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Abstract

The electronic energy levels of dome-shape InAs self-assembled quantum dots 
(SAQD) grown by the Stranski-Krastanow mode on GaAs substrates are sim ilar to those 
obtained from a two-dimensional harmonic-oscillator. A simple selection rule allows transitions 
only that preserve angular momentum, depicted with atomic-like orbital labels s, p, d, f, etc. 
This electronic structure was examined w ith photoluminescence (PL) and photoluminescence 
excitation (PLE) techniques. As well, in magnetic fields up to 28 Tesla applied parallel to the 
growth direction, SAQD energy-level degeneracies were lifted. The number of branches 
observed is correlated to the angular momentum. The ground state (GS) level at zero angular 
momentum is shifted quadratically under the magnetic field and the behavior could be 
explained with the Fock-Darwin (F-D) spectral model.

The effect o f annealing at temperatures from 825 ° C to 900 ° C in 25 ° C steps 
on the SAQD electronic structure was also examined with the PL technique combined with an 
applied magnetic field in the Faraday configuration. The PL lines were sim ilar to the F-D 
spectral lines with their degeneracy lifted by the applied magnetic field. These lines exhibited 
ten (anti)crossings: three each at 10 T and 28 T, four at 18 T, while the inter-level spacing and 
the FWHM were reduced with increasing annealing temperature. Thus an increase in the 
observed (anti-)crossings resulted for the higher anneal temperatures.

The in-plane excitonic reduced-mass was inferred from the systematic splitting of 
the PL p-branches in a magnetic field. The reduced-mass for all the annealed QD samples was 
about 0.066m0 ±0.012m0 which decreased slightly with anneal temperature. An 8-band k*p
model predicted a sim ilar reduced-mass at low alloying of gallium, but an incorrect trend was 
observed as the alloying increased with annealing temperature. Unrealistic reduced-masses at 
50 percent gallium content were reached. This discrepancy is explained assuming the F-D 
model is a single (independent) bulk particle picture neglecting many-body effects, and also the 
k*p model assumes identical disks before and after annealing. The SAQDs were in fact 
inhomogeneous shallow domes whose height is reduced with annealing temperatures.

ft is an attempt to reduce the effect o f many-body interactions such as exchange, 
configuration and screened coulomb interactions dominant in the PL technique, the PLE 
technique was use. In this technique, a single level in a collection or 'ensemble' o f dots is 
excited w ith tuned laser-light and only the Coulomb interactions are assumed to be important. 
The PLE peaks were found to be blue-shifted relative to PL peaks. Furthermore, under the 
influence of a magnetic field, two PLE peaks were observed that corresponded to the p and d 
energy states. However, three'd' lines were expected and is hypothesized that one of the d lines 
remained degenerate. Moreover, the carrier dynamics observed in PLE spectra are much more 
d ifficult to interpret than that o f the PL spectra.

Applying the same method, the analysis o f the p-branch peaks suggested an in­
plane reduced-mass o f —0.084m0 ± 0.002 m0, higher than obtained from PL measurement.
Since the effective mass is normally associated with the m obility o f the carriers, this would imply 
that the excitons in the PLE measurement are fess mobile than in PL. This is despite the
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reduced many-body effects, suggesting that some extra interactions in the PL excitation may 
actually enhance the carrier m obility.

Given the current interest in devices such as QD infrared photo-detectors and the 
necessary controls on the number of charge carriers in these devices, a single-layer and 25-layer 
SAQD samples with doping in the top cap layer were compared to un-doped sample using PLE 
at various detection energies. No absorption signatures appeared for the doped single layer, 
whereas they were recovered in the 25-layer doped sample. Evidently either dopants or 
injected carriers diffused into the QD layers beneath the cap. This diffusion and its influence is 
expected to be decreasing with depth.

Finally, the number o f injected charge-carriers in doped GaAs barriers 
interleaving 50 SAQD layers was studied in order to understand the influence on their 
electronic structure. From the relation between the dot density and the dopant dose, two to 
twenty-two charge carriers were estimated to be present in the barriers of each QD. The PLE 
results indicated that as this number was increased, direct radiative recombination from the 
higher levels decreased. In addition to Auger scattering and multi-phonon scattering, the 
enhanced scattering by the dopants impurities appears to add further decay channels toward 
the lower-energy recombination. This suggests that the PLE technique is sensitive for 
characterizing the doping effects in SAQD materials.

Some fundamental questions regarding the optical and electronic properties of 
InAs/GaAs SAQD have been answered in this dissertation and the results can be used to 
support the future development o f opto-electronic devices at the nano-scale level.
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Chapter 1 

Introduction

Technological development and increased physical understanding of 
semiconductor heterostructures have resulted in remarkable changes in everyday lives 
throughout the world. It is increasingly difficu lt to envisage life as it was formerly lived without 
semiconductor technology such as fiber-optic telecommunication systems [1-6] or light emitting 
diodes (LED) [1-7]. The need for smaller and faster electronic devices has created the new field 
of nanotechnology, where microelectronics may be complemented by the promise of quantum- 
effect devices. The underlying principles for nano-scale devices [14] are remarkably different 
from micro-electronic ones because, in the nano-scale, quantum as well as semi-classical size 
effects govern their behaviour.

Progressive improvement in fabrication techniques has helped scientists to 
produce nano-semiconductors with stricter dimensional confinements. In the 1960s, Hayashi 
and Anish [15] started to fabricate nano-devices by confining carriers to narrower band-gap 
materials sandwiched in between wider band-gap materials [16]. As a result, carriers (electrons 
and holes) were restricted from moving in the one dimension, which was typically the growth 
direction, but were free to move w ithin the orthogonal plane. This type o f confinement is called 
a quantum well (QW). Research activities were then extended to the study of quantum 
properties of carriers restricted from moving in two and three directions. When restricting 
movement in two dimensions, carriers are confined to one dimension, the axis of a quantum 
wire (Qwire). By adding confinement in this remaining degree of freedom, carriers are lim ited 
in three directions. This lim it is called a quantum dot (QD).

The properties of semiconductor structures w ith carriers sufficiently confined in 
one, two and three directions are very different from those of the bulk material. QD 
semiconductors, with properties that are analogous to individual atoms even though one QD 
may contain tens of thousands o f atoms, have attracted particular interest. A QD is thus an 
atom-like structure w ith an optical response distinct from Qwires or QWs.

There are many techniques to fabricate QDs: lithography, interface fluctuations 
[17] and self-organization [18]. The lithographic technique has been used to produce many 
types of QD, including free-standing QDs1, [19-20], and QDs grown on patterned substrates 
[21-25]. The interface (potential) fluctuation techniques [26-27] on a QW generally induce 
fluctuation of the gallium or the indium content. This effect produces efficient localization 
centers for excitons, which act as QDs. In the case of the self-organized technique [28-31], QDs
are formed spontaneously during the fabrication process due to lattice mismatch at the interface 
between two different types of semiconductors. Generally producing randomly positioned QDs 
in a layer, this technique is relatively easy, fast, inexpensive and reliable. A ll samples studied in 
this dissertation were InAs dots grown by the self-organized technique via the Stranski- 
Krastanow (S-K) mode on GaAs substrates.

1 This type of QD requires patterning by either positive or negative resists and dry etching process.
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The optical characteristics of self-assembled QDs (SAQD) are quite distinctive, 
especially in III-V  compounds. Dome-shaped or hemispherical capped SAQDs have simple 
energy levels similar to the two-dimensional harmonic-oscillator, and are depicted with atomic- 
like orbital labels -  s, p, d, and f with the principal levels represented w ith quantum 
numbers|n+,n_). The selection rule An± =0 determined in previous studies and discussed in 
Chapter 2 determines the excitonic recombination energy at each level o f the QD.

Variation in dot dimensions and composition causes Gaussian broadening in the 
PL emission due to emission lines of individual dots. Rapid thermal annealing (RTA) is a post­
growth method used to reduce this broadening [31-34] and to somewhat ta ilor the inter-level 
spacing. The RTA technique is described in Chapter 3.

There are many challenges for meaningful optical characterization including the 
many steps required to prepare a single SAQD sample, such as a 'mesa mask' [35]. Thereafter, 
PL measurement (using laser illuminaTheretion) is readily performed, but it probes many QDs 
at the same and with many interacting excited carriers. Many-body effects such as exchange, 
screened coulomb and configuration interactions are then involved in the carrier dynamics.

These uncontrolled many-body interactions are alternatively reduced by using 
the PL excitation (PLE) technique. In the PLE technique, only a single energy level in a 
collection of dots is 'activated' by absorption of tuned laser light. The experimental setup for 
both techniques is described in Chapter 3. Fundamental electronic properties of the QDs such 
as the energy level structure, level offset and effective masses were examined with these two 
techniques.

The focus of this dissertation is to examine these fundamental optical and 
electronic properties of GaAs-based SAQDs. The knowledge contributed w ill help to control the 
QD properties. For example, the optical characterization results might allow setting or adjusting 
a growth parameter suited to a fabrication process.

Chapter 2 focuses on the fundamental characteristics of a SAQD by reviewing the 
density of states for an idealized quantum confinement structure (Qwire, QW and QD), and 
then emphasizes the electronic energy levels of a dome-shaped QD. The electronic structure is 
examined under the influence of an applied external magnetic field and a Fock-Darwin spectral 
model o f independent (single) electron-hole pairs is illustrated. The carrier dynamics including 
recombination processes in a SAQD are described at the end of the chapter, including phonon 
emission/absorption, multi-phonon emission/absorption and Auger effects.

The experimental set-up for PL and PLE optical characterization of SAQDs is 
described in Chapter 3. The optical path and instrument configurations, including magneto-PL 
and magneto-PLE techniques, are illustrated and explained in detail in this chapter. Some RTA 
results (or technique overview) are briefly discussed at the end o f the chapter.

In Chapter 4, experiments that optically explore the electronic properties of 
InAs/GaAs SAQDs with increasing In-Ga intermixing across the QD-barrier interface are 
reported. A set o f InAs/GaAs SAQDs samples annealed at various temperatures for 30 seconds 
was examined under magnetic fields in Faraday configuration up to 28 Tesla. The PL spectra
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with increasing field-strength showed evidence of a Fock-Darwin [36-37] (F-D)-like line pattern, 
indicating that the level structure may be understood in terms of two-dimensional harmonic 
oscillators. An estimate of the exciton reduced-mass in QDs with varying RTA treatment was 
obtained. An 8 band k*p calculation including valence-band mixing and a Bir-Pikus 
Hamiltonian coupling to strain was employed to estimate the Ga content in the InAs QDs after 
deposition and after RTA-promoted interdiffusion.

A single particle picture of excitons in these SAQDs is the central 
discussionpresented in Chapter 5. The complexity of many-body interactions, including direct 
and screened coulomb, exchange, and configuration coupling energies, was expected to be 
diminished for the results obtained from the PLE technique. A blue shift in the PLE spectra was 
observed. The experiment was performed on an InAs QD sample annealed at 825 °C for 30 
seconds, instead of the as-grown QD, in order to shift the discrete energy levels of the QD into 
the tunable range of the excitation laser. As well, the electronic structure in the F-D picture was 
examined by applying an external magnetic field in the Faraday configuration. A comparison 
between the optical luminescence from PL and PLE experiments is discussed in Chapter 6.

In order to produce practical devices for applications such as quantum dot lasers 
[38-44], gates for quantum computing [45-47], memory devices [48-50], and quantum dot 
infrared photo detectors (QDIP) [51-52], a great deal o f fundamental scientific research is 
required. There is especially a significant interest in quantum dot infrared photo-detectors and 
the ability to modify and control the number of charge carriers in such QD devices. Thus, the 
fundamental effects of positive and negative charges in the QD were examined. In Chapter 7, 
the electronic structure of single layer InAs/GaAs SAQDs as affected by dopants in a capping 
layer is examined and the influence o f dopants in capping layers on top of 50 SAQD layers is 
also studied. Subsequently, the influence of various dopant doses in the barrier GaAs layer 
sandwiched in between 50 layers of QD is studied in Chapter 8 in order to examine the QD 
electronic structure and carrier relaxation. Since the available carrier relaxation mechanisms 
and rates are related to the energy levels of the SAQD, the influence of the different size of dots 
(and the density of the dots) at different doping levels is discussed.

The experimental research reported in this dissertation contributes to answering 
some fundamental questions concerning QDs and their optical and electronic models. The 
author anticipates that this contribution w ill also eventually enhance applications of nano-scale 
opto-electronic devices themselves.
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Chapter 2

Fundamental Characteristic of the Quantum Dot

The purpose of this Chapter is to provide sufficient background about GaAs- 
based SAQDs in order to discuss the experimental results presented in Chapters 4 - 8 .  The 
structure of III-V  semiconductors is briefly reviewed, especially InAs and GaAs, followed by the 
description of the fabrication of SAQDs which utilizes the lattice mismatch between these two 
semiconductors. The QD density of states is then discussed along with single-carrier energy 
levels w ith and without an applied external magnetic field. A description of the selection rules 
for radiative recombination and the various recombination processes -  both radiative and non- 
radiative -  concludes the Chapter.

2.1 Structure of III-V  Semiconductors

In atoms, the energy levels of bound electrons are discrete and precisely defined 
w ithin the lim it of Heisenberg’s uncertainty relation (AxAp < h ) and the same fact applies to 
SAQDs. The length scale of bulk semiconductors is on the order of centimeters, whereas for a 
waveguide it is in the scale of micrometers, which is in the wavelength range of visible light (0.4 
-  0.7 / m ). This relationship is illustrated in the unsealed cartoon presented in Figure 2.1.

1 cm

Macroscopic 
Bulk semiconductor

1 micron

wavelength

waveguide

10 i
1A

L I
de Broglie wavelength 

Quantum Dot

Atom

Figure 2.1: Comparing dimensions of bulk material, waveguides for visible light, a QD and 
atoms2

When charge carriers move w ithin a semiconductor and the mean free path is on 
the order of the de Broglie wavelengths [53], the effects of size quantization can be observed. 
In a highly non-degenerate semiconductor like GaAs, the de Broglie wavelength X depends on

2 Adapted from “Introduction to Semiconductor Optics” by cf. N. Peyghambarian [75].
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the relationship between momentum and wavelength through temperature and effective mass3, 
meff, of the carriers as [54]

X = - =  , h , [EQ 2.1]
p  f im effkBT

where the momentum4, p , is based on the assumption of a free electron gas colliding in three
1 2 3

dimensions - “ WV /V and p=meffv . Since the effective mass of such a semiconductor,

meff, is much smaller than the electron rest mass, m0, the wavelength in the semiconductor, 

Xeff, is larger than that o f the free electron, l e.

In SAQDs, the effective mass is also reflected in flattened ‘bands’ where size 
quantization flattens them ten to several hundred times. This is due to the strength of confining 
potentials, strains, and barrier height.

Quantization effects in semiconductors have been a popular topic o f study since 
the late 1950s, especially energy quantization in ultra-thin layers of silicon [55]. By the end of 
the 1980s the main properties of QWs and super-lattices were rather well understood, and 
interest shifted toward structures of reduced dimensionality: the Qwire [56] and QD [57-59]. 
Studying low dimensional confinement over the past two decades, various research groups 
produced QD applications such as photo-detectors [60-61] and QD lasers [62-63]. To the 
present date, advances in fabrication and characterization techniques have expanded the 
opportunities to study various optical, electronic and structural properties of QDs.

Knowledge of the basic properties of bulk III-V  semiconductors like indium 
arsenide (InAs) and Gallium Arsenide (GaAs) are required to grasp those of QDs. Both GaAs 
and InAs have the zinc-blende structure w ith a face-centered cubic (FCC) translational 
symmetry, and a basis of one GaAs (InAs) molecule, where one atom is at 000 and the other is 

1 1 1
at of the (non-primitive) FCC unit cube. Figure 2.2 is a schematic of this structure for III- 

V semiconductors.

3 Effective mass is an important parameter in studies of III-V hetero-structure confinement.
4 For highly non-degenerate semiconductors, an ideal-gas Maxwellian distribution holds as an approximation

to the Fermi distribution and possible relafivistic corrections in high B fields.
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Figure 2.2: GaAs and InAs zinc-blende structure; the volume of a few cubic As is four 
prim itive cells, (after Waugh [76])

The lattice constant for GaAs, InAs and their alloys ranges from 5.6 A  to 6.1 A 
as shown in Figure 2.3. The mismatch between InAs and GaAs lattice constants is important5 
in promoting growth of SAQDs.

_

i«p n
\OaSb

s.s 6.04.5

Lettice constant (A)

r-ralloy
X-valley
L-vaiiey

5.6 56 6.4 66

Lattice constant (A)

Figure 2.3: The energy gap and lattice constant for III-V semiconductors at T =0 K. (after 
Vurgaftman [64])

Figure 2.3 above depicts the T vertical energy gap as a function of a lattice 
constant for the zinc-blende III-V  binary compounds (left) and the lowest energy gap as a 
function of a lattice constant for non-nitride III-V  compound semiconductors (points) and their 
random ternary alloys (lines) at a zero temperature (right).

At appropriate temperature and pressure, InAs dots grow after deposition on 
GaAs of a few monolayers, due to the strain between these two layers since the InAs lattice

5Other well defined conditions cure required for S-K growth such as GaAs substrate temperature, pressure and 
the rate of injection of gallium, arsenic, and indium atoms.
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constant is 6.7 percent larger than that o f GaAs6. This type of growth is called Stranski- 
Krastanow (S-K) and this type of dot is called a SAQD7. A TEM picture of a SAQD is shown in 
Figure 2.4.

(200) DF (220) OF(0Q11BF

Figure 2.4: TEM images of InAs/GaAs SAQDs (a) cross section; (b), (c), (d) plan view, in 
bright (BF) and dark field (DF) imaging conditions [65]

2.2 Density of States for Idealized Structures

The optical response and density of states of low-dimensional semiconductors 
can be studied by PL and PLE experiments. The density of states g(z) is the number of 
available energy states per energy interval de per spin orientation per unit volume in real space 
as given by

< K d = 4 f # Y .  [EQ 2.2]jc ydk

where k is the wave-vector space. Quantitatively, modification of the band structure can be 
expressed through the effective mass in the density of states. For instance, the band structure of 
GaAs as shown in Figure 2.5 has a parabolic energy band at the r  center (center of the 
Brillouin zone8).

o o
6 The lattice constants for GaAs and InAs are 5.65 A  and 6.06 A , respectively.
7 Sometimes, this type of dot is called a self-organized QD.
8 The Brillouin zone is the primitive cell in reciprocal lattice space ( k  ). It is defined on a Wigner-Seitz

primitive cell, based on a geometrical interpretation of 2k • G = G2. The first Brillouin zone is 
symbolized by T . More detail is found in Cf. Kittel [225].
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Figure 2.5: Band structure in the vicinity of energy gap of GaAs [64]

The change in curvature of the parabolic energy is associated with the effective 
mass value. Often such an extremum occurs for k = 0 at the T point, at the center of the 
Brillouin zone. In the case of bulk semiconductors, the conduction-band density of states is

ft2 \ 2 2 2 ]o
generally given through the dispersion relation - £Bulk = ~z~rvcx + ky + J - by2m

&  Bulk (/'bulk ) 2n
2m 

C * j

* \Yi
' bulk [EQ. 2.3]

where m* is the carrier effective mass of the bulk semiconductor.

On the other hand, if the carriers are free to move in two dimensions (x, y) but 
are confined in one dimension (z-direction), the dispersion relation needs to be modified. For 
example, if the carriers are confined in the z-direction by an infinite finite square well potential, 
the dispersion relation10 w ill be

2

'QWell -  - %1 -*? + *
2 f  \  nzK

n =0 2 m± X 2 mz y L zy
[EQ. 2.4]

{n2 € 1,2,3,...}
where Lz is the physical length in the z-direction. Typically Lz is measured with respect to the 
bounding semiconductor with a larger ‘infinite’ energy gap, and m*± and m*are in-plane and z- 
direction projected effective masses, respectively. As a result, the density-of-states11 for the QW 
is defined as

9 Details for obtaining these energy levels can be found in cf. Peyghambarian [75] p 40-44.
10 Energy levels for QW with infinite square well potential can be found in cf. Peyghambarian [75] p 190-

197.
11 The density of states for QW can be found in cf. Peyghambarian [75] p 205-209.
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gQw(£)=g±(£)+gA£),

g Qw ( £ ) ~  _

* \ 7 l2m,
I n 2 v * 2 J

V, mp  72 J i-L T  _j.2 [EQ 2.5]
^  „,_i

Similarly, the energy dispersion relation and the density-of-states12 for the 
quantum wire and the quantum-dot semiconductors, with two and three dimensional 
confinement are given by

{Quantum w ire}

£  Qwire £ nz,nx
h2 ft2 ( n * Y  n% 2

2m
+ -

X  V X
2m

+  -

2m,
[EQ 2.6]

gQmM =  gy(£)+gx,z(£) ’

g Qwire ) —2n

f  o *V2 2my
_^2~ v /

iz j_
71

S / 2 +

^  *  \

2 h2 
V z V

s  -e „
[EQ 2.7]

{Quantum dot}

£ Qdot £ nynz,nx

h2 .2

2m
+  -

ft I
2m, I £

+  -
ft n v7t

\ 2

z J 2 my IKLy J

g  Qdi, X£) = 2 - * w J>
nx,n >nz

where nx,n ,nz e {0,l,2,3,...} .

[EQ 2.8] 

[EQ 2.9]

The energy dispersion relations and DOS for all o f the quantized dimensionalities 
are illustrated in Figure 2.6.

12 s Qwire arK* gQwire can be found cf. Peyghambarian [75] p 235-238, and s QD and £ qD from p 244 - 245.
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Figure 2.6: Energy dispersion (left) and DOS (right) for bulk, QW, quantum wire and QD 
structures with carriers confined by infinite barriers
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2.3 Electronic Energy Levels of a- Lens-Shaped QD

The growth of SAQDs by the S-K mode produces islands or dots after a few 
mono-layers of a larger lattice constant material are deposited on a smaller lattice constant 
material. These preliminary layers are labeled the wetting layer (WL). Although greater than 
this WL thickness, the dot height is 3-4 times less than lateral diameter, giving the dots a flat- 
dome shape [66]. The vertically confining potentials for such a dot and its WL are modeled as 
two finite square-wells even though the WL has a narrower square well than the height of QD. 
Carriers are localized w ithin the QD rather than the WL because the dot ground-state energy 
level is below the wetting layer's. The domed potential13 is thus a combination of lateral V{x,y) 
and vertical V(z) confinements. An ideal dome-shaped SAQD on a WL of thickness t 
modeled as a part o f a sphere w ith fixed height £ 0 and basal radius r in Figure 2.7.

is

Figure 2.7: Cross-section14 of an ideal dome-shaped quantum dot. The lighter shaded 
regions depicts a semiconductor w ith larger band gap than the darker shaded 
regions

The effective Hamiltonian for the free electron-hole pairs15 w ithin a SAQD 
confined in three dimensions is given by

H  =
2m

T + V(fJ + pl
2mT + r (n ) [EQ. 2.10]

where v(re) and v(rh) are the electron and hole confining potentials, respectively, due to the 
dot shape (height and diameter)16. me(h) represents the electron (hole) effective mass17, which is

13 The formal model is from “Zero-dimensional properties of self-assembled Islands” (Ph.D. dissertation,
Sylvain Raymond, University of Ottawa, 1997).

14 This cross-section is adapted from “Zero-dimensional properties of self-assembled Islands” (Ph.D.
dissertation, Sylvain Raymond, University of Ottawa, 1997).

15 SAQD energy levels are described by the flat-disk model in Woj’s article [67].
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effected by strain and variations in QD composition. The last term is associated with the 
Coulomb interaction between electrons and holes inside the dot, where e is the 
phenomenological dielectric constant of the QD.

The (screened) Coulomb interaction, the intrinsic attraction between conduction 
electron and valence hole is small. Therefore, when the dot radius, r , is on the order of an

eh2
excitonic Bohr18 radius, ° b  ~ ~r~i19, the lateral confinement potential has more influence than

the Coulomb interaction, which may be treated as a perturbation. For simplicity this 
perturbation is neglected at the moment. The Schrodinger equation for the effective 
Hamiltonian then reduces to

2mt + H k ) + pi
2 ml + y(h ) y ( r  )= (£ ,+ £ »  M ?)- [EQ2.11]

In this approximation, the effective Hamiltonian for the electron and hole are independent, and 
the Schrodinger equation [EQ2.11] reduces to a one-particle form:

2m,
• + F(r) [EQ 2.12]

The electron or hole subscript is henceforth dropped in order to simplify notation. As above, 
the potential V{f) separates into two components, restricting carriers to the growth direction (z- 
axis) and the lateral confinement (XY plane):

V(r)=V{p)+V(z), [EQ2.13]

where V(z) is the ground-state potential profile of a QW with the vertical height o f the QD, and 
V(p) is the QD lateral confinement potential. An adiabatic approximation20 [67] is adopted in 
this formulation. V(p) is the lateral potential energy at any point in the XY plane defined by 
the net ground-state-QW energy at physical height, l(x,y) , relative to the height at the center of 
the dot, ^0(x, .y). In other words, the carriers in the QD feel the potential difference at each 
point in x-y plane as the ground state energy of a QW of equivalent thickness, #(p), relative to 
the in itia l energy F(p0)thus:

16 In three dimensions, unresolved as yet in the vertical QW, lateral confinement presented in [EQ 2.13].
17 Effective mass is first associated with intrinsic ciystallographic periodicity then strain and confinement.
18 In III-V semiconductors with high dielectric constant (weak screened Coulomb attraction), Mott-Wannier

excitons form at radii much larger than a lattice constant. Mott-Wannier excitons are neutral and free 
to move through out the crystal unless confined as in a QD. 

o
19 Bohr radius is ~ 0.6 A  where E  = 8.85x10~12C 2 /  Jm,m*e = 0.0662w0.
20 The adiabatic approximation follows from ion core mass being three to five orders of magnitude greater

than the electron mass with therefore much lower resonance frequencies. This results in separable 
wave functions for ion cores and electrons (cf. Klingshirm [229], pp 129-130).
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V(p) — Eqw (̂ (p )) EqW {i o) > 

where the ground-state energy of the QW is given by

En„ = ■

[EQ 2.14]

h2* 2
2m t

[EQ 2.15]

Substituting [EQ 2.15] into [EQ 2.14], the lateral confining potential can be expressed as

V{p) =

V(p) =

2 _2h n
2m,

n2n2

l

2m,

 1_

l 2(p) l \

1

\ r 2 - p 2f 2 - h
I 2•C o

h2n 2
2 m± r

(  Vr
fv^oy

v(p) =
2 _2h2jt

2 mL r

r \ 2 r
/ f

1 - 1 - 1 f ~ )1
V V U J J 2 > )

fV o y
[EQ 2.16]

By using a Taylor series expansion about V(p = 0), V{p) becomes

4 -
V(p) =

2 _ 2h 7t
2 m± r

1 f£ V 1 \ r j
4 (  ( h \ Y  

1 - -  
V U yy

V 4
o (p 6) [EQ 2.17]

Most dome-shaped SAQDs fabricated by S-K mode growth have a height £0 to radius p 0 ratio
£0

of —0.2: 4 -  —  « 0.2 [65]. Therefore, it is useful to introduce this parameter into [EQ 2.17]
Po

V(p)=
2 _ 2fi n 

2m,

t | A2(3 + 5A2) p ‘

(l + 4 2)p 02 [ 2(l + A 2J Po
[EQ 2.18]
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A 2{3 + 5A2) p 2
The term j .  v T T  <<: * and is neglected. Substituting [EQ 2.18] into [EQ 2.13] gives

2(l + A2f Po

V(r)-
2 _ 2

2 p 2
2m / I F ? ] Po

V(z). [EQ 2.19]

Then inserting [EQ 2.19] into [EQ 2.12], the Schrodinger equation becomes

--^-vVVfr )+ \v (z ) + ̂ -m*± m 2p2\i//(r)=  Eip(r), [EQ2.20]
2m { 2 J

where 00 ~ ^ + A2) {m*yp 4 ‘ seconc* Potenhal term in [EQ 2.20] is an effective

centripetal confining potential affecting carrier motion in the x-y plane w ithin a circular 
section21, but is independent of the motion in the vertical direction (first potential term). 
Therefore the Schrodinger equation separates:

h2 d2 
2m* dz'

Z(z) + VzZ(z) = EzZ(z),

and

-T ^ - rV j .V W + ^ m *® 2 p 2t/>{p)= E j { p ) .
2m

[EQ 2.21]

[EQ 2.22]

The first equation [EQ 2.21] describes energy in the vertical confinement (z- 
direction). Typically V{z) is taken as zero inside the QD, but Vz in the barrier and WL regions. 
Hence, the energy in the vertical direction (z-direction) is simply the ground state energy of a 
finite square well:

h2n2 
2mzi 2 '

[EQ 2.23]

The second equation [EQ 2.22] describes motional energy w ithin an effective 
central confinement potential due to a circular QD cross-section w ithin a cylindrical geometry 
(i.e. in a plane). This generates not the standard atomic spherical harmonics, but two- 
dimensional oscillator wave functions. Therefore, it is convenient to approach this problem 
using annihilation (a,b) and creation operators (a+,b+) as given by22

a = \ma>\
\2 M

r
x + i a

\ mm
jmm1
~2k

x - i- P x

mm’
[EQ 2.24]

jl  y

21 The ‘circular’ or central confinement potential -  due to the circular QD cross-section — is (being in a plane)
intrinsic to cylindrical geometry, not the spherical harmonics of the standard atom.

