)

top
air
GaAs
GaAs
AIGaAs grading
AIGaAs
AIGaAs
AIGaAs grading 
GaAs

40 nm 
22 nm 
28 nm 
1200 nm 
300 nm 
28 nm 
131.5 nm

p-doped
p=2e19
p=2e18
p=1e18
p=5e17
p=5e17
undoped

p=2e19

(7 0 %  Al a n d  3 0 %  G a A s )  

(7 0 %  Al a n d  3 0 %  G a A s )

GaAs
As

40 nm undoped
undoped

InAs QD 0.55 nm undoped 5  t im e s  (= 5Q D  s ta c k s )

As undoped
GaAs QD 
As

0.85 nm undoped
undoped

1 8  t i m e s  ( = 1 8  m u l t i l a y e r s )

InAs QD 0.19 nm undoped

GaAs
AIGaAs grading
AIGaAs
AIGaAs
AIGaAs grading 
GaAs (buffer)
bottom

171.5 nm 
28 nm 
300 nm 
1200 nm 
28 nm 
720 nm

undoped
n=5e17
n=5e17
n=1e18
n=1e18
n-doped

(7 0 %  Al a n d  3 0 %  G a A s )  

(7 0 %  Al a n d  3 0 %  G a A s)

n=2e18
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P906 (columnar QDs with 1 QD stacks and 30 multilayers)

top
air
GaAs 40 nm p>doped p=2e19
GaAs 22 nm p=2e19
AIGaAs grading 16 nm p=2e18
AIGaAs 1200 nm p=1e18 (40% Al and 60% GaAs)
AIGaAs 300 nm p=5e17 (40% Al and 60% GaAs)
AIGaAs grading 16 nm p=5e17
GaAs 130.5 nm undoped
InAsQD 0.55 nm un doped 1 c o l u m n a r  Q D  (C Q D ) s t a c k

As undoped
GaAs QD 0.85 nm undoped 3 0  t i m e s  (= 3 0  m u l t i l a y e r s )

As undoped
InAs QD 0.19 nm undoped

GaAs 130.2 nm undoped
AIGaAs grading 16 nm n=5e17
AIGaAs 300 nm n=5©17 (40% Al and 60% GaAs)
AIGaAs 1200 nm n=1e18 (40% Al and 60% GaAs)
AIGaAs grading 16 nm n=1e18
GaAs (buffer) 820 nm n-doped n=2e18
bottom

P918 (colum nar Q Ds with 3 QD sta c k s and 30 multilayers)

top
air
GaAs
GaAs
AIGaAs grading
AIGaAs
AIGaAs
AIGaAs grading  
GaAs

40 nm  
22 nm  
16 nm  
1200 nm  
300 nm  
16 nm  
130.5 nm

p-doped
p=2e19
p=2e18
p=1e18
p=5e17
p=5e17
undoped

p=2e19

(4 0 %  Al and 6 0 %  G a A s )  

(4 0 %  Al a n d  6 0 %  G a A s )

InAs QD 0.55 nm undoped
As
GaAs QD 0.85 nm

undoped
undoped

3 r d  COO s t a c k

As undoped 30 times (= 30 multilayers)
InAs QD 0.19 nm undoped
GaAs
InAs QD

100 nm
0.55 nm

undoped
undoped

As
G aAs QD 0.85 nm

undoped
undoped

2 n d  CQO s t a c k

As undoped 30 tim es (= 30 multilayers)
InAs QD 0.19 nm undoped
GaAs 
InAs QD

100 nm
0.55 nm

undoped
undoped

As
GaAs QD 0.85 nm

undoped
undoped

1 s t  CQO s t a c k

As undoped 30 tim es (= 30 multilayers)
InAsQ D 0.19 nm undoped |
GaAs
AIGaAs grading
AIGaAs
AIGaAs
AIGaAs grading  
GaAs (buffer)
b o t t o m

130.2 nm 
16 nm 
300 nm 
1200 nm  
16 nm  
820 nm

undoped
n=5e17
n=5e17
n=1e18
n=1e18
n-doped

(4 0 %  AJ a n d  6 0 %  G a A s )  

(4 0 %  Al a n d  6 0 %  G a A s )

n=2e18
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2"d generation Columnar-ODs:

P968 (columnar QDs with 1 QD stacks and 30 multilayers)

t o p
air
GaAs 40 nm
GaAs 22 nm
AIGaAs grading 10 nm 
AIGaAs 1200 nm
AIGaAs 300 nm
AIGaAs grading 16 nm 
GaAs 180.5 nm

p-doped p=2e19
p=2e19
p=2e18
p=1 e l  8 (40% AJ ana 6D% GaAs)
p=5e17 (40% aj ana 60% GaAs)
p=5e17 
undo*

1 columnar QD (COD)
As
InAs QD 
As
GaAs QD 
InAsQD

0.29 nm

1.7 nm 
0.55 nm li

ii
i 

In 
11 30 tJUMS (= 30 multi aysrsi

GaAs 180.2 nm undoped
AIGaAs grading 16 nm n=5e17
AIGaAs 300 nm n=5e17 (40% AJ and 6C% GaAs)
AIGaAs 1200 nm n=1e1S (40% AJ and 6D% GaAs)
AIGaAs grading 16 nm n=1e1B
GaAs (buffer) 800 nm n-doped n=2e18
bottom

P990 (columnar QDs with 3 QD stacks and 3S multilayers!

t o p
air
GaAs
GaAs
AIGaAs grading
AIGaAs
AIGaAs
AIGaAs grading 
GaAs

As
GaAs QD 
As
InAs QD

40 nm p-doped p=2e19
22 nm p=2e19
16 nm p=2e18
1200 nm p=1e18 (4 0 %  AJ a n d  6D%  G aA s)
300 nm p=Se17 (4 0 %  AJ a n d  6D%  G aA s)
16 nm p=5e17
130.5 nm undoped
0.29 nm

1.7 nm 

0.55 nm

undoped
undoped
undoped
undoped |

3rd COO

5 5  d m —  (= 5 5  m u ltM a y w » |

GaAs 180 nm undoped
InAs QD 0.29 nm undoped
As u ndoped
GaAs QD 1.7 nm undoped
As undoped
InAs QD 0.S5 nm undoped j
GaAs
InAsQD

180 nm
0.29 nm

undoped

As undoped
GaAs QD 1.7 nm undoped
As undoped
InAs QD 0.55 nm undoped |
GaAs 130.2 nm undoped
AIGaAs grading 16 nm n=5e17
AIGaAs 300 nm n=5e17
AIGaAs 1200 nm n=1e18
AIGaAs grading 16 nm n=1e18
GaAs (buffer) 820 nm n-doped
b o t to m

2nd CQO

3 5  d m e e  m 35

1st CQO stack

(4 0 %  AJ a n a  6 0 %  G aA s) 
(4 0 %  AJ a n d  6 0 %  G aA s)
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