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Advances in nanofabrication have bolstered the development of new

optical devices with potential uses ranging from conventional optoelectronics,

such as lasers and solar cells, to novel devices, like single photon or entangled

photon sources. Quantum encryption of optical communications, in particular,

requires devices that couple efficiently to an optical fiber and emit, on demand,

indistinguishable photons. With these goals in mind, ultrafast spectroscopy

is used to study the electron dynamics in epitaxially grown InAs/GaAs quan-

tum dots (QDs). Quantifying the behavior of these systems is critical to the

development of more efficient devices. Studies of two newly developed InGaAs

QD structures, quantum dot clusters (QDCs) and QDs embedded in photonic

wires, are presented herein.

GaAs photonic wires with diameters in the range of 200 to 250 nm

support only the fundamental HE11 guided mode. To fully quantify these

new systems, the emission dynamics of QDs contained within wires in a large

range of diameters are studied. Time correlated single photon counting mea-

surements of the ground state exciton lifetimes are in very good agreement

with predicted theoretical values for the spontaneous emission rates. For di-

ameters smaller than 200 nm, QD emission into the HE11 mode is strongly
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inhibited and non-radiative processes dominate the decay rate. The best small

diameter wires exhibit inhibition factors as high as 16, on par with the current

state of the art for photonic crystals.

The QDCs are the product of a hybrid growth technique that com-

bines droplet heteroepitaxy with standard Stranski-Krastanov growth to cre-

ate many different geometries of QDs. The work presented in this dissertation

concentrates specifically on hexa-QDCs consisting of six InAs QDs around a

GaAs nanomound. The first ever spectral and temporal properties of QDs

within individual hexa-QDCs are presented. The QDs exhibit narrow exciton

resonances with good temperature stability, indicating that excitons are well

confined within individual QDs. A distinct biexponential decay is observed

even at the single QD level. This behavior suggests that non-radiative decay

mechanisms and exciton occupation of dark states play a significant role in

the recombination dynamics in the QDCs.
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Chapter 1

Introduction

Nanotechnology has been improving human life for hundreds of years.

Blacksmiths in India created special long-lasting swords that, unwittingly, con-

tained carbon nanotubes. As early as the Middle Ages, artists were exploiting

the bright red colors created by light scattering off gold nanoparticles embed-

ded in glass. Without nanoparticles mankind would have never discovered a

number of materials that we take for granted today such as steel and vulcan-

ized rubber.

A little over a century ago, the use of nanoparticles developed into

a much more recognizable science. In the 1910s scientists began using dark

field microscopy to study nanoparticles as small as 10 nm in diameter. The

Nobel prize in 1932 was given to Irving Langmuir for his work in the 1920s

characterizing materials made up of a single layer of atoms. Quantum dots

were first fabricated in the early 1930s using small CdSe inclusions in glass. In

the 1950s and the 1960s, ultra-thin metals and semi-metals were the hot topic

of research.

So in a world where nanoparticles keep our food from sticking to our

pans and our pants free of wrinkles, nanoscience is nothing new and yet it

continues to make the news and to recieve significant amounts of funding.

Why?

The answer lies in the technologies that have been developed recently
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that allow us to study nanostructures is a manner never before possible and

in the technology that allows us to carefully fabricate these nanostructures to

meet our specific needs. Although single atomic layer materials were studied

in the early 20th century, it wasn’t until 1974 that technology advanced far

enough for the step-like character of the semiconductor quantum well absorp-

tion spectrum to be observed [4]. Ten years later, in 1984, the 3D confinement

effects of the CdSe inclusions in glass were detected for the very first time.

With improvements in optical spectroscopy we are now able to study the light

emitted or scattered from a single nanostructure and using ultrafast lasers we

can probe the quantum dynamics of these structures at nanosecond, picosec-

ond, or even femtosecond time scales. Atomic force microscopy, scanning elec-

tron microscopy or tunneling electron microscopy allow us to study the precise

geometry of nanostructures and the material composition on the nanoscale.

Our ability to make new nanostructures is more advanced than ever

before. Beginning in the 1990s, methods for reliably growing self-assembled

QDs by molecular beam epitaxy were developed [4]. Now, we can control

the exact size, location, and geometry of each structure as it grows. We can

use electron beam lithography to pattern nanoscale electrical gates and make

structures such as single electron transistors. Using a technique studied by

some of my colleagues in Dr. Lis group, we can even use an atomic force mi-

croscope to precisely position semiconductor and metal nanoparticles relative

to each other to create and study new complex structures [5].

Experiments based upon self-assembled QDs really flourished with the

introduction of reliable growth procedures in the early 1990s. In fact, opti-

cal and electrical measurements of excited states in single Stranski-Krastanov

grown QDs followed close on its heels in 1994 and 1995 [6, 7]. The ability
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to grow large densities of high quality InAs/GaAs QDs sparked a revolution

in nanoscience. InAs/GaAs QDs have been extensively studied and are now

a fairly mature technology. The three-dimensional confinement of carriers in

these QDs exhibit relatively large oscillator strength and narrow linewidth at

low temperatures. This makes self-assembled QDs ideal candidates for inte-

gration into cavity based devices. Additionally, epitaxial QDs are compatible

with existing semiconductor fabrication technologies (lithographic patterning,

wet and dry etching, metallic gate deposition). This opens the door for the

development of single photon sources, entangled photon sources, novel lasers,

and semiconductor qubits, to list a few. These present exciting prospects for

the fields of quantum communication, metrology, and quantum computing.

This dissertation is concerned primarily with the spectral and temporal

properties of two new InAs/GaAs QD based structures. The first of these con-

figurations encapsulates QDs inside photonic nanowires designed specifically to

guide a single radiative mode for future applications as a single photon source.

The second configuration is a self-assembled QDC containing six closely spaced

QDs in a regular pattern. Each of these studies is geared towards producing

single photon, tunable single photon, or entangled photon sources.

The structures we are developing need to be able to meet a specific

set of requirements to reach this goal. First off, single photon sources must

be able to issue, on demand, and with high probability a single photon per

emission cycle. Additionally, in order to make the sources practical, they must

be able to couple light efficiently into a single mode fiber. Ideally, emission

from the device should be well collimated in the far field and have a well

defined mode. Lastly, photons emitted from the source must have a high

degree of indistinguishability. If these requirements can be met, single photon
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sources are promising candidates for applications in the fields of secure optical

transmissions, quantum computing, and quantum teleportation.

The work is organized as follows: Chapters 2-3 were written as a guide

to the theory behind these structures. Chapter 2 provides an overview of the

optical properties of semiconductors and the modification of those properties in

structures of reduced dimensionality. A discussion of the decay dynamics and

cavity effects and their relationship to QDs in photonic nanowires and QDs at

varying distance to an interface are included in Chapter 3. Chapter 4 presents

the experimental techniques common to all of the measurements presented in

this work. Chapters 5 and 6 contain experimental results and more specific

background and techniques for the photonic wires and the QDCs, respectively.

Chapter 7 is future directions.
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Chapter 2

Semiconductor Nanostructures

2.1 Excitons

When a semiconductor is subjected to electrical, thermal, or optical

excitation, an electron may absorb this energy and move from its valence

band position into the conduction band. When the electron is excited into

the valence band, it leaves behind a ‘hole’ in the valence band. This hole is

a quasi-particle with positive charge that is representative of the semiconduc-

tor lattice minus the promoted electron. As the electron travels through the

lattice, it remains bound to the hole by the Coulomb force. The Coulomb

bound electron-hole pair is referred to as yet another quasi-particle called the

‘exciton.’ Using this electrically neutral, single particle representation of the

excited electron and its interaction with the lattice is a convenient way to

discuss optical excitations inside semiconductor structures.

Excitons come in two classes: Frenkel excitons and Wannier exitons.

Frenkel are tightly bound with an exciton Bohr radius smaller than an atomic

unit cell. These excitons occur primarily in wide-gap semiconductors or insu-

lators and in some organic materials. The type of excitons most commonly

found in column IV, III-V, and II-VI semiconductors are Wannier excitons.

In this classification of excitons, the Bohr radius is typically much larger than

the length of a unit cell in the lattice. Since this work concentrates on GaAs

and InAs, this is the type of exciton with which we are primarily concerned.
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2.2 Optical Recombination in Semiconductors

Being a non-equilibrium state, an excited electron must eventually de-

cay back to its equilibrium state in the valence band state and recombine

with the hole. This can happen through a number of processes. The exciton

can lose energy through non-radiative recombination by emitting optical or

acoustic phonons. Most importantly for our studies, the exciton can lose en-

ergy by emission of a photon. This case is referred to as optical or radiative

recombination or photoluminesence (PL).

