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Optical Studies of Three Dimensional Confinement in .
Photonic and Electronic Systems

Ali Mohammad Ahmad Adawi
| Abstract

In the first part of this thesis the optical properties of three dimensional opal photonic
crystals are investigated. The samples were grown by sedimentation of silica spheres
into a face centred cubic structure. Structural studies show that self assembled opal
photonic crystals are polycrystalline materials consisting of misoriented domains of
size 50 pum to 100 pm. The angle dependent transmission technique is used to
characterise the stop band of the samples. Due to the weak refractive index contrast in
opal photonic crystals, only stop bands along the [111] direction are observed. The
experimental transmission spectra are compared with theoretical transmission spectra
calculated according to a three dimensional model based on the transfer matrix
method. The experimental stop band is found to be six times broader than the
calculated one, and also the experimental Bragg attenuation length is found to be five
to seven times larger than the calculated one. Angle resolved diffraction and
scattering techniques are used to investigate the origin of the discrepancies between
experiment and theory. Analysis of the diffraction spectra indicate that the samples
consist of misoriented domains of thickness 10 um with a Gaussian distribution of 10°

FWHM around the [111] direction. The scattering spectra show a strong resonant

) enhancement at the centre or edges (depending on the refractive index contrast) of the

stop band. This observation is attributed to the multiple incoherent backward/forward
reflections between the sample domains. By analysing the balance of photon flux
originating from a slab of opal the shape of the experimental transmission stop band is

fully explained.

To investigate the effect of an incomplete photonic structure on the emission
properties of light sources located inside the photonic crystal, the samples were
infiltrated with solutions of laser dyes having fluorescence bands which overlap with
the photonic gap of the host crystal. The optical fluorescence spectra reveal a stop
band region with a centre varying with angle according to Bragg’s law. It is found that

the fluorescence stop band is much shallower and narrower than that observed in
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transmission spectra. The gap narrowing in the fluorescence spectra is attributed to
the scattering events inside the opal taking into account the spectral dependence of the

Bragg attenuation length.

High refractive index contrast opal photonic crystals are achieved by infiltration with
chalcogenide glasses (As;S; and AsSe) by precipitation from solution. Optical
imaging of the samples after infiltration shows that chalcogenide glasses tend to
aggregate into submillimeter areas inside opalS. Spatially resolved reflectivity
spectroscopy is used to characterise the infiltrated areas. Large shifts (up to 80 nm) in
the position of the stop band has been achieved from the infiltrated samples in

comparison to the samples before infiltration.

In the second part of this thesis, mid-infrared (2.5 um-25 pum) intersubband transitions
in the conduction band of uncoupled and vertically coupled and also in the valence
band of self assembled In(Ga)As/GaAs quantum dots are investigated using‘ direct
absorption measurements and photocurrent spectroscopy. The investigated dots show
three dimensional electronic confinement. Intersubband transitions are investigated as
a function of the polarisation angle of the incident radiation, external electric field and
temperature. The experimental results indicate that intersubband transitions in the
conduction band of the uncoupled dots are allowed for radiation polarised in the
growth direction, similar to that found for quantum wells. By strongly coupling
quantum dots in the growth direction (10 A GaAs barrier between the dots) we have
achieved a reversal of the intersubband selection rule for optical transitions between
conduction band states, compared with that observed for uncoupled dots. We find that
for strongly coupled dots the dominant absorption occurs for light polarised
perpendicular to the growth direction (s-polarised), consistent with eight-band strain
dependent k.p calculations. This contrasting behaviour results from the very different

composition of the basis wave functions in the conduction band states for coupled and .
uncoupled dots due to differences in the conduction-valence band mixing. This effect
enhances the oscillator strength of transitions between the ground and excited states in
the conduction band for coupled dots. The results from p-type samples show that
intersubband transitions in the valence band of self assembled quantum dots are
strongly polarised perpendicular to the growtfx direction (s polarised). The results are
attributed to the anisotropy of the hole subbands and also to the strong band mixing
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Introduction Chapter 1

Chapter 1

Introduction and Outline of Thesis

1.1 Motivation

Over the last decade there has been considerable worldwide effort to develop new
- physical structures to confine photons or electrons in all directions. The structures
used to confine photons in three dimensions are called three dimensional photonic
crystals, while the structures used to confine electrons in three dimensions are called
quantum dots. These two systems are of great interest, both for the physical
understanding of fundamental phenomena such as the interaction of light with matter,
and for the development of novel optoelectronic devices such as low threshold lasers.
The experimental work presented in fhis thesis is devoted towards investigating the
three dimensional confinement in such systems. Due to the broad scope of this'thesis,
the detailed structure, experimental procedure, and theoretical information of the

investigated systems will not be presented in this introduction. Instead they will be

presented in the relevant experimental chapter.

1.1.1 Three Dimensional Confinement in Photonic Systems: Photonic Crystals

Confining light in three dimensions requires a structure (photonic crystal) with three
dimensional variations in refractive index on the scale of the order of the wavelength
of light. Much like electronic states in an electronic crystal, photonic states inside a
photonic crystal are classiﬁed into bands and gaps, ﬁequency ranges over which
photons are allowed or forbidden, respecfively, to propagate. If the refractive index
contrast of the photonic crystal is high enough (3 2.8) propagation of photons will be

prevented in all directions within a certain range of frequencies (the so-called
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Introduction Chapter 1

valence band, and thereby the density of states is altered to atomic like delta function.
The atomic like density of states in quantum dots makes them of high interest for the
development of novel optoelectronic devices such as low threshold quantum dot

lasers’, optical memory systems® and large area quantum dot infrared photodetectors’.

In chapter 5 the results of intersubband absorption and photocurrent spectroscopy
from In(Ga)As/GaAs quantum dots are presented. The motivation of using
intersubband spectroscopy to investigate the three dimensional confinement in
In(Ga)As/GaAs quantum dots is that electron and hole transitions can be studied
indepéndently. The confinement potential for electrons in the conduction band is
different from the confinement potential for the holes in the valence band, aﬁd also
the effective mass of the electron is different from the effective mass of the hole. Thus
the effect of the three dimensional confinement on the electrons is different from the
effect of the three dimensional confinement on the holes. The valence band is much
more complicated than the conduction band due to the anisotropy of the hole

subbands and the strong band mixing between the valence subbands.

The results of intersubband spectroscopy from the conduction band of isolated
quantum dots showed that intersubband transitions in the conduction band are
polarised in the growth direction indicating that electrons in the conduction band
behave essentially like particles confined in one dimension. By coupling dots in the
vertical direction the confinement potential in the conduction band can be changed,
and thus in-plane absorption can be improved. The results of intersubband absorption
measurements from two strongly coupled InGaAs dots showed a strong enhancement

in the in-plane absorption due to the dot coupling in the vertical direction. These
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results are of significant importance for development of normal incidence infrared

photodetectors.

The results of intersubband spectroscopy from the valence band of SAQDs indicated
that intersubband transitions in the valence band are strongly polarised in the dot
plane. The results are attributed to the anisotropy of the hole subbands and also to the

strong band mixing between the valence subbands.
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‘Chapter 2

Characterisation of Three Dimensional
Self Assembled Opal Photonic Crystals

2.1 Introduction

It is well known that if an x-ray is incident on the pianes of an electronic crystal with
an ahgle ¢, the reﬂectiqn of the x-ray from the planes of the crystal will appear for a
specific wavelength A and an angle ¢, given by Bragg’s law 2dcos(¢) = m\ , where d
is the distance between the planes and m is an integer number related to the o;der of
the Bragg reflections. The concept of Bragg reflection applies equally well to visible
radiation, except that such phenomena do not occur in electronic crystals as a result of
the very small size of the crystal lattice constant. Therefore Yablonovitch! suggested
fabricating material with periodic refractive index structure on the scale of the
wavelength of light, in order to control the propagation of light. Tﬂis structure can be
designed from dielectric materials in one, two or three dimensions and is called a
photonic crystal (see Figure 2-1). If the photonic crystal is highly ordered, reflections
from the many lattice planes interfere constructively, and the Bragg reflection will be
very strong. The photonic crystal also can be designed in such a way to reflect light

within a certain range of wavelengths in all directions. In such a case the photonic

crystal has a complete photonic band gap.

This special pfoperty of a photonic crystal does not arise just because the light can not
penetrate through the surface, but also because the light generated inside photonic

crystal can not propagate out. There are no electromagnetic states available inside the
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Characterisation of Three Dimensional Self Assembled Opal Photonic Crystals Chapter 2

In this chapter the structural and optical properties of self-assembled opal photonic
crystals will be investigated. First a brief theoretical introduction to the concept of
photonic crystals and the propagation of light in a periodic structure will be vgiven.
The three main methods (hole drilling, layer by layer fabrication, and self-assembly)
used to fabricate three dimensional photonic crystal will be discussed. The structural
properties of the samples are investigated using Optical Microscope Imaging and
Scanning Electron Microscope (SEM). The angle dependent transmission technique
used to study the optical properties of the samples will be presented. The optical
properties of self-assembled opals have been studied as a function of the pore
refractive index, angle of incidence and sample thickness. The experimental spectra
are compared with three dimensional calculations for a perfectly ordered fcc photonic
crystal using the transfer matrix methods'"'%, The comparison between the measured
and calculated spectra indicates that the optical properties of self-assembled opals are

strongly controlled by the disorder in the material.
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Characterisation of Three Dimensional Self Assembled Opal Photonic Crystals Chapter 2 -
22 Theory

In this section an introduction to the theory of photonic crystals will be given.
Subjects such as propagation of electromagnetic waves in a periodic structure, the
band structure of photonic crystals, the concept of complete band gap and the

conditions which are required to achieve it will be discussed.

2.2.1 Electromagnetic Waves in a Periodic Structure
The equations that govern all macroscopic electromagnetism, including the
propagation of light in a periodic structure (photonic crystal), are the four

maéroscopic Maxwell equations', They are

V.B(r,1)=0
VaE(r 1)+ 225D
or @.1)
VD(@r,)=p
_ oD(r,1) _
VxH(r,?) N J

where E and H are the macroscopic electric and magnetic fields, D and B are the
displacer.nent and magnetic induction fields, p and J are the free charges and currents.
Consider the structure of the photonic crystal fabricated from linear, lossless,
nonmagnetic dielectrics. Assu;ning that there are no free charges or current sources,
and the dielectric constant () is frequency independent, the relations between E and
D, B and H are given by?

D(r) = ¢,&(r)E(r)

2.2
B(r) = s H(r) @2)
With all of these assumptions in place, Maxwell equations read?

VH(r,£)=0
0

VxE(r, 1) + 4, 6H(:', n =

V.e(r)E(r,1) =0 (2.3)
OE(r,1)
o

VxH(r, 1) - £,&(r) 0

11
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2.2.2 Properties of the Master Equation

The master equation has the following properties?

1. It is an eigenvalue problem. Therefore, we can rewrite the master equation as

. 2
@H(r):%—H(r) (2.7

2
where @ is a differential operator, H(r) is the eigenfunction and 9—2— is the eigenvalue.
c

2. The operator © is linear and hermitian and therefore the eigenvalues are real.
3. Scale invariance
Maxwell’s equations for macroscopic media have no fundamental length scale, and

consequently neither does the master equation. Suppose we know the solution for the

dielectric function €(r). Then for a dielectric function &'(r)=e¢ (E), the master
. s

equation is
1 2
Vx(— VxH'(r)) ==~ H'(r) : (2.8)
c
8(;) :

But if H,(r) are the solutions of the original equation with frequencies ws, then the
solutions of equation (2.8) are H/(r)=H,(S)with w, =22 The solution of the
s s

master equation at one scale determines the solutions at all other length scales.

13



























































































































%
N @
%
7+

0*1

) )

%C)). '

).8

B B
N $#2

L

$,2






Intersubband Spectroscopy of In(Gé)As Self Assembled Quantum Dots Chapter 5

where ¢ is the electron charge, E, is the amplitude and € the polarisation vector of
the electric field associated with the electromagnetic radiation, respectively, and

p= E (_‘2_ + 2 + __Q) is the momentum operator.

iox oy, o

From Fermi’s golden rule, the radiative transition probability from a state |i) to a

state | f), with energy E; and Ey, respectively, is

Wy =-2’%(eE")2K f]s‘.iyli)lza(Ef ~E, -hw) | (5.3)

me
The absorption coefficient (o) is defined as the ratio of the absorbed electromagnetic

energy per unit time and volume, w=haww, [V, and the intensity of the incident

radiation I = —;-goanf , summed over all occupied initial and empty final states®.
. A A2
u 2m*h L Kf |£ P,

)
alho)="=
(o) I mPe,enV T E;-E,

S(E, - E, —hw) - (5.4)

where n is the refractive index of the material and c is speed of light. The quantity

2(7 1)

“m(E,-E,) is defined as the oscillator strength f of the transition®*. From Eq (5.4)

intersubband absorption is proportional to f and the polarisation selection rules are

determined by the nonzero terms of the matrix element ( f F .ﬁli> .

First we will discuss the selection rules of the intersubband transition in quantum

wells.
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Wa(r)= Zka" (F)u,(r) 6.7

where v runs over all the bands included in the calculations, » indicates the subband
levels, uvk(f) is the Bloch wavefunctions and ka‘ (r) is the envelope wavefunction

which can be found by solving the Schrodinger equation for the Luttinger-Kohn

hamiltonian®*

S THE +V(2)8, 1y (r) = Epy Foy () (5.9)

where V(z) is the quantum well potential and H?} is the Luttinger-Kohn Hamiltonian.
In the case of four band model (HH and LH) H is given by**

P+Q -8 R 0

H -§* P-Q0 0 R 59)

where
hz 2 2 2
P= - Nk +k, +k7)
0
h’ 2 2 2
Q= m 72(kx +ky _2kz)
0
XE) .
R=- [-y2(k3_k§)+2173kxky]

2m,
56

0

S= y3(kx—iky)kz

wherek, =i gz-and v1s 2 and y; are the Luttinger parameters and depend on the

material.

The anisotropy of the valence bands arises from the difference in the value of y2 and
73 (see the expression for R) and also from terms such as kk; and kyk, (see the
expression for S) in the Luttinger-Kohn Hamiltonian.
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Table 2 z polarisation (growth direction). (Reference 24)

HH(G/2) HH(-3/2) LH(1/2) LH(-172)
HAGD) | py —27,)D™ 0 — By, +ik)O™ 0

HH(-3/2) 0 h(y, —27,)D™ 0 By, (k, + ik, YO™
LH(1/2) —\/5}’3(",‘ —iky)d'{ 0 h(y, +2y, )DM' 0

LH(-172) 0 3y, (k, + ik, )O™ 0 h(y, +27,)D™

The results in Table 1and Table 2 can be understood as follows?*: the terms containing
JD™ contain the dipole fnatrix element of the envelope function (D™ see equation
(5.12)). Due to the dipole matrix element only transitions between states of different
parity are allowed. Because J is independent of k) , they are allowed at & = 0. The
JD™ terms give arise to HH—>HH and 'LH—-)LH transitions for light polarised in the z
direction (growth direction) and to HH—LH transitions for light polariséd in the x (y)
direction (in-plane). The terms containing fO™ include an envelope integral between

envelope wavefunctions (O™ see equation (5.11)), and thus only transitions between

states of the same parity are allowed. 7 is kj dependent, and thus the transitions are
allowed only for k; # 0. The IO™ terms give rise to HH—->HH and LH-LH
transitions for light polarised in the x (y) direction (in-plane) and to HH-LH

transitions for light polarised in the x (y) and z directions.

From the above discussion we conclude that due to the band mixing in the valence
band and the anisotropy of the valence hole subband states, intersubband transitions in
the valence band are allowed for light polarised in the growth direction and also for

light polarised in the in-plane direction.
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3 Selection rules in quantum dots:
For simplicity the selection rules will be discussed in the case of a cubic quantum dot
with dimensions Ly=Ly=L, =L. The eigenfunctions and eigenvalues of this system are

given by

W (7) = L%sin( ) sin 2 sin £

with (5.13)
(nml In’m 'l’) =8O mm O

and

hir?
= (n* + m? +1%), with n,m,1 =1,2,3,... (5.14)

nml

The matrix element in equation (5.4) is given by

(6 ) =25 sin2)sin 2 )sin ), p, 45,y +,p)sinC) sin 2y E s

( 13 .ﬁli> = .80y (1 || 1) + 8,6, 80 (m'|D, | M) + £,8, 6 (U'lp|)  (5.15)

Eq@tion (5.15) indicates that intersubband transitions are allowed for all polarisation
directions in‘a cubic quantum dot. Intersubband transitions are allowed for light
polarised in the x direction if m=m’', I=1'"and for all n=n'with changing parity
(odd-even or even-odd). In the same way intersubband transitions are allowed for
light polarised in the y direction if n=n', I=I' and for all m=m' with changing
parity and for light polarised m the z direction ifn=n"and m=m' for all /!’ with
changing parity. Figure 5-13 shows some of the allowed transitions in a cubic
quantum dot and their polarisation. From the above discussion we conclude that in
contrast to the transitions in the conduction band of a quantum well, intersubband

transitions in quantum dot are allowed for all polarisations.
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5.5 Experimental Methods

The experimental techniques used to obtain the results of this chapter will be
summarised in this section. All the intersubband measurements are carried out using
an evacuated Fourier transform infrared ‘(FTIR) spectrometer. Two types of
- measurements are pe;rformed, namely direct absorption and photocurrent

spectroscopy. First an introduction to FTIR spectroscopy will be given.

5.5.1 FTIR Spectroscopy

FTIR spectrometer is composed of the following components: a mid infrared
radiation (MIR) source, an interferometer with beamsplitter (Michelson
interferometer) and a detector. The beam produced by the MIR source passes through
an aperture, then through an optical filter to the interferometer. When the beam exits
the interferometer, it is led to the sample, and finally focused on the detector (see

Figure 5-14)

As can be seen in Figure 5-15, the interferometer consists of a fixed mirror, moving
mirror (scanner) and beamsplitter (which transmits 50% of the beam and reflects
50%). The beam entering the interferometer is divided into two beams: one is
transmitted (T) to the moving mirror while the second is reflected (R) to the fixed
mirror. The transmitted part is reflected by the moving mirror and returns to the
beamsplitter where again one part is transmitted to the source (TT) while the second is
reflected (TR) to the sample. The reflected part is reflected by the fixed mirror and
returns to the beamsplitter where it also divided: one part is reflected (RR) back to the
source while the second is transmitted (RT) to the sample. The output of the

interferometer incident on the sample is TR+RT.
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In the light of the above discussion, all the differences between absorption and
photocurrent spectra in Figure 5-27 can be explained. The photocurrent spectrum of
sample M2303 at low temperature consists of a broad single peak with maximum at
193" meV, while the absorption spectrum consists of two peaks: one at 102 meV,
which was attributed to bound-to-bound transitions, and another broader and
relatively weak peak with onset at 210 meV. Both absorption peaks are polarised in
the growth direction. The photocurrent peak from sample M2303 shows a relatively
sharp increase on the low energy side and a broader tail on the high t\anergy side. The
occurrence of this peak at very low temperature, together with its asymmetric

2431 suggest that it is due to bound-to-continuum transitions. We also attribute

shape
the broad weak peak in the absorption spectrum with onset at 210 meV to bound-to-
continuum transitions. The bound-to-bound transition at 102 meV in the absorption
spectrum (see Figure 5-27a) was not observed in photocurrent spectra at low

temperature because the escape probability from the upper state of this transition is

low.

The photocurrent from sample M1698 at low temperature consists of two peaks, the
first peak centered at 170 meV and thel second with onset at 220 meV (see Figure
5-27b). The energy position and the shape of the second peak suggests that it is due to
bound-to-continuum transitions. The sum of energy of the bound-to-bound transition
energy (111 meV) and the activation energy (E.q=101 meV) is 212 meV, very close
to the energy position of the onset of the second peak in Figure 5-27b, supporting that
the second peak in Figure 5-27b is due to bound-to-continuum transitions. The energy
separation between the two peaks in Figure 5-27b is 50 meV, close to the PL (see
Figure 5-24b) separation between the wetting layer and continuum (80 meV). Also

the energy separation between the two peaks in Figure 5-27b is close to what was
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reported before for the energy separation between the wetting layer and continuum
using photocurrent spectroscopy by Sauvage et al’> (65 meV) and Chu et al’’ (60
-meV). Furthermore the absorption spectrum in Figure 5-27b shows very weak
absorption around 170 meV. However, this transition became the dominant transition
in the photocurrent spectrum at low temperature indicating that the escape probability
for this transition at low temperature is high, as is typical for bound-to-wetting
layer/continuum transitions. From the above discussion we conclude that the
photocurrent peak at 170 meV is due to bound-to-wetting layer transitions and the
second photocurrent peak with onset at 220 meV is due to bound-to-continuum
transitions. Bound-to-wetting layer and continuum transitions are hardly visible in the
absorption spectrum (see Figure 5-27b), because the oscillator strength (f;.c) for these
transitions is small. On the other hand bound-to-bound transitions are strongly visible
in the absorption spectrum (see Figure 5-27b), because the oscillator strength (fys) of
bound-to-bound transitions is large. In contrast, photocurrent spectra at low
temperature exhibit bound-to-wetting layer and bound-to-continuum transitions (see
Figure 5-27b), because the escape probability for these transitions is high. Bound-to-
bound transitions are not observed in photocurrent at low temperature, because the
escape probability for bound-to-bound transitions is low. However, At T~80 K bound-

to-bound, bound-to-wetting layer, and bound-to-continuum transitions can be seen in

photocurrent spectra (see Figure 5-29a).

The photocurrent spectra in Figure 5-29a show a 20 meV red shift in the energy
position of the bound-to-bound transitions with increasing temperature from 80K-
150K. However, the temperature dependent absorption measurement indicates only 3
meV red shift with increasing temperature from 12K to 300K. At this stage we do not

have a full explanation for this difference in the temperature dependence of the

168









0

0*1) ) L

9551

U@ 0 OM"1$9;9 011

955 )

%

J+

%

>>

" QRRARARAQAAQAQRAQRQQ?
%

% 1









0* 1)

9JI 6

01
& |

9J8

9Jl

) L

#$$ #2$

01

%

$$ 2%

=8

#

&
1

9JJ
K+

9JJ

%

K5



0*1) ) L " QQRQRRRAQAQARAARIAQQQQ

# % 7
# % , 9J8
40K1 %
401
9J8 9
9J801 = 01
0/4 M51 % 01H

HD10! 1% 0 1

KJ



Intersubband Spectroscopy of In{Ga)As Self Assembled Quantum Dots Chapter 5

5.8 Conclusions

In conclusion, we have studied intersubband transitions in the conduction band and
the valence band of In(Ga)As/GaAs SAQDs using a direct absorption technique and
photocurrent spectroscopy. The intersubband transitions have been investigated as a

function of polarisation angle and temperature.

VThe polarisation dependence of the intersubband transitions in the conduction band of
isolated SAQDs indicates that the transitions are polarised in the growth direction,
similar to quantum wells. By analysing the angular polarisation 'dependence of the
photocurrent signal we found that the intersubband absofption in the growth direction

is 6 times stronger than the absorption in the lateral direction.

In contrast to the results from the conduction band, direct absorption measurements
and photocurrent spectroscopy showed that the intersubband transitions in the valence

band of In(Ga)As/GaAs SAQD:s are strongly polarised in the dot plane.

The opticai properties of strongly coupled InGaAs/GaAs self assembled quantum dots
flave been investigated. A red shift in PL spectra peak position is observed due to the
coupling of the dots in the vertical dirc.:ction. Mid-infrared absorption measurements
and photocurrent show a strong in-plane absorption feature at 141 meV. This result
contrasts with measurements on uncoupled dots, which show intersubband absorption

in the growth direction. The experimental results are in good agreement with the

eight-band k.p calculations.

- The results of intersubband absorption measurements from two strongly coupled

InGaAs dots showed a strong enhancement in the in-plane absorption due to the dot
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