22 These annihilation and creation operators are defined in Cf. Claude Cohen-Tannodji [68] p 731-732.
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Since (a,b) act in different spaces, Ex and Ey, the only non-zero commutators between the 

four operators a,b,a+,b+&te\a,a+\-]p ,b+\= l .  The Nx,N y operators are defined as Nx = a+a 

and Ny =b+b. On substituting, the Schrodinger equation transforms into

\hw(a+a + b+b + 1)] nx, ny ̂  = E nx>nyJ ,

fya(Nx + N y + l) |nx,ny) = EL |nx,ny) . [EQ 2.26]

This equation means in the x-y plane wave function modes are counted by operatorsNx,N y: 
Nx referring to modes in the x-axis and N  in the y-axis. Since the state energy is invariant 
under rotation about the z-axis, another good quantum operator is angular momentum Lz 

along the z-axis: L z = XPy -  YPX = ih{ab+ -  a+b). Introducing two new operators in replacing a,b

with a + = ~j2 â ~ ^  and a- w h o s e  non-vanishing commutators are

[a+,a *]=  [a_,a^J= l, the Hamiltonian in [EQ 2.26] and L,  become 
{hco(a+a+ +a*a_ + l)j« ) = E± |«) and L z =h(aya+ - a +_a_ \  The combinations aya+ and a*a_are 

number operators N+,N_ (the number of right and left circular modes) rendering [EQ 2.26], 
{htt)(N+ + N_ + 1)| n+, n_) = E± | n+,n_). These signed number operators are associated with 

an orbital motion, or oscillation, o f the electrons or the holes. If N+ )N_, the motion is clock­
wise, but counter-clockwise if N+ < N_23. The in-plane energy spectrum24 (eigenvalues of [EQ 
2.26]) for an electron or hole is thus

Ex -  hco(n+ + n _ + 1), [EQ 2.28]

where n+,n_ e {0,1,2,3,...}. The energy levels for an electron or hole are presented in Figure 2.8. 
In the case of the lens-shaped QD, the electron and the hole move circularly with an associated 
angular momentum along the symmetric axis (z-direction) given by

£z =(n+ -n_)h.  [EQ 2.29]

23 When N+ = N_, the carriers are in a standing wave mode.

24 Details of the formalism for a simple harmonic oscillator are found in Cf. Sakurai [72] p. 92-107.
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conduction band

|2,1>

|2,0>

|0,I>U,0>2tfi>

|0,0>

lo,o>

|0,1>11,0>2fe®

|0,2>|2,0> Il,l>
3 1  G>

valence band

Figure 2.8: Energy levels |n+,n_) for an electron-hole pair, labeled by orbital angular 
momentum

This idealization of harmonic oscillators is accurate only for the lower QD energy 
levels because the wave-function at higher energy levels tends to penetrate the finite barriers. 
The motion of an electron-hole pair introduced in this section (not involving magnetic fields) 
strongly involves the lateral confinement potential. This potential has a shape close to a 
parabolic curve, sim ilar to the center zone (r), for a dome-shaped SAQD.

2 . 4  The Influence of a Magnetic Field on a Free 
Electron-Hole Pair

The degeneracy of the SAQD excited states as shown in Figure 2 .8  is lifted by 
applying a magnetic field in Faraday configuration (parallel to the growth direction). Fock [36] 
and Darwin [37] developed the single-particle “Fock-Darwin (F-D) spectrum model” describing 
the influence of the magnetic field strength.

A magnetic field significantly influences the motion o f electrons and holes in the 
XY plane, particularly in the case when both bands have a two-dimensional parabolic well (i.e. 
self-organized InAs/GaAs QD). Weak magnetic fields have only m inor influence on the
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motional freedom already lim ited by lateral confinement, by shifting the energy levels 
diamagnetically” . But in strong fields25, the carrier orbits are more confined by the field than by 
the barrier potential, and the energy levels are shifted toward the Landau level26 where 
cyclotron energy is larger than either the exciton binding or the lateral confinement energy.

In such a magnetic field, the carrier motion in the x-y plane is modified to the 
new “effective Hamiltonian” [68] given by

H  =
1 \ 2

2m, Px
1 * 2 2  + - m La>± p [EQ. 2.30]

where A is the vector potential of the magnetic field. In the case of B/l z ,  the vector potential 

A is defined as ^ b (j>i - x j ) .  The electrons and holes are subjected to a combined 'squeezing'

from magnetomotive force and centripetal confinement in the plane, reducing the radial 
motion. By expanding [EQ. 2.30], with the definition of A :

H  = - ! - r p l + - K - ( - A
2m,

2m
1 - 2  1 

P l  +

2mL \ c 2m±c
(p-A + A - p ) + \ m \ ( o l p 2,

2m[JL V
2c,

(*2 +y2) - - ^ - ( p xy -p yx+ypx
4m±c

1
=  r P  i +

2 m± 8 ym^Cj
. 2  J 22 eB ( \ 1

P  - z - r - \ y P x - x P y ) + - m i_<oL P  , 
2 mLc 2

ZS 1 -2 1 *
2m, 2

Ok
2

+ m. p 2+ ^ e „  
2 '

[EQ2.31]

where cor eB
m±c

is the cyclotron frequency w ith the in-plane effective mass m* , and p is the

radial position of a carrier in the XY plane. P± is the momentum in the XY plane and ^2is the

25 The cyclotron frequency 10c
eB
m c is greater than the frequency co where a> is defined by the effective

potential, U eff: <o -
U .eff

h
26 Landau levels occur when the carrier orbit becomes smaller than the dot diameter. A sufficient strong field 

has more influence than the confining potential, quantizing carrier motion in circles in the plane 
perpendicular to B and quasi one-dimensional sub-bands are produced in a similar fashion to

quantum wires. The Landau levels are given by E  — 

number (Cf. Klingshim [229] p 406).

n. + \- ho)c; with n , the principal quantum
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angular momentum in the z-direction - I z = xpy -y p x. Letting Q stand for 

[EQ 2.31] reduces to

H  = ^ P l + \ m xQ.2p 1+ ^ e z . 
2m ± I  2

[EQ 2.32]

The first two terms of the effective Hamiltonian in [EQ 2.32] are sim ilar to the 
two-dimensional harmonic oscillator w ithout magnetic field in [EQ 2.22], but with addition of 
frequency term, Q . These effective Hamiltonians have sim ilar interpretations, with the 
difference that the latter includes the influence of magnetic field in Faraday configuration, 
through its vector potential. The last term of [EQ 2.32] involving the projection of the angular 
momentum onto the magnetic-field direction amounts to a Zeeman-like interaction.

To obtain the energy states due to magnetic field, note that H commutes with 
Lz: [H , lj= 0 27, and therefore H and Lz form sets of commuting observables; energy states

for H  are also momentum eigen-states for Lz. Two new annihilation and creation operators 
are defined as Fock and Darwin suggested [36 - 37]. They are not hermitian and modify those 
o f the simple harmonic oscillator in two dimensions [EQ 2.24] and [EQ 2.25]. F-D combined 
the complex variable method with the original two-dimensional harmonic oscillator operator 
[69] to create these operators28 given here:

h mx Q+

a 1 m±Q_
h

(x + iy)+
m± Q_

( P x - i P y )  

(P x + i P y )

[EQ 2.33a]

[EQ 2.33b]

where i denotes the complex V - l . As a result, the effective Hamiltonian is transformed to

[EQ 2.34]

The carrier (electron or hole) moves circularly in the XYwhere LL =
1 Vi

+ .
CO.

plane when a magnetic field in the Faraday configuration; hence Q+ is associated with the 
clockwise motion while Q_ refers to counter-clockwise motion.

For this effective Hamiltonian the single-particle energy spectrum is:

i?(w+,»_)= M l+f n .+  — + hci_
s
n_

n+ —
I  2 j V V

[EQ 2.35]

27 Details on obtaining the Hamiltonian and z-angular momentum eigenstates are found in cf. Claude Cohen-
Tannodji [68] p 734.

28 The transformation is demonstrated in Appendix B using the ladder operators.
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where n±e {0, 1, 2, 3, ... }. Assuming that the electron and hole effective mass are equal to 
that of the bulk material29 the energy levels for an electron or hole can be calculated from 
[EQ2.35] as shown in Figure 2.9.

More realistically, the effective mass is associated with the strain present between 
the QD and the barrier. As previously noted, electron or hole effective masses are different in 
QDs than bulk semiconductor. A relationship between the strain and effective mass in 
InAs/GaAs SAQDs is discussed with experimental results in Chapters 4, 5 and 6.

13,o> |2,1> IM>
E le c tro n

|2,0> |1,1> IO,2>

|l,fc> lo,i>

|0,0>

|0,0>

|1,0> |o,i> H o le

2,0> |1,1>

|3,0> 12,1> |1»2>

2820 24

M ag n etic  field

Figure 2.9: Energy levels for a confined electron-hole pair plotted as a function of external 
magnetic field applied in Faraday configuration

At zero magnetic field, the degenerate shells labeled by p, d ... have 2, 3 and 4 
degenerate states, respectively. This degeneracy is gradually lifted as the external magnetic 
field is increased, without affecting the spin degeneracy. The inter-level spacing between 
conduction electron and valence hole is also slightly widened in a magnetic field due to the 
difference in the in-plane effective masses of electron and hole.

Thus far, electrons and holes have been considered as single particles with the 
Coulomb interactions between them neglected, as these are weak in a Wannier exciton30. But 
this interaction perturbation does affect the optical properties, especially around the band edge. 
The exciton is somewhat analogous to a positronium atom except that in the atom an electron 
is bound to a positron through the Coulomb interaction (in the exciton the electron and hole 
are unbound but correlated). Like an unanchored atom though, an exciton may act as a neutral

29 i.e. ignoring 'band' or level bending near the confining barriers, strain effects and carrier mobility loss by
scattering on alloyed constituents and at rough barriers.

30 Wannier excitons are the most common type in semiconductors, whose Bohr radius (the mean distance
between electron and hole) is large compared to the length of the lattice unit cell.
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particle free to move through the crystal. Such excitons in semiconductors are responsible for 
intense absorption lines below the band gap energy in a region expected to be transparent.

In the case of a small dome-shaped dot, both the e-h interaction and lateral- 
confinement potential affect the energy spectrum [70,71] but the lateral potential is neglected at 
the moment (assuming a high magnetic field strength) in order to simplify the problem. Then 
the effective Hamiltonian in [EQ 2.10] reduces to

H  =

2 2 
P e  , P h

2 ml 2 ml e\r„
[EQ 2.36]

The effect of the periodic atomic lattice and its periodic potential is incorporated 
into the electron and hole effective masses. Since the Coulomb interaction is attractive and the 
magnetic field confines the movement to circular orbits, an electron tends to stay in the vicinity 
o f a hole. This exciton wave function is described as a wave packet31 contracted from the linear 
combination of electron and hole Bloch functions.

'p fc  a  )= z  > ** )*<£. fa  y K~fe uvkh fa  y khh > [EQ 2.37]

where (fi(ke, kh) is an expansion coefficient, depending on the electron and hole wave vectors, 

ke and kh, respectively. uci (re) and (rft) are the Bloch wave functions varying slowing with 

ke and kh. Typically the band extreme is at the center of Brillouin zone where the atomic part 

of the Bloch wave function is at ke = kh = 0. The wave function reduces to

^ fa  ,rh) » uc0uvo J ] </>(ke, kh Y '  f‘eikh'f" . [EQ 2.38]

Adopting this wave function in [EQ 2.36], the energy eigenvalue can be obtained by 
transforming to a center-of-mass, relative position and momentum formalism:

r CM =

PCM

™ere + mhrh
me + ml

m e P e + m hP h

me+mk

r = r e ~ rh >

P  ~~ P e  P h

[EQ 2.39a] 

[EQ 2.39b]

By using the relation in [EQ 2.37], the Schrodinger equation of [EQ 2.36] is rewritten as

P C M , +  P
2 \

2  M  2jJL £\re - r h I
[EQ 2.40]

31 The Wannier exciton is defined by Wannier approximation in cf. Peyghambarian [75] p.138-155.
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where M* = M e + M h and ju = . Now divides into two separable functions
me+mh

'¥(rcu,r )  = g(rcu)Q(?) . [EQ 2.41]

and the Schrodinger equation separates into
z

0 . &(rCM ) = &CMg{rCM )» 2M
and

P
2fx W e ~ rh I

— Q (r)= £ rQ (r) .

[EQ 2.42b] is referred as the Wannier equation.

The excitonic energy level32 obtained are:

h2K 2f ™4
E. =• "CM

2M n2 ’ n = 1,2,3

[EQ2.42a]

[EQ 2.42b]

[EQ 2.43]

The first term describes the motion of an electron and hole bound together with the center of 
mass M* while the second term gives the relative motion of the electron and hole. The exciton

di2Bohr radius defined as aB = — r- specifies the binding energy of the electron-hole pair. The
pe

relation of an electron-hole pair and an excitonic picture is illustrated in Figure 2.10.

«B}
Energy

<C) 

Energy

n = 3 
n= 2 n=  3 

n - 2  
n = 1

Crystal ground 
statea

■n=  3 
n=  2

k=0

m

(D) V  _  A

Figure 2.10: Levels for an electron-hole pair and exciton at zero magnetic fields

32 Note that more details of the derivation are found from the textbook “Quantum Mechanics” by cf. Cohen- 
Tannodji [68].
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A dispersion relation for free electron-hole pairs and excitons is schematized 
diagram (B) and diagram (C) respectively of Figure 2.10. In diagram (B), the upward and 
downward curves represent as usual energy levels for conduction electrons and valence holes. 
At the extremum k = 0, w ithin the dashed oval the degenerate energy levels w ith different 
angular momentum number are projected into diagram (A), where black solid bars represent 
electron energy states, the open bars holes. In diagram (C), upward curves represent exciton 
energy levels where the zero of energy (K  = 0) is the crystal ground state, the state without 
excitons. Here K  is the exciton's center o f mass wave vector.

The lower exciton resonance occurs w ithin the forbidden gap (of free electron- 
hole pairs) and is named as the Rydberg exciton, whose energy appears as

£ „ = ~ ^ r .  [EQ2.44]
IfMlg

The energy-levels for excitons at k = 0 are detailed in diagram (D), w ith wave function

[EQ 2.45]

The first two factors of this product wave function contain the character of the 
atomic orbital forming the valence and conduction bands.

In reality, the lateral confining potential does need to be taken into account even 
when magnetic fields are applied, involving both confining potential and Coulomb interaction. 
In a weak magnetic field, the Coulomb interaction term w ill play a relatively larger role, but still 
smaller than the lateral confining potential. In order to approach this problem theoretically, the 
perturbation methods33 are employed. In contrast, if the applied external magnetic field is 
strong compared to the confining potential, a variational approach on a periodic QD array may 
be more suitable (eg. Aschcroft &  Mermin, Appendix C). Such a model is outside the scope of 
this thesis.

2.5 An Electronic Band-to-Band Transition Rule34

The foregoing treatment of e-h pairs as confined excitons is made clearer in the 
context o f an inter-level transition rule. Such a selection rule determines the optical properties 
o f a specimen, as manifest in experiments such as PL and PLE. The selection is defined in 
accordance with Fermi’s Golden rule [72] as the probability o f a transition per unit time p if ,

which for the transitions from an in itia l state | /) to final state | / )  is given by

33 cf. Cohen-Tannodji [68], p. 1093-1104.
34 This section is modified from cf. Bastard [73], p 239-242.
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ef >e{ , [EQ 2.46]

where V is the potential difference between effective Hamiltonians in the presence and 
absence of an electromagnetic field, and Tim is the energy of an absorbed photon. Under 
typical experimental conditions35 [73] the electric dipole approximation applies for purely 
imaginary V :

ieE
V = — :------ s p

2 m  e(h)Q)
[EQ 2.47]

where e is the elementary charge magnitude, m*e(h) is the electron (hole) effective mass, s is 
the EM polarization vector perpendicular to propagation, and E and p are electric field and 
the carrier momentum, respectively.

When the same incident monochromatic light of sufficient energy is absorbed in a 
QD, electrons are promoted from valence to conduction levels leaving positive holes36. Such 
unbound electrons w ill tend to recombine with holes of suitable spin, spontaneously emitting 
photons. A schematic for these processes is presented in Figure 2.11.

(a) I/)

I*'}

(b )■ I/)
rLT Ln/L> ’

I*')

Figure 2 .11 : Absorption and spontaneous emission processes between states of differing 
energy

In absorption, the probability per unit time for an electron to make a transition 
from state | i) to J /) is ruled by the occupation of state |/} and the availability o f state \ f ) :

[EQ 2.48]

where37 f{e v)-
1 + exp

kBT

and p  is the chemical potential (Fermi energy) of the

electrons. The electromagnetic field then loses energy per unit time according to:

[EQ 2.49]

35 cf. Bastard [73], p. 239
36 The holes are also mobile, not in the sense of movable ions but in the sense of movable ionicity, by the

adiabatic exchange of core electrons with other ions.
37 Now the Fermi distribution is used rather than the Maxwellian used as a first approximation at the outset of this

Chapter
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In spontaneous emission the probability o f creating a photon is

^  = [E Q 2.50]

where

Pf = ^ r W \ f t S(sf  " ha) ' [EQ 2.51]n

The rate of energy dissipation for the electron system is then:

Pcreate = P fM  ■ [EQ 2.52]

The net radiant power loss or intensity attenuation from these processes (absorption less 
spontaneous emission) is

p -  = -  P™, = M 'V  - P , ) ,  [EQ 2.53]

p«" 2 /  • - f h0>T . s le f  ~ s i [EQ 2.54]
n 4» i o K w )  iJ

which is positive when the in itia l (lower) states are more occupied than the accessible higher 
ones. {f\s -p \i) is the optical matrix element expressing the coupling between the in itia l and
the final states of polarized light. The optical matrix is a key to the selection rules of allowed the 
optical transitions.

For low dimensional heterostructures, like an idealized SAQD material, the in itia l 
and final states can be expressed as the product of a periodic function (Bloch function) and 
envelope function38. The wave function describing such a carrier [73] is given by

(i|r) = 3 /,(r) = Mv (r )/^ ? ), [EQ2.57]

where «v is the periodic part of the Bloch function for band v ,. In III-V  semiconductors the
periodic function for either electrons or holes is usually expressed at a BZ center or T point. 
Here f t(r) is the envelope function associated w ith the energy state defined in Section 2.3 as
| n+,n_). Substituting this expression into the optical matrix element { /|ir  ■ renders

(f \s  ■ p\t) = e ■ . [EQ 2.58a]
n

Since the Bloch function mv varies rapidly, compared to the characteristic of the 
envelope function39, [EQ 2.58] can be rewritten as

38 In reality In/Ga alloying, strain and reconstruction affect dispersion in QDs, and they are not periodic.
39 cf. Bartard [73], p 64.

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

39



</  \e • P \ i )  = («v, |* • P \ u v . ) { f « h | / - . ) + ( “ »* k > < A  | * - p | / „ . ) .  [EQ2.58b]

where (j~„h | / „ e) = { n h IK ) =  $ n e,nh • The first term denotes inter-band and the second is intra­
band transitions, as all allowed optical transitions are some combinations of these. The latter 
occur only w ithin the conduction band or valence band and are associated with the Bloch 
function - (u Vh uv 'j which implies that both electrons and holes occupy the same zone. 

Typically, these transitions are non-radiative processes, discussed further in Section 2.6.

The recombination term (u Vh |^-p |« v,)(/„„ /„ ,)  has two parts. The (u Vk s - p \ u v̂  

is related to a polarization effect while ( /„ J |/„e) represents a conduction electron | n+, n _ ) e 

recombining with a hole | n+ ,n _ ) h . { f „ h \ | f n„ ) illustrated as

(/»* \ \ f n e ) = e { n + , n - \ n + , n _ ) h .

This relation leads to the transition selection rule:

[EQ 2.59]

An+ = 0 = n+e n+ h , [EQ 2.60a]

An_=0 = n_e - n_h . [EQ2.60b]
In III-V dome-shaped SAQDs then, the selection rule is remarkably simple, and it 

applies with or without an external magnetic field40. A schematic of radiative transitions is given 
in Figure 2.12 before a magnetic field is applied, showing degeneracy for the excited states (p, 
d, f, ...). As Figure 2.13 depicts, a Faraday-configured magnetic field lifts the degeneracy, and 
reveals extra structures in the emission spectra.
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Figure 2.12: Energy-bands involved in SAQD transitions before a magnetic field is applied

40 A magnetic field only lifts angular momentum degeneracy, without changing principal quantum number.
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Figure 2.13: Possible energy-transitions in SAQDs in a Faraday-configured magnetic field

2.6 Non-Radiative Recombination41

Non-radiative recombination refers to any e-h recombination that does not emit 
a photon. Such recombination rates can be associated with semiconductor quality, especially 
in III-V compounds, where for instance im purity states inside the band-gap act as trapping or 
non-radiative recombination centers. They negatively impact the performance of 
optoelectronic devices since these processes deplete bands o f carriers which would participate 
in key optical or transport mechanisms on which the device operation depends. Other typical 
intrinsic non-radiative recombination processes include Auger scattering, phonon and m ulti- 
phonon emission.

2.6.1 The Auger effect?2

The Auger effect43 is a process whereby the energy released by a recombining 
electron is immediately taken-up by one or more electrons (auger electrons) which then

41 Auger scattering, phonon and multi-phonon emission do not depend directly on qualify of crystal. They are
intrinsic but non-radiative.

42 This section was adapted from Chapter 7 (cf. Pankove [228]).
43 Indeed, even without recombining with holes first, energetic electrons can depopulate higher states by

emitting phonons.
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dissipate the extra energy by emitting phonons. This three-body scattering event involving two 
electrons and a hole results in no net photon emission.

In SAQD, auger recombination may play a significant role in the inter-level 
transitions. For example, an electron in the higher state releases energy to another electron and 
relaxes down to a lower energy level and recombines w ith a valence hole. Figure 2.14 is a 
schematic illustration of an example of an Auger process in a band-to-band transition.

(a) (b)

o i - r iA T U ^ . p h m o n

0

pliatiw
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pkahm / 
 /

o
oo niUTl0̂  phonon

Figure 2.14: The Auger process in a semiconductor during band-to-band recombination for 
an electron (a) and a hole (b)

The Auger process also occurs in doped semiconductors. In n-type, the transition 
occurs from a donor to the valence band and the recombination energy can be taken up by 
either an electron in another donor or a conduction electron if many holes are present. A 
sim ilar Auger process applies to p-type semiconductors. A schematic of either is shown in 
Figure 2.15.

In a doped SAQD (i.e. n-doped for example), of two electrons in a donor state 
the first transfers some of its energy as kinetic to the second and recombines with a hole, while 
the second is promoted into the QD conduction band. Otherwise just one electron in the donor 
state transfers its energy to a second already in the QD conduction band and then recombines 
with a hole.

Uskov et.al. [74] reported that, the Auger capture times in QDs could be of the 
order of 1-100 ps depending on origin of Auger carrier and the dot densities. Two types of 
Auger capture processes were discussed in this report. First, an electron or hole in the WL 
collides w ith another WL electron. One is captured by the SAQD and the other electron was 
scattered into a higher energy state in WL. Second, a WL hole was captured by the SAQD 
electron due to Coulomb scattering. A correlated electron with WL hole was excited into a 
higher state in WL.
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Figure 2.15: The Auger process for doped semiconductors44

452.6.2 Single phonon emission or absorption

In carrier recombination, momentum and energy must be conserved. Typically, 
the processes for III-V semiconductors are distinguished as either direct or in-direct. In direct or 
Vertical' recombination a phonon is not required to conserve momentum and the invariants 
are:
{Energy conservation}

Et +H(o = Ef  , [EQ 2.56]
{Momentum conservation}

kt = kf  , [EQ 2.57]

(the subscripts denoting initial and final states accordingly). Indirect recombination changes the 
crystal momentum and requires a conserving phonon to do so, the invariants becoming 
{Energy conservation}

Et +ho)±JiCl = Ef  , [EQ 2.58]
{Momentum conservation}

kt ± K ~ k f  , [EQ 2.59]

where h f l  and K  are phonon energy and wave vector, respectively.

Semiconductors have characteristic band-gaps: either direct or indirect. InAs and 
GaAs have direct band-gaps while SiC and Ge are indirect. However, direct recombination 
occurs not only in direct -  nor indirect processes only in indirect -  band-gap semiconductors.

44 Following cf. Pankove [228], Figure 7.1.
45 This section is adapted from cf. Peyghambarian [75], Chapter 5.
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Direct recombination may occur in either material at higher photon energies, and indirect 
recombination is always possible with some available matching phonons46. In short, phonon 
emission or absorption may occur in non-radiative recombination; but the more common 
transition for InAs QDs is direct or vertical and involves no phonon.

Phonons, whether emitted or absorbed during the recombination process, are by 
definition quantized ('pseudoparticle') mechanical oscillations of the semiconductor lattice 
atoms with several phonon modes. The optical phonon (LO and TO) branches have 
neighbors oscillating in opposite phase, while in acoustic phonons (LA, TA) they oscillate in 
phase [75]. The two 1-D longitudinal branches are illustrated in Figure 2.16(a). The diatomic 
lattice of any III-V semiconductor involves vibrations with three degrees of freedom, which 
support in each branch three phonon modes (longitudinal and orthogonal transverse modes) as 
shown in Figure 2.16(b).

Energy

Momentum

Optical phonon o  *o o~ *o o  *o
Acoustic phonon

< O O * < o o> «-o o

Energy

LO
7 0  Optical phonon

TO

LA
* 7A Acoustic phonon 

■ TA

Momentum

Figure 2.16: Optical and acoustic phonon branches in (a) one and (b) three dimensions47

Figure 2.17 gives phonon dispersion curves for GaAs [76, computed model] and 
the phonon energies of high-symmetry BZ points are collected in Table 2.1.

46 or surface-acoustic waves (coherent phonons), or even physical gratings.
47 This figure is adapted from page 87-89 of reference [75].
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Figure 2.17: Phonon dispersion curves in GaAs at room temperature (after [76])

Table 2.1: Room temperature GaAs phonon energies for high symmetry BZ points [76]

Reciprocal Space location Phonon mode Energy (meV)
r(ooo) LO 35.4 +  0.8

TO 33.2 ±  0.3
x(ioo) LO 31.3 ±  0.3

LO 29.9 ±  0.6

r{olo) LA 28.1 ±  0.25

TA 9.75 ±  0.06

L '  1 i n

,2  2 2 ,

TO 32.4 ±  0.5

LO 29.6 ±  0.3
LA 25.9 ±  0.4
TA 7.70 ±  0.08

K (  3 3^ 
0 - -  

l  4  4J

TO, 32.7 +  0.6

TO± 31.1 ±  0.5

LO 26.6 ±  0.5
LA 23.4 ±  0.5
TA, 14.4 +  0.25

LA± 9.58 ±  0.15

2.6.3 Multi-Phonon Emission

A whole cascade of phonons may be emitted during the carrier recombination 
where the energy of any one phonon is smaller than the recombined carrier energy-loss. One 
such multi-phonon emission process is illustrated in Figure 2.18. Other types o f m inor non- 
radiative recombination processes in a QD are a surface recombination [77] and recombination 
through defects [78]. These occur when carriers are w ithin a diffusion length or bulk mean-free-
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path of a surface or defect, where by scattering they can recombine through a continuum of 
states48.

Typically, PL and PLE measurements are associated w ith three main carrier 
dynamics: energy absorbed to produce electron-hole pair, relaxation process and 
recombination process. During the relaxation process, phonon-assisted emissions are likely to 
be involved during the process. The carrier inside the dot may be coupled to those LO or LA 
phonon modes during the relaxation process. In particular, PLE spectrum is observed only for 
those dots for which there is an efficient relaxation mechanism to the ground state for carriers 
absorbed into an excited state. Hence phonons need to assist during the recombination 
process, unless the level separation w ithin a band happens to be equal to a single phonon 
energy (i.e. the so called phonon bottle-neck effect).

C onduction  band

V
o

^ in r ir

phonon

photon

o qJLTL/Ĥ  ptumim

o
Valence band

Figure 2.18: Example of multi-phonon emission

48 Although some surface impurity scattering may be radiative.

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

Experimental Setup

Optical characterization techniques are commonly used to probe the structural 
and electronic properties of semiconductors. There are three main components in any standard 
optical characterization measurement: an excitation source, a spectrometer and a detector. If 
the carriers in the semiconductor are excited by laser light, their recombination emission is 
“photo-luminescence” (PL). If the excitation source is an electron beam or charges injected by 
electric field or tunneling, the optical emission is called “cathodo-luminescence” [79-81] and 
electro-luminescence [82-84] respectively. Since PL is a conventional probe of the 
semiconductor optical properties and is relatively straightforward to perform and analyze, the 
SAQD samples discussed in this thesis were characterized by this technique as described in 
Section 3.1.

Further to the PL results described in Section 3.1, photoluminescence excitation 
(PI F.) optical experiments are described in the subsequent section. Beyond these two 
techniques, some SAQD samples were examined under a Faraday-configured magnetic field in 
experiments described in Section 3.3 and 3.4.

The PL spectra for InAs/GaAs SAQD samples reveal well-resolved peaks from the 
s-, p-, d- and f-levels as shown in Figure 3.1. However, each line width is broadened and inter­
wavelength separation between the emission peaks is considerable. Fafard and Allen [85] 
found that a post-growth rapid thermal anneal (RTA) reduces the line width and inter-level 
emissions. Some details o f the RTA process are given in Section 3.5.

7 -

SAQDs annealed @ 875  ”C for 30 secs

5 -

c£
WL

c
3 -

2 -

1.41.0 1.1 1.2 1.3 1.5
Energy (eV)

Figure 3.1: PL spectrum of InAs/GaAs SAQD. Experimental uncertainty is ± 1 meV

In Figure 3.1 the solid line marks the spectrum of an as-grown SAQD sample, the 
dashed line is for the same sample after RTA o f 875°C for 30 seconds. The InAs/GaAs QD
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layer was grown by MBE combined with indium flush technique [95] and capped by 100 nm of 
undoped GaAs.

3.1 Photoluminescence (PL)

PL as in Figure 3.1 above is a standard characterization technique for the optical 
properties of semiconductors, especially III-V  compounds. The word “photoluminescence” 
refers to various mechanisms involved in light emission. In semiconductors there are three main 
processes: absorption, relaxation and emission.

Consider a piece of InAs cryogenically cooled to 4.2 K (liquid He). At this 
temperature any conduction electrons have low kinetic energy. When some monochromatic 
light shines on the sample the electrons in the semiconductor absorb energy. If the absorbed 
energy is sufficient to overcome the band-gap, the photons promote electrons into the 
conduction from the valence band.

When electrons are excited to conduction levels, valence holes are created, and 
as these carriers are not in a low-energy state they tend to release the extra energy by scattering 
and/or recombining. Thus the non-equilibrium photo-excited ensemble of carriers relaxes via 
scattering processes from higher energy levels into lower ones, as described in Chapter 2. 
During this relaxation phonons may be emitted before electrons and holes recombine 
radiatively as described in Section 2.6.

The processes already described are illustrated in Figure 3.2, which presents light 
absorption and relaxation processes in a semiconductor. The energy bands on the left depict 
the original states o f electrons before the light shines on a cold sample. The middle panel 
represents absorption, where electron-hole pairs are created. The panel on the right displays 
relaxation processes in which both photons and phonons are generally emitted.

Conduction Band Conduction Band
J i o m r k r o m a t i r _________

light

\
Conduction Band

\  =

Valence Band

Valence Band

phonons

phonons

photon

Valence Band

Conduction Band

photon

Valence Band

Figure 3.2: A  schematic picture of the physical processes involved in the PL technique
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In the case of a heterostructure, such as InAs/GaAs forming a random 'fabric' of 
QDs, sim ilar processes occur when illum ined by monochromatic light. Holes are generated in 
InAs valence levels w ith the electrons in conduction levels. When the photon energies are much 
higher than the band-gaps in the WL or GaAs cap layers, electrons are promoted to the 
continuum state; hence PL emission is called non-resonant PL. If the energy of excitation 
goes to discrete states w ithin the QD, it is called resonant PL.

Both excitations follow sim ilar relaxation mechanisms whereby the created 
electron-hole pairs seek to lose energy. W ithin the lim its of exclusion and selection mles, the 
carriers may relax to lower energy states and/or recombine radiatively emitting photons. If not 
in the lowest possible state (s-shell) electron-hole pairs may also recombine from higher states 
(p, d, f,..) as described in Chapter 2. The emitted photons are collected with lenses and 
spectrally dispersed in a spectrometer before being detected as a function of wavelength.

Unrelaxed electrons and holes tend to form hydrogenic orbitals, or excitons of 
Mott-Wannier type. Such excitons occur in discrete QD energy levels for resonant PL, but also 
in the continuum state for non-resonant PL. In either case a main emission line is observed 
corresponding to exciton decay at the s level if the excitation power is low, since then relatively 
few excitons are created per unit time and the s states do not get saturated.

If a QD is populated with another exciton (i.e. via resonant PL), another line 
appears from recombination o f a single electron-hole pair w ithin the bi-exciton state49. An 
energy shift o f this bi-exciton line, compared to the exciton line, is due to Coulomb interaction 
w ithin the SAQD [86], although the lowest bi-exciton is not easy to distinguish from the single 
exciton in a PL measurement because a very large number of SAQDs are excited at the same 
time in macro-PL of a large QD ensemble.

On increasing the number of excitons occupying a QD at any given moment (via 
blue-shift50 o f the light and/or increased intensity), they occupy the p level and above, as the s 
level or ground state can accommodate a maximum of two electron-hole pairs in accordance 
with the Pauli exclusion principle [87]. The p level can support up to four, and further excitons 
fill higher shells (d, f, etc) as discussed in Section 2.3. PL spectra exhibit a clear level structure 
as a function of increasing power, corresponding to the increasing exciton occupation of 
available states. This phenomenon is typically called the “state filling  effect” [88 - 90].

An example of some measured PL spectra is shown in Figure 3.3 as a function of 
illum ination intensity. The intensity of the collected luminescence is provided at the peak 
energies to represent the number of excitons per dot. The energy levels in the panels represent 
various exciton level occupations: 2 for the s, 4 for the p, 6 for the d, and 6 excitons for a 
partially filled f level51. Each electronic diagram represents a different QD ensemble, since 
many QDs are probed in PL.

49 Biexciton is two excitons correlated with each other.
50 Light energy sufficient to promote to higher levels may add cascading or decaying carriers from above a

given level and contribute to state-filling.
51 When a lower level is filled, higher ones are partially filled due to finite lifetime or decay rate: (1) non-

uniform or Gaussian excitation profile, (2) statistics of hole generation in different QDs, (3) 
the different rates of carrier relaxation among different QDs, and (4)finite recombination 
times (decay rate) in any QD level.
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Figure3.3: Evolution of a non-resonant PL spectrum of InAs/GaAs SAQD52 with ± 1 meV 
experimental uncertainty

The as-grown QDs have somewhat different sizes and alloy composition, which 
broaden their luminescence peaks. Specifically, exciton decay in differently sized dots of shifted 
energy levels produces luminescence in a spread of emission energy. Increasing the number of 
excited dots reduces the visibility of the individual dot fluctuations in the spectrum, as shown in 
Figure 3.4.
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Figure 3.4: PL spectra showing positive correlation between fluctuation and the number of 
QDs probed (from Fafard [91])

Next, resonant PL is considered where the laser excitation energy is set in the 
SAQD discrete energy range (Eexc <E Barrjer). Electron-hole pairs are now created at these
discrete energy levels inside the QD. For example, monochromatic wavelength may be set to 
create excitons just below the WL level at the f  state in SAQDs w ith lateral 20 + 2 nm diameter

52 The SAQD sample was annealed at 850 °C for 30 sec.

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

50



and 4 ±0.4 nm height53 [92-93]. Excitons are created in the f state only in QDs having that 
energy level (within uncertainty) [94-96] even though the excitation laser illuminates many 
SAQDs of various diameters and heights. Thus the resonant PL results in a narrower emission 
line from each level, compared with non-resonance.

Non-resonant PL (dashed line) and resonant PL (solid line) spectra are compared 
in Figure 3.5 for InAs/GaAs SAQDs54 using excitation energies of 1.960 and 1.470 eV, 
respectively. As expected, they are significantly different.

—  Resonant PL
-  -  Non-resonant PLi

WL

1.61.3 1.4 1.51.1 1.2

Energy (eV)

Figure 3.5: Comparing non-resonant and resonant PL spectra55 w ith + lnm  (±1  meV) 
uncertainty

As detailed in Figure 3.6, the system employed for this research uses coherent 
light which impinges on a SAQD sample that has been cooled to either 77 K or 4.2 K. The 
beam passes a chopper and a focusing lens before exciting the sample, whose luminescent 
response is steered through a beam-splitter and the focusing lens, then onto the grating 
spectrometer. Normally the slits in front of the spectrometer are opened to a 1 mm wide 
aperture to control the resolution while obtaining enough signal intensity.

The luminescent light after being dispersed by the grating is sampled by the 
detector. A long-wavelength pass filte r may be placed in front of the spectrometer to allow only 
the luminescence to reach the grating while rejecting the stray lights from the laser. If 
necessary, a neutral density filte r is placed in the collection path to protect the detector from 
excess signal intensity. The energy-binned intensity of the emitted luminescence is finally 
converted to voltages with a lock-in am plifier (to improve the signal-to-noise ratio) and 
processed by computer.

53 The diameter and height is quoted from the references. Percentage of error is relied on the InAs deposite
rate (0.2nm/sec) and normally QD layer is taken from 24 sec up to 40 sec. TEM pictures [95]

54 2138 RTA 825 °C for 30 sec from data “France Nov2003”
55 The result is from the SAQD studied in France (more results in Chapter 6).

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

51



C om puter
chopper M irro r

m onochrom atic light 
(laser)_________

Lock-in
A m plifie r

Detector

Focus lens

Cryostat

11 G rating spectrometer

 7 T
Beam Spliti

O ptica l w indow

Figure 3.6: A schematic diagram of the PL experimental setup used

The list below outlines the equipment employed:
❖ Excitation Sources,

>  532-nm line of a M illennia V Nd:YV04 Laser by Spectra-physics
>  632.8-nm line of He-Ne gas laser
>  Ti-sapphire tunable laser pumped by Ar+ laser; the laser could tune from 

-8 5 0  nm (1.4586 eV) to -1000  nm (1.2398 eV)

❖ Spectrometer: an optical monochromator provided with a calibrated scale
for the measurement o f the wavelength.

> Double grating spectrometer: an optical device consisting of an
assembly of narrow slits with a grooved gating. When the light falls 
on these grooves, it diffracts and produces the spectra. The 
spectrometer used in this thesis is CVI DK240 Vi m double grating 
equipped with 600 grooves/mm (3.2 nm/mm for dispersion) and 
1200 grooves/mm (1.6 nm/mm for dispersion).

❖ Detector: a device that responds to, and in effect counts photon (the sample
PL emission). Two types of detectors are employed for this thesis: 
position independent and position-based.

> Position independence refers to the sensitivity o f the position on the
surface of a detector to incoming light. A LN2-cooled Si CCD 
camera is employed for the work. The CCD camera detects the 
energy range o f the dispersed emission light as a function of a 
position in the image field in a single exposure. The position on the 
detection surface of CCD camera has a non-linear relation w ith the 
detected energy (or wavelength). This is non-linearity confirmed by 
performing the calibration at the detected energies before beginning 
measurement.

> Position base refers to the detector that records an incoming photon
(emission light) at a particular detected energy (or wavelength). A 
Germanium detector [EO-817L North Coast Scientific Nitrogen-
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cooled Ge Photo-detector: 700 - 1800-nm detection wavelength] 
and InGaAs 1,3-micron Photo-multiplier tube were use. For fu ll 
data-set many exposures are needed at different image positions. 
The detector can’t itself be tuned, but is placed at various angles in
the chromatic dispersion of the grating at the exit o f the 
spectrometer.

An example calculation for a non-resonant PL experiment is next considered 
using the data of Figure 3.3, whose energy levels referenced to the GaAs bulk are given in 
Figure 3.7. Typically the in-plane density of the InAs/GaAs SAQDs grown by MBE [97-103] is 
~  1010-10n cm'2 per layer [93,96]. Their size range is about 25-30 nm in lateral diameter and 
about 3-5 nm in height. As an estimate of the number of available states for each of the QD 
energy levels (s, p, d or f) after they are saturated, assume that the density of dots is 5 x l0 10 cm'
2, and that the dot size is monodisperse (all dots are the same). The number of available states
helps to check the minimum excitation power to produce enough excitons when a QD is in the 
saturated condition. The number of available states in SAQD is calculated by multiplying the 
number of available states (i.e. s, p, d, f, ...) with the density of dot.

t =

W£ =  - 70 meV

S -135 meV

4 -1JS tneV 

p - 213 met?

5 -  233 meV

Figure 3.7: Energy levels for an InAs/GaAs SAQD determined from PL spectra

This diagram sets the levels to peak energies of the PL spectrum in Figure 3.3. 
As seen, the average inter-level energy of the QD is ~40 meV. The total number of available 
quantized states, N , is the energy integral over the density of states in the SAQD:

N(e)= \g(e)le [EQ 3.1]

For a QD sample g(£) is given in [EQ 2.9]. Assuming a dot density o f 5xlO n cm'2, the 
number of available recombination states from a given state of the sample is calculated as 
lx lO 12 cm'2 , 2 x l0 12 cm'2, 3 x l0 12 cm'2 and 4 x l0 12 cm'2 for s, p, d and f levels, respectively. 
Appendix D .l provides the details of this calculation.

In PL experiments, luminescence from the p state is not observed until the s state 
is completely occupied. Likewise d and f lines are not detected until the lower energy states are 
filled. To fill the lower levels, sufficient incident intensity is required to produce more excitons 
per second than are decaying and recombining for them. In these experiments the source 
intensity is only partly transmitted through the cap layer even at normal incidence to the sample
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surface. As discussed in Appendix D.2, only about 33.9 % of the exciting light at 514.5 nm 
penetrates to the QDs, where it is mostly absorbed, and producing excitons.

The number of created photons (from an incident laser beam) per second per 
surface area ® (P exc)  generated is given by

[EQ 3.2]
Photon

where Ephoton is the energy of each individual photon in the laser beam. Certain proportion of 
the photons can penetrate to QD layer is expressed through the fraction parameter f { P exc)  

demonstrated in Appendix D .l. The average number of photons getting into the QD layer is
p

f{P e x c  y /> (P exc) = — ~ — f^ P e x c ) • Hence, the average number of photons created after the
P  Photon

recombination process in the QD <r given as the combination of the created photon in the QD 
and the recombination lifetime in the QD r  is given by

[EQ 3.3]
Photon

Typically the carrier lifetime r in InAs/GaAs SAQD is ~1 ns [104] and the excitation power 
required to saturate the various energy levels is

s.shell: pac = = ( l. 1 x 10" cm'2 )̂ 3.7x1 (T19 J / photon} , W_
f(P = y  0.34(1x10 s) cm2

p-shell: J>„ =  1.1x10’ +  fr-0*™ 11 e m *)fr -7 * l(r” J ! p h o to n ) =  W_
0.34(1x10 s) cm 2

d-shell: = 2.2x10’ f  (3-°X l° “  ^  2)(3 -7 x lO -'V /fto o « ) = ;  5 1()2 J L
0.34(1.0x10 s) cm2

f-shell: Pm = 5.5x10’ + (‘*-0xl011 cm-’ )(3 .7 x ir 'V /p fo ton) = ,
0.34(1x10 s) cm2

Intensities required in experiment are only qualitatively close to these calculated. 
The true dot density might not be very close to that derived from other published TEM 
pictures56.

PL spectra represent a spread or distribution w ithin energy levels (s, p, d, f and g) 
for a very large number of SAQDs that possess variations in diameter and height. Well over a 
m illion dots are probed at once at normal laser incidence to the SAQD sample. This is due to a 
lim itation of the equipment in narrowing the laser spot size (~  50 - 100 microns)57 and the 
density of dots grown in a S-K mode [105 -107] (~ lx l0 10 cm'2).

56 The dot density estimates from TEMs cf. Fafard [95]
57 This is not the limit in principle. Other methods may be used to reduce the laser waist at incidence
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As explained above in Section 3.1, with excitation wavelength fixed at say ~  
2.33 eV in the green, the electron-hole pairs are created in the continuum states or at highly 
excited states in the QD and then scatter, release phonons, and drop to the discrete levels 
where they recombine to emit photons. The detected photon energies typically cover the range 
of WL —1.42 eV down to the expected emission energy in the energy regime of the QD —1.0 
eV.

3.2 Photoluminescence Excitation (PLE)

In the PLE technique, the detection energy is first set at a particular value in the 
low energy range of the PL spectrum, usually in the range of ground state energy (s-level). The 
excitation energy is then tuned from about 6-meV above this GS-detection up to or above the 
WL energy (—1.42 eV). The excitation source employed for these experiments was an Ar+- 
pumped Ti-sapphire laser tunable from —850 nm (1.459 eV) to —1 micron (1.240 eV). Figure 
3.8 illustrates the process of electron-hole pair generation.

Conduction Band Conduction Band

Tunable Laser
Detection Energy

V Photon

Valence Band Valence Band

Conduction Band Conduction Band Conduction Band

Detection Energy

\  f
Photon

O

Valence Band Valence Band Valence Band
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1
Photon
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Figure 3.8: Processes of electron-hole pair generation in PLE
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As this figure depicts, in the PLE, electron-hole pairs are created at a particular 
energy in the SAQD and after relaxing to ground state, a pair recombines emitting a photon. 
Electron-hole pairs are excited at 6-meV above the GS-detection energy up to the WL by 
tuning the laser.

In this technique, the excited energy is tuned continuously in increments of about 
1 meV. When resonant with an excited state, more electron-hole pairs are produced. These 
pairs are not stable in an excited state. They can either recombine directly and radiatively 
(without detection in PLE), or the pair may follow non-radiative transitions, decaying to the GS 
level and there recombine. The emitted GS photon is picked-up by the optical detector. 
Accordingly, the PLE spectrum features absorption ‘signature’ lines or peaks of emission at GS 
which arose from peak absorptions at higher levels corresponding to the density of state of the 
excited levels.

Another feature which may be observed in the PLE spectra is a phonon 
resonance, signifying the assistance of decay to the GS detection level -  perhaps from a dot 
with higher s- level -  mediated by the resonant phonon. In general, phonons detected by PLE 
come only from GS emission as seen by the detector at the set angle w ithin the chromatic 
dispersion o f the grating. Besides resonant phonons as mediators, other scattering processes 
may assist or hinder carrier decay into the GS state, one of which is Auger scattering; another is 
im purity traps discussed later.

To conclude, direct recombination, phonon emission/absorption and Auger 
scattering play a role in the eventual GS recombination process in PLE as the excitation energy 
is tuned up to the WL energy. PLE spectra can be repeated using the same procedure but with 
the detection energy set at a different wavelength to sample a different ensemble of QDs.

The spectra obtained by PL and PLE have some sim ilar features as indicated in 
Figure 3.9. But not only do emission intensities differ, the peak positions of the PLE absorption 
‘signature’ are blue-shifted from PL emission peaks.
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Figure 3.9: Comparison between PL and PLE spectra for a single layer of InAs/GaAs SAQDs
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In Figure 3.9, the PL spectrum is plotted as a function of the detection energy 
while the PLE spectrum is plotted as a function of excitation energy. They both have well- 
defined lines w ithin a broadened spectrum, but they are shifted with respect to one another.

The PLE experimental setup is sim ilar to the PL system, except that the excitation 
energy is tunable while the detection energy is fixed. Most of the PLE results to be discussed 
were detected by a CCD camera. A schematic diagram of the PLE system is shown in Figure 
3.10.

com puter
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Figure 3.10: A schematic diagram of the PLE system used in this work

The tunable laser light strikes the sample at an angle in order to reduce the 
background signal (laser scattering at the surface of sample) received by the spectrometer. The 
photons emitted on recombination o f excitons created at the selected energy are dispersed from 
the spectrometer's diffraction grating and detected at the calibrated GS detected wavelength by 
a CCD camera. The detected signal is sent through a lock-in am plifier to the computer. The 
exposure is repeated by tuning the excitation energy until the whole spectrum of interest is 
recorded.

3.3 Magneto-Photoluminescence and Magneto- 
Photoluminescence Excitation

PL and PLE spectroscopy are standard techniques for determining the principal 
electronic eigen-energies of a heterostructure, especially InAs/GaAs SAQD; however, these 
techniques cannot distinguish the orbital degeneracy o f electronic sublevels in the ‘excited’ 
states58. Wang [108] documents that two p-branches occur in PLE, but composition, size and

58 An electron in the s state is ‘excited’ above the valence level, but convention is to name only p level excitons and 
above ‘excited’.
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strain variations cause energy-level broadening, smearing out the separation. W ith good 
process controls the QDs can be produced with about 10 percent size variations, but this may 
not be tight enough to separate the near degeneracy.

The present research examined this issue by applying an external magnetic field 
in the growth direction (Faraday configuration), which lifts the level degeneracy at increasing 
field strengths. Samples with well-resolved spectral lines are essential to facilitate the 
identification of the principal energy levels (s, p, d and f) before a magnetic field is applied.

In absence of an imposed magnetic field, the in-plane projections of the confined 
carrier trajectories are clockwise and counter-clockwise w ith the same frequency59. When a 
magnetic field is applied, electrons and holes are still in essentially a circular motion, but with 
different frequencies and radii. This Zeeman-like effect is analogous to the influence of a 
magnetic field on 'hydrogenic' orbits o f atomic hydrogen. One difference is that QD extended 
orbitals are not spherical harmonics, so that frequencies and radii changes have greatest effect 
when the magnetic field is transverse to a QD dome or parallel to the growth axis.

This Zeeman-like mechanism has sim ilar effects in both PL and PLE, the only 
difference being the number of energy states of e-h pairs across all dots that are moving either 
clockwise or counter-clockwise: in the magneto-PL (M-PL) measurement it is many, in M-PLE it 
is only a few60. Consequently, the main contribution of this research work and thesis was to 
experiment w ith M-PL and M-PLE on high quality QD ensembles to leam more details about 
their electronic structure.

When magnetic fields are involved two elements are added to the experimental 
system. First, multi-mode fibers are added to guide the incident excitation light and to collect 
the luminescence from the sample and guide it to the spectrometer and detector. Second, the 
QD sample is mounted in a tube and placed in either a resistive or a superconducting magnet. 
The remainder of the optical setup is unchanged, except the arrangement for the optical fiber 
inside the cryostat. A schematic diagram of M-PL and M-PLE setups appears in Figures 3.11.

59 Pairs cancel angular momentum and resulted in no net torque.
60 In PLE many excitons are involved, across those dots which have electrons excited to the selected laser energy;

but that energy bin is only one, and implicitly only an ensemble of dots is activated.
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Figure 3.11: The magneto-luminescence (M-PL) and M-PLE experimental system

A resistive electromagnet61 provided a magnetic field from 0 Tesla to 30 Tesla at 
a 20-MW power, with 1 .4 x l0 3-cm homogeneity and a 50-mm bore diameter. The bore 
diameter provides a safety distance between the tube and the magnet/sample mounting to 
avoid electrical and mechanical contact with the inner wall of the magnet. The 
superconducting magnet62 was able to supply fields from 0 to 18 Tesla. Both systems are shown 
in Figure 3.12.

(a) (b)
Figure 3.12: Photographs of both resistive (a) and superconducting (b) magnet systems

61 The electromagnet used was on-site at High Magnetic Field Laboratory in Grenoble.
62 This Superconducting magnet was available in the laboratory at NRC, Ottawa Canada.

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

59



3.4 Rapid Thermal Annealing Technique (RTA)

Dr. Fafard [95] at the National Research Council of Canada (Ottawa) grew a 
series of SAQD specimens which produced a well-resolved luminescence spectrum with narrow 
(small FWHM) s, p, d, f and g lines. Such lines are well suited to study M-PL or M-PLE study. 
To achieve further line-narrowing, an RTA was applied after growth. RTA is the rapid heating 
of the QD sample at high temperature over a short period of time to promote inter-diffusion 
and a more uniform exchange (alloying) of atoms between the QD and the cap layer. 
Increased 'impurities' might be expected to enhance e-h scattering and thus recombination- 
rates. However, given the intrinsic partial alloying of in-situ QD during growth, a more uniform 
alloying in samples after RTA is expected. This can alter the crystal lattice and reduce the 
scattering (increasing lifetimes).63

Contaminants such as dust and grease must be cleaned from the SAQD sample 
before going through the RTA. A ll of the QD samples were cleaned with three chemicals in the 
following order: Trichloroethylene, Acetone and Isopropyl alcohol. Samples were then rinsed 
in de-ionized water and blown dry with a purged gas. Following cleaning, the sample was 
placed in a small oven manufactured by AG associates to heat radiantly by high-voltage 
tungsten halogen lamps above and below the sample chamber. The chamber walls were made 
of high purity quartz, and the sample held in the center of the chamber on a quartz tray. The 
top of the tray had a silicon wafer with thermocouple (cantilever type64) to measure the 
temperature at the wafer center. The RTA system is depicted in Figure 3.13.

Figure 3 .13 : Images of the rapid thermal annealing system

Samples were placed at the center of the silicon wafer as shown in Figure 3.14, 
covered on top and sides with a III-V  proxim ity cap to inhibit QD degradation by minimizing 
the loss o f group V species such as arsenic, which are volatile at high temperature. A GaAs 
proxim ity cap was re-used about 10 times or until visible degradation (a white patina o f arsenic 
on the surface). Ordinary non-reactive nitrogen gas ran through the whole system to stabilize 
temperature or keep the rest of the unit cool.

63 GD Knight -  private communication.
64 The thermocouple (TC) wires clads in soft-weave ceramic tubing junction-contacted at the bottom of the

carrier wafer using the cantilever spring force. This TC measures temperature up to 1050 °C.
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Figure 3.14: Schematic of a proxim ity gap around the QD sample inside the RTA oven

The first trials of the annealing process were performed without QD samples, to 
verify the system, and the apparatus was flushed with purged gas before inserting QD samples. 
W ith such precautions the RTA technique is reproducible. Besides the RTA method mentioned, 
there are several alternatives to promote inter-diffusion: annealing w ith a dielectric cap [109 - 
111] and laser-lithography [112 - 114]. In the former, a dielectric cap is placed on top of the 
QD sample to create group-V vacancies in the barrier, allowing group-III atoms to diffuse 
across.

3.4 Conclusion

To conclude this chapter, three main components (excitation source, a 
spectrometer and a detector) were essential for the PL and PLE experiments. RTA played an 
important part in the experiments by reducing the emission line-widths and making increasingly 
the ratio of the top peak to the bottom of valley. Since orbital degeneracy of SAQDs can be 
resolved by applying external magnetic fields, the experimental setups for M-PL and M-PLE 
were included and constitute the main contribution to this research as discussed in the following 
chapters.
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Chapter 4

Electronic and Structural Properties of InAsiGaAs SAQDs

As mentioned in the previous chapters, the fundamental properties of QDs, 
whose carriers are confined in three dimensions, are the subject of intense study due to the 
many related applications such as semiconductor lasers [115], optical switches [116 - 117], 
optical modulators[118 - 119], optoelectronic devices [120 - 122], QD lasers [123 - 125], 
quantum computing information [126], single photon sources [127], and single electron 
transistors [128 - 129]. A QD laser for example can have a higher differential gain [130 -131], 
a lower threshold current density [132] and higher temperature stability [133 -134] than a QW 
laser.

In order to fully exploit the potential o f QDs, we need to understand and control 
their fundamental electronic properties, such as the energy level structure, the band offset and 
effective masses. Among other advances, the RTA technique [33,135-136] has been shown to 
provide some control over the emission wavelength, inhomogeneous broadening, and inter­
sublevel spacing.

Magneto PL and PLE results have been reported [137 - 139] to characterize the 
electronic-structure of InAs/GaAs SAQDs. Unlike bulk or QW semiconductors, QD 
characteristics such as exciton reduced-mass are not readily examined w ith transport 
experiments.

Using M-PL, Paskov et al [139] obtained the in-plane effective mass and extent 
of the electron wave function65 from the p-level splitting of the emission spectrum66 using a 
magnetic field applied in Faraday configuration. The evolution of the emission spectrum with 
magnetic field can be related to the electronic properties, providing useful insight into the 
energy level structure as discussed in Chapter 2[140].

The PL spectra in the presence of a magnetic field show direct evidence of a 
Fock-Darwin like (F-D) [36 - 37] emission pattern: the level structure of a two-dimensional 
harmonic oscillator with turning-points progressively lim ited by the field. As already described, 
the magnetic field lifts the degeneracy in the manner of a Zeeman effect on Fock-Darwin states.

The present chapter reports on M-PL studies of a set o f InAs/GaAs SAQD 
samples annealed at various temperatures for 30  seconds, with magnetic fields varying up to 28  
Tesla. The first purpose of this study was to monitor the electronic structure of annealed 
InAs/GaAs SAQDs with increased In-Ga intermixing as the primary effect of RTA.

65 This is represented by in-plane eledron-hole separation in a weak confinement limit or extent of the single
particle wave functions for electron and hole assume equal in a strong confinement limit.

66 The spectra were interpreted in terms of single particles or a gas of weakly interacting excitons.

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

62



After RTA, the PL spectrum reveals a blue shift in the emission energy as a 
function o f annealing temperature, due to extended alloying from the QD-barrier interface [85, 
141]. As well, reduction in the inhomogeneous broadening and the inter-level spacing were 
observed, suggesting that the alloying homogeneity may reduce a prompt recombination 
induced by the carrier scattering at 'impurities' [142]. These benefits assist in resolving fine- 
structure level-(anti)crossing patterns when the external magnetic field is applied.

The second experimental aim was to obtain the in-plane reduced-mass from the 
splitting of the p line. The p-level splitting energy is inversely proportional to the in-plane 
reduced-mass when the field is perpendicular to the sample surface. The in-plane reduced- 
mass was examined as a function of gallium content, and the experimental analysis is 
compared with 8-band k*p calculations for InAs quantum dots w ith various levels of gallium 
content.

4.1 Description of Samples and Optical Measurements

The sample consists of a single layer o f InAs QDs grown by MBE on a n-doped 
GaAs substrate in Stranski-Krastanow (S-K) growth mode [143, 144]. To help minimize the 
inhomogeneous line-broadening, an “Indium Flush” technique [144] was applied to optimize 
the height uniform ity of the QDs. The dots are capped with a GaAs buffer layer. The average 
lateral diameter and the QD height are —25 nm and —3-3.5 nm, respectively [65].

The as-grown wafer was cleaved into 5x5 mm pieces before applying the RTA. 
Each piece was annealed for 30 seconds at temperatures varying between 825 °C and 900 °C 
by 25 °C intervals, under a GaAs proxim ity cap to stabilize the sample surfaces as described in 
Chapter 3. After RTA, each piece was mounted in an insert cooled to 4.2 K in liquid He and 
introduced into the core of either an 18 Tesla superconducting magnet, or a 30 Tesla 
electromagnet.

The optical luminescence was obtained from laser excitation at normal incidence, 
at either 532 nm (for the superconducting magnet) or 514.5 nm (for the resistive magnet) 
through a multi-mode fiber of core size 62.5 pm or 200 pm, respectively. For the 
superconducting magnet, PL from the InAs QDs was collected back through the excitation fiber, 
dispersed by a 600 grooves/mm double-grating monochromator with a resolution of —1 meV. 
The optical signal was focused onto a LN-cooled germanium detector, and recorded using a 
lock-in amplifier. For the electromagnet the fiber geometry was the same, but the optical signal 
was focused onto a 1.3 pm InGaAs photom ultiplier detector. The signal was recorded using a 
lock-in amplifier.
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4.2 Results and Discussions

Figure 4.1 shows PL spectra in a 1 Tesla B-field as a function of annealing 
temperature. Each sample was exposed w ith varying excitation power, to obtain sim ilar zero- 
field emission spectra showing s, p, d, f emission lines [137] as well as the WL emission. After 
the RTA process, the PL spectra from each specimen with different annealing temperature 
required different excitation intensity to saturate the QD energy levels sufficiently for the s, p, d 
and f lines to appear.

d 57.1 meV 54.0 meV

As-grown WL

-1.2-1----- 1----- 1----- 1----- 1----- 1----- •.....i------------ r
1.1 1.2 1.3 1.4 1.5

Energy (eV)

Figure 4.1: Variation of PL emission spectra with annealing temperatures

As this figure shows, all emission lines were blue-shifted. The inter-level spacing 
between the s and p states decreased from 58.1 meV down to 57.1 meV, 56.8 meV, 40.6 meV 
and 36.1 meV for QD samples annealed at 825 °C, 850 °C, 875 °C and 900 °C, respectively. 
A sim ilar decrease is seen for the p-d inter-level spacing. In the figure, the samples are 
indicated by the annealing temperature; for example, a piece of the QD sample annealed at 
825 °C is labeled as RTA825. The FWHMs of the lines is seen to be reduced by an amount 
proportional to the RTA temperature as shown in Figure 4.2.
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Figure 4. 2: Progression of FWHM (from Fig. 4.1) as a function of annealing temperature

Indeed, in this figure all FWHMs of the emission-lines decrease as a function of 
the RTA temperature. The s line-width most rapidly decreases with annealing temperature, 
progressively less-so for d, f and WL lines. The result reveals the increase in uniform ity of the 
transition energies from different dots. Since the QDs are flattened domes occupying very small 
volume, their atoms have significant opportunity to exchange w ith neighboring material, 
resulting in compositional changes (inter-diffusion). For InAs/GaAs QDs annealed at high 
temperature, gallium atoms move in while indium atoms move out.

From Fick's diffusion law, the diffusion length (d ) is expressed as an exponential

E„
function of temperature (T) and activation energy67 {Ea): E>-D0exp kBT Fafard and

Allen [33] reported that as a function of annealing temperature the diffusion length of 
InAs/GaAs QDs was 0.26, 0.29, 0.68 and 1.02 nm for RTA 825, 850, 875 and 900, 
respectively. Notably, for RTA900 the atoms had five times the diffusion length of RTA825. 
This diffusion helps to establish the QD compositional uniform ity.

Accordingly Fafard et al attributed the spectral changes to the uniform 
introduction of gallium into the InAs QDs, more than to variations of shape and size which were 
also present. [145 -146] The gradual decrease of inter-level energy spacing of s-p levels and E

67 Ea is the activation energy required for atoms to hop or diffuse.
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Figure 4.3: Progression of the inter-level energy as a function of annealing temperature

This figure shows that the excitonic inter-level spacing bears an approximate 
linear negative relation to the anneal temperature. The difference in average SAQD energy- 
levels declines with this temperature. The solid circles, stars and diamonds represent energy 
differences between s-p, p-d and d-f levels, respectively. The dashed lines present a linear fit to 
each set o f data. As mentioned, this information helps to identity the electronic energy levels as 
a function of field-strength, given the narrower peaks.

For M-PL the applied field ranged from 0 to 28 Tesla in steps of 1 Tesla. Figures 
4.4 and 4.5 present the results using surface plots of the PL intensity by emission energy and 
applied field strength. For the RTA825 sample (Figure 4.3a), the s-shell emission at 1.239 eV 
undergoes a monotonous diamagnetic shift upon application of the external magnetic field, 
while Zeeman-like splitting can be directly observed from the p (1.289 eV) and d (1.336 eV) 
emission (B < ~12T). The p+ branch shifts to higher energies, and starts to encounter the d' 
branch around 14 Tesla. These splitting and crossing behaviors indicate a F-D type evolution 
for the dipole-allowed transitions of the electron-hole pairs.
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Magnetic Field (Tesla)

Figure 4.4: M-PL surface plots for samples annealed at a) T=825 °C w ith 3.3x101 W/cm2, b)
T=850 °C with 6 .4xl02 W/cm2

In this figure dark (light) shades represent regions of a high (low) PL intensity. 
The spectra were recorded at 4.2 K with the Ar+-ion laser excitation power of: a) 3.3X101 
W/cm2, b) 6.4X102 W/cm2.68

Figure 4.4b shows the spectral evolution as a function of applied field for sample 
RTA850. The s-line starting at ~  990 nm (—1.216 eV) shifts quadratically with magnetic field 
strength, while Zeeman-like splitting is observed for the p, d and f levels. The first (anti)crossing 
in this sample occurs at —18 Tesla, lower than the RTA825 result. Such splittings can be 
expressed in F-D theory as described in Figure 2.9. In that figure the ground state excitonic 
energy (or s-level) is non-degenerate (aside from spin); while in the p, d and f levels there are 
two, three and four branches respectively.

The M-PL was also performed on samples RTA875 and RTA900 as shown in 
Figure 4.5. The results are as above, but w ith more (anti)crossings. As annealing temperature

68 A different power is applied to a different annealed sample.
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increases, the F-D pattern evolves with a first crossing at respectively 14T or 11T for RTA875 or 
RTA900: lesser fields due to smaller inter-level energy separations than in Figure 4.4. This 
clearly demonstrates the inter-level dependence of the magnetic field splitting as indicated by 
[EQ 2.35] in Chapter 2.

A second (anti)crossing is observed for the RTA875 sample, with a third for the 
RTA900 sample. For annealed temperature above 825 °C, the number of branches clearly 
goes in a 1-2-3 sequence for the s-p-d lines, while only the lower branch of the f level can be 
identified69. Still other states become resolved from the continuum at higher fields. For 
example, after crossing the f branch, the RTA 900 d+ branch becomes resonant with the lower 
g branch at the first crossing point. This g branch is then observed to successively cross the d0 
and p+ branches at 18 T and 25 T respectively.
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Figure 4.5: PL spectra for samples annealed at a) T=875°C, b) T=900°C

69 Other f branches may have split off at small magnetic fields to merge with the continuum and go unobserved.
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A ll spectra were recorded at 4.2 K with Ar+-ion laser excitation power o f 3.2X102
W/cm2.

It may seem surprising that the emission spectrum of a large number of electron- 
hole pairs in confined dots (at a given field) resembles that predicted for independent particles 
by Fock and Darwin. Raymond et al [147] have described degeneracy-lifting in an external 
magnetic field and how the M-PL results match the F-D spectrum model. In details however, 
the carrier interactions should be taken into account, as discussed further below.

In the four M-PL results above obtained at different anneals, some aspects of the 
electronic structure -  particularly the in-plane excitonic reduced-mass -  are manifested in the 
p-level splitting, AEp. The energy difference is proportional to the out-of-plane magnetic field

and is the inverse of the in-plane excitonic reduced-mass ju*± o f the InAs/GaAs QDs: [139]

efiB
[EQ 4.1]

t* i

Note that the heavy-hole band is the uppermost valence band in a strained InAs layer on GaAs 
[148] so that the expression for an in-plane reduced electron-hole mass w ill be

1 1 1   _    1   #
jux m e L m

In order to compare theory and experiment, PL spectra were fitted using multiple 
Gaussian functions to obtain the peak positions as a function of external magnetic field. The 
following general guidelines were used:

(i) The line widths become narrower as higher energy shells are probed and as 
the magnetic field is increased,

(ii)The decreasing (increasing) occupation of states as they shift to higher (lower) 
energies is reflected in their emission intensity,

(iii) Peaks have the same width w ithin a degenerate shell, whether at 0 Tesla, or 
at a subsequent crossing point.

Assumptions (i) and (ii) are empirical observations. Assumption (iii) depends on 
the number of excitons occupying the QDs.

As an example, the fitting procedure for sample RTA875 is shown in Figure 4.6 
(a), where the experimental curves are shown along with the Gaussians associated w ith each 
transition. The procedure fits the s, p and WL lines accurately. For the higher energy levels the 
number of overlapping Gaussians increases making individual lines difficu lt to resolve; but the 
results support a narrowing FWHM of the s and p transitions as the magnetic field is increased 
as expected from the F-D model.
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Figure 4.6: M-PL; (a) Gaussian fits to RTA 875; (b) points on the I (B,E) surface

In this figure, the emission spectra (solid lines) and corresponding Gaussian peak 
de-convolutions represent the evolution of the different transitions for this sample. They are 
depicted by colors: red, green and violet for s, p and d level transitions, respectively. The 
overlayed points in part (b) illustrate correspondence of de-convoluted peak positions with the 
experimental F-D spectra.

Broadening of the p line at 6 Tesla can be clearly observed, indicating splitting of 
the p+ and p' branches. At 12 Tesla, the p' branch is completely resolved from other 
transitions, and the p+ branch has merged with the d branch. In the overlay of the peak

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

70



positions on the surface plot in Figure 4.6 (b), a clear correspondence is seen, in particular for 
the s and p lines. A ll o f the annealed samples were analyzed using a sim ilar procedure.

The p-branch energy splittings up to 18 Tesla are plotted in Figure 4.7(a). A 
linear slope for each sample is fitted by least-squares analysis; with an in-plane reduced-mass as 
extracted using [EQ.4.1].
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Figure 4.7: (a) p-branch difference as a function of magnetic field; (b) relationship between 
reduced-mass vs annealing temperature and gallium content from k-p model

In this Figure, panel (a) presents the p-shell energy splitting by the magnetic field 
strength with various samples annealed at different temperature. The solid lines are the least 
square fits. In panel (b), the effective masses are plotted as obtained from the slopes of the least 
square fits (scatter dots) and the 8-band k*p calculation (solid line).

Figure 4.7(b) shows the inferred reduced-mass for each annealing temperature 
(large dote). It can be seen that effective mass (around ~0.066m0±0.012mo, in fa ir agreement 
with previously reported values of ~0.053mo [139]) does not appreciably change, despite
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significant incorporation of gallium implied by the large blue-shift seen in Figures 4.1 and 4.2. 
The experimental error is —25% for the effective mass.

The ratio of heavy hole to electron in-plane effective masses (or electron to 
heavy-hole mobility) is shown in the inset o f Figure 4.7(b). This ratio would increase with 
gallium content and indicates an electron mass ~2 to 3 times lighter (more mobile) than the 
hole. Consequently the observed experimental evolution in magnetic fields is dominated by the 
electrons.

To gain insight into the invariance of excitonic mass with gallium content, an 8 
band k*p calculation was performed including the valence band mixing, coupled via the Bir- 
Pikus Hamiltonian to the strain in the dot, calculated using the continuum elasticity theory 
[148]. The shape of the QD was assumed to be a disk with the thickness of 2.3 nm and radius 
o f 25.4 nm. The model parameters were adjusted to reflect the fact that no significant spin- 
related splitting can be observed in the experimental results. From an energy comparison of 
the calculated and measured emission lines, the concentration of gallium in InAs QDs was 
estimated to be —50% for the RTA 900 sample. The results o f the model, running from 0-50% 
of gallium content, appear in figure 4.7 (b) as a solid line.

For low gallium content, the model does not disagree strongly w ith experiment 
(though its upward trend is apparently wrong); but the model-predicted steeper decrease of 
m obility with Ga content (or RTA temperature) leaves calculated and experimental values 
differing more for hotter anneals70.

The experimental value for the effective mass is —25 percent different from 
another research group [139]. Various sources of error are present. For instance the F-D 
energy evolution described in Chapter 2 assumes an equal extent for electron and hole wave 
functions. The differences might be important, but the turning points in the QDs are essentially 
determined by the lateral size -  the same for electrons and holes. In this analysis the many- 
body interactions in the QDs are neglected.

The model (line) in Figure 4.7(b) would appear to discredit the 8-band k*p 
model, which indicates increasing effective masses at high alloying, whereas in fact a gentle 
decrease appears w ith anneal temperature. There is some possibility of m obility (inverse 
reduced-mass) decreasing from non-linear scattering with increased inter-diffused ‘im purity’ 
content and the as-grown barriers, but the opposite result argues for a homogenizing effect of 
alloying, w ith a modified alloy lattice. It seems clear that other models, perhaps of the 
pseudopotential variety (cf. Williamson [44]), need to be explored in connection with the

70 The exact shape and composition/strain distribution can play a role in determining in-plane effective masses so 
that deviations from the QD shape and composition occur in such a way as to keep the reduced-mass 
practically constant despite injections of gallium into the QDs. But this should be qualified as an 
improbable rescue for the p-k model, and another model seems required.
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reduced-mass, as well as more complete models to interpret the spectra from which it is 
derived.

4.3. Summary

A progressive reduction of size inhomogeneity, line broadening and inter-level 
spacing in InAs/GaAs SAQDs is achieved by RTA with raised annealing temperature. These 
changes are accompanied with diffusion of gallium into the InAs QDs as evidenced by the 
strong spectral blue-shifts. Clear Fock-Darwin like spectra are obtained for samples annealed at 
higher temperatures. Using the splitting of the p emission line in increasing magnetic field, the 
values for the reduced in-plane effective excitonic mass as a function of increasing gallium 
content are obtained in the range of 0.066 m0 ± 0.012 m0 . The result shows that excitonic
reduced-mass is independent of the gallium content up to —50%. Calculations based on the 8 
band k*p model predicts sim ilar values for the low gallium content, but predicts notably higher 
values for the high gallium content of ~50%.

Identifying the origin of this discrepancy requires further structural studies to 
monitor the evolution of the size and shape of the QDs w ith higher annealing temperatures. 
The significant deviation might be because the F-D energy spectrum model is based a single 
(independent) particle picture w ith equal lateral extent for both electron and hole 
wavefunctions, and only a Coulomb interaction between the electron and the hole is taken into 
account. Also the 8 band k*p calculation assumed that all QDs are identical disks, and no spin 
interaction was considered. By all accounts the partly unexplained results invite considerations 
of alternate models and further experimentation.
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Chapter 5 

Single Exciton Picture of InAs/GaAs SAQD

Zero-dimensional QDs have a somewhat hydrogenic electronic structure and a 
comb-like density of states. In the previous chapter, a broad PL emission line from each level 
was described as representing a superposition of narrow lines of individual QDs at different 
energies due to variations in the QD dimensions and the extent o f gallium diffusion in the 
growth process [149 -152] .

Post-growth anneal using an RTA [33] partially narrows the inhomogeneous 
broadening of the QD ensemble, with the additional result that the inter-level spacing is better- 
resolved and w ith a reduced spacing. Further studies undertaken in the present research on the 
SAQD optical response involved the PLE technique. In PLE, excitons at a particular energy are 
created, so the individual QDs w ith a corresponding energy level w ill be populated w ith them. 
In InAs/GaAs SAQDs, the orbital momentum rules then select the recombining electrons and 
holes with the same quantum numbers.

The study of the electronic structure can be approached through the use of 
magnetic fields. Raymond et al [147] described the electronic structure of the excitons 
InAs/GaAs SAQD using M-PL and F-D spectrum theory. However, many body interactions of 
the multiple excitons created in PL complicate the analysis. The PLE technique is a potential 
simplification as only one exciton energy level is stimulated at a time [153], with therefore 
reduced many body effects.

In this work, the single (independent) particle picture of InAs/GaAs SAQDs 
annealed at 825 °C for 30 seconds was examined more closely through PLE measurement and 
then under a magnetic field in a Faraday configuration to examine the F-D spectrum in a single 
exciton regime. In this chapter, the F-D spectra of M-PL and M-PLE measurements are 
compared, and the relationship between the energy-level structures and the process controls 
(such as gallium content in the QD) is discussed.

5.1 Description of Samples and the Optical Measurements

SAQD samples were cleaved from the same SAQD wafers mentioned in Chapter 
4. The RTA temperature in this case was 825 °C for 30 seconds. Two optical arrangements 
were employed for these studies. The M-PL setup was described in Chapter 4. For M-PLE, 
two 62.5-pm core fibers were used as described in Chapter 3. The excitation fiber introduced 
the light non-normally to the surface in order to reduce background intensity. Laser light tuned 
through the excited states of the QDs up to WL (from —1.240 eV to —1.393 eV) was launched 
on this fiber and the luminescence was coupled-out through the second fiber oriented normally 
to the sample surface. The collected luminescence was dispersed by a 600 groove/mm double 
grating monochromator and sampled by a LN-cooled Ge detector at a position pre-set for 
picking-out the ground state emission only. The output GS intensity signal was then recorded 
via a lock-in amplifier.
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5.2 Results and Discussion

Figure 5.1 presents the evolution of the PL spectra at 4.2 K in annealed 
InAs/GaAs QDs as a function of excitation power at zero magnetic field. A t very low power 
only s-level emission is observed from excitons recombining in the ground state. As excitation 
power increases, excitons occupy higher states (p, d, f and g). When the power reaches ~554 
W/cm2 both s- and p-emission lines are clearly observed at 1.244 eV and 1.290 eV.

c
D
xi

WLc0)
c 1,172 W/cm'

554 W/cm

1.10 1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50
Energy (eV)

Figure 5.1: PL spectra with increasing excitation power; w ith 25 percent o f vertical offset

Each successive spectrum was offset by 25 percent of the total vertical scale (in 
arbitrary units). The measurements were excited with laser wavelength at 514 nm (2.41 eV). 
The two small inset panels in (a) depict the number of excitons filling  the energy levels at a 
particular excitation power.

Further emissions from d- and f- levels appear as the excitation power is 
increased. At 1,172 W/cm2, the PL intensity from the p level already exceeds that from the s 
level, and a small f emission peak appears. By 1,824 W/cm2 the d-emission exceeds that from 
the p. These are evidence that the levels become saturated w ith excitons as the higher levels 
continue to be populated. In the latter case, more excitons are then also filling the f-shell and 
the InAs WL. This progression is simply attributed to state-filling [154] by an increased exciton 
population in the QDs [154].

As mentioned above, when many excitons populate the QDs, the analysis of PL 
experiments is complicated by many-body interactions [86]. In order to reduce the impact of 
the multi-excitons, the PLE [155 -156] is the technique of choice. Figure 5.2 presents the PLE 
(red solid line) spectrum with an excitation energy of 1.2399 eV and the PL spectra of that 
sample at 4.2 K, at zero magnetic field.
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Figure 5.2: Non-resonant PL (black) and PLE (red) spectra

The p and d PL lines are red-shifted by 14 meV and 23.3 meV respectively from 
the PLE lines. This is attributed to many-body effects as seen in Figure 5.2. Usually in 
undoped QWs, the low temperature PL emission lines are red shifted with respect to the peaks 
in absorption or PLE spectra. But Ivchenko [157] described this shift as an excitation spectrum 
dominated by optical transitions involving extended free-exciton states. In the case of the low 
temperature PL on SAQDs, it arises from radiative recombination of localized excitons. Thus 
the red-shifts appearing in QWs as a Stoke-shift at low temperature are irrelevant for QDs which 
have a unique comb-like density of states and no explicit electric field is present in this 
experiment. Many-body effects must therefore be involved.

The PL state-filling effect does not occur in PLE71, as exciton only fill a specific 
energy level. In the power-dependent PLE measurement shown in Figure 5.3, the p and d 
emission peaks maintain a nearly constant ratio. The intensity of transitions is proportional to 
the absorption of the exciting laser, suggesting that the recombination lifetime for p and d are in 
the same range72. Raymond et al [104] reported decreasing recombination rates for the higher 
excited states in PL, but they remained in the same range.

71 However, excited states can saturate at sufficient power in PLE.
72 It may be useful to further study the recombination rate of InAs/GaAs SAQDs with time-resolved methods.
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Figure 5.3: Evolution of the PLE spectra as a function of excitation power, I 0 = 70W / cm2

The many body effects in the PL and PLE measurements are further discussed by 
Raymond et al [147]. They described the chemical potential as the energy to remove or add 
one electron-hole pair in the PL spectrum. It is independent of the number of the electron-hole 
pairs and the level-filling, and is given by [162 -163]

» N = E»s -  E ^ 1. [EQ 5.1]

where EĜ  is the energy of completed configuration. It is useful to understand the relevant 
many-body effects. In a non-degenerate N-exciton configuration, neglecting the scattering to 
higher shells, juN = EGS -  EĜ  is

juN = El + El - V;h ~ ^ V N’X [EQ 5.2]
iecore /

where the first two terms are the kinetic energy of electron and hole in the state*, and the third 
is their direct Coulomb potential. V®’x denotes the exchange energy between the topmost
particle in state ^a n d  one in a lower state i . Beyond this, the configuration energy and 
scattering should be added to correct the chemical potential. The configuration may be 
illustrated in the recombination of an exciton as shown in Figure 5.4.
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Figure 5.4: Representation of the chemical potential for the PL spectrum

In this figure symbols (1), (2) and (3) denote direct coulomb, exchange, and 
configuration coupling energy, respectively. For example, a multi-exciton droplet (13X) is 
created in its ground state (left) when the laser light is incident on the QD. A photon is then 
emitted through the recombination of the excitons. The emitted photon energy, equal to the 
chemical potential, is the difference between the 13X and 12X ensemble energies. The emission
energy is a combination of contributions 1, 2 and 3: Mu = Ek-  (Ecoulomb + Eexchcmge + Econf) _

By contrast, in PLE only the kinetic and the Coulomb interaction energy are 
considered for an electron-hole pair, as depicted in Figure 5.5. This is because the QD exciton 
population is the number of photo-generated excitons at a specific energy. Each such electron- 
hole pair is presented in a single exciton picture. Upon thermalizing to the ground state 
configuration a photon is emitted at the energy corresponding to Aha) = AEk + AEcoulomb with
only the direct Coulomb interaction and kinetic energy. Thus the shift between PL and PLE 
peaks is expected to give quantitative information on the magnitude of exchange and other 
coupling energy terms.

s
photon

 ̂ rrz.) —  | j —-  ----

Laser | | f  * ►

F ig u r e  5 . 5  : Chemical potential energy in the PLE spectrum73

The foregoing demonstrates that a number of interactions are involved in PL 
spectra, while only the kinetic energy and direct (though somewhat screened) Coulomb 
interaction take place in PLE. The latter situation favors F-D spectral analysis, with only two

73 Not all excitons 'thermalize' but some can recombine directly from upper levels too.
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types of interaction taken into consideration when the magnetic fields are applied. Accordingly, 
M-PLE experiments were performed in a Faraday configuration, and PLE spectra as a function 
of magnetic field were observed from 0 to 16 T in increments of one Tesla. Therefore, Figure 
5.6 shows a surface plot of the PLE intensity spectra as a function of the external magnetic 
field.

phonon

phonon

phonon

Magnetic Field (Testla)

Figure 5.6: Surface plot o f PLE spectra, I(B,E), at a detection energy of —1.238 eV

At zero field, the spectrum recorded at a GS energy of —1.238 eV (PL peak) has 
only the p and d lines at 1.296 eV and 1.351 eV, respectively. Two small peaks at 1.257 eV 
and 1.270 eV also appear, corresponding to the Raman scattering energies at —19 meV and 
—33 meV respectively. These two phonons assist the excitons occupying excited states to relax 
to detected ground-state energy. The latter value is consistent with LO-phonons for strained 
InAs quantum dots at 32.6 meV reported by Heitz [158], Fafard [159] and Wilson [160]. The 
former —19 meV corresponds to LA InAs phonons at the X  point in the crystalline BZ. W ith 
emission from the higher s level red-shifted by emitting a resonant phonon. These resonant 
phonons are used as a convenient signature for the emission peak.

When the magnetic field was applied, various degenerate branches of the p and 
d levels were observed. The p line clearly split into two branches as the field is increased. Only 
two branches were observed from the d line in the same field range, whereas the harmonic 
oscillator model discussed in Chapter 2 would call for three.

Nevertheless, the branching structure of this M-PLE spectrum is analogous to a 
Fock-Darwin spectrum modeled in a single (independent) particle picture. In M-PLE, an
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emission line other than the resonant phonons is understood as an excitonic recombination. 
Based on energy levels described in (EQ 2.34), the e-h energy is rewritten as:

E (n + ,n _ )  = E 0 + h(pfctm" ( b ) +  nh+ole (i?))f«+ + |1  + h(neIectron ( b ) +  nh_ole ( b ) ) (  n_ + , [EQ5.3]

where E 0 is an offset comprised of semiconductor gap and vertical confinement energies. n+ 

and n_ denote quantum numbers (n± = 0,1,2,3,...) and is the corresponding

frequency - Qelectron,hole (B) =
r /  \ 2' V i

tv 2 + I ^  I . ±
I  2  J 2

describing the strength of the in-plane parabolic confinement and a  

frequency. These FD spectra obey:

, where a  is the harmonic frequency

eB .
m.

is the cyclotron

(i) dipole transitions - only electrons and holes w ith the same set o f quantum numbers 
can recombine and,

(ii) An+ • ( Q e‘ectron ( b )  + Q f e (b ) )  = A • (ne!ectron ( b )  +  Q hole (b ) )  .

Then, based on this F-D theory, an independent exciton picture could be 
simulated as soon as the in-plane reduced-mass is known. This value could be observed 
through the splitting of the p-shell transition energy AEp as mentioned in [EQ 4.1].
Qualitatively, the M-PLE measurements correspond somewhat to an F-D model, but the peak 
position and inter-level spacing differ from the model.

Quantitatively, by tracking the PLE peak positions of the degenerate p branches, 
the energy splitting of the p level is plotted as a function of magnetic field strength in Figure 5.7. 
The slope fit using least squares is ~ 1.383 ± 0.030. From this the in-plane reduced-mass can 
be extracted using [EQ. 4.2], yielding ~  0.084m 0 ± 0.002 m n which only is in qualitative
agreement with the result in the previous chapter o f —0.066 m0 and other results reported of
-0 .053  m0 [139]
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Figure 5.7: Peak energy difference between two p-shell branches as a function of B field

The difference in reduced-mass between the PL and PLE results of about 27 
percent is potentially affected by, among other things, some acquisition differences between PL 
and PLE data or method of excitation. In PLE, the energy states are populated without filling 
the lower energy states first. It therefore increases the mobility of electrons and phonon 
scattering effects. Lifetime or recombination rates for each state are other possible factors. The 
recombination rates for s, p, d and f recombinations differ somewhat: higher states have more 
phonon-scattering opportunities to decay into unfilled states lower in energy. This means 
greater probability of a radiative recombination channel from the s level than at higher levels 
having more decay channels. Raymond et al [104] reported that recombination at the ground 
state was about 10 times faster than from an excited state.

Only the s-s transition (ground-state recombination) is observed in PLE since the 
detected energy is set in the ground state region, but other (p-p, d-d and f-f) emissions are 
directly obtained in PL74. Many body effects and scattering channels are therefore probably 
important factors.

The heavy hole in-plane effective mass is generally ~2 to 3 times larger than the 
electron. Awirothananon et al [161] reported —2.1 for this ratio in InAs/GaAs SAQDs annealed 
at 825 °C. Using this ratio and the in-plane reduced-mass obtained above, the electron and 
heavy-hole effective masses are 0.124 m0 and 0.26 m0, respectively. The electron effective

74 This doesn't mean they don't occur in PLE, they're just less likely, therefore less intense if the detection energy 
were set to their level instead.
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mass compares with that obtained by Paskov [139]: —0.153 m0, but the result for the heavy- 
hole is greater than other researchers’ findings [139, 170] by 70 %. Some of the discrepancy 
may be due to differences in strain, confinement and the nature of carrier relaxation 
mechanisms among the samples reported in various experiments. The scatter in these results 
suggests a need for further experiment and modeling.

In fact the interpretation of the PLE results is uncertain and non-trivial. The 
carrier dynamics involved in the PL spectra are quite different from the PLE for two 
reasons. The PLE emissions are from no energy levels other then the selected GS and arise 
from the ground-state recombination from a subset or ensemble of dots with an identical GS 
eneigy. Secondly, only those excited excitons which relax either radiatively or non-radiatively 
to this GS play a role. Thus the carrier dynamic in PLE is dominated not only by spectral 
absorption, nor by state-filling, but by carrier relaxation channels. It therefore excludes typical 
PL emissions that ensue from direct radiative recombinations at excited levels.

The GS emission peaks in PLE are therefore an indirect absorption/emission 
peak 'signature', whose fidelity is an unknown function of the relative rates of relaxation to the 
GS and of statistically enhanced dispersions in different dot geometry, strain and composition 
within the GS-selected ensemble. Accordingly, the peaks, their branches, and their inter­
level spacing in PLE cannot be interpreted directly as those of PL without detailed models. The 
trade-off is that while PLE reduces the many-body carrier effects it increases the role of non- 
radiative channels and physical dispersion.

It follows that the method for extracting the reduced exciton mass from the 
separation of p-branches is less reliable when carried over to the M-PLE 'p-lines' (so-labeled). In 
addition the assumed ratio of heavy-hole to electron mass, as derived from an unreliable fit of 
the k*p model in the PL spectra, gives only a qualitative basis -- albeit surprisingly good quality 
via other published results -  for even the PL estimates. By using the same ratio in the already 
questionable reduced-mass from PLE spectra, the electron and heavy-hole masses cannot be 
expected to be accurate.

5.3. Summary

The RTA technique reduces the physical inhomogeneity of InAs/GaAs SAQDs 
with the effect of reducing the FWHM of the emission-line as well as the inter-level energy 
spacing. In PLE, the one-exciton energy is effective at a given excitation wavelength. The PLE 
peak is blue-shifted because only a Coulomb interaction holds. In PL by contrast, many-body 
effects arise involving exchange and configuration coupling energies in addition to Coulomb- 
interaction. This is expected to decrease the carrier mobility and diminish the energy gaps, red- 
shifting the emission as observed in this chapter.

In addition, clear F-D like M-PLE spectra are observed in a progression of 
magnetic field strengths. Using the p-branch energy-splitting, an effective in-plane reduced- 
mass of —0.084m0 ± 0.002 ma, was obtained. This value is unexpectedly higher (i.e. the 
electron is less mobile) than that obtained from the M-PL measurements involving more
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interactions. This might suggest an improbable view that (coherent) interactions may enhance 
the mobility of carriers in PL measurement. Alternatively, excited frequencies are selected in 
PLE, while the measurements are made at only one (GS) wavelength. A difficulty of 
interpretation is that the p-branch separations are not of the p-emission per se, but of GS-level 
result after relaxation down from the p-branches. This could lead to an erroneously lower 
inferred mobility while using the PLE technique75 [142].

The reduced-masses obtained from the QDs (including the M-PL value) are 
greater than in bulk InAs semiconductors because of strain and confinement effects in the 
SAQDs. Based on the ratio of the heavy hole to electron effective masses, these masses are 
estimated as 0.124 ma and 0.26 mQ, respectively. By using the same ratio of heavy-hole 
effective mass to electron effective mass (—2.1) combined with the PL in-plane mass obtained 
in Chapter 4 (0.066 m0 and 0.012 m j, the electron and hole effective mass are respectively
estimated as 0.097 ma and 0.2046m0.

75 GD Knight, personal correspondence.
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Chapter 6 

Many Body Excitonic Effects in SAQDs

Relationships between the electronic and the physical properties of SAQDs are 
of great importance to optimize the fabrication process. Thus optical characterization can help 
understand better the growth conditions. One measure of the optical quality is the photo- 
luminescent response in the presence of a magnetic field (M-PL), revealing systematic changes 
in the electronic structure via degeneracy-lifting and diamagnetic shift at low B -field strength. 
At stronger magnetic fields, the increased separation of degenerate level branches leads to anti­
crossings [162], and finally Landau levels appear at very high magnetic fields76.

In this chapter the electronic level structure of SAQDs annealed at 825 °C is 
discussed via PL and PLE data with and without applied magnetic fields. Many-body effects 
are considered such as the direct Coulomb interactions between a promoted electron and a 
'core'77 of filled states, the configuration energy of electrons or holes, and the exchange energy 
in degenerate states. The exchange energy between electrons and holes in various levels is 
omitted in the analysis, but the effective mass is included and largely embodies the net 
interactions.

A single layer of InAs QDs was grown on n-GaAs substrate using the MBE 
technique in the S-K growth mode. This SAQD specimen was fabricated in the same 
conditions as described in Chapters 4 and 5, but cleaved from a different part of the wafer. 
Due to equipment availability, the optical setup78 in this study underwent a few changes: a 1.3- 
micron InGaAs detector and a CCD camera detector were employed in PL and PLE 
experiments, respectively. A 200-micron diameter multi-mode fiber and a 28-Tesla 
electromagnet also replaced the smaller fiber and 18-Tesla superconducting magnet used 
earlier.

PL is first discussed, followed by examination of PLE results. The latter 
measurements covered a detection wavelength range (not just the lowest PL ground-state but 
up through the excited states), and both M-PL and M-PLE were performed under external 
magnetic fields right up to the 28 Tesla available.

6.1 Photoluminescence (PL)

The progression of PL spectra as a function of excitation power at 4.2 K and no 
magnetic field is shown in Figure 6.1. In this experiment, the number of exited QDs was large: 
about ten million. Only the ground state emission is observed at a very low excitation (< 1 .41  
W/cm2), and as the excitation power increases, more excitons occupy the excited energy states

76 At high magnetic fields, the carrier radius is smaller than that of the QD radius. Thus the confinement
effect has less influence.

77 This is a core configuration of promoted electrons or excitons, not the ionic cores from which they were
promoted.

78 The PL and PLE experiments were performed at High Magnetic Field Laboratory in Grenoble, France.
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(p, d, f and g) producing emissions from these higher levels. The s and p emission lines are 
visible at 1.253 eV and 1.294 eV, respectively, when the excitation power is —16 W/cm2.

(0c
3c

3SL.<

1.1

•509.29 W/cm2 
• 127.32 W/cm2 
■16.98 W/cm 
■4.24 W/cm 
■ 1.41 W/cm2 
■0.44 W/cm

d-shell

p-shell

s-shell
f-shell

1.2 _ 1.3,Energy (eV)

Figure 6.1: PL spectra as a function of excitation power at 77 K, 0 Tesla with undoped 
InAs/GaAs SAQD sample

The spectra of Figure 6.1 track the increase of exciton level occupation and the 
state filling effect [90]. As the excitation power rises to 127 W/cm2, the QD energy states 
become increasingly populated, but hardly at the WL level. The WL emission (1.441 eV) is 
observed clearly at well above 127 W/cm2.

The s emission is from a non-degenerate state (excluding spin) and the first 
excited p level is doubly degenerate, with degeneracy increasing linearly with the excited state: 
three and four branches for d and f levels, although these are not visible until a magnetic field is 
applied. A close inspection of the PL peak positions shows a slight shift with excitation power, 
suggesting that the mean value of the emission energy depends on the exposed number of dots 
with different sizes.

Multiple electronic states are excited in PL (but not in PLE). Consider the PL 
spectrum at —509 W/cm2 power in Figure 6.1. The ground and p states are saturated while the 
higher levels are only partially filled with excitons. The peak intensities (red color) are depicted 
in the M-PL plot at the zero magnetic field side of Figure 6.2.
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0 4 8 12 16 20 24 28
Magnetic Field (Tesla)

Figure 6.2: M-PL spectra I(B,E) (detected at T= 4.2 K) of InAs/GaAs SAQD annealed at 
825 °C for 30 seconds. The emission intensity corresponds to red color saturation 
(bright (red) = more PL intensity). The vertical line and rectangle box are 
represented the focus of further study

Figure 6.2 presents an intensity surface plot as a function of emission wavelength 
(energy) and magnetic field strength for the annealed InAs/GaAs SAQDs. The PL spectra 
were obtained in a Faraday-configured magnetic field with one-Tesla increments. The second 
derivatives were taken of the individual spectra to determine their peak positions. The zero- 
field s peak at around —990 nm (1.252 eV) progressively blue-shifted with increasing magnetic 
field.

The two-fold p degeneracy was lifted with the magnetic field, the branch 
separation is increasing with field-strength at a linear rate, determined by the in-plane exciton 
reduced-mass. Three and four branches were expected to emerge from d and f lines. While 
three d branches are clearly seen at —8-10 Tesla, only three f branches appear in the whole 
range of B-field. Plausible explanations for this might be that the f level is only partly filled at 
the highest laser power used (lkW/cm2) or one of the f branches had split off to the continuum 
states. A third possibility is that the middle branch is still doubly degenerate and not fully 
accounted-for in the ordinary F-D theory valid at lower levels79.

Nine apparent crossings (or anti-crossings [70-71]) appear in Figure 6.2. The 
upper p branch starts to encounter the lowest d branch at — 14 T, and the middle d branch 
merges with the lowest f branch at 20 T. Two crossings occur around 8-12 Tesla and three at 
—16-22 Tesla. Four more might be expected if the magnetic field were to exceed 28 Tesla.

79 GD Knight, personal correspondence .
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For PL experiments as above, the following interactions need to be taken into 
consideration: (1) direct coulomb, (2) QM exchange between the topmost particles in state N 
and those in the filled lower levels and (3) configuration interactions. As mentioned in the 
previous chapter, these interactions all contribute to the chemical potentia l//. In one QD, this 
potential corresponds to the energy of adding or removing an exciton. Especially at the energy 
of the lowest (anti) crossing, the chemical energy is independent of the number of excitons; it 
equals the energy of that (anti) crossing level plus or minus the electron-hole interaction energy 
[163].

6.2. The configuration interaction80

In M-PL, many-exciton and configuration interactions are involved. In a 
magnetic field the QD energy states in a single particle picture may be obtained from [EQ 5.3]. 
If the effective masses and 2-D oscillator frequencies of the electrons and holes satisfy the 
relationship m*e(oe = m*hCDh under the influence of magnetic field, the electron and hole level 
structure is reconstructed with states crossing or merging with each other [162-163]. The first 
encounter between upper p and lowest d branch, for example, is outline in the dashed 
rectangle in Figure 6.2. The QD energy levels at this (anti)crossing are represented in Figure 
6.3.

(a) 5 = 0  (b) 5 * 0

Energy Energy

l«.2> |U> |2,0}

I0-*) M )  

l°.°)

-► l

|U> |3 .0 )

|0,1> |2.0)
M)

l°.°)
-►z

Figure 6. 3: QD energy states at (a) zero magnetic field and (b) lowest first crossing (rectangle 
in Figure 6.2) in magnetic field, (following Cheng [163])

Cheng et al [162-163] developed a theory of excitonic artificial atoms formed by 
N-electrons and holes confined in a QD. In this model, including for magnetic fields, the 
valence-band mixing and electron-hole exchange are neglected in treating many-body effects. 
The many electrons and holes are treated with the configuration interaction (Cl) method. The 
multi-exciton Hamiltonian is a combination of five terms: (i) electron kinetic energy, (ii) hole 
kinetic energy, (iii) Coulomb-attraction of electrons and holes, (iv) Coulomb repulsion of 
neighboring electrons and (v) Coulomb repulsion of neighboring holes. The relationship 
rnecoe -  m*h6)h is assumed when the electrons and holes in a state of fixed quantum number 
have identical envelope wave-functions. Since configurations with different quantum numbers 
are decoupled, only a subspace spanned by a selected configuration is treated. In this models 
N  is number of excitons, L is total angular momentum, Se,Sh are the total spin for electron 
and hole, S'*, Sez are the z-axis spin for electron and hole; and those are good quantum 
numbers to represent the excitonic states.

80 This section is adapted from Cheng [163].
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In a magnetic field, the electronic states are reconstructed as shown in Figure 6.3, 
especially the lowest merging states |0,l) and 12,0) within the rectangle of Figure 6.2. In this

case, the multiplicity of excitons states could be 5, 6, 7 or 8, and each may be considered as a 
subspace; in particular four subspaces are considered here. The case of 5 excitons yields two 
configurations81 with the lowest states filled fully by four particles, and the topmost particle in 
either |0,l) and 12,0). This is illustrated in Figure 6.4.

|5JT,a)

Energy |U>

l°.»>----- 4 , + -  l2’°>
i i _ T |10)
T P  |0.0>

J L  |o.o>
|1.0>

Energy

|5 X.b)

|U )-----

l01> —  i l _ —j. ■i r |10>
i p  i°-°>

13=0)
2.0)

# . m
IP |1=0)

|o.i> | —  ^ r _  j2,o}

-1 0 1
-►z

Figure 6.4: Two lowest energy configurations for N = 5 X , five excitons (following Cheng 
[163])

The ground configurations for five excitons are a linear combination of these two. 
By solving for these ‘exchange’- coupled states through the Hamiltonian (EQ 5 of reference 
[163]), including this term in the chemical potential, the degeneracy is lifted as shown in 
Fig.6.5.

a>c8/we

Figure 6.5: Calculated energies of 5X states. The degeneracy is lifted due to the configuration 
coupling (after Cheng [163]) where co,o)c,a>e,Q  are frequency, cyclotron 
frequency, electron frequency and relative electron-hole frequency, respectively

81 Cheng et.al describe an energetic interaction between independent configurations, it is analogous to an 
exchange interaction between equivalent configurations. This exchange term is non-zero even 
without accounting for spin-orbit coupling.

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

88



In the subspace of 6 excitons, five relevant configurations are classified by the 
total excitonic spin into singlet-singlet (Se = Sh = 0), triplet-triplet, {Se=Sh= 1) and single-triplet
(Se = 0,Sh = 1 or Se = l,Sh = 0) as shown in Figure 6.6.

Singlet-S inglet
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ku> 4jr 4 i  — |2,0)
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I0.0 ■§" ™ ----  |2.0>
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io,i> 4“  At 4“  '2,°̂
i . 4 r  iw>
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Iw> 4 -  A j J r ^ 0) 41i r  iw>4r i°-°>
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|0.1> l| iaH |2.0>

-I 0 1

Figure 6. 6: Lowest-energy configurations for 6 excitons (after Cheng [163])

In a relevant basis, the eigen-energies can be solved with the Hamiltonian as 
given in Reference [163]. Contribution to chemical potential near the 10,1) and |2,0) anti­
crossing states is shown in Figure 6.7.

4.2 

4

3.8 f-

« «  U

  c _e*"6**55 ** C
SX,TT c e

■“ RXrS C 4X

6X

[».______ ,—l—
3.2

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

Figure 6.7: Calculated energies of 6 excitons: singlet-singlet (SS), triplet-triplet (TT) and triplet- 
singlet (TS) states (after Cheng [163])

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

89



In this figure, the vertical dotted lines indicate the magnetic field (cyclotron 
frequency) where the |0,l) and j 2,0) states encounter each others. The exchange energy in the 

field shifts the crossing by Aa c. Configurations for 7 and 8 excitons are also shown in Figure 
6.8 where the 7 exciton configurations are similar to 5. The 8-exciton system has only 1 
relevant configuration.
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Figure 6. 8: Lowest energy configurations for 7 and 8 excitons (after Cheng [163])

Thus far the effect of many-body (Cl) interactions on the energy states was 
considered on the first (anti)crossing for |0,l) and 12,0} states. In this approach, the PL spectra
may be obtained from the configured states taking the many body (Cl) effects into account. 
Cheng [163] assumed a prompt relaxation of the electron-hole pairs so that an N  -exciton 
system relaxes to its ground state before recombination takes place. The emission of a photon 
during the recombination of one e-h pair involves the process of removing an electron and hole 
with the same quantum number and opposite spin from the configuration. Without inelastic (eg 
phonon-producing) interactions, the emitted photon energy is equal to that of the recombined 
electron-hole at fixed quantum number.

In reality, there are more complicated features in the presence of many excitons 
and many interactions other than Cl need to be considered. Lacking a more realistic model, an 
appropriately weighted sum of the computed spectra such as those in Figure 6.9 at 9 Tesla may 
approximate an emission spectrum. This figure shows the emission peak positions when an 
exciton recombines in a Cl system. Due to these configuration interactions, as the initial 
number of excited excitons increases, the number of luminescence peaks increases and that 
occur at different positions.
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B = 9 Tesla
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Figure 6.9: Calculated PL spectra from dot with various exciton numbers (after Cheng [163])

6.3 Photoluminescence excitation (PLE)

Figure 6.10 presents PL and PLE spectra taken without a magnetic field. The PL 
was excited with a 532-nm laser with 509 W/cm2 of optical power. Different detection 
wavelengths within a narrow range of the ground state energies can be chosen by setting the 
grating dispersion angle for the detector. Starting with an excitation at 7 -  8 nm below the 
detection wavelength, the laser energy is swept up to WL. In Figure 6.10, with a detection 
wavelength of 1 micron (1.240 eV), the spectrum was excited with an argon laser pumped Ti- 
sapphire laser tuned from 992.7 nm (1.249 eV) to 850 nm (1.459 eV).

meV

■f

26.4 meV
W L

1.20 1.301.15 1.25 1.35 1.40 1.45
Energy (eV)

Figure 6.10: PL (black solid line) emission and PLE absorption (gray line) spectra

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

91



In the PL spectrum four emission peaks are observed with a 41 meV inter-level 
spacing between s (1.248 eV) and p (1.289 eV) lines. The energy interval for p-d is 50 meV, 
and 42 meV for d-f (from 1.339 to 1.381 eV). In the PLE spectrum, only two peaks, p (1.315 
eV) and d (1.371 eV) are observed when the detected energy was set at 1.235 eV with energy 
interval 56 meV: 6 meV greater than that in the PL. These lines are blue-shifted relative to PL 
by 26 and 32 meV, respectively.

The above spectra are produced at steady-state recombination between electron- 
hole pairs generated during excitation. In PL, when the excitation power is —509 W/cm2, the 
average number of excitons generated in a QD is between 8 and 20 (the steady number of 
unrecombined excitons). Looking closely at the absorption range between 1.272 and 1.305 
eV, two small peaks can be observed. These two peaks match the two LO phonon assisted 
emissions near the QD ground states.

To further the PLE study, Figure 6.11 presents spectra taken at 4.2 K at different 
ground-state detection wavelengths. The resonance spectra for energies from the p and the d 
levels are prominent when the detection energy is in the range of 1.242 eV to 1.264 eV. 
Strong resonance peaks at distinct phonon energies are observed when the detection energy 
reaches 1.253 -  1.259 eV.

d-shell 1.2423 eV

LO GaAs Phonon'

'1.2461 eV
InAs Phonon

GS detection Energy (eV)j

(0c
1.2587
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s
c

1.2848 e'

eV
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W L PL

1.28 1.32 1.36 

Energy (eV)
1.40 1.44 1.48

Figure 6.11: PLE spectra as a function of the detection energy in zero magnetic field for 
InAs/GaAs SAQD taken at 4.2 K
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By tracking the two phonon and the p and d peaks, the energy difference 
between the peak position and the detection energy is plotted as a function of the latter in the 
inset of the figure. Changing the detection energy selects a different collection or ‘ensemble’ of 
QDs from among the various sizes and shapes, having differing energy levels. Small crosses at 
100 meV above the GS represent a p absorption signature, while diamonds at 140 meV mark 
the d peak. All the peaks track horizontally on the plot, meaning that these absorption energies 
move constantly with the detection energy.

The filled dots mark a phonon-assisted emission82, probably corresponding to a 
36.4-meV GaAs bulk LO-phonon [164]; the circles mark a 31.9-meV InAs QD phonon [165]. 
The open stars represent two InAs assisted-emission phonons, suggesting a total of four 
resonant phonons participating directly at the low-energy GS emission: they assist the emission 
by relaxing carriers to the detection energy for radiative recombination.

6.4 Magneto-Photoluminescence Excitation (M-PLE)

As mentioned, the shallow dome SAQD is electronically analogous to an artificial 
atom. The discrete energy levels can be meaningfully labeled with angular momenta (s, p, 
d,...) even if these aren't atomic spherical harmonics but 2-D harmonic oscillator projections, 
and the spatial extent of a QD electron wave-function is greater than an atom. But like atoms, 
the QD wave functions are sensitive to strong magnetic fields. This allows the electronic 
structure of the QDs to be explored with the magnetic fields presently available at research 
facilities.

Figure 6.12 show some s ground state PL emission peaks as they are 
quadratically blue-shifted with an increasing magnetic field. This experiment was performed at 
1.41 W/cm2, a very low excitation power to reduce the many-body effects in PL. The inset 
presents the corresponding intensity spectra as a function of the energy and magnetic field. 
The peak position shift can be fitted by the relation:

E gs = [(1.249 + 7.921(±0.477)£2]±0 .00 1eF . (B in mT) [E Q 6.1 ]

Note that the detection energy (set for Z? = 0) is 1.2494 eV. [EQ 6.1] was used to obtain the 
ground state detection energy for the following M-PLE experiment.

82 This phonon energy for QD is approximated by the bulk dispersion. In fact, the QD phonon dispersion is 
quite different than bulk: but to determine precisely how different would require further modeling.
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Figure 6.12: Diamagnetic shift of PL emission as a function of applied magnetic field

Figure 6.13 is a surface plot of the PLE intensity as a function of the wavelength 
and magnetic field. A degeneracy of two is observed for the p and d lines, whereas three is 
expected for the latter. This indicates that a branch probably remains doubly degenerate with 
12,0) and |l,l) being unresolved.
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Figure 6.13: PLE spectra of InAs/GaAs SAQD sample plotted as a function of applied 
magnetic field, Edetected = 1.249eF at 4.2 K
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In this PLE experiment (again performed at 4.2 K), the spectra were obtained by 
following the detection energy from [EQ 6.1]. Two (anti)crossings are observed around 14-20 
Tesla. The degeneracies are clearly lifted around 8 Tesla and anti-crossings occur near 18 
Tesla (i.e. the d-state encounters the f-state). It is useful to examine the spectra at high 
magnetic fields such as 8 and 18 Tesla in order to test the uniformity of the SAQDs. The 
electronic structure of this SAQD was obtained at 1.249 eV; the electronic structure at different 
detection energies would be obtained in a similar fashion83.

The PLE spectrum at 8 Tesla is shown as a dark gray line in Figure 6.14. The 
second derivative of that spectrum, represented by the solid black line, was taken to locate the 
peak positions. The dashed vertical lines indicate the p and d branch positions.
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PLE experimental datd
899.38 nm

phonon

953.3052 nm
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Figure 6.14: PLE spectrum in 8 Tesla magnetic field of InAs/GaAs QD measured at 4.2 K

This spectrum reveals again two phonon-assisted peaks at 953.3 nm (1.301 eV) 
and 959.9 nm (1.292 eV), which are 50.8 meV and 41.8 meV from the GS energy respectively. 
Two lifted p branches appear at 934.7 nm (1.326 eV) and 947 nm (1.309 eV) and two (again 
not three) clear d branches appear at 899.4 nm (1.376eV) and 913.6 nm (1.357 eV). Two 
degenerate d-states may be unresolved at 913.6 nm. Further experiments were performed as a 
function of the detection energy, as shown in Figures 6.15 -6.16.

83 Variations of QD height and lateral size cause variations in the SAQD energy levels. By detecting at various 
energy settings, different ensembles of dots are probed.
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Figure 6.15: PLE spectra at various ground state energies in 8 Tesla B field for InAs/GaAs 
SAQD measured at 4.2 K. The inset is indicated where the detection energy 
set (red color)

Figure 6.15 shows the PLE absorption spectra in an 8 Tesla field detected at 
various detection energies as seen in the red shadow region in the panel. Three clear emission 
peaks are prominent; with their positions identified by the dashed curves obtained using the 
second derivatives of the spectrum. Figure 6.16 shows the second derivative of a selection of 
these PLE spectra. Two and three emission branches respectively from the p and d 
degeneracies are indicated with blue and olive guide-lines. The additional three resonances 
indicated with a red line represent the expected phonon-assisted emission lines.
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Figure 6.16: Second derivative of several PLE spectra from Figure 6.15. The inset represents 
the tracking peak position from the figure

The inset of Figure 6.16 plots the energy difference between the peak positions 
and the ground state (GS) as a function of the latter for the above branches. Two energies, 
42.44 meV and 49.75 meV above the detection, correspond to phonon resonances within the 
expected region for phonons. The (filled and open stars) <1,0> and <0,1 > p signatures are 
respectively at ~  75 meV and ~  92 meV. The two lower (<0,2> and <1,1>) d branches 
(diamonds) at ~  101 meV, and ~110 meV, are not quite resolved in the detection range. The
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higher <2,0> d-branch (hatched diamond) at -1 2 0  meV increases linearly with the detection 
energy, suggesting a strong non-uniformity across the selected QDs.

To further probe the PLE absorption signature behavior of this SAQD, the 18 
Tesla (anti-)crossing region was examined at different detection energies. Figure 6.17 presents 
the spectra with offset for clarity. The peak position (—1.35 eV) bracketed by the black dashed 
lines is the merging of one of the p branch <1,0> and the lowest d branch <0,2>. The 
phonon peak energy positions occur at — 1.30 eV as demarcated in red dashes. The high 
<2,0> d branch (in blue dashes) is observed at —1.37 eV.

phonon

1.30 1.35 1.*40 1.'45 1.50
Energy (eV)

Figure 6.17: PLE spectra in an 18-Tesla magnetic field as a function of detection energy for 
InAs/GaAs SAQD at T=4.2 K

While tracking these peaks, the energy difference between the peak and the 
detection energy is again plotted as a function of the latter in Figure 6.18.
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Figure 6.18: Peak-to-detection differences for the PLE spectra in 18 Tesla, from Fig. 6.17

The solid closed circles correspond to a resonant phonon-assisted emission. One 
possible identity of this phonon peak may be a coupled LO-phonon-plasmon modes L+ in the 
heavily-doped GaAs substrate, as reported by Baranov [166]. This could be relevant since 
these SAQDs were grown on n-doped GaAs. The branches associated with <1,0> and <0,2> 
shown by solid star and open diamond symbols approach one another at the lower GS 
energies.

In this QD sample two phonons can be observed: the InAs phonon and the GaAs 
LO phonon. Also two InAs phonons were observed at 0 Tesla. At 8 Tesla, the electronic 
structure observed through PLE revealed that the ensemble of the SAQD with the same GS 
level tended to have similar inter-level spacing as the detection energy was increased. The p- 
branch for example tended to move up with the detection energy (a horizontal plot). However, 
the d-branch tended to remain more constant with the increasing detection energy. At 18
Tesla, the encounter of the P+ and the d~ states moved at about the same separation with 
detection energy. However, the lifted-degenerate branches <7°and d+ remained roughly 
constant. Still, higher energy states may have merged into QDs as the field strength was 
increased, and some of the lower states may have shifted toward the continuum states84. A 
detailed model for ensemble of QD states would be helpful to understand these issues, and is 
worthy of further study.

84 Such trends may not be observed in PLE due to direct recombinations at other than the detection energy.
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6.5 Electronic Structure

QDs can be tailored from their carrier effective masses as they are associated with 
the electronic structure as determined by the confining potential, geometric shape, alloying and 
strain. Confinement effects are linked to variations in size, shape and composition of the QDs, 
while the InAs/GaAs SAQD strain tensor causes a significant change in effective band gap and 
level spacing. For example, the ground state transition energy is ~  1.2 eV in the SAQD 
whereas the band gap energy of InAs is —0.4 eV.

The in-plane reduced-mass can be obtained from [EQ 4.1]. The p branch 
energy differences for M-PL and M-PLE in Figures 6.2 and 6.13 are plotted in Figure 6.19 with 
a least-square linear regression. The M-PL slope is 1.997 ± 0.301 meV/T and implies a 
reduced-mass of 0.058 m0 ± 0.010 m0, agreeing with published findings between 0.053 m0 [167]
and 0.070 m0 [168]. The M-PLE slope is 1.602 ±0.301 meV/T yielding a reduced-mass of 

0.072 m0 ± 0.010 m0, within 8% of the one obtained by Hameau [169] et a\ (0.067 mo).
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Figure6.19: The energy difference between the p branch-energies as a function of magnetic 
field

The value of the in-plane reduced-mass, as obtained from the PL spectra is a 
parameter required in the F-D spectrum model. Details of the model are outlined in Chapter 2.

Recall the F-D expression for an exciton

E(n+, w_ ) = £0 + ft(n* + O* )^n+ + i  j  + a(oi + Q* +
2

[EQ 6.1]

\(o2 +
0),

v 2 ,
+ -CO,

CO, =
eB
m
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In this model, the electron and h-h 'orbital' (oscillation) frequencies and the in­
plane effective masses are required. The latter can be calculated from the in-plane exciton 
reduced-mass and the h-h to electron mass ratio.

For a dome-shaped SAQD, the confinement energy in the growth direction may 
be approximated as a QW. Wimbauer [170] et al found that the h-h effective mass for I^G a^ 
xAs/GaAs QW was -0 .143 m0, depending on the ratio of indium and gallium composition. 
This finding may be transferred to the SAQD, modified by the deformation of the confinement 
potential with strain.

Awirothananon [161] et al found 2.1 for the in-plane h-h to electron effective 
mass ratio, which is related to the ratio of electron to h-h frequency (small electron effective 
mass raises its frequency). To model the h-h to electron effective mass ratio, the lowest crossing 
point as indicated by the dash-square in Figure 6.2 is discussed here. This (anti)crossing at 18 
Tesla was simulated for different ratios of h-h to electron effective masses, holding three 
parameters constant: the exciton reduced effective mass of 0.058 m0, the crossing point (its
energy and magnetic field), and inter-level spacings. Only certain electron and h-h masses 
were found to be in good agreement with these conditions as shown in Table 6.1 with the 
simulated results plotted in Figure 6.20.

Table 6 .1 : The relation between in-plane effective masses and the electron and hole energies.

Color
In-plane effective masses Electron

energy
(meV)

Heavy-hole
energy
(meV)

mhh
™eReduced Electron Hole

Black 0.0461 m0 0.06809 m0 0.1430 m0 35.22 16.7741 2.1

Red 0.0435 m0 0.0515 m0 0.2832 m0 44 8 5.5

Blue 0.0421 m0 0.0515 m0 0.23175 m0 42.54 9.454 4.5
Green 0.0394 m0 0.0515 m0 0.42195 m0 47.14 4.85 9.7
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Figure 6.20: Simulated <0,1 > and <2,0> branches with variation of the electron and h-h 
parameters

As the ratio of heavy-hole to electron effective mass increases, the <0,1 > and 
<2,0> branch curvatures are enhanced. Also, the crossing point blue-shifts when the electron 
effective mass is increased with the effective mass ratio held constant.

The M-PL experimental data in Figure 6.2 may be fitted by using the above 
relation combined with:

*

(i) the PL reduced effective mass of 0.058 mo ± 0.010 mo., where mhh -  -  ,
me-ju

(ii) the relation between electron (hole) in-plane effective mass and electron 
(hole) frequency at the (anti-)crossing point is:

(Hi)
mecoe -  rnhcoh, [EQ 6.3]

(iv) the inter-level energy gap at 0 Tesla is equal to fi times (coh + coe).

The oscillation frequency of electrons and holes is associated with the turning- 
points of the QD confinement potential. From the above relation, the h-h to electron effective 
mass ratio equals the electron to h-h frequency ratio, which entails that lighter electrons will 
oscillate at higher angular velocities than holes.
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By setting the energy offset E0 equal to 1.2006 eV, the ground state energy level 
is separated from the bottom of the potential energy by 45 meV. Also the results reveal that the 
inter-level spacing are 43+1 meV, 46 + 2 meV and 46+1 meV for s-p, p-d and d-f, 
respectively. The electron and hole in-plane effective masses which are found to give the best 
fit are shown in Figure 6.21.

825 1.5028

1.4586

1.4170

1.3776 m

(Q
.3404 <E 925

1.2398

8 12 16 20 

Magnetic Field (Tesla)

.1.2096

Figure 6.21: A simulation of the Fock-Darwin model showing the spectral evolution in a
magnetic field (pink to red indicated the intensity of the PL peak)

A simulated evolution of the F-D lines is shown with white solid lines in Figure 
6.21. The electron and hole in-plane effective masses for this are described in Table 6.2. In 
this Figure the (anti-)crossing points for both the experiment and the model occur at the same 
magnetic fields, but the simulated ones are at higher energies. For high energy states, the 
simulated emission intensities at zero magnetic field are somewhat offset from the experimental 
values. This deviation could be a result of the F-D model involving independent particles in 
two dimensions, while in PL, the interacting particles are produced during the laser excitation, 
where many-body interactions need to be considered.
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Table 6. 2: Parameters for the fit of Figure 6.21

Energy
level

Electron 

frequency coe f -1

™e ™lh

m]

s(0,0) 6.306x1013 0.05287 m Q 0.59775 m0 11.31

P(0,1) 5.919xl013 0.06638 m 0 0.45943 m Q 6.92

P(L0) 5.419 xlO 13 0.07189 m0 0.30019 m 0 4.18

p(0,2) 6.851 xlO 13 0.05948 m Q 2.33097 m 0 39.19

d (U ) 7.142 xlO 13 0.0579 m0 33.582 m 0 580

d(2,0) 6.543 xlO 13 0.0553 m 0 1.18793 m0 21.48

f(0,3) 5.142 xlO 13 0.07811 m 0 0.22528 m 0 2.88

f(l,2 ) 2.531 x lO 13 0.15841 m 0 0.0915 m Q 0.58

f(2 ,l) 3.542 xlO 13 0.1134 m0 0.11872/m0 1.05

The estimated electron effective mass for the lower states is not far from that of 
InAs QDs (—0 . 0 4 -  0.055m0) [171-173], but is still closer to bulk GaAs (0.063m0 [174])85, 
which would mean an unrealistically high alloy proportion.

In M-PL, excitons are required to fill all the lower states in the QD up to the WL 
energy level in order to observe the splitting of the QD energy levels under the influence of 
magnetic fields. These electron-hole pairs in each QD energy levels might oscillate with 
different frequencies under a given magnetic field strength, which depended on the angular 
momentum and the energy eigenstate where the excitons are present.

The electrons and holes are localized in the dome-shaped QDs and correlated by 
a direct Coulomb interaction and the confinement potential. In the PL experiment, not only 
are these potentials important but also electron (hole) exchange and configuration interactions 
are significant too. The electron-electron exchange energies, spin-coupling configurations and 
screened Coulomb interactions are all many-body effects. Note that the electron-hole exchange 
and valence band mixing effects are discounted in current models [162].

Bayer [86] and Wojs [67, 140] described many excitons in SAQD through 
hidden symmetry, using a rule to determine the level structure of electron-hole complexes 
analogous to Hund’s rules in atomic physics. Basically, Hund’s rules determine that few 
electron configurations contribute dominantly to the ground state. By analogy, a few excitons 
are in the ground state configurations. In SAQD, two carrier species occupy the energy levels, 
and the excitonic ground-state can be treated by the dynamics of a polarization operator. Inter­
level optical processes involve the polarization operator annihilating a photon and creating an 
electron-hole pair. Bayer has given examples of how the dynamics of hidden symmetry affect 
the emission spectra of excitonic artificial atoms in reference [86].

85 InAs bulk electron effective mass is 0.0265 m Q (Cf. Nakwaski [230).
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M-PL has revealed valuable insights, but many interaction parameters need to be 
included for the analysis. In order to reduce the number of parameters, M-PLE was done 
instead. The simulated data are plotted as black dash lines in Figure 6.22 with the parameters 
detailed in Table 6.3.

■ i ■ | i | i | ■ i .....■.... i ■ 1.4089

-1.3776

1 -3477 rn

1.3190

1.2915

•1.2652

B (Tesla)

Figure 6.22: M-PLE overlaid with F-D simulation (black dashed lines)

In this figure, two p-branches and the lowest d-branch fit the experimental results 
quite well. The two higher d-branches appear to be degenerate states in the QD (<i(l|l)

and d{2|0)) even in the presence of magnetic fields. These degenerate states are indicated with 
dash-lines for the highest branch in figure 6.22.

Table 6. 3: Simulated parameters for the M-PLE results shown in Figure 6.22

QD state Electron requency

P )

m’e mlh
<

m 2.74xlOu 0.2695 m0 0.098 m0 0.4

pm 1.24 xlO 14 0.0503 m0 0.166 m0 3.3

d{ 0|2> 1.11 xlO 14 0.0578 m0 0.293 m0 5.0

d(i |i> 1.13 xlO 14 0.0580 m0 0.298 m0 5.1

d{ 2|0) 3.34 x l0 u 0.1925 m0 0.115 m0 0.6
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On inspection of the fitting parameters in Table 6.3, the electron frequencies in 
different QD energy levels differ but are of the same order of magnitude. As modeled, the 
lower p-branch electron oscillates at lower frequency than the higher branch. This is reflected 
in a raised electron effective mass for the lower branch, compared to the higher one. An 
opposite situation appears for the d-states, with higher branch electrons oscillating more slowly
than lower ones. Especially at the crossing point, electrons in the p(l |0) and d(o|2) states
oscillate with almost the same frequency.

From the foregoing estimates of diamagnetic shifts in Figure 6.12 and the in­
plane exciton reduced-mass obtained from the M-PL and M-PLE, a determination of the mean 
square in-plane electron and hole separation can be made. It is obtained from [175]

{p 2) ,  [EQ 6.4]

where, as per Polimeni [175] the diamagnetic shift coefficient ( (3) of excitons confined in a QD 
is expressed by

AE = (3B2, [EQ 6.5]
where (p2  ̂ is the mean square of the in-plane electron and hole separation and p is the in­

plane reduced-mass. The relation in EQ [6.4] is not dependent on carrier wave functions in the 
growth direction; but using it, the mean square in-plane exciton extent is found by plotting the 
increase of the detection energy as a function of magnetic field squared. As shown in Figure 
6.23, the fitted slope is —0.00792 ± 0.00048 meV/T, which gives (p 2̂  1.841xl0'17 m2.

In weak fields, the lateral confinement in the QD is stronger than the Coulomb 
interaction energy, or l̂ p2  ̂ is equivalent to the mean square of the distance between the

electron and the hole (̂ pê  . However, at high fields, which cause small carrier orbits, the

lateral confinement is less important, and (p2 ĵ is equivalent to (a ,2) or ( p / )  and the e-h 

separation is reduced.
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Figure 6.23: Energy shift of the ground-state emission as a function of squared magnetic field

This interpretation was confirmed by Cheng et al [163]. They described the
ft

electron-hole separation through the theory of excitonic artificial atoms as (^h ) x ~  . Herein
the subscript H indicates a hybrid combination of the characteristic length of the QD 
confinement (quantum dot wave-function extension) and magnetic field-induced confinement 
(magnetic length). At zero magnetic field, the QD confinement length for electrons and holes is

m /
3.156xl017 m2 when using the values in Table 6.1 with y mh = 2.1. Comparing with the 

experimental result (1.841xl017 m2), the modeled confinement is about double. As the

external magnetic fields increase, the value of (^//) ~ tends to the magnitude of the

( h
magnetic length ({£) = —  ).

\eB )
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6.6 Summary

Photo-excited spectral lines of InAs SAQDs grown on a GaAs substrate are 
broadened by inhomogeneities. These SAQDs are dome-shaped with unique selection rules 
and electronic levels that are analogous to the two-dimensional harmonic oscillator. In-situ 
indium flush and ex-situ RTA at 825 °C for 30 seconds have been demonstrated in the 
foregoing experiments to reduce the broadening. After these treatments the PL spectra revealed 
well-resolved s, p, d and even f emission peaks which are modulated in intensity according to 
state-filling when the excitation power is changed.

PL spectra excited up to partially filled d and f levels were probed in an external 
magnetic field in order to lift (orbital angular momentum) degeneracies, but not the spin 
degeneracy. Ten (anti-)crossing regions were observed in this M-PL method, at —10, 18 and 
28 Tesla, with four of the crossings at —18 Tesla. The simulated M-PL spectra were similar to 
the experimental ones, though with progressive offsets by many-body interactions not 
considered in the F-D model. These include screened Coulomb interactions, exchange 
between the top-most carriers in state N and those in filled states, as well as configuration 
interactions (Cl). All of the interactions affect the chemical potential.

The many-body effects of the many excitons in PL or M-PL can also be described 
somewhat phenomenologically. Hidden symmetries discussed by Bayer [86] and Cheng [163] 
are used to described the observed behavior. Bayer described the situation with many excitons 
as a function of excitation power. As the excitation power was increased, the QD luminescence 
shifted because of the interaction of these many excitons. Cheng explained the multiple ground 
state configurations present at the merging (crossing) of two QD states such as the j 1,0) and

10,2) states. In that case, relevant configurations could be filled with 5, 6, 7 or 8 excitons. This
affects the crossing region by a displacement, and the two states do not actually cross but came 
very close to each other.

Comparing PL and PLE spectra in zero magnetic field, the PLE p and d lines 
were blue-shifted respectively 26.4 and 32.4 meV from PL positions. Two phonon peaks were 
observed at 36.4 meV and 31.9 meV above the s emission. These seem to correspond to GaAs 
bulk LO and InAs QD phonons, respectively engaged in resonant phonon-assisted 
luminescence. In M-PLE, two clear degenerate peaks branch off from the p and d lines 
although three d branches were expected: one line is presumed to remain doubly degenerate. 
The induced in-plane effective mass was found from the p branch splitting.
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Chapter 7 

The Influence of Doped Layer on InAs!GaAs SAQD

QD infrared photo detectors (QDIP) [176 - 179] now compete with QW-based 
ones, as QDIPs with normal light incidence [180] have lower dark current [181], greater 
quantum efficiency and higher operating temperature [182]. Greater grasp of how growth 
conditions bear on the electronic structure w ill facilitate the optimization for other applications. 
For instance QDIPs perform best when the QDs have high density and smaller size (with only 
one or two discrete energy levels).

In this chapter the electronic structure with doped capping layer is studied on 
layers of InAs/GaAs QDs. The influence of this doping on QDs in one and 25 layers is 
compared.

7.1 A Description of the Samples and Optical Measurements

Three InAs/GaAs SAQD samples grown by MBE via S-K growth mode were 
studied for the influence of the doping layer. The SAQD layer(s) were bounded by GaAs with a 
GaAs substrate on the bottom and a 100-nm capping layer on top. In-situ indium flush (~5- 
nm above the SAQD layer) and RTA [34] techniques were employed to minimize non­
uniformities. As in the prior experiments improved uniformity could be observed through the 
reduced FWHM of the emission lines, reduced inter-line spacing and blue-shift of PLE 
absorption peak. In this set of experiments, the emission-line shifts away from the discrete QD 
energies which enable the study of the QD electronic structure. The features of each sample 
are listed in Table 7.1.

Table 7. 1: A summary of the properties of the samples investigated

Sample Layer of QD Doping dose Post growth annealing 
process.

A Single No doping (Neutral) RTA 875 °C for 30 sec

B Single p-doped (2.5xl010 cm'2) RTA 850 °C for 30sec
C 25 layers p-doped (4xlOncm'2) RTA 875 °C for 30 sec

Samples A and C were annealed at 875 °C with the same RTA conditions 
mentioned in Section 4.1. The samples86 were reintroduced to vacuum after RTA and 
maintained at 77 K. In PL and PLE, 532-nm laser and tunable laser (~ 1.240 eV to ~  1.393 
eV) excitation sources were employed. The same optical equipment (spectrometer and 
detector) mentioned in Section 4.1 were used.

86 Capped layer are exposed to an atmosphere before introducing to the optical vacuum chamber.
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7.2 Results and Discussions

Figure 7.1 presents the PL spectra for sample A as a function of the annealing 
temperature. The s-p inter-level spacing was 53 meV, 39.8 meV, 33.3 meV and 30.8 meV for 
the as-grown (no RTA), RTA850, RTA875 and RTA900, respectively. The p-d inter-level 
spacing likewise decreases with the annealing temperature. Line-widths also decreased at 
higher anneals, and the lines blue-shifted slightly. The reduction of the inter-level spacing 
means that the gallium uptake and the uniformity of the SAQD increased due to the inter­
diffusion across the barrier.

The inset in Figure 7.1 presents the peak positions as a function of the RTA 
temperature. The lower energy peaks blue-shifted dramatically for anneals from 875 °C to 900 
°C and then stabilized. This result corresponds to an observation by Fafard [33], who 
suggested that the principal effects of the intermixing arise from diffusion in the vertical 
direction whereby the potential at the center of the QD increases with the inter-diffusion of 
gallium in and arsenic out. This intermixing shifts the thicker regions faster than the thin 
regions (which may already be homogenized), effectively making the potential of different QDs 
more alike. A.J. Williamson [183] noted the capping process induces the diffusion of the 
gallium into and the indium out of the dots, a process somewhat similar to the diffusion during 
the RTA anneals.
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Figure 7.1: PL spectra as a function of the annealing temperature for sample A. Inset presents 
the peak position
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The SAQD emission spectra as a function of excitation power for the untreated 
sample A (as-grown) appears at the bottom of Figure 7.1. Emissions of the s, p and d lines are 
observed at low excitation power (-1 5  W/cm2); the f, g and WL lines appear only when power 
is increased 10-fold, and the overall intensity increases as the excitation power raises another 
order of magnitude, where the WL emission reaches about the same intensity as the f line. 
Nevertheless, a saturation of the lower state was not observed in this SAQD even at the high 
excitation power. This may suggest that the excitation profile was not uniform (Gaussian 
profile) or a different carrier dynamics for the intra-band and inter-band transitions. For 
example, Raymond et al [89-90, 104] also found that an optically excited density and a 
recombination lifetime are correlated.

The above results indicate that the sample A with an 875 °C annealing 
temperature is the best candidate for the PLE experiment in the range available: tunable from 
—1.27 eV to 1.4 eV. The PL for this sample is presented in the top inset in Figure 7.2. The 
detected energy for PLE experiment is indicated with the red arrow in the inset. Only one PLE 
signature is observed in the spectrum at specific detection energy in this range.
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Energy (eV)
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1.3092 eV
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'  1.2862 eV
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Figure 7.2: Sample A: PLE as a function of the ground-state detection energy without a 
magnetic field. Inset presents PL spectrum.
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In PLE, the ground-state detection energy is set at a particular value for the low- 
end of the tuning range. With this ground-state sampling position fixed, the laser is tuned 
upwards in energy to map a spectrum of the intensity (emitted at the ground-state energy) as a 
function of excitation energy. The luminescence at the ground-state arises from those QD 
states selectively excited by the laser energy which then decay or thermalize non-radiatively to 
the ground-state and emit a photon at the ground state. In Figure 7.2 subsets of QDs are 
therefore probed from the ensemble s-line up to the p line87. The value labeling each spectrum 
is the detection energy88 and vertical offset is included for clarity. The 1.297 eV spectrum 
reveals at least four peaks (1.305, 1.318, 1.335 and 1.373 eV), two of which may be a phonon 
assisted emission from other dots on the blue side of the GS energy. The other peaks are 
assigned to p (possibly also d) absorption.

Figure 7.2 shows the absorption in the p and d states blue-shifting with the 
various detection energies. The PLE spectra are dominated by the relaxation processes of the 
carriers from excited states, which involve multi-phonon and Auger scattering processes. The 
energy differences between the peak positions and the detection energy as a function of the 
latter are shown in Figure 7.3.
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Figure 7.3: PLE peak positions of Fig. 7.2 as a function of various detection energies

The figure also shows the PLE line positions of some probable resonant phonons 
with the excited states in the SAQDs. The crosses and the open-triangles mark the peak 
positions at ~ 8  meV and —18.8 meV respectively above the detection energy. These lines 
strongly suggest a phonon-assisted emission: the line at 8-meV corresponding to TA phonons 
in GaAs at the L3 band center, with the line at 18.8-meV matching TA phonons in GaAs at 
band center [184]. The open-star and the crossing symbols mark the p and the d absorption 
lines.

87 As the GS energies approach a PL p-line, their energy selections picks up the blue-shifted s-level emissions
from a decreasing subset of QDs.

88 The gray guide-lines are smoothed data using 5 adjacent points.
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The p and d lines have a different behavior from that presented in Chapters 5 
and 6 . In those Chapters, the p and the d PLE peaks tend to be unchanged while the detected 
energies are tuned up to the higher energy. This may suggest that the QD energy levels are 
sensitive to the growth parameters. These QDs presented in Chapters 5 and 6 were formed

o

within 26 seconds, with a 55-A  indium flush, and a 60 seconds annealing temperature at 500 
°C on an n-doped GaAs substrate. However, here the peaks decrease with the blue-shifting of

o
the detected energy, since the QDs in this chapter were formed within 27 seconds, within 50- A 
indium flush, and a 60 seconds annealing temperature at 520 °C on an undoped GaAs 
substrate. The p and d signatures are relatively constant as shown in Figure 7.3 (i.e. more 
constant than the rising detection energy). This implies a relative invariance of these levels 
across the ensembles probed at the various detection energies. Such a result suggests that the 
ensembles detected at higher energy do not have a true round shape, and possibly include 
sharp comers. Conditions of diverse shapes are reasonable to expect in growth conditions at 
elevated temperatures or anticipate in variable strain, or compositional fluctuations.

It can be interpreted as if the QD electronic structure does not appear to be a 
constant relationship with the detection energy. The p- and the d-emission lines red-shift 
linearly with the detection energy, following AEp_stale =149.9%-$6.45 EDel
and AEd_state = 566.43-378.52£'/Je(, respectively. Consider for instance the detection energies of
1.2587, 1.2592 and 1.2597 eV; if the s-p inter-level (for all dots) were a constant 40 meV, the p 
lines would be expected at 1.2627, 1.2632 and 1.2637 eV, respectively. Similarly if the s-d 
difference were 90 meV, p lines at 1.3487, 1.3492 and 1.3497 eV would be anticipated. But 
this is not the case for sample A, meaning that the electronic structures of dot ensembles vary 
with the fluctuations in gallium/indium composition, strain, and dimensions (height and lateral 
size) from one ensemble to another.

Garcia [185] reported that a significant amount of gallium diffused into the pure 
InAs QDs during the growth process from all directions producing a dot with uniform gallium 
composition, while Fry [186] found that gallium could diffuse preferably up from the substrate 
into the QD. By performing the RTA, the uniformity of the gallium content was increased [33]. 
Williamson [183] stated that increasing the amount of gallium in the dots results in (i) a 
decrease the electron level spacing and increase the (s-s transition) excitonic band gap, (ii) a 
further reduction the electron energy, (iii) no effect on the hole energy. Therefore, the changing 
of the gallium composition has a large effect on the energy of the electron states and only a 
small effect on the hole states presumably because the unstrained valence band offset between 
GaAs and InAs is —50 meV while the conduction band offset is —1100 meV [187].

The QD gallium content (via the RTA or growth temperature) also has an effect 
on the dot shape as reported by Lee [188]. The TEM images showed that the lateral sizes and 
the density of the InAs QDs were not changed significantly up to 650 °C; but the lateral sizes 
increased and the dot density decreased when the QDs were annealed at 700 °C. Kim [189] 
and Jacobi [190] also reported changes in the size (height and lateral confinement) of SAQD. 
The TEM pictures clearly also show a wide selection of the lateral shapes, very few of them 
being perfect circles.
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Williamson [183] states that decreasing the dot height or the lateral size (i) 
increasing the fundamental s-s gap (between electron and hole at lowest excited energy) and 
(ii) increasing the remaining inter level spacing. In short, reducing the dot volume increases the 
quantum confinement effects and the inter-level spacing without significantly the affecting 
wave-function shape (angular momentum nodes). But the more pronounced confinement 
arises from the vertical quantization of an electron and a hole: a change in height has a stronger 
effect on the energy levels than a change in the lateral confinement (the area at the base)89.

7.3 Doped samples

Thus far the electronic structure of undoped sample A has been considered. The 
experiment was then extended to samples with a doped capping layer above the QDs. Sample 
B has the same QD structure as sample A, with a capping layer delta-doped with 2 .5xl010 cm'2 
of silicon. Figure 7.4 presents the PL spectra of an as-grown (non-annealed) sample B at three 
excitation powers.

With low excitation power (15 mW/cm2), the emission from the ground and the 
first excited states are observed, whereas a d-line was observed in sample A. When the 
excitation power is increased 10 times, the emission from the s, p, d and f  levels appear. No 
saturation for the lower states is obtained in this sample, similar to the result from sample A. 
The inter-level spacings for s-p, p-d and d-f emission peaks are 57 meV, 61 meV and 58 meV, 
respectively.

I0=15 mW/cm2

1,OOOI0

cocQ)•Hc
100lo

WL

Energy (eV)

Figure 7.4: Sample B: PL spectra as a function of power with a cap doped at ~2 .5x l0 10 cm'2

As a preparatory step to the PLE experiments, the QD energy levels were 
adjusted by RTA to the range of the tunable excitation laser. Figure 7.5 shows PL spectra of 
sample B as a function of annealing temperature increasing in a step of 50 °C. As expected,

89 This means that simply reducing dot height raises all of the electron levels and this change in height 
introduces effects at a different (higher) rate than changing lateral dimensions.
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the emission lines blue-shifted and line FWHM narrowed while inter-level spacing dropped with 
the annealing temperature. Accordingly, sample B annealed at 850 °C was most suited to 
further investigations by PLE.

annealed  900 C fo r 30 sec

WL

annealed  850 C fo r 30 sec

WL
C

annealed  800 C fo r 30  sec

WL

As-grown

WL

• I ■ I ■ I ■ I ■
1.0 1.1 1.2 1.3 1.4 1.5 

Energy (eV)

Figure 7.5: Sample B: PL spectrum as a function of the annealing temperature

Power-dependent PL was performed again after RTA, as shown in Figure 7.6. At 
a low power only the s and p lines appear. Higher state emissions are observed as the 
excitation power increases. State-filling is now evident, with p and d line intensities exceeding 
the s intensity, unlike the as-grown SAQD in Figure 7.4. The s-p, p-d and d-f inter-levels also 
changed to 29.3 meV, 41.9 meV and 38.7 meV, respectively. Thus after RTA, the inter-level 
spacing not only decreased but also varies in a different manner compared to the as-grown 
sample. The anneal process clearly changed the QD alloy composition and the dimensions 
affecting the carrier recombination rates from each level in the QD.
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I0= 15 mW/cm2

1,OOOI0 /  100lo

101,
WL

1.4

Energy (eV)

Figure 7.6: Power-dependent PL spectra for sample B annealed at 850 °C

The PLE for sample B was measured at 77 K. The ground-state detection 
energies were set in the PL s-line region as indicated at the bottom of Figure 7.7. The two 
detection energies were 1.254 and 1.2795 eV for these PLE spectra shown in dark and light 
lines respectively.

detected at 1.2799 eVPLE results

(0

<nc
c

detected at 1.2534 eV

PL

1.25 1.30 1.35 1.40
E n e rg y  (eV )

Figure7.7: Sample B: (bottom) PL; (top) PLE spectra at two GS detection energies. The
uncertainty for each peak is ± 1 meV
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As the excitation laser was tuned starting at ~  8.7 meV above the GS detection 
energy up to the WL, no emission from the discrete energy states appeared for either detection 
settings. The resonant phonon lines were apparent for both PLE spectra90. The one at lower 
spectrum (dark) reveals five such peaks at 12,19, 30, 43 and 53.5 meV respectively above the 
GS detection. The 19 meV emission corresponds to a GaAs LA phonon at the BZ X point 
[191]. The 54-meV peak may signify a combination of 30 meV phonon emission and either a 
multi-phonon emission with the 19 meV phonon or a combination of two 12-meV assisted 
phonon emissions. These estimations are based on the GaAs bulk phonon dispersions which 
do not exactly apply to the GaAs QDs. The 30 and 43 meV lines are possibly LO phonon- 
plasmon modes V  and L~ (at 31.1 and 46.7 meV [166, 192]). The higher GS spectrum (light) 
has one apparent phonon resonance at 21 meV above GS91.

Fedorov and Baranov [192] describe that two LO phonon-plasmon modes 
V  and L~ involve the coupling between a QD electronic subsystem and a surface plasmon- 
phonon (SPPh) excitation of dopants in the cap/substrate layer via the electric potential 
produced by the excitation. Typically phonon-plasmons occur in a metal surface where a 
many-particle Auger-type process assists the transition from the excited to the ground states 
with emission of a surface plasmon. A similar energy transfer is evidently possible for QDs in 
the vicinity of doped semiconductor layers. This process implies the initial and final states in 
the QD are accompanied by absorption or emission of a low-energy surface plasmon or a SPPh 
excitation in the dopants, especially in the case of the direct contact between the QD and the 
doped region of the heterostructure.

Returning to PLE, the one hypothesis was that no PLE signatures would be 
observed with cap-doped QDs because the dopant atoms could diffuse into the QDs, especially 
when the laser source exciting on the SAQD, and the RTA process can enhance the possibility 
of the diffusion process. Thus dislocation-induced vacancies or substitials atoms in the QD will 
take up the dopants and act to trap the electron-hole pairs as bound exciton complexes 
(BEC)92. This BEC lacks a translational degree of freedom, and may accordingly be long-lived 
against non-radiative recombination, showing-up in luminescence and absorption spectra as 
extremely narrow peaks. The 1.29 eV peak detected at 1.253 eV in Figure 7.7 may be an 
example (which could be verified from lifetime experiments). Since the non-radiative 
recombination lifetime for BEC is shorter than at the QD radiative lifetime [193-194], the 
phonon emission tends to be enhanced, compared to the radiative recombination.

To complement this study, sample C was grown in conditions similar to samples 
A and B, but with 25 layers of quantum dots. The spectrum between the QD layers was — 30 
nm 93 [195] and an indium flush was used to homogenize the QD heights. The final capping 
layer was delta-doped with silicon at a level of 4xlOn cm'2. The sample's spectra were first 
measured with PL. At the bottom of the Figure 7.8, the PL spectra of the original sample C (as- 
grown wafer) are shown as a function of the excitation power. At very low excitation power, 
only s emission was detected, but as power increased the usual p, d, and f lines are observed.

90 These would be proven phonons only if a magnetic field had no effect on them.
91 Which might still be the LA X phonon within experimental error: 19+1 overlaps 21-1.
92 This BEC acts approximately like Frenkel excitons.
93 The effect of coupling between two neighbor layers is expected to be very low, since the coupling distance

between two vertical QDs is ~4 meV for 8-nm a spacing [35],
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Sample C was cleaved into 5mm X 5mm pieces individually annealed for 30 
seconds at 800, 850, 875 or 900 °C, with the corresponding PL spectra shown in Figure 7.8. 
A whole set as a function of the excitation power for sample RTA at 875 °C is included. 
Higher emission lines arose again as the excitation power increased. The inter-level energy 
separation was —41 meV for the as-grown sample. As observed formerly, the FWHM and the 
inter-line spacing reduced at higher anneal temperature and the emission from each QD s-level 
blue-shifted by 13.5, 27, 30.5 and 73 meV respectively for the RTA800, RTA850, RTA875 and 
RTA900 samples.

annealed at 900 C for 30 sec

10001

annealed at 875 C for 30 sec

I =1.27 W/cm

annealed at 850 C for 30 sec

f

annealed at 800 C for 30 sec

f

f  As-Grown

10001. W L
l0=1.27 W/cm

1.2 1.3 1.4
Energy (eV)

Figure 7.8: Sample C: PL spectra at different anneal temperatures

Sample C annealed at 875 °C was selected for the PLE experiments because its 
Q D em ission was in  the available range tunable laser. The detection energy was set between 
—1.211 eV and —1.325 eV as shown with the arrow in the inset of Figure 7.9. The sample 
was doped in the capping layer atop the 25 QD-layer heterostructure. After the RTA, some of 
the dopant can diffuse into the QD layers beneath. It is expected that both the diffused dopant 
concentration and the SPPh coupling effects decrease with the distance from a cap layer. From 
Fick’s taw, the diffusion distance in time t is A = yfDt, where D is the diffusion coefficient.
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Dutt and Sharma [196] present the diffusion coefficient in the Arrhenius form: D = D0 exp(— ,
rCJ.

with D0 is an aerial velocity pre-factor and Q is the activation energy for the diffusion. The
activation energy for silicon in GaAs material [197] is 8.617xl0'5 eV/K and the pre-factor of 
aerial velocity 0.11 cm2/sec, yielding 6 .629xl013 cm2/sec for the diffusion coefficient94 when 
temperature is 850 °C. Thus the diffusion distance after annealing for 30 seconds is 44 nm. 
This means diffused silicon can penetrate ~  2 layers of SAQD while the excitation source can 
penetrate through 50 layers of QD, as shown by calculations using step-wise Beer’s law. 
Therefore, the QD emission is to be expected from layers more than 50 nm from the cap.

The solid star and the sphere symbols in the following figure indicate the 
observed peak positions for the p and d states. To track these peaks, the relative peak energy 
(above the detection) is plotted in Figure 7.10.
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Figure 7.9: PLE spectra as a function of the detection energy: sample C annealed at 875 °C

94 Using k , Boltzmann constant: 8.617xl0 5 eV/K.

Sunida Awirothananon © 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

119



160

120

I 80
LU
<

40

0
1.20 1.22 1.24 1.26 1.28 1.30 1.32

Energydet (eV)

Figure 7.10: Measured relative peak positions from Fig. 7.9 vs detection energy

The abscissa may be partitioned into three regions. The first part defines the 
detection energies less than the lowest line (Edet <1.245 eV), the second in the s-p range (1.245 
eV < Edet < 1.285 eV) and the third up to the d-line (1.285 eV < Edet < 1.326 eV). These
partitions in energy are relative to the PL spectrum. In the first region, the PLE p and d lines 
strongly red-shift relative to the detection energy. This region represents an activated ensemble 
of QDs excited only in the GS region as it is unlikely to detect the excited states at the lower 
energy in this condition.

The second region represents the PLE emission detected from the nearby ground 
state of certain dots and some thermalized first-excited states from others. Here the p and d 
levels behave differently from the first region. The shift begins to decrease relative to the first 
region.

In the third region (detection beyond 1.285 eV), it is probable that these 
detection energies are not for excitation in the ground state energies of any QD. In this region 
only emission originating from p-level excitation is actually observed. As noted in Chapters 5 
and 6 , the PLE absorption lines tended to blue-shift, compared to PL peak. Thus d-line from 
smaller dots may have moved out of the discrete states into the WL continuum, causing d 
absorption peaks to vanish. Another explanation is that a direct recombination from the p-level 
suddenly dominates over the decay channels, leading to emission at the detection energy. This 
level remains mostly invariant across the dot ensembles detected
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7.4 Conclusions

The spectra from the InAs/GaAs SAQD samples for both the un-doped (sample 
A) and the doped capping layer (sample B and C) reveal a broadened line width for the as- 
grown wafer because of inhomogeneities in the size of the QDs and the variation of 
composition The RTA reduced this broadening effect and shifted the PL peak positions, 
usefully to match the available tuning range of our PLE laser. Note that intermixing effects 
mainly occur in the vertical direction.

Sample A with no doping revealed the typical electronic structure of the discrete 
energy states in the QD, although the excited states are not always correlated to the ground 
state directly. In the PL experiment, the saturation of the lower state or the state filling was not 
observed even though the excitation power was high. This might be associated with the shorter 
lifetime (higher recombination rate) at the lower state although a widening of the line (as this 
hypothesis would suggest) was not clearly seen.

In PLE, two resonant phonons were observed in this sample at —8  meV and —18 
meV, which respectively can correspond to phonons at the L point and X point of the BZ for 
bulk GaAs. The excited levels (p- and d-lines) separation tend to decrease with respect to the 
detection energy (GS level), especially the d-line with a characteristic difference from that 
studied in Chapters 5 and 6 . The distinction may ensue from the dopants, and/or may 
implicate energy levels of various dot ensembles varying differently according to the shape, 
alloy composition, deposition temperature, or strain.

For sample B - a single layer of QDs with a doped capping layer - no resonant 
emission was observed in the PLE experiment. It is argued that this results from dopant atoms 
diffusing down in the QDs especially in the RTA process. The non-radiative channels (the 
phonon emission or the Auger scattering process) are then more probable, being enhanced by 
SPPh interactions and/or bound exciton complexes. In PL, the inter-level spacing between 
emission lines was a constant —58 meV before RTA, which changed to an s-p, p-d and d-f 
spacing of 29,42 and 39 meV respectively.

Sample C was grown in similar conditions to sample B, but with 25 layers of QDs 
and with adoped cap layer. After annealing at 875 ° C, some excited-state PLE emission from 
QDs well beneath the capping layer was observed. As above, the dopant could diffuse down 
into the QD layers and the barriers beneath the capping layer. But the dopant density and a 
coupling decrease with a distance from the capping layer. The diffusion length of the silicon is 
—44 nm. This means the silicon dopants will penetrate only a few QD layers at the top of the 
stack.
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Chapter 8

Electrons in Doped InAs/GaAs QD Multiple Layers
As the carrier freedom is reduced to about 10 nm in all dimension, the SAQD 

inter-level spacing is in meV range. This is on the order of the phonon energies. Therefore, a 
control of the electron-phonon relaxation is desired to study the elastic or the ‘on-level’ 
processes such as the radiative transitions and the recombinations. Inelastic scattering channels 
arise including scatter mechanisms such as the multi-phonon relaxation [158, 197], the Auger 
scattering, the defect scattering [198-199] and the excited state absorption95 [200-201]. Control 
of such relaxation in addition to the electronic structure of SAQDs can contribute to device 
improvements.

The carrier relaxation and electronic structure for SAQDs are commonly 
examined via PL, PLE and absorption techniques. PLE is the technique reported in this 
chapter, to further investigate the influence of the dopant dose. Many potential devices such as 
the single-electron transistors [202], the logic elements or the quantum bits [203], the memory 
cells [204], the infrared detectors and the quantum dot lasers are affected by doping. Since the 
carrier relaxation mechanisms are related to QD energy levels, the influence of the dot size 
(density of dots) at different doping levels is investigated.

8.1 Description of Samples and Optical Experiments
Seven InAs SAQD samples were MBE-grown using the S-K growth mode on 

GaAs substrates using Si e?-doping96 at l x l 010cm"3. Each sample comprised 50 layers 
separated by 30-nm GaAs97 barriers S -doped with the set doses as listed in Table 8.1, and 
capped with lOOnm of GaAs. The estimated QD density from the structural observations 
(atomic force microscopy and plan-view TEM) and the average density of doping (in electrons 
per dots) surrounding a dot are included in this Table.

Table 8.1: The list of samples used to study the influence of the number of electrons per 
SAQDs

Sample QD density (cm'2) Doping doses
(cm'2)98

Number of electrons 
per dot

2174 0.5xl010 l.OxlO10 2
2505 0.3xl010 1.5xl010 5
2203 0.5xl010 3.5xl010 7
2504 0.3xl010 2.0xl010 7
2200 0.5xl010 6.0xl010 12
2506 0.3xl010 3.5xl010 12
2206 0.5xl010 ll.O xlO 10 22

95 By contrast in PLE, understood as excited-state absorption but detected only at a GS level, phonon
relaxation is necessary, (cf. section 5.3)

96 S -doping means the introduction of a two-dimensional sheet of doping atoms during epitaxial growth.
The concentration in the growth direction then has an almost S -function-like profile.

97 With a 30-nm GaAs barrier, the interaction between dots might exist, but is very weak [cf. Hinzer [206]]
98 This is a combination of the background level from the GaAs substrate and the doping level in the GaAs

barriers.
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The samples comprised two series: at dot density 0 .3xl010 cm 2 labeled 25xx, and 
0.5xl010 cm'2 otherwise. The average diameter and height of the SAQDs was approximately 25 
nm and 3-3.5 nm [92], respectively. The density and the size of the dots (height and lateral 
confinement) can be optically monitored and tailored through the growth parameters. For 
instance, Fafard et al [144] found that the layer thickness was associated with a reduction in the 
amplitude of the WL PL peaks and an increase in other QD peaks. They also reported greater 
inter-level spacings but a reduced PL peak resolution when the dot density was increased [205- 
206].

Reference [144] reported the deposition temperature as one mean of adjusting 
the optical inter-level spacing: raising the substrate temperature reduced the spacing and blue- 
shifted the emission or the absorption lines, not necessarily just a dimension effect. The amount 
of deposited InAs required to achieve well-defined electronic levels varied for different substrate 
temperatures: higher indium desorption rates and the kinetic suppression of the island 
formation occurred at a lower temperature. The peak positions are also affected by lateral 
strain fields within the QDs. About 1.6 ML of InAs promotes the spontaneous islands in the S-K 
growth mode, and increased InAs nucleation density favors the incorporation of relatively 
higher Ga concentration in the capping procedure, similar to raised deposition temperature.

After growth, the QD wafers were diced into 5mm X 5mm squares. Each square 
on a sample holder was inserted into a chamber cooled to 77 K. Samples were optically 
examined with the same experimental setup mentioned in Chapter 7.

8.2 Results and Discussion

Figure 8.1 presents non-resonant (black) and resonant (dark gray) PL spectra for 
the samples listed in table 8.1. From the lightly doped QD sample (2174), well-resolved 
luminescence peaks are observed at 1.199, 1.276, 1.325 and 1.373 eV respectively for s, p, d 
and f lines. The WL line is seen at 1.425 eV. Next, from the 22xx series s, p and d-lines occur 
at respectively 1.158, 1.216 and 1.296 eV with inter-level spacings s-p and p-d of 58 meV and 
80 meV. Finally, from the 25xx series s, p and d lines appear at ~  1.156 eV, ~ 1.229 eV and 
—1.304 eV with a constant —73 meV inter-level spacing. The s-p inter-level spacing of the 
25xx series is wider than the 22xx series because the former is less dense with shorter height 
and greater lateral extent. The size of the dots is dependent on the growth temperature. Fafard 
[144] concluded that the higher temperatures produce larger dots (lower density) with a 
reduced inter-level spacing. This is due to the strain field caused by the lattice mismatch. 
Williamson [183] shown that reducing the dot height increases the quantum confinement and 
the inter-level spacings including the fundamental (GS) gap.
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Figure 8.1: Non-resonant PL (black) and the resonant PL (gray lines) spectra excited with 
2.3305-eV and 1.3931-eV laser lines, respectively

As described at the outset, SAQDs naturally form from the lattice mismatch 
between two semiconductors, but with size inhomogeneity their electronic structures vary. It is 
even more challenging to interpret the electronic structure with extra doping surrounding each 
dot". Sample 2174, with two extra electrons injected in each dot100, was studied in PLE. Some 
excitation photons promote valence electrons to a selected conduction level, and the created 
holes may thermalize (decay) to the ground-state energy via a phonon scattering and then 
recombine radiatively with the ground-state electrons (a phonon-assisted emission). This 
process is depicted in Figure 8.2.

99 Silicon dopants has very little chance to diffuse into the QD since the diffusion coefficient of silicon at room
temperature is negligible (~1014 nm).

100 These extra two electrons are from the 8  -doping in the barrier layer or silicon defects which act as a
donor. A donor is a shallow center which has an energy level just below the conduction band and 
can easily inject an electron by thermal ionization. Dopant ions are not electrically active but may still 
act as scattering or recombination centers (interstitials or substitutional ions).
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Figure 8.2: The energy level structure of sample 2174 showing a recombination process

Another possibility is that created electron-hole pairs simply recombine at the 
higher energy and emit a photon undetected in PLE. The Auger effect can also be involved: 
the energy released by a recombining electron is immediately absorbed by another electron 
which is then dissipated by emitting phonons.

Schmidt [207] ef al claimed that the carrier relaxation process in a SAQD 
ensemble required the difference between QD levels to be an exact multiple of the available 
phonon energies, assuming that (i) the SAQD lack energy dispersion but instead have well- 
defined levels in k-space and (ii) the electrons and holes were localized in real space with strong 
Coulomb interaction making the electron and hole dependent of each other. In these 
conditions, the excitonic relaxation can be the dominant thermalization process: multiple 
phonon-assisted emissions may occur in small dots, but not in the larger ones because of the 
probable mismatch with available phonon energies. Therefore, the recombination processes 
associated with the confinement depend on dot size.

Figure 8.3 shows the PLE spectra for sample 2174 with detection energies 
selected in the range 1.179 eV to 1.324 eV. As the selected energy may lie between level s of 
one dot and p of another, the spectra revealed phonon-assisted p and s signatures.
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Figure 8.3: PLE spectra for Sample 2174 as a function of the detection energy

All the absorption peaks were tracked in the inset of Figure 8.3 plotting relative 
peak energies as a function of detection baselines. The open circles and the triangles trace p 
and d lines respectively, whose energies evidently decrease linearly with the detected energy, 
implying they are independent from the selected detection energy. Open stars and hexagons 
trace phonon-assisted emissions at ~46.6 meV and —15 meV above the detection energy, 
respectively.

The 46.6-meV phonon close to the s-p transition energy can assist the excited 
electron-hole pairs produced in the p-level to jump down to the ground-state level and 
eventually recombine. Also this phonon energy corresponds to Raman scattering by coupled 
LO phonon-plasmon modes L+ [166, 192]. Another possibility suggested by Feldmann et al 
[208] is that LA phonons make up the difference between LO phonons and the energy lost 
during relaxation, if so, there may be a combination of a bulk GaAs phonon (36.5 eV) and a 9-
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meV LA phonon at the T point [209]101. The 15-meV phonon may be the LA at the L point in 
the InAs bulk semiconductor [158].

Thus far, PLE is shown to be a more sensitive tool than PL to verify the quality of 
QD sample for building QD opto-electronic devices. Since the phonons offer decay channels 
competing with the direct recombination, a reduced sources of phonons (at a given 
temperature) should signify better quality of the QD opto-electronic devices.

PLE was also performed on sample 2505. It had an average of five doping 
electrons per dot, partly occupying the p level as illustrated in Figure 8.4. When the laser 
excites the sample, an e-h pair can be created in the first (p) excited level. The valence hole 
may decay and recombine with an electron in the lower state emitting a GS photon.

Figure 8.4: Electronic structure of sample 2505 along with proposed recombination process

Figure 8.5 presents PLE spectra for this sample with the detection energy selected 
from 1.1642 to 1.2461 eV. The excitation energy was tuned ~ 8  meV from the ground-state 
energy up to the WL. The excited p, d and f absorption peaks at respectively ~  80, 160 and 
230 meV above the ground-state detection energy are seen in the inset. Note that the level 
spacing for this sample is — 75 meV which is consistent with that observed in PL.

101 The phonon dispersion relations in QDs still need to be studied because strain and acoustic boundaries have 
an effect. Thus LO, TO, LA and TA for QD should be expected to differ from bulk dispersion.
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Figure 8.5: PLE spectra as a function of the detected energy for sample 2505

The PLE detects emissions only at the selected ground-state energy level. It is 
complicated to interpret the PLE spectra when the selected ground state matches (within a 
phonon) the s level of one dot and the p-level of another one, as it does in the 1.186 to 1.210 
eV range. For the PLE detected in this range, clear signatures from d and f absorption levels 
are not expected because the detected energy are close to the continuum energy or WL energy. 
Quite a few phonon-assisted signatures appear at this detected energy and these phonon 
energies m atching w ith  the energy level spacing.

Sample 2203, with seven extra electrons per dot, was examined next. These 
injected electrons first occupy the lowest states in the QD as shown on the left of Figure 8 .6 . 
Electron-hole pairs are created in the QD as the excitation energy tunes away from the ground- 
state detection wavelength. When an ensemble's p-level is reached, the electron-hole pairs are 
not expected to be produced because the doping electrons completely fill this level. But pairs 
will be created when the excitation reaches the d-level of some QDs, as illustrated in the middle
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panel. These excitons may recombine at this level and emit undetected photons; but other 
possibilities include ground-state emission after multi-level phonon-assisted hole decay as well 
as the Auger electron scattering102.

Figure 8.6: The electronic structure and proposed recombination process for samples 2203 
and 2504.

Figure 8.7 presents the PLE spectra for various ground-state detection settings. 
The technique again selects dot ensembles at varying ground-state energies because of the in­
homogeneities in height and diameter.

102 cf. section 2.6 note that extra electrons from the doping make the Auger process feasible.
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Figure 8.7: PLE spectra as a function of detected energy for sample 2203

The inset, as in the prior two cases, reveals three resonant phonon lines and two 
absorption peaks at the d and f levels. In this sample, many phonon-assisted emission channels 
are expected because electron-hole pairs are created only when the excitation energy is
resonant with the d-level. One peak at 36.5 meV (solid stars) is associated to a bulk LO
phonon at the BZ centre [76]. The —60.5 meV (open hexagons) line may be phonon-assisted 
emission corresponding to an intermediate level between s and p states, involving multiple 
phonons [210], For instance, Inoshita [211] states that longitudinal phonon emission via the 
Frohlich interaction is the dominant relaxation mechanism when the level separation equals to 
the LO phonon energy, as it does here (it equals the s-p transition energy). Accepting Inoshita's 
description means two phonons are playing a role in the recombination process: a LO phonon 
of the InAs WL (29.5 meV) and another bulk InAs phonon (31.9 meV) [212]. Finally, the last 
resonant phonon line occurs at —73 meV (opened circles) and may result from two LO
phonons of bulk GaAs at the zone center.
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Two PLE signatures from the d- (triangle) and f- (square) levels tend to decrease 
with increasing detection energies. With the detection of less than 1.20 eV, peaks are likely to 
arise from the ground-state QD energy level. Spectra at a higher detection energy (> 1.20 eV) 
are more complex, where detection might be within a low-energy phonon of one dot’s ground 
state but of another’s first or second excited state. With higher detection energy, the picture 
simplifies to d and f signatures predominantly arising from d and f levels (followed by decay 
and recombination).

Sample 2504 might be thought to behave similar to sample 2203, as both have 
on average seven injected electrons per dot, but 2504 has a lower density with slightly bigger 
dots and a reduced inter-level spacing. Figure 8.8 presente PLE spectra for the latter sample at 
various detection energies. The PLE spectra are plotted here by varying the detection energies 
from the QD ground-state energy levels upto the second excited levels. The bottom plot of the 
Figure is the PL spectrum excited with 514.5-nm. The inset represents the difference between 
the detected PLE peak and the excitation energy as a functon of the latter.
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Again the inset is plotted as before, with two resonant phonon signatures at 22.5 
meV (open diamonds) and 36.6 meV (open stars). The assisted-phonon emission at 22.5 meV 
may be coupling to LA phonons of InAs bulk at the X  point [76]. The 36.5 meV corresponds 
to LO phonons of bulk GaAs at r  point [76]. The open circles and the triangles are tracing 
respectively the d and f absorption peaks. They are red-shifted at about the same rate with the 
increase in the detection energy. This shift is however slower than the one in sample 2203, 
which has the same number of electrons from the doping.

This emphasizes that the revealed structure of the SAQD energy levels are 
sensitive to the PLE probing method. For example, samples 2203 and 2504 have the same 
number of injected electrons but with different QD densities. The PLE results show that the d 
and f peaks from the two samples behave differently.

As anticipated, if the number of extra electrons is further increased (filling up the 
d-level), only the f-level peaks are expected. Sample 2200 with 12 extra electrons per dot is a 
candidate to verity this assumption. As the excitation energy reaches the f-level, e-h pairs are 
produced, where the holes may thermalize by multi-level phonon emissions and eventually 
recombine with the ground-state electrons. This process is shown in Figure 8.9.

i

Figure 8.9: Electronic structure of sample 2200 with 12 extra electrons

In this figure, the left panel shows the energy structure of sample 2200 with 12 
extra electrons populating the QD levels. The right panel depicts an electron-hole pair created 
by the excitation source and the subsequent emission after a hole 'thermalizes' to the ground- 
state level.

Figure 8.10 presents the PLE results of sample 2200. When the detection is set 
near the (PL) p peak, only an f-line is observed. As the detection wavelength enter the region 
of the excited states (i.e. d-level), some assisted phonon emission at —52.6 meV above the 
detection energy is also observed. As the detection energy shifts to the blue toward the p peak, 
the f-line at about 120 meV above slowly decreases (see inset).
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Figure 8.10: PLE spectra of sample 2200; bottom shows the PL with the selected ground- 
state energy indicated with arrows

Figure 8.11 presents the PLE results for sample 2506 with also 12 extra electrons 
per dot, but with a lower density than sample 2200. Here the f-lines (open stars in the inset, 
~115 meV above the detection energy) are observed similar to sample 2200, but without 
significant changes with a change in the detection wavelength.
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Figure 8.11: PLE spectra for sample 2506 with 12 extra electrons from doping

Three phonon-assisted emissions are observed with 67.1 meV (open triangles), 
35 meV (closed stars) and 22.28 meV (opened circles) above the detection energy. The 67.1 
meV phonon emission is consistent with the inter-level spacing for s-p and p-d. This suggests 
that phonons assist the electron or hole to recombine at the selective ground-state wavelength. 
Two others (35 meV and 22.28 meV) appear when the detection energy is set closer to WL 
energy. The former is a GaAs-InAs interface phonon [213-217]

As noted above, the PLE measurement -  an absorption technique — is sensitive 
to the electronic structure of the SAQD. The ensemble variations of the energy due to the 
height and the diameter for different dot density are observed in samples 2203 and 2504. For 
large numbers of doping electrons in the QD in samples with different dot densities (i.e. samples 
2200 and 2506), the results differ noticeably. The energy level spacings for lower dot density 
(sample 2506) tend to match phonon energies, revealing many phonon-assisted emissions.
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Thus, PLE may be used as a probing tool in the preparation of QD samples for opto-electronic 
devices.

For QDs with 22 extra electrons per dot, no absorption peaks are observed in 
PLE. Figure 8.12 shows the available conduction levels filled up to the f level and the electron- 
hole pairs can only be created in a g level if it exists; otherwise they are promoted to the WL. 
While the electrons in the lower level recombine with available hole, a higher state electron may 
release some energies (e.g. by Auger or phonon processes) to a second electron in the same 
level and the decay to a lower state. The second electron has a high chance to recombine with 
hole from the WL through additional Auger scattering [218 - 219].

I *

Figure 8.12: Schematic of the electronic energy structure of sample 2206 with extra 22 
electrons per dot

Figure 8.13 presents the PLE results for sample 2206 as in the prior figures. Two 
peaks are dominant, at 52 meV and 104 meV above the detection energy, again suggesting 
phonons assisting the electron-hole pairs in order to recombine at the detection energy. Note 
that the s-p inter-level spacing for this sample is —54 meV.
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Figure 8.13: PLE result for Sample 2206 having 22 extra electrons per dot from the doping

8.3 Conclusions
A series of 50-layer InAs SAQD samples grown on GaAs substrate with various 

doping levels in the GaAs barriers was the central study of this chapter. Each sample had 
specific number of additional electrons per individual dots, varying from 2 to 22 electrons from 
doping. As the number of average conduction electrons increases, the electron-hole pairs 
aren’t produced at the lower energy levels because doping electrons occupy the lower states. 
An increased number of phonon-assisted emission and Auger scattering processes follow in 
samples with more injected electrons.

The electronic structure of these SAQD samples with various electron 
occupancies is sensitive to the PLE probing. The PLE spectra reveal the non-radiative channels 
leading to emission of the QD ensembles, facilitated by thermalization from excited (absorption) 
states to near the detection energy with phonon-assisted emission. This sensitivity places PLE 
as a good tool to examine SAQD samples in fabrication of opto-electronic devices.

The PLE spectra for SAQD samples with the same number of doping electrons 
but with different dot densities have been studied. The results reveal that QD samples with low 
dot density have more non-radiative channels (multi-phonon-assisted emission or Auger 
scattering), suggesting that samples with low dot densities may be better candidates for 
engineering opto-electronic devices such as quantum dot infrared detectors.
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Chapter 9

Conclusions and Future Work

QDs based on III-V  compounds naturally (self-) assemble when there is enough 
lattice mismatch between adjacent layers of the heterostructure. The lateral diameter and 
height o f individual dots vary as a result o f strain, the amount of gallium, and indium content; 
but each individual dot produces a strong confinement for the carriers in three dimensions. 
The QD electronic energy levels are quantized in discrete states that can be modeled in sharp 
delta-function-like density of states.

To characterize the optical properties of SAQDs, PL and PLE techniques are the 
tools of choice. Most observations show that the inter-level energy differences among the QDs 
are approximately equal and are well-resolved. The optical transition rules of lens-shaped QDs 
allow electron-hole pairs to recombine only when the quantum numbers («+,«_) between the 
in itia l and the final states are the same.

InAs SAQDs on GaAs can be considered as man-made atoms with energy levels 
that can be tagged with sim ilar labels. Their electronic structure is a result o f vertical and lateral 
confinement, which is sim ilar respectively to a square well potential and a 2-D harmonic 
oscillator. This characteristic has allowed researchers to examine and interpret the electronic 
structure in a sim ilar fashion to atomic spectra using the available spectroscopic facilities.

The energy-level structure of SAQDs as inferred from their optical emissions has 
been the central theme of this thesis. The study prim arily addressed InAs/GaAs SAQDs grown 
at the National Research Council o f Canada by Dr. Fafard. Initially, a single layer of InAs 
SAQD grown on a GaAs substrate was annealed at various temperatures for 30 seconds in 
order to reduce the spectral inhomogeneity and adjust their inter-level spacing. In this process, 
the increased diffusion of Ga into the InAs QD is evidenced by a strong blue shift. 
Subsequently the annealed samples were placed in an external magnetic field in the Faraday 
configuration to lift the degeneracies. The results are analogous to the spectra in the Fock- 
Darwin model. Fock-Darwin like spectra are most clearly obtained at the higher annealing 
temperatures because of the reductions in the inhomogeneity and the inter-level spacing.

An analysis of in-plane excitonic reduced-mass was obtained from the p level 
splitting w ith increasing magnetic field strengths. The results showed that the in-plane reduced- 
mass of the QD samples was in the range of 0.066m0 ±0.012 m0, slightly decreasing with
increasing annealing temperatures. This suggests that the reduced-mass is only slightly 
dependent on the gallium content.

The eight-band k*p model predicted sim ilar values only at the lowest Ga content 
(i.e. lowest anneal temperature) but twenty percent higher than the experimental findings at the 
highest anneal temperatures. The significant discrepancy may arise because the 8  band k*p 
calculation assumed that all the QDs are identical disks, and no spin-orbit interactions were
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considered. Further studies of this discrepancy would evaluate the size, shape, composition 
and strain of QDs with annealing and how these are related to their optical electronic structure.

In M-PL optical characterization of InAs/GaAs SAQDs, the spectral peaks are red- 
shifted from the Fock-Darwin model. This is likely due to neglecting the many-body interactions 
among excitons such as exchange energy, configuration interaction energy, and the screened 
Coulomb interaction energy in the Fock-Darwin simulation. Interesting electronic structures 
were resolved in the spectra: ten level-crossings up to the f line, three of them at ~10 T, three 
more at —28 T, and four at —18 T.

The F-D model is based on a single (independent) particle picture, for bulk (not 
QD confinement), with e-h Coulomb interactions, and equal lateral extent for both the electron 
and the hole wave functions. At higher B fields, a certain degree of convergence between the 
bulk model and results on dots may be expected, because in both cases the carrier orbits (about 
magnetic field lines) are reduced in lateral dimension, so that latter barrier effects (in the dots) 
should diminish. However, the significant out-of-plane m obility from the size effects (vertical 
surface scattering) are not reduced by the magnetic field, and in fact the bulk model (which 
neglects vertical scattering) does not converge.

The PLE technique was employed to reduce the complexity or number of 
unknown interaction energies for the analysis. In this technique, the detected energy is set in 
the ground-state energy of SAQD but the exciting energy is tuned away from the detection 
energy up to WL. It was found that the electron-hole pairs are created only when the excitation 
energy is resonant with a QD energy level. One of exciton energies ensemble is therefore 
produced at a time and only the Coulomb interaction need to be taken into account. A 
comparison between the PL and PLE spectra at zero magnetic fields revealed that the PLE p- 
peak and d-peak positions were blue-shifted by 26.4 meV and 32.4 meV, respectively from the 
PL.

The M-PLE spectra resolved two clear branches from the degenerate p-level and 
d-level transitions. However three were expected from the d-level, this suggests that two 
degenerate states of the d-branch (J 1,1) and 12,0)) remain unresolved. Two resonant phonon-
assisted emission peaks were observed 36.4 meV and 31.9 meV above the detection energy. 
These two phonon-assisted emissions correspond to GaAs bulk LO phonons and InAs QD 
phonons, respectively.

The reduced in-plane effective mass obtained from the p-branch energy-splitting 
was —0.072 m0 ±0.010 m0 and —0.0058 m0 ± 0.010 m0 from the PLE and PL measurements,
respectively. This value is in fa ir agreement with that obtained by other research groups. 
Surprisingly, the PLE reduced-mass is higher than the one obtained in PLE. It may imply that 
the electron is more mobile despite the number of interactions in M-PL. Alternatively, it is 
improbable that (coherent) interactions would enhance the m obility o f carriers in PL 
measurements. On the other hand, the PLE spectra are d ifficult to interpret simply because the 
carrier recombination dynamic in PLE is more complex. Based on the ratio of two for the 
heavy hole to electron effective mass, the electron and heavy hole effective masses were
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deduced to be at 0.1067 m0 and 0.2241 mQ in the PLE experiment but ~  0.0635 m0 and
0.4814 ma, respectively, in the PL measurement.

The InAs/GaAs SAQD properties of a multi-delta-function (comb) DOS has 
already been exploited [220 ] in low-threshold current and high-operating temperature quantum 
dot infrared photo detector (QDIP) usable at normal incidence (parallel to the growth 
direction). The optimization of the QDIP efficiencies requires a good understanding of the 
electro-optical properties of SAQDs, such as w ith doping layers.

Three SAQD samples were studied: a single layer of un-doped QD, a single layer 
of QD with modulated 5 -  doping in the cap layer and a 25-layer of QD also with modulated 
doping in the cap layers. The un-doped QDs showed the typical well-resolved discrete 
spectrum and two resonant phonons at 8 meV and 18 meV above the detection energy. The 
p-level energy tends to remain constant above a changing detection energy, but the d line 
sharply red-shifts. This implies the energy levels of various dot ensembles vary differently 
according to different kinds of dispersion, whether gallium/indium alloy composition, strain or 
size parameters.

A single QD layer w ith a doped cap revealed no resonance from the QD itself. 
On the other hand, as anticipated discrete emissions re-appear in a 25-layer QD sample w ith 
doped cap. The dopant would diffuse down into QD layers and barriers beneath the capped 
layers, but the dopant density and coupling decreases with the distance from the capping layer.

The research was extended to further study the characteristics of SAQD 
comprising 50 layers of InAs QDs bounded by Si 8 -doped GaAs barrier layers. Two series 
w ith different dot densities were examined and three different doping doses w ithin each. By 
calculating the ratio of the number of dopant atoms and carriers to dot density, between two 
and twenty-two electrons were determined as surrounding the dots in each QD sample. As a 
result, emission from occupied energy states was observed, not directly, but through the Auger 
and multi-phonon scattering processes. As the average number of electrons occupying the 
conduction levels increased, direct recombination from the higher levels is reduced. For 
example if only two extra electrons occupied the energy states in the QD, then the p, d and f 
line emissions would be expected. On the other hand, if eight electrons occupy the available 
states, only the d and f lines are expected. This is essentially what was observed, 
recommending PLE as a sensitive probe of SAQD quality.

The research and analysis of this thesis has provided an awareness of possible 
future research projects. The InAs/GaAs SAQDs examined in Chapter 6  could be further 
pursued with single QD studies under M-PLE studies, including time-resolved spectroscopy. 
The study of a single InAs/GaAs quantum dot was also initiated with an interest in 
characterizing single QDs within mesa. Mesa patterns are effective in reducing the number of 
dots optically probed.

With Babinski et al [221], the electronic structure o f mesa QDs in Faraday- 
configured magnetic fields was examined. Three prominent PL emission peaks appeared from 
the excitonic recombination in the single QD, interpreted as Wannier exciton, biexciton and 
charge-density wave (CDW). Meaningful conclusions may be drawn only when more detailed
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experiments w ill be performed. Karlsson et al [222] began studying a single SAQD and found 
that the PL s-line intensity showed a dramatic dependence on excitation power.

Charged QDs on mesa patterns may be studied for the influence of the extra 
charges, again using the PL and PLE techniques. The outcomes of such study could contribute 
to the applications in Q -bit quantum computing, or transfer o f quantized information from one 
place to another.

A related study would examine the single QD under the influence of an external 
electric field. An InAs QD embedded in a Schottky-based device can be examined under 
various parameters such as temperature, laser excitation power, and tunable laser excitation- 
energy (wavelength). This would contribute to the detailed understanding of exciton 
recombination, electronic structure, carrier escape and tunneling under an applied bias.

To sum up, the energy structure of InAs/GaAs SAQDs has been examined w ith 
the PL and PLE techniques with/w ithout magnetic fields. It gave at least qualitative results 
sim ilar to F-D spectrum model. As many interactions were neglected, several parameters are 
required to fit this F-D model. A reduced in-plane-exciton mass observed from p-state splitting 
from both M-PL and M-PLE measurements. This is in fair agreement with results from other 
research groups, yet the observed effective mass from PLE was higher than that o f PL. It is 
suggesting a reduced m obility despite the reduced many-body interactions, but also calling into 
question the simplified interpretations of absorption spectra.

The influence of Si dopant on the electronic structure of SAQDs was also 
examined, w ith results suggesting that dopant atoms or carriers open further non-radiative 
recombination channels such as Auger scattering and phonon emission. Accordingly, no 
emission was observed from single doped SAQD layers. Further worthwhile study would 
include time-resolved spectroscopy of doped samples in order to study the lifetime of carriers in 
from each band-to-band transition.
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Appendix A

Properties of Bulk GaAs and InAs

Table A .l:  Properties of bulk GaAs [223 - 224]

length of side of unit cube A300 5.65325 A

nearest- neighbor distance

II

2.44793 A
unit cube volume A3 1.80674xl0'22 cm3

prim itive cell volume
- A3 
4 4.51689xl0'23 cm3

Molecular density
N _ 4
2V ~ A3 2.2139 xlO 22 cm-3

Atomic density
N _ 8 

V ~ A3 4.4279 xlO 22 cm 3
Molecular weight M 144.642 amu

calculated crystal density 7*300 5.3174 g/cm3
A t 4.2 K A t 3 0 0 K

effective mass for conduction band m e(r(e) 0.067 m0 0.063 m0

effective mass for heavy hole band m eff(hh) 0.51 m0 0.05 m0

effective mass for light hole band ) 0.082 m0 0.076 m0

effective mass for split o f band m effUo) 0.0154 m0 0.145/w0

Energy gap E s 1.52 eV 1.423 eV

Table A. 2: Summary of GaAs Dielectric Response for e < e, [225]

Parameter Linear Form 300 K  
value

static dielectric constant K0 =12.40(1 + 1.2(M (r4r ) 12.85

High frequency dielectric constant 
(near bandgap dispersion)

Kx = 10.60(1^+ 9.0x1 (T5r ) 10.88

Infrared refractive index (K„Y2 = n* = 3.255(1+ 4.5jcl0-5r ) 3.299

Long-wave TO phonon Energy em = 33.81(1 -5 .5x l0“5r ) 33.25
meV

Long-wave LO phonon Energy sw  = 36.57(1-4.0x10-5! 1) 36.13
meV

Ratio K° =1.170(l + 3 .0 x l05r ) 1.181
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Table A . 3: Band Parameters fo r InAs [64]

At 4.2 K At 300K

Energy gap (eV) E* 0.42 0.35

effective mass for conduction band 0.022  m0 0.022  m0

effective mass for heavy hole band m eff(hh) 0.41 m0 0.41 m0

effective mass for light hole band meffm 0.026 m0 0.026 m0
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Appendix B 

FD non-Hamiltonian Ladder Operators 

B .l The Ladder Operators

Fock and Darwin [36 - 37] create new raising and lowering (ladder operators) in 
a magnetic field. The lowering or annihilation operators relating to positive and negative 
oscillation directions are:

and

a+ = ^ ( ax ~ iay) ’ 

a = ^ 2 ^ x + i 0 ^  L’
involving the lowering operators for the two-dimensional harmonic oscillator:

m a 1 \

il in
Expanding a+ and a_ therefore,

x  + — ipx 
mo)

m a>

a’ " t n y + ± t Prmeo

Similarly,

a +  —

a =

m cot
4 %

m a)i

(x - iy )— —(px) - ip y
met)

(x + iy )— —(px)+ipy

[EQ B .l]

[EQ B.2]

[EQ B.3]

[EQ B.4]

[EQ B.5]
meo

which are analogous to [EQ 2.33]

It is worthwhile to note that the commutators [a_, al J = 1 and [a +, J = 1 as with 
the simpler commutators for ax and ay. The (mode) number operators that appear in these

commutators are a++a+ for the positive and ala_ for negative oscillation sense.

B.2 The F-D Hamiltonian

Now consider the F-D Hamiltonian in terms of the above number operators:
n

with Q± = +

H  = a+a+ +-

eo„

+ h£l a+a +■ [EQ 2.33]

v z /
± . Here eoc is the cyclotron frequency directly proportional to B

field strength.

Expressed in term of in-plane reduced-mass //* and Q+ the creation and annihilation 
operators for the (+) mode become
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l_ Jm±Q+
+ 2 V h

(x-iy)  l-~ {px- ip y)
p± Q+

(s + zy)+ (px+ipy)

[EQ 2.32a] 

[EQ B.6 ]

having the product (mode number)

a+a+ =  4
 ̂m]Q.+ ̂  

V h  A
(x+iy\x-iy)+ — r — (p, +*P„)(p* +^ )(^ --0 ;) - ( x+ ^ fe  - ^ ) )

< a +

vrox Q+,

mxi \

A
P2 +

'  1_  ^
KmxCl+j,

mx Q+

n2 , ( ^ - a ) 
1 w±*Q+

[EQ B.7]

For (-) mode,

a = 1 mx Q_
2 V

(x + ry)------ J—  (p, + *>J
Q

1 m,Qa =
2 V

( x - j )  + — j— (p,

a a =—
" ~ 4

mL\l
p2+'_ L *

vmx Q_ y

mx Q_

, (< .+ » ) 
1 iw /q .

Combining terms,

[EQ 2.32b] 

[EQ B.8 ]

tn +(a++a+)+m_(a+_a_) = -/% (q _2 +Q+2 p2 + - ^ - - (Q _  +Q+)+^(Q _ +Q+)
4 2/kx 2 2

= hn+(ct++a+) + hQ_ («!«_) + |(Q _  + 0 +),

2m
1 — 2  1 * ^ v 2  2  /)p x + - / w xQ p  + y C
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Appendix C 

Selection Rule for Intra-Band Transitionm

I. Bloch's Function fo r H I-V  Compound

Bloch’s function represents in the \ J ,M ) basis as shown in Table C .l.

Table C. 1: Bloch’s function for conduction, heavy-hole and light-hole bands104

Ui | J , M )

C.B. ux

u 2

I I \
2 ’ 2 /

M \
2 2 /

,1*t)
i\s ^

Hh u3

UA

3 3\
2 ’ 2/

3 3 \  

2’ 2 /

Lh u5

u6
-  L )  
2 ’ 2 /

i  _1\ 
2 ’ 2 /

I I  The dipole matrix element between Bloch functions:•• ( " v ,  \ e  - p \ u v . )

X y z

X 0
n
42 0

y
n
42 0 0
n n

0z 42 42

where n = = —i (^|P , \y ) = - i (s|ft|z)
m0 mQ m()

103 This summary is from page 243-260 of reference [73].
104 This is from page 44 of reference [73].
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Appendix D
The Number of Available States and Absorption Coefficient

D . l . An Example of Calculating the Number of Available States fo r Each Energy 
Level

Recall: The number of available state from [EQ 3.1]

N(e)= \ds(g(s)),

and density of states for QD from [EQ 2.9]

SQdot ( £ )  — ~  £ nx ,ny ,n2 )»

Therefore, the number of available states for QD is

N(s) = J<fe(2X  S(£ ~ ))•

For example, the lowest energy level has the number of available states for only one dot is 

(s level): N(e) = jde(^.s(s -  e0fij 2 )) = 2,

(p-level): N(e)=2$de(s(e -  e0XJi)+ s(b -£ 10>A))= 4 ,

(d-level): N{s)=2^ds{s{s - b20j )+ s (b - s lxx )++s(s - s oajJ j= 6 ,

(f-level): N(e) = 2jde(s(s - e 3fiJi)+s(e - £ 2}J)+ d (s  - e ia jt)+s(s - b0XjJ )= 8 ,

Accordingly the number of available states for 5 x l0 10 dots per cm2 is

s level lx lO 11 cm2

p level 2xlOu cm2

d level 3xlOn cm'2

f level 4xlOn cm'2
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D .2 Reflection Index and Absorption Coefficient

Reflection at normal incidence [225] can be calculated by

R [D .l]( n - 1)2 + k 2 
(n + 1)2 + k2

where n and k are real and imaginary part of the refractive index, k also represents the rate 
of light extinction in the material. According to data from Adachi [226] as shown in Fig. D .l, n 
and k are about 4.2 and 0.43 at 514.5-nm excitation wavelength for GaAs semiconductor. 
Substituting these two values in [EQ D .l]; the reflective coefficient at the surface of GaAs is 
0.383. This means that 61.7% of the incident light intensity is transmitted into the sample, 
where it is progressively absorbed or re-radiated.

sf

1 2 3 4  5 6
he>(eV)

Figure D . 1: A plot of (n ) and (k ) imaginary parts of the complex index of refraction as a 
function of wavelength for GaAs from ref [226].

Since the single QD lies 100 nm below the sample surface, some of the light is 
absorbed in this layer. The relation of absorbed light and incident light are given by

I  = I 0 exp[-az] [D.2]

where a  is the absorption coefficient and z  is the thickness layer. According to Casey [227], 
the absorption coefficient for GaAs is ~  6 x l0 4 cm4(166 nm). W ith all o f this in mind, the net 
transmitted light intensity right before hitting on the QD is ~  0.3387 as detailed,

/  = 0.6171/0 exp [-(6x l04 cm'^lOOrc/w)] =  0.3387/0

or about 33.9 percent
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To estimate the maximum distance light propagate before it could all be 
absorbed through the layer of InAs QD, is roughly estimate to be —135 nm, where the 
absorption coefficient for InAs is 8X104 cm4 .

100

Figure D . 2: A Graph of absorption coefficient of GaAs [227]

InAs

* ..... .. . . -n i l—»— }
0 1 2 3 4 5 6

t i o ( e V )

Figure D . 3: A plot of (n) and (k ) imaginary parts of the complex index of refraction as a 
function of wavelength for InAs (after Adachi[226]).

InAs

Figure D . 4: A Graph of absorption coefficient o f InAs (after Adachi[226]).
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