Because the energy of a phonon is small in comparison to the exciton’s

energy, non-radiative decay is always possible. However, the ability of an

exciton to decay radiatively is determined by the quantum numbers associated

with the exciton state. We term the states with compatible quantum numbers

‘bright’ states. States for which the quantum numbers do not allow an optical

decay are ‘dark’ states. It is possibly, however, for an exciton in a dark state to

undergo a spin-flip process into a bright state and then to decay via radiative

recombination.

The emission of a photon during recombination is subject to conserva-

tion of energy, momentum, and angular momentum. According to these laws,

the exciton transition must obey the following:

energy conservation:

Ei + ~ω = Ef (2.1)

momentum conservation:

~ki + ~q = ~kf (2.2)

6



The photon wave number is given by q = 2π/λ. For light in the visible or near-

infrared part of the spectrum where most semiconductors emit, this number is

much much smaller than the momentum of the exciton state. Thus for photon

emission, ∆k ' 0.

angular momentum conservation:

li + lphoton = lf (2.3)

A photon carries an angular momentum of l = ±1 and the crystal ground

state has l = 0, therefore lf = ±1 and ∆l = ±1.

These bright and dark state transitions become increasingly important

when trying to design a single photon source or other optoelectronic device.

In particular, the quantum efficiency (QE) of an emitter is defined by the ratio

of radiative decay to total decay. In order to have a reliable source, we need

this QE to be as high as possible.

For further discussion regarding the selection processes for optical re-

combination from a QD, please see Section 2.6. Section 3.1 will discuss the

rates at which these processes occur after optical excitation.

2.3 Optical Properties of Bulk Semiconductors

In 1928, Bloch introduced the concept of band structure. The basic

idea behind the theory is that when atoms are brought in close proximity,

such as in a crystal, the outer electrons become delocalized. Their wavefunc-

tions extend over the entire crystal and are affected by the regular array of

positively charged ions. There are various methods for calculating the new

7



energy eignevalues1 while taking into account the periodic crystal potential,

but all result in sets of very closely spaced energy levels that form ‘energy

bands.’

In order to find the expected luminescence from a bulk semiconductor,

we need some way of predicting which of these energies in our band diagram

the electrons and holes will occupy. For this, we need to know the number

of states available at each energy level and the probabilities for each of these

states to be occupied. The density of states gives the number of states available

as a function of energy. In a bulk material the density of states is given by

gbulk(E) =
1

2π2

(
2mr

~2

)3/2

E1/2 (2.4)

where mr = me + mh and me/h is the effective mass of the electron or hole.

Because excitons are a quasi-molecule made up of two fermions, each with

half-integer spin, they are a special type of boson. Thus at low densities they

obey the Bose-Einstein distribution and their occupation probability for each

energy is given by

f(E) =
1

exp (E(k)− µ)/kBT − 1
(2.5)

where µ is the chemical potential, kB is the Boltzmann constant, and T is

the absolute temperature. Combining these two equations, n(E) = g(E)f(E)

describes the occupation number at each energy level in the semiconductor at

finite temperature as shown in Figure 2.1. If phonon interaction is neglected,

the PL from the sample is directly proportional to n(E).

1For a formal discussion of how to calculate any of the functions in this section please
see Peyghambarian [8] or an elementary condensed matter text such as Kittel [9] or Marder
[10].
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Figure 2.1: Distribution of excitons in a bulk semiconductor.

An important refinement to these calculations is the existence of the

Coulomb interaction between the electron and the hole that comprise the exci-

ton. This essential factor leads to measurable changes in the optical properties

of semiconductors. The Coulomb interaction stores some of the energy in the

bound between the electron and hole, resulting in additional energy states

inside the band-gap, typically close in energy to the bottom of the valence

band. For this reason, less energy is required to create an exciton than would

normally be expected given the band-gap energy of the semiconductor.

2.4 Quantum Wells and Quantum Wires

When the size of a structure is reduced to length scales approaching the

Bohr radius along one or multiple dimensions, the energy levels in that dimen-

sion begin to exhibit quantum effects. These size quantization effects begin to

appear at length scales comparable to ten to a hundred times the lattice con-

stant [4]. We call structures confined along a single dimension ‘quantum wells’
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Figure 2.2: Confinement effects on the density of states.
Reduction to sizes comparable to the Bohr radius in one or more dimensions
leads to quantization effects in the density of states. (a) Bulk properties. (b) 2-
dimensional quantum well. (c) 1-dimensional quantum wire. (d) 0-dimensional
quantum dot.

(QWs), along two dimensions ‘quantum wires,’ and along all three dimensions

‘quantum dots.’ While this work focuses on QDs, a discussion of structures

with reduced dimensionality warrants a brief look at two- and one-dimensional

structures on our way to zero-dimensionality.

As was the case with bulk semiconductor materials, the electronic and

optical properties of nanostructures are highly dependent upon the density of

states of the material. As shown qualitatively in Figure 2.2 the density of

states of a QW is a step function in energy. Quantitatively the density of

10



states of a QW is given by

g2D(E) =
mr

π~2

∑
i,j

Θ(E − Eg − Ee
i − Eh

j ) (2.6)

where mr is the reduced mass, i (j) is the electron (hole) subband quantum

number, and the electron and hole energy eigenvalues are given by

Ee,h
j =

~2

2me,h

(
jπ

Lz

)2

(2.7)

where Lz is the length along the direction of confinement.

The density of states for a quantum wire is given by

g1D(E) =

(
mr

2π2~2

)1/2 ∑
j′x,j

′
z ,jx,jz

1√
E − Eg − Ee

jx
− Ee

jz
− Eh

j′x
− Eh

j′z

(2.8)

and similar to the 2D situation,

Ee,h
j =

~2π2

2me,h

[(
jx
Lx

)2

+

(
jz
Lz

)2
]

(2.9)

Notice that for certain values of Ej, the density of states diverges. Because

of this, quantum wires have a theoretically high quantum efficiency. This

property makes them very appealing for use in opto-electronic devices.

2.5 Quantum Dots

2.5.1 Varieties and Growth Techniques

QDs come in many shapes and sizes and are made from a variety of

semiconductors. The first QDs were made by Rocksby in 1932. The QDs

were small CdSe (or other semiconductor) inclusions in glass and have since

been widely available for use as color filters [4]. Other early (late 1980s)

11
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Figure 2.3: Varieties of semiconductor quantum dots.
(a) QDs resulting from interface fluctuations. Each shade represents a differ-
ence of 1 monolayer. Image from Ref. [12]. (b) Colloidal CdSe QDs. Image
from Ref. [21]. (c) Self-assembled InAs/GaAs QDs. Image from Ref. [22]. (d)
QDs grown by lithographic patterning. Image from Ref. [23]. (e) Electrically
defined QDs. Image from Ref. [24].

attempts at creating QDs included lithographic techniques such as carving free

standing QDs out of a QW sample and growth on top of patterned substrates

[11]. Other popular QDs are those created by fluctuations at a QW interface

[12, 13], colloidal nanocrystals [14–18], electrically defined QDs [19, 20], and

self-assembled QDs (the subject of this dissertation).

Self-assembled QDs are typically grown by molecular beam epitaxy

(MBE). Depending on the lattice mismatch between the semiconductors be-

ing used, MBE growth can exhibit three different modes. In Frank-van-der-

Merwe (FM) growth, the materials are well matched and adatoms attach pref-

erentially to surface sites. This type of growth forms smooth, well-matched

layers and is useful for growing QW samples or Bragg mirrors. The second

growth mode is Volmer-Weber (VW) growth. In this case, the two lattice con-

stants are largely mismatched and adatom-adatom interactions are stronger

than adatom-surface interaction. This immediately forms three-dimensional

islands upon growth of the second semiconductor material. The third and

final mode, Stranski-Krastanov (SK) growth is a combination of the two other
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growth modes. It begins with growth of a smooth, well-matched wetting layer

in FM mode. As the surface tension increases, the growth switches to VW

mode and nano-islands begin to form. This type of growth is most common

for creation of self-assembled InAs/GaAs QDs.

2.5.2 Density of States

QDs are ‘zero-dimensional’ structures, i.e., with carriers confined at or

below the exciton Bohr radius in all three dimensions. The localization of

excitons causes a break from the classical band structure model as the energy

levels become discrete, like those of an atom. If the QD is approximated

very simply as a three dimensional infinite potential well, the density of states

becomes

g0D ∝
∑
Ej<E

δ(E − Ej) (2.10)

where

Ej =
~2π2

2m

[(
jx
Lx

)2

+

(
jy
Ly

)2

+

(
jz
Lz

)2
]

(2.11)

and as before, the Li are the lengths along the i-axis. This particle in an infinite

potential box is, of course, a complete over simplification of a quantum dot. It

is merely used here as a comparison to the other larger dimensional structures

shown in Figure 2.2. A much more thorough examination of the energy level

structure of self-assembled InGaAs/GaAs QDs is included in Section 2.6.

2.6 Electronic Structure of a Single Quantum Dot

There are many published methods for determining the electronic struc-

ture of a self-assembled quantum dot. They are as various as the many param-

eters (size, shape, assumed interaction symmetries, composition, strain, band
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offsets, degree of faceting, etc.) that affect the energy level spacing and degen-

eracy [1, 11, 25]. Common geometries for the calculation of QD energy levels

include parallelpipeds [26], interface fluctuations [27], cylindrical or rectangu-

lar [28], spherical [29], and lens shaped [1, 25, 30–33]. TEM measurements of

InGaAs/GaAs self-assembled QDs show them to be roughly lens shaped [4].

Thus this section will highlight theory and simulation based on this geometry.

The particular model presented here was selected because it is a rel-

atively simple model that reproduces the single-dot photoluminescence data

from the hexagonal quantum dots in Chapter 6. The following derivation is

reproduces from References [33], [34] and [25]. Experimental measurements

and numerical calculations agree that the confined levels inside a len-shaped

quantum dot can be well understood by approximating a parabolic potential

[22, 25, 35]. Given this, the single particle states |n,m〉 are those of two har-

monic oscillators with principle quantum numbers n and m. We can label the

states as S = m+n with energies E(S) = Ωe(h)S with degeneracies gS = S+1.

The angular momentum for electrons is then given by le = ne − me and for

holes lh = mh − nh.

The hamiltonian of the system can be written as

H =
∑
i

Ee
i c
†
ici +

∑
i

Eh
i h
†
ihi −

∑
i,j,k,l

〈ij|Veh|kl〉c†ih†jhkcl+

1

2

∑
i,j,k,l

〈ij|Vee|kl〉c†ic†jckcl +
1

2

∑
i,j,k,l

〈ij|Vhh|kl〉h†ih†jhkhl (2.12)

where c†i (ci) and h†j(hj) are the creation (annihilation) operators for electrons

in the state |i〉 and holes in |j〉, respectively. The V terms represent the

Coulomb scattering between electrons and holes, electrons and electrons, and

holes and holes, respectively. The Coulomb terms are adjustable by elements
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such as size of the QD and applied electric fields. It is possible to achieve

conditions where Vee = Vhh = −Veh. For the sake simplicity, we assume these

symmetric conditions for the moment.

Central to performing photoluminescence measurements on QDs is the

concept of absorbing and generating photons. With this in mind, P+(P−)

is the interband polarization operator which creates (annihilations) electron

hole pairs with definite spin configuration by annihilating (creating) photons

with definite circular polarization. A third operator Pz measures population

inversion. These operators are written as

P+
σ =

∑
i

c†i,σh
†
i,−σ (2.13)

P−σ =
∑
i

hi,−σci,σ (2.14)

and

Pz =
1

2
(N e

σ +Nh
σ −Ntot) (2.15)

and satisfy the commutation relations [P+, P−] = 2Pz and [Pz, P
±] = ±P±.

The total polarization is given by P 2 = 1
2
(P+P−+P−P+)+P 2

z and it commutes

with P+. For the special symmetric case considered here, [H,P+] = ExP
+

where Ex is the exciton energy in a given shell.

The exciton states can be written as a product of the individual electron

and hole states |i〉 = |ne,me〉 and |j〉 = |nh,mh〉. Because angular momentum

and spin are conserved in electron-hole scattering interactions, the exciton

states may be classified by their total angular momentum l = li − lj and by

the z-component of the total spin sz = sez + shz . Let us relabel the states

in terms of their shell index and angular momentum, |S, l〉. To satisfy our

conservation rules, we want each photon to create an electron hole pair in the
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same orbital, with zero total angular momentum2. Photons create a linear

superposition of states

P+|0〉 =
∑
S

[∑
l

|S, l〉|S,−l〉
]

(2.16)

Of the coherent single particle states, only |S〉 =
∑

l |S, l〉|S, l〉 is a bright state,

with energy (Ωe + Ωh)S = tS.

Other states of note are 2+ particle configurations that are resonant in

energy with the bright states. Such states are only possible using a superpo-

sition of states from different shells.

|S, p〉 =
1√
2

(
|S − p, l〉|S + p,−l〉 ± |S + p, l〉|S − p,−l〉

)
(2.17)

with energy

E(S, p) =
1

2

[
Ωe(S − p) + Ωh(S + p)

]
+

1

2

[
Ωe(S + p) + Ωh(S − p)

]
(2.18)

E(S, p) = (Ωe + Ωh)S = tS (2.19)

|S, p〉 with a + sign in Equation 2.17 will be optically active.

Looking at the first three shells S = 0,1,2 (s, p, d), there are six bright

configurations. These are |a〉 = |0, 0〉|0, 0〉 in the s-shell, |b〉 = |1, 1〉|1,−1〉 and

|c〉 = |1,−1〉|1, 1〉 in the p-shell, and |d〉 = |2, 2〉|2,−2〉, |e〉 = |2,−2〉|2, 2〉, and

|f〉 = |2, 0〉|2, 0〉 in the d-shell. Furthermore, the states |g〉 = |0, 0〉|2, 0〉 and

|h〉 = |2, 0〉|0, 0〉 are resonant with coherent states in the p-shell. The final

step is to transform these states into Jacobi-like coordinates where one of the

orthogonal basis states is the coherent state |S〉. In the new coordinate system,

2The angular momentum here is zero and not ±1. This is because the angular momentum
dissapears during application of the polarization operator to create an exciton. A proof of
this may be found in Reference [29]
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we have |A〉 = |a〉 in the s-shell, |B〉 = 1√
2
(|b〉+ |c〉)and |C〉 = 1√

2
(|b〉 − |c〉) in

the p-shell, |D〉 = 1√
3
(|d〉+ |e〉+ |f〉), |E〉 = 1√

2
(|d〉 − |e〉) and |F 〉 = 1√

6
(|d〉+

|e〉 − 2|f〉) in the d-shell, and |G〉 = 1√
2
(|g〉 − |h〉) and |H〉 = 1√

2
(|g〉+ |h〉) for

the non-coherent states. When the polarization operator is expanded in the

new basis, it becomes

P+|0〉 = |A〉+
√

2|B〉+
√

3|D〉 (2.20)

so that the three coherent states A, B, and D are bright. Since these states

are symmetric, the antisymmetric states C, E, and G cannot couple to them.

We are left with one bright state (A) in the s-shell, two bright states (B and

H) in the p-shell, and two bright states (D and F) in the d-shell.

While this very simplified approach reasonably matches the measured

PL spectra, it is important to remember that our quantum dots are not sym-

metrical and therefore are not accurately depicted by this simplified model.

For example, the splitting in the p-shell is also heavily influenced by asym-

metries in the crystal structure and by strain effects within the quantum dot

[1, 4, 11, 34]. Also, a simple single band effective mass model predicts a scal-

ing of the lowest exciton transition energy with the inverse square of the dot

height. More advanced approaches that take into account strain and composi-

tion changes in the band structure predict a scaling proportional to the inverse

of the height [1]. This clearly indicates that these more complex calculations

are necessary in order to truly understand the electronic structure of these

QDs.

Narvaez, et. al., use a psuedopotential atomistic approach to calculate

the energy levels in lens shaped quantum dots complete with interaction with

a wetting layer, variation in composition, variation in height, and changes in
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!5.620 eV !calculated bulk ionization potential" of bulk
GaAs. For all heights, the confined electron states form
groups !shells" of nondegenerate levels.44 In turn, this shell
structure can only be identified for the first few hole levels
!near HOMO" in shallow dots !up to h=50 Å". For taller
dots, the holes show no shell structure. The number of con-
fined electron states is significantly smaller than that of
holes. While for the tallest dot there are ten confined electron
states, more than 150 hole states are confined in all the con-
sidered dots. When comparing the results for h=35 Å with
the first 20 electron and hole energy levels !not shown" in a
lens-shaped, nonalloyed InAs/GaAs dot, we find that !i" the
electron levels form shells that have a bigger average sepa-
ration !55 vs 45 meV in In0.6Ga0.4As/GaAs", !ii" the hole
energy-level structure near the HOMO is significantly differ-
ent !see splittings in Fig. 5", and !iii" the single-particle gap
E0

e !E0
h is smaller !see Fig. 10".

Energy splittings

The s-p energy splitting E1!E0 and p-p splitting E2!E1
for electrons and holes are shown in Fig. 5 as a function of
the dot height. !The dots’ single-particle gap is also indi-
cated." Two features emerge. First, s-p splitting for electrons
is bigger than for holes. For electrons, the magnitude of the

splitting is about 45 meV and depends weakly on height. On
the other hand, for holes, this splitting changes from #20 to
nearly 5 meV when height changes from 20 to 75 Å. Sec-
ond, the p-p splitting shows the opposite behavior. Namely,
for holes the magnitude of the splitting remains nearly con-
stant at approximately 4 meV, and for electrons it changes
nonmonotonically. It should be noted that the electronic
p-p splitting is sensitive to alloy fluctuations and it can
change by almost a factor of two by changing the alloy re-
alization in the dot.45

For comparison, s-p and p-p splittings in a lens-shaped,
nonalloyed InAs/GaAs dots with b=252 Å also appear in
Fig. 5. The pure dot has a s-p splitting for holes that is nearly
the same as in the h=35 Å In0.6Ga0.4As/GaAs dot, while this
splitting for electrons is nearly 20% bigger and depends
weakly on height. On the contrary, the p-p splitting for holes
in the pure !nonalloyed InAs/GaAs" dot is about twice as big
as in the h=35 Å alloy dot, and for electrons the p-p splitting
depends weakly on height and is similar in magnitude to the
splittings in alloy dots. It should be noted that in pure !non-
alloyed InAs/GaAs" dots the hole energy levels undergo a
localization crossover !see discussion in Sec. III C" for tall
dots, which render meaningless the notion of s-p and p-p
splittings. !Such a localization crossover is absent for elec-
trons." For this reason, we have compared the splittings for
the holes in a shallow !h=35 Å" nonalloyed InAs/GaAs dot
only while comparing the splitting for electrons in a range of
heights.

B. Wave functions of confined states in
In0.6Ga0.4As/GaAs and nonalloyed InAs/GaAs dots:
Mixed s and p character, and HH and LH
character

Figure 6 compares the wave functions of LUMO !lowest
electron" and HOMO !highest hole" states as a function of

FIG. 4. First 20 electron !top panel" and hole !bottom" energy levels En
e and

En
h for In0.6Ga0.4As/GaAs dots with different heights. The electron and hole

energies are measured from GaAs CBM $Ec!GaAs"=!4.093 eV% and GaAs
VBM $Ev!GaAs"=!5.620 eV%, respectively. As height increases, the num-
ber of confined levels !En

e!0 and En
h"0" increases and the single-particle

gap !E0
e!E0

h" decreases. The confined electronic energy levels group in non-
degenerate shells for all dots. s, p, and d indicate the predominant orbital
character of selected states. For holes, up to h=50 Å the second and third
levels are p-like, while for larger heights these levels are s-p hybridized.

FIG. 5. !Color online" Height dependence of the s-p !E1!E0" and p-p !E2
!E1" energy splittings for electron and hole levels in In0.6Ga0.4As/GaAs.
The single-particle gap is also shown. The s-p splitting for electrons is
bigger than for holes; in turn, the p-p splitting shows the opposite trend. The
height dependence of the p-p splitting for electrons is not monotonic due to
alloy fluctuations, while for holes this splitting remains nearly unchanged.
For comparison, we show the s-p and p-p splittings for electrons !solid
squares" and holes !open squares" in nonalloyed InAs/GaAs dots.

043708-6 Narvaez, Bester, and Zunger J. Appl. Phys. 98, 043708 !2005"
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Figure 2.4: Electron and hole energy levels in a QD.
Upper figure displays the electron energy levels as a function of energy and
dot height. Lower figure displays the same for holes. In large QDs, the hole
levels become degenerate and form bands. Image from Ref. [1]
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!5.620 eV !calculated bulk ionization potential" of bulk
GaAs. For all heights, the confined electron states form
groups !shells" of nondegenerate levels.44 In turn, this shell
structure can only be identified for the first few hole levels
!near HOMO" in shallow dots !up to h=50 Å". For taller
dots, the holes show no shell structure. The number of con-
fined electron states is significantly smaller than that of
holes. While for the tallest dot there are ten confined electron
states, more than 150 hole states are confined in all the con-
sidered dots. When comparing the results for h=35 Å with
the first 20 electron and hole energy levels !not shown" in a
lens-shaped, nonalloyed InAs/GaAs dot, we find that !i" the
electron levels form shells that have a bigger average sepa-
ration !55 vs 45 meV in In0.6Ga0.4As/GaAs", !ii" the hole
energy-level structure near the HOMO is significantly differ-
ent !see splittings in Fig. 5", and !iii" the single-particle gap
E0

e !E0
h is smaller !see Fig. 10".

Energy splittings

The s-p energy splitting E1!E0 and p-p splitting E2!E1
for electrons and holes are shown in Fig. 5 as a function of
the dot height. !The dots’ single-particle gap is also indi-
cated." Two features emerge. First, s-p splitting for electrons
is bigger than for holes. For electrons, the magnitude of the

splitting is about 45 meV and depends weakly on height. On
the other hand, for holes, this splitting changes from #20 to
nearly 5 meV when height changes from 20 to 75 Å. Sec-
ond, the p-p splitting shows the opposite behavior. Namely,
for holes the magnitude of the splitting remains nearly con-
stant at approximately 4 meV, and for electrons it changes
nonmonotonically. It should be noted that the electronic
p-p splitting is sensitive to alloy fluctuations and it can
change by almost a factor of two by changing the alloy re-
alization in the dot.45

For comparison, s-p and p-p splittings in a lens-shaped,
nonalloyed InAs/GaAs dots with b=252 Å also appear in
Fig. 5. The pure dot has a s-p splitting for holes that is nearly
the same as in the h=35 Å In0.6Ga0.4As/GaAs dot, while this
splitting for electrons is nearly 20% bigger and depends
weakly on height. On the contrary, the p-p splitting for holes
in the pure !nonalloyed InAs/GaAs" dot is about twice as big
as in the h=35 Å alloy dot, and for electrons the p-p splitting
depends weakly on height and is similar in magnitude to the
splittings in alloy dots. It should be noted that in pure !non-
alloyed InAs/GaAs" dots the hole energy levels undergo a
localization crossover !see discussion in Sec. III C" for tall
dots, which render meaningless the notion of s-p and p-p
splittings. !Such a localization crossover is absent for elec-
trons." For this reason, we have compared the splittings for
the holes in a shallow !h=35 Å" nonalloyed InAs/GaAs dot
only while comparing the splitting for electrons in a range of
heights.

B. Wave functions of confined states in
In0.6Ga0.4As/GaAs and nonalloyed InAs/GaAs dots:
Mixed s and p character, and HH and LH
character

Figure 6 compares the wave functions of LUMO !lowest
electron" and HOMO !highest hole" states as a function of

FIG. 4. First 20 electron !top panel" and hole !bottom" energy levels En
e and

En
h for In0.6Ga0.4As/GaAs dots with different heights. The electron and hole

energies are measured from GaAs CBM $Ec!GaAs"=!4.093 eV% and GaAs
VBM $Ev!GaAs"=!5.620 eV%, respectively. As height increases, the num-
ber of confined levels !En

e!0 and En
h"0" increases and the single-particle

gap !E0
e!E0

h" decreases. The confined electronic energy levels group in non-
degenerate shells for all dots. s, p, and d indicate the predominant orbital
character of selected states. For holes, up to h=50 Å the second and third
levels are p-like, while for larger heights these levels are s-p hybridized.

FIG. 5. !Color online" Height dependence of the s-p !E1!E0" and p-p !E2
!E1" energy splittings for electron and hole levels in In0.6Ga0.4As/GaAs.
The single-particle gap is also shown. The s-p splitting for electrons is
bigger than for holes; in turn, the p-p splitting shows the opposite trend. The
height dependence of the p-p splitting for electrons is not monotonic due to
alloy fluctuations, while for holes this splitting remains nearly unchanged.
For comparison, we show the s-p and p-p splittings for electrons !solid
squares" and holes !open squares" in nonalloyed InAs/GaAs dots.
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Figure 2.5: Level splittings as a function of dot height [1].

strain profile created by these different configurations. Some of these impor-

tant results are shown in Figures 2.4 and 2.5. These calculations were made for

In1−xGaxAs/GaAs QDs with a circular base of 25.2 nm and heights between

2 and 7.5 nm. The indium concentration was varied between 100 and 60%.

Note in Figure 2.4 that the hole states do not form a clear shell struc-

ture. The strain fields inside the QD have an inherently jagged nature which

becomes worse with increasing dot height and is transferred to the band off-

sets. This modification leads to mixing between the heavy-hole and light-hole

characteristics of the valence bands, leaving the hole energy levels with a mixed

orbital character.

As shown in Figure 2.5, the level splitting characteristics are largely

affected by the strain and size of the QD. The p shell splitting, in particular,

is not only a product of the Coulomb induced configuration mixing, as seen
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in the simple quantum mechanical arguments, but is also largely a product

of three strain induced variables. Firstly, lens shaped quantums dots posses

global inversion symmetry (C2v point group). Second, atomic relaxation within

the QD causes the strain field to propogate towards the center of the dot and

lastly, a (potentially small) piezoelectric effect is caused by the strain field of

the C2v symmetry. The splitting is also linked to the indium composition of

the dot and can change by as much as a factor of two by altering the alloy.

Further Reading

With the exception of Section 2.6, this chapter is intended only as a

qualitative overview of the optical properties of semiconductors. Peygham-

barian [8] is an excellent resource for an elementary theoretical approach to

the optical properties of semiconductors and semiconductor nanostructures.

Masumoto and Takagahara [29] also provides a good theoretical background

specifically pertaining to quantum dots.
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Chapter 3

Quantum Dynamics and Cavity Effects

The previous chapter explored the confinement properties of quantum

dots and how they affect the confined energy levels and resulting optical spec-

trum. The logical next step in the study of these levels is to elucidate the

manner in which the levels are populated and how the excitons recombine.

Most importantly, perhaps, for future applications are the rates at which these

different processes occur. Accordingly, we are also interested in how modifying

the structure surrounding the quantum dots (as is common in device fabrica-

tion) affects their emission properties. With these goals in mind, we now look

at the common exciton decay mechanisms inside self-assembled QDs and the

Purcell effect governing emitters in a cavity. We follow this discussion, by

examining the theory behind the dynamics within cavity structures specific to

this dissertation.

3.1 Decay Processes

3.1.1 Carrier Capture

When a self-assembled QD sample is excited with above-band energies,

excitons are primarily created in the surrounding GaAs matrix. The excitons

quickly (< 1 ps) relax into the lower energy QD states through interactions

with the lattice and rapid emission of longitudinal optical (LO) phonons. The

process of relaxation into the QD ground state is typically slower and was
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Figure 3.1: Three level model for QD decay processes.

originally theorized to be slowed to > 40 ps by a ‘phonon bottleneck’ effect

that will be discussed briefly later.

Depending on the ambient conditions, further relaxation may occur via

multiphonon processes, interaction with impurities, or Auger scattering. Care-

ful studies of QD PL rise times are presented in Refs. [36] and [37]. Results

of these experiments showed that at low excitation densities, multiphonon

processes dominate. However, at high excitation densities when many carri-

ers occupy the QD, Auger scattering takes over as the dominant relaxation

mechanism.

A Note on the Phonon Bottleneck Effect

Conservation laws prohibit emission of single longitudinal optical (LO)

phonons for relaxation between QD energy levels and emission of longitudinal

acoustic (LA) phonons was thought to be strongly inhibited. This originally

led many to believe that the long exciton lifetime (a convolution of the rise and

decay times) in QDs was caused by a ’phonon bottleneck’ that prevented car-
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riers from efficiently relaxing to the exciton ground state. Poor luminescence

and emission from states above the ground state at relatively low excitation

densities was seen as further proof of slowed down relaxation mechanisms.

By studying PL rise times under both resonant and non-resonant exci-

tation at different excitation intensities and sample temperatures, Ohnesorge,

et. al., were able to determine the most likely mechanisms for carrier cap-

ture into self-assembled InAs/GaAs QDs [36]. The study revealed that the

predominant process at low excitation intensities and low temperature is a

multiphonon process. At higher temperatures or high exciation intensities,

Auger processes take over as the principle relaxation mechanism.

Grundmann and Bimberg published a theory that explained the emis-

sion from higher states prior to complete saturation of the ground state as an

effect of the random population of the QDs [38]. This model correctly predicted

the evolution of ensemble PL properties with increased excitation density that

could previously only be explained by the phonon bottleneck effect.

Many additional studies [37, 39] produced similar results and the phonon

bottleneck effect has since been dismissed as a major player in the ground ex-

citon state of InAs/GaAs self-assembled QDs. It remains a subject of study

only in special cases.

3.1.2 Radiative Decay

Radiative decay, as discussed in Section 2.2, occurs when excitons re-

combine by emission of a photon. Radiative decay typically occurs at time

scales on the order of 1 ns from bright states. However, it is also possible for

a dark state to contribute to radiative emission from the QD. If a dark state

undergoes a ’spin flip’ process, the exciton can move to a bright state and from
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their decay via emission of a photon. Although the mechanics of this process

are not yet well understood, preliminary measurements of the lifetime of such

a decay show dark states to be very long lived (10s to 100s of ns) [40].

It is important to remember that many experiments which measure the

decay rate of a system are, in fact, measuring the total decay rate. While it is

often assumed that non-radiative processes contribute little to the decay and

therefore the measured rates correspond to radiative decay only, more involved

measurements are needed to separate the components. Such methods are the

subject of the discussion in Section 3.4.

3.1.3 Non-radiative Decay

Non-radiative decay is the process by which excitons recombine with-

out any emission of photons. Possible non-radiative decay mechanisms include

Auger processes, trapping of carriers at defects, and thermally activated car-

rier escape [41, 42]. While non-radiative recombination is the primary decay

channel for excitons in states where optical transitions are forbidden, it also

accounts for a not-insignificant percentage of the exciton recombination from

optically bright states.

While non-radiative processes are very complicated, simple scaling ar-

guments can give some insight as to which mechanism dominates the non-

radiative recombination rate in a particular structure. Non-radiative recom-

bination due to thermally activated carrier escape should have a very strong

energy dependence. The non-radiative decay rate should scale as Γnrad(ω) ∝
exp{−[Eb−E(ω)]/kBT} where Eb is the barrier height and E(ω) is the exciton

ground state emission energy [41].

Recombination at crystal defects at the GaAs-QD interface should in-
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crease proportionally with the surface area to volume ratio of the QD. The

surface area to volume ratio in small QDs can be as large as 20% [29]. It

is thus not unreasonable to believe that surface effects could dominate non-

radiative decay processes. If we assume that the QD shapes are lens shaped

with constant height to diameter ratios, then the surface area to volume ratio

should scale roughly with the inverse of the dot radius, Γnrad(ω) ∝ 1/h(ω)

where h(ω) is the radius as a function of the QD emission frequency. While

very few experiments have been conducted to isolate the non-radiative decay

mechanisms in self-assembled QDs, Stobbe, et al., used a modified local den-

sity of optical states procedure (discussed later in this chapter) to do so and

found that the primary source of non-radiative recombination in their QDs was

recombination at the GaAs-QD interface [41]. While this result is interesting,

the interface quality and other important parameters can vary greatly from

sample to sample. The dominant non-radiative decay mechanism may very

well depend on specific growth procedures.

3.1.4 Rate Equations

To write completely accurate rate equations, one must account for all

of the processes discussed in the previous sections. A thorough analysis would

include the generation of carriers into the bulk GaAs and the rate at which

they are captured by the QDs [36, 38, 43]. However, for most self-assembled

InAs/GaAs QD systems, this carrier capture occurs on very fast time scales

below the resolution of standard detectors. Therefore, it is typically not in-

cluded when writing a time based model for QD photoluminesence.

So, ignoring the carrier capture, we are left with radiative and non-

radiative recombination from the bright state, non-radiative recombination
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from the dark state, and radiative recombination from spin-flipped dark ex-

citons. This last radiative decay mechanism is expected to occur over much

longer time scales than the other three processes. It is also expected to ac-

count for a very small percentage of the optical recombination. Therefore, we

approximate recombination from the dark state as purely non-radiative (just

for the sake of simplifying the mathematics). We are then left with

Γb ≈ Γrad + Γbnrad (3.1)

and

Γd ≈ Γdnrad (3.2)

where Γb/d denotes rates from the bright/dark states and Γrad/nrad is radiative/non-

radiative recombination. The solution to the rate equations for this three level

system is a biexponential decay model given by

N(t) = Abe
−Γbt + Ade

−Γdt (3.3)

where Ab/d are simply scaling factors.

3.2 Cavity Effects

The decay dynamics discussed in the previous section are not purely

intrinsic properties of the QDs. As discussed in Chapter 2, spontaneous emis-

sion (SE) occurs when an exciton emits a photon and recombines into a lower

energy state. An important variable not touched upon in Chapter 2 is that

the photon must be emitted into an available optical mode, as determined

by the properties of the surrounding material. As will be discussed in more

detail in this section, the decay rate of the QD is closely tied to the coupling

of the emitter to the vacuum radiation modes. Therefore, manipulation of the
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local density of optical states (LDOS) is an important tool for enhancing the

decay rate into desired modes or inhibiting it for undesirable modes. A bonus

of using cavity structures to tailor QD emissions is that many cavity designs

also act as waveguides, funneling the emitted photons for collimation into a

fiber or integration into another on-chip device. Figure 3.2 depicts a few of

the devices for manipulating the local environment that will be discussed in

this section.

3.2.1 The Purcell Effect

Purcell’s seminal work on the effect of cavity structures on emission

dynamics was first published in the Physical Review as a brief abstract in the

Proceedings for the American Physical Society [44]. This heavily cited work

presents the modification of the spontaneous emisison (SE) rate for nuclear

magnetic moment transitions in a cavity by a factor of

f =
3Qλ3

4π2V
(3.4)

where V is the effective volume of the resonant cavity, Q is the quality factor,

and λ is the transition wavelength.

Self-assembled QDs are an ideal platform for exploring the Purcell effect

in condensed matter systems because the coupling strength between the emit-

ter and the confined electric field is enhanced by their relatively large oscillator

strength [34, 45]. Additionally, QDs exhibit narrow emission linewidths at low

temperatures. Most cavities have very narrow resonance bandwidths and the

Purcell effect is degraded if the emitter bandwidth is larger than the cavity

bandwidth. Furthermore, both AlGaAs/GaAs Bragg reflectors and metallic

mirrors are easily incorporated into standard growth and device fabrication
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Figure 3.2: Inhibition and enhancement of spontaneous emission.
In the bulk a QD can emit into any unoccupied vacuum mode and in all di-
rections. When placed in a planar microcavity, the QD emission is strongly
enhanced in the direction perpendicular to the cavity for resonant wavelengths.
Photonic crystals have similar properties to 2D cavities, but inhibit and en-
hance emission in three dimensions and can be designed to be broadband.
Photonic wires do not rely on cavity resonance and therefore are broadband.
For small diameters, only a single guided mode is available for QD emission.
Emission into all other modes is strongly inhibited.
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processes used for InAs/GaAs QDs. For these reasons, InAs/GaAs QD sys-

tems of various cavity geometries have been extensively studied [34, 43]. The

systems described in the experimental work of this dissertation have only very

weak cavity properties, but, particularly with respect to the photonic wire

project, competing research relies heavily upon the Purcell effect. A detailed

derivation of the properties of self-assembled QDs in cavities is included in

Refs. [34] and [46]. We will briefly review the pertinent aspects here:

When a QD is strongly coupled to a cavity, the cavity stores emitted

photons locally where they can be absorbed and reabsorbed with a charac-

teristic angular frequency 2Ω. This ‘Rabi frequency’ is proportional to the

coupling strength between the local electric field and the emitter. Since the

coupling strength is related to the amplitude of the vacuum field at the loca-

tion of the emitter and thus to the volume V of the cavity, the oscillations can

be tuned by varying the physical properties of the cavity.

For a real cavity, the reflections at the cavity walls are not perfect and

thus the Rabi oscillations cannot continue indefinitely and eventually photons

will be emitted to the outside world. However, as long as the decoherence

processes are long compared to the period of the oscillations, the cavity can

still be considered to be in the strong coupling regime. The eigenenergies of

the first excited state of this system are given by

~ω̃± = ~ω ± ~

√
Ω2 −

(
∆ωe −∆ωc

4

)2

− i~
4

(∆ωe + ∆ωc) (3.5)

where ω is the angular frequency of the mode and ∆ωe (∆ωc) is the linewidth

of the emitter (cavity) related to the decoherence processes.

The eigenenergies lose their degeneracy when Ω � ∆ωc = ω/Q and

the new eigenvalues become ω̃ = ω − i∆ωc/2 and ω̃ = 2iΩ2/∆ωc. This occurs
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when decoherence processes become faster than the Rabi oscillations. In this

case, photons are more likely to be emitted from the cavity than reabsorbed

and QD emission regains its characteristic monoexponential decay. However,

because the main decoherences processes are caused by cavity damping, the

cavity design still has an effect on the emission dynamics of the QD. The rate

of photon emission is related to the strength of the coupling (by V ) and to the

cavity losses, i.e. Q through

1

τcav
=

4Ω2Q

ω
(3.6)

where

Ω =
1

~

√
~ω

2ε0n2V
|d · f(re)| (3.7)

Comparing this to the rate of emission for a QD in a homogeneous medium,

1

τfree
=
|d|2ω3n

3πε0~c3
(3.8)

where d is the electric dipole of the QD, the scaling factor becomes

τfree
τcav

=
3Q(λc/n)3

4π2V
× |d · f(re)|2

|d|2 (3.9)

The first term in this equation is clearly dependent on the characteristic prop-

erties of the cavity Q and V . The second term is dependent upon the dipole

orientation and the magnitude of the electric field at the location of the emit-

ter. If we assume that the ideal emitter is located at the maximum of the

electric field with its dipole oriented along the local electric field, the first

term gives the Purcell factor for enhancement or inhibition of emission due to

placement in a cavity as predicted by Purcell in 1946.
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3.2.2 Photonic Crystals

While the most popular use of cavity effects for self-assembled QD de-

vices is to enhance emission into a given mode via the Purcell effect, there

exists another equally important effect of cavity dynamics: inhibition of emis-

sion into undesired modes. This approach to controlling emission dynamics

and increasing device efficiency was put forward by Yablonovitch in 1987 and

is the founding premise behind photonic crystal design [47].

The principle behind the LDOS in photonic crystals is similar to the

DOS for electrons in semiconductor materials. Materials (or holes) of various

refractive indices are varied on a scale on the order of a wavelength. Light in-

terference by Bragg diffraction creates bands of allowed optical states. Much

like the band-gaps for electron energies in semiconductors, the photonic crys-

tals contain photonic band-gaps, energy bands where photon states do not

exist. Defects in the crystal can be used to create allowed modes within the

band-gap. Accordingly, careful tailoring of the periodicity of the materials in

two or three dimensions can be used to tune the photonic band-gap and con-

trol the SE from an emitter over a much larger bandwidth than for the Purcell

effect.

3.3 Photonic Wires

A photonic wire such as those dealt with in Chapter 5 consists of a

cylindrical GaAs (n = 3.45) waveguide surrounded by air (n = 1). For the

purpose of designing a single photon source, we desire a wire in which only a

single-mode is allowed. With this in mind, we want to know how the mode

confinement changes with the diameter of the photonic wire. The follow-
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ing derivation of the electromagnetic mode propagation within the wires very

closely follows that in Jackson [48].

The Helmholtz wave equations for a dielectric cylinder of radius, a, and

a refractive index with azimuthal symmetry (along the z-axis), n(ρ) are given

by

∇2H +
n2ω2

c2
H = iωε0(∇2n2)× E (3.10)

and

∇2E +
n2ω2

c2
E = −∇

[
1

n2
(∇n2) · E

]
(3.11)

where ω is the frequency of the field, c is the speed of light in vacuum, and ε0

is the permittivity of free space.

For this cylindrical geometry, it is instructive to separate the fields

into parallel and transverse components where E = Ez + Et, Ez = Ezẑ, and

Et = (ẑ×E)× ẑ. Substituting Ez and Et back in to the Helmholtz equations,

the two dimensional scalar wave equation can be obtained:

∇2
tHz + γ2Hz −

(
ω

γc

)2

(∇tn
2) · ∇tHz = −ωkzε0

γ2
ẑ · [∇tn

2 ×∇tEz] (3.12)

and

∇2
tEz + γ2Ez −

(
kz
γn

)2

(∇tn
2) · ∇tEz = −ωkzµ0

γ2
ẑ · [∇tn

2 ×∇tHz] (3.13)

where γ2 = n2ω2/c2 − k2
z and kz is the wave vector in the z direction. The

important part of this result is that Ez and Hz are coupled. This means that

the modes in the wire will be of a mixed TE and TM nature.

Using boundary conditions, the solution inside the cylinder is given by{
Ez
Hz

}
=

{
Ae
Ah

}
Jm(γρ)eimφ
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and outside the cylinder{
Ez
Hz

}
=

{
Be

Bh

}
Km(βρ)eimφ

where γ here is calculated using n for the wire material and β2 = k2
z −

n2
airω

2/c2.

Interestingly, all modes except for the HE11 mode have a cutoff fre-

quency. The HE12 mode has a cutoff given by

d = 2× 2.405
c

nwireω
√

2∆
(3.14)

where

∆ =
n2
wire − n2

air

2n2
wire

(3.15)

Using this equation, we find a cutoff diameter of 140 nm in GaAs for 950

nm light. Although this result differs from that given by the more advanced

simulations that were used in Chapter 5, it is of the same order of magnitude

and gives us a qualitative appreciation of the ability of the photonic wires to

effectively confine a single mode.

Detailed simulations of the evolution of these fields in semiconductor

nanowires and QD containing photonic wires are presented in Refs. [49], [2],

[50], and [3].

3.4 Controlling Properties via Interface Distance

The basic premise behind this measurement is to use inhibition and

enhancement not to engineer new devices, but to measure the properties of

existing systems. The LDOS is modified by reflections at interfaces between
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different media. Since the LDOS is related to the distance from this inter-

face, varying the distance of an emitter from the interface should change the

emission properties. Perhaps the most important detail of this interaction is

that the radiative rate of the emitter is affected by the availability of vacuum

modes, but the non-radiative rate is due entirely to intrinsic properties and

should not be affected. This means that if the emission rate is measured at

multiple distances from the interface, then it should be possible to separate

the radiative and non-radiative components of the decay rate. This technique

was originally pioneered by Drexhage for dye molecules in 1970 [51]. It has

since been used for a number of other systems, including but not limited to:

erbium ions [52], Si nanocrystals [53], CdSe nanocrystals [14, 17, 18, 54], QDs

near plasmonic structures [55], and InGaAs QDs [40–43, 45, 56].

For a QD sample, it is possible to use the results to calculate the quan-

tum efficiency, oscillator strength, and spin-flip rate for the sample. The vari-

ation of these values with the QD size (also ground state emission energy)

can tell us vitally important information about how light and matter interact

inside the QDs. A better grasp on the fundamental properties of QD radia-

tion is important for our ability to properly design nanophotonic devices that

manipulate the dynamics.

As mentioned in Section 3.1.4, the total decay rate measured by stan-

dard techniques is a sum of radiative and non-radiative decay rates. Adding

in the dependence on the LDOS, this total decay rate becomes

Γ(ω, z) = Γnrad(ω) + Γhomrad (ω)
ρ(ω, z)

ρhom(ω)
(3.16)

where Γhomrad (ω) is the radiative decay rate of the QD in a homogeneous medium,

ρ(ω, z) is the projected LDOS, and ρhom(ω, z) is the LDOS of a homogeneous

medium of GaAs.
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Since we are only dealing with one planar interface between two materi-

als with different refractive indices, it is relatively straightforward to calculate

the LDOS. The LDOS can be found using a Green’s function approach detailed

in Refs. [57] and [41]. To obtain the projected LDOS, the Green’s function is

projected onto the orientation of the dipole

ρ(r, ω, êp) =
2ω

πc2
0

{êp · Im[G(r, r, ω)] · êp} (3.17)

where c0 is the speed of light in vacuum and êp is the unit vector specifying

the dipole orientation. The Green’s function is given by the following:

G(r, r, ω) =
i

8πk2

∫ ∞
0

dkρ
kρ
kz

(M0 + Mr) (3.18)

where

M0 =

 2k2 − k2
ρ 0 0

0 2k2 − k2
ρ 0

0 0 2(k2 − k2
z)


and

Mr =

 (k2rs − kzrp) 0 0
0 (k2rs − k2

zr
p) 0

0 0 (2k2
ρr
p)

 e2ikzz

Here z is the distance from the QD to the interface and rs and rp are the Fresnel

reflection coefficients for s- and p-polarized light, respectively. k = (kρ, kz, kφ)

is the momentum vector in cylindrical coordinates with length k = |k|. Using

values for a GaAs (n=3.5) to air interface and dipole orientations parallel and

perpendicular to the interface, the modified LDOS looks like Figure 3.3.

It is important to note from Figure 3.3 that the LDOS continues to vary

significantly even at interface distances as far as 300 nm from the QD. This

is particularly interesting because most QD samples are grown with capping

layers around 100 nm where the LDOS changes are intense. Therefore, the
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cal properties on its size. We derive the Wigner-Weisskopf
theory of spontaneous emission from QDs, predicting an ex-
ponential decay of the exciton population and the LDOS is
derived for the applied interface geometry using the Green’s
function technique. We furthermore show that the radiative
decay rate of a QD in a homogeneous medium is propor-
tional to the square of the overlap integral between electron
and hole wave functions and calculate the frequency depen-
dence of this overlap using a simple two-band model of the
QD. The QD model is discussed in details and compared to
our experimental data employing realistic parameters as in-
put to the theory. The pronounced size dependence of the
electron-hole wave-function overlap is found to originate
from the differences in effective mass and binding energy of
the electron and hole. Furthermore, we investigate three dif-
ferent strain models for the QD and compare their predic-
tions to experiment, thereby, providing valuable insight on
the complex strain mechanisms of self-assembled QDs.

This paper is organized as follows. In Sec. II we present
the experimental method and in Sec. III we present the ex-
perimental results. In Sec. IV we discuss the Wigner-
Weisskopf model for spontaneous emission and derive the
relation between the radiative decay rate, the LDOS, and the
wave-function overlap. In Sec. V we combine the analytical
expressions for the radiative rate with the numerical results
for the wave-function overlap and compare theory to experi-
ment. Finally, we present conclusions in Sec. VI.

II. EXPERIMENTAL TECHNIQUE FOR DETERMINING
THE RADIATIVE DECAY RATE

OF QUANTUM DOTS

Spontaneous emission of a photon from a QD occurs
when an electron-hole pair !an exciton" recombines, as illus-
trated schematically in Fig. 1!a". As will be shown rigorously
in Sec. IV, the QD radiative decay rate !rad!r ," ,ep" in a
structured environment is proportional to the projected
LDOS #!r ," ,ep", where the projection is along the direction
ep of the transition momentum matrix element, which corre-
sponds to the orientation of the transition dipole moment.
The LDOS is modified in an inhomogeneous dielectric me-
dium due to optical reflections at interfaces. In emission ex-
periments, the total decay rate is measured, which can be
expressed as18

!!r,",ep" = !rad
hom!""

#!r,",ep"
#hom!""

+ !nrad!"" , !1"

where #hom!"" is the density of optical states for a homoge-
neous medium, and !nrad!"" is the rate for nonradiative re-
combination. " is the emission frequency and thus $" is the
emission energy, and r is the position of the QD. Nonradia-
tive recombination is due to intrinsic QD processes and thus
independent of the LDOS. !rad

hom!"" is the QD radiative rate
in a homogenous medium without any boundaries. In our
case, the refractive index of the medium is n=3.5 corre-
sponding to that of GaAs. Investigating !rad

hom!"" in detail
provides valuable insight into the properties of the exciton
wave function confined in the QD potential.

The exact nature of nonradiative recombination in QDs is
not yet fully understood. It is often implicitly assumed that
nonradiative recombination is negligible, but as we will see
in the following, even for very weak excitation intensities,
this is not a valid assumption. Possible nonradiative pro-
cesses include surface recombination at the interfaces be-
tween the QD and the surrounding semiconductor material,
Auger processes, and trapping of electron and/or holes at
defects,19 and any first-principles calculation of these effects
is a tremendous task. Reliable ways of extracting the radia-
tive and nonradiative parts of the decay rate are therefore
essential.

The radiative and nonradiative decay rates can be sepa-
rated by time-resolved spontaneous emission measurements
if the QDs are placed in an environment with a known LDOS
#cf. Eq. !1"$. A planar interface between two regions with
different refractive indices is the most simple example of an
inhomogeneous dielectric medium.20 For this particular ge-
ometry, the LDOS can be calculated exactly. Here we em-
ploy the interface between GaAs !n=3.5" and air !n=1" as
illustrated in Fig. 1!b". We calculate the LDOS by the
Green’s function technique and the results for dipole orien-
tations parallel or perpendicular to the interface are shown in
Fig. 1!c". We stress that no assumptions need to be made
about, e.g., the QD density and the excitation beam profile in
order to employ this experimental technique, as opposed to
alternative ways of determining the radiative decay rate such
as by absorption spectroscopy.21–23

(a)
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!
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GaAs

GaAs

AlAs

GaAs

FIG. 1. !a" Schematic band diagram illustrating the spontaneous
emission process in a QD. An electron is excited optically from a
valence band to a conduction-band wetting-layer !WL" state and the
generated electron and hole relax to the lowest-energy QD state on
a picosecond time scale. The electron can subsequently decay by
either radiative or nonradiative recombination with rates !rad and
!nrad, respectively. !b" Schematic illustration of the sample under
investigation. InAs QDs are embedded in GaAs and positioned at
different distances z to the GaAs-air interface. !c" The LDOS as a
function of distance z to a GaAs-air interface for a dipole orienta-
tion parallel !solid curve" or perpendicular !dashed curve" to the
interface.

STOBBE et al. PHYSICAL REVIEW B 80, 155307 !2009"

155307-2

Figure 3.3: Modified local density of optical states.
Changes in the density of states with the distance to a planar interface in
GaAs. Figure reproduced from [41]. The solid (dashed) line is the projection
of a dipole oriented parallel (perpendicular) to the interface.

standard belief that QDs in such samples act as in a homogeneous medium

with LDOS proportional to the square of the emission energy is not correct.

The dipole orientation for self-assembled QDs is parallel to the interface

[34, 41, 45]. Stobbe, Johansen, and Lodahl, et al., were able to almost perfectly

reproduce this decay rate variation experimentally. The exception to this

occurred at distances less than 75 nm to the interface where etching roughness,

strain relaxation, or increased defects were thought to dominate changes in the

radiative properties.

3.4.0.1 Quantum Efficiency and Oscillator Strength

The quantum efficiency, QE, of an emitter is a ratio of the number of

photons emitted to the total number of excited carriers. Equivalently, using

decay rates extracted from the modified LDOS measurement,

QE(ω) =
Γhomrad (ω)

Γhomrad (ω) + Γnrad(ω)
(3.19)

A related quantity, the oscillator strength f(ω), is the ratio of the radia-
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tive decay rate of the QD to the decay rate of a classical harmonic oscillator.

The oscillator strength is an important parameter for designing microcavities

because it defines the coupling strength between the QD and the cavity. It is

defined by

f(ω) =
6πm0ε0c

3
0

n(ω)q2ω2
Γhomrad (ω) (3.20)

where m0 is the free electron mass, ε0 is the vacuum permittivity, n(ω) is the

index of refraction, and q is the elementary charge.

3.4.0.2 Spin-flip Rate

The incidence of a dark exciton undergoing a spin-flip transition to a

bright state is low enough that it is completely drowned out by other radiative

and non-radiative processes. It is therefore next to impossible to obtain a

good estimate for the spin-flip rate from standard PL lifetime measurements.

However, the spin-flip rate does affect the probability of new excitons being

created in either the bright or the dark state.

For non-resonant excitation, excitons are first created in the surround-

ing GaAs matrix. From there, they have equal probability of being captured

into a bright or dark exciton state in the QD. If exciton spin lifetime is as-

sumed to be much longer than the repetition rate of the excitation source,

dark excitons that have not undergone a decay will still be occupying the dark

state. this creates a slight imbalance in the initial populations. It is estimated

that ρb(t = 0)/ρd(t = 0) ≈ 1.25 where ρb(t = 0) is the initial population of the

bright state and ρd(t = 0) is the initial population of the dark state [40]. The

spin-flip rate may be obtained experimentally from

Γdb(z) =
Γf (z)− Γs

1 + Af (z)/As(z)

ρb(t = 0)

ρd(t = 0)
(3.21)
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This rate has been shown experimentally to be roughly 10 times as long as the

exciton radiative lifetime. It is for this reason that long lived dark excitons

are an interesting candidate for quantum memory applications.

3.4.1 Implementation

The methods for implementing this method for separating radiative

and non-radiative decay are as varied as the systems studied. They range from

placing atoms between literal mirrors [58] to dropping optically clear polymer

on top of nanocrystals during the measurement period. The most obvious

approach for self-assembled QDs is to vary the thickness of the capping layer

above the dots. Wang, et al., grew a multilayered structure above their QDs

and were able to selectively etch each layer of material to obtain the desired

thickness [43]. While this approach is ideal, many samples of interest are

not incorporated into such structures. For these samples, a calibrated etching

procedure is needed to carefully control the amount of capping layer removed.

A more practical discussion of this last approach is detailed in Section 6.2.2.

3.4.2 Alternative Techniques

It has been suggested by some critics of the modified local density

of states approach to separating the radiative and non-radiative components

of the decay that saturation spectroscopy or quantum yield measurements

are simpler (and more acceptable) approaches to this problem. The term

”saturation spectroscopy” typically refers to a Doppler free process where a

sample (typically gas) is hit with a saturating laser beam and a second counter-

propogating beam is used to select out slow atoms. The laser frequencies are

tuned across the Doppler spectrum to select out the two atoms. Applied
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to solid state quantum dots, this involves state filling in combination with

regular time resolved spectroscopy. In this case the lifetime of each state

should reach a point of saturation and remain unchanged afterward [38, 59].

However, with ensembles of QDs with inhomogeneous broadening that causes

states to overlap, the resolution of these lifetimes becomes difficult.

Furthermore, such measurements only claim to measure purely radia-

tive decay on the assumption that non-radiative decay will account for a neg-

ligible percentage of exciton recombination once state filling occurs. However,

there is nothing about the process of saturating a sample that should stop

phonon processes or recombination at surface interfaces or defects. The im-

portant question here is: if the state has reached its maximum decay rate, does

that mean that these processes are no longer causing non-radiative loss from

this state? It is our belief that this measurement does not appropriately an-

swer this question and therefore the modified local density of states approach

produces a much more definite answer.

Yet another common method that claims to measure purely radiative

decay rates are quantum yield measurements at changing temperatures. The

argument here is that if the quantum yield is unchanging as the temperature

changes, then only the radiative lifetime is measured. Many studies done on

epitaxial quantum dots show that the largest component of non-radiative decay

in the systems comes from point defects at the interface between the QDs and

the bulk GaAs. This sort of interaction will not be completely eliminated even

at low temperatures, so the quantum yield measurement cannot be a valid way

to obtain the radiative decay rate.
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Chapter 4

Experimental Techniques

This chapter includes an overview of spectoscopic techniques common

to all of the experiments included in this thesis. Sample fabrication techniques

were unique to each experiment and therefore are included in Chapters 5 and

6.

4.1 Microphotoluminescence

Microphotoluminescence (µPL) and time correlated single photon count-

ing (TCSPC) measurements use many of the same optical elements and are

therefore simply combined into a single experimental setup as shown in Fig-

ure 4.1.

Ref. [60] is an excellent reference for additional information regarding

general experimental apparatuses and techniques.

Excitation Sources

This experiment offers three different excitation sources, as well as a

white light source to aide alignment and focusing, which may chosen using a

number of magnetically mounted mirrors. The first excitation source is the

continuous wave 532 nm beam produced by the Verdi pump laser. The second

source, most commonly used for these experiments was a tunable femtosecond
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Figure 4.1: Optical setup.
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Ti:Sapphire laser. The final source was a simple visible wavelength diode laser

used for aligning the experiment. A set of irises defines the proper beam path

through the experiment so that each laser may be selected with minimal effect

on the remainder of the optical pathway.

The excitation laser passes through a wheel of variable reflective neu-

tral density filters. These filters can be used to change the excitation power

for variable excitation density experiments. Reflective filters were chosen over

absorbative filters because they cause less stretching of the pulsed laser. An

additional low pass band-edge filter removes any unwanted low frequency com-

ponents from the excitation beam.

General information about ultrafast lasers and their operation may be

found in Refs. [61], [62], [63], and [64].

Collection Objective

At this point in the setup, the beam can pass directly to the beam-

splitter (85% transmission at 800 nm) to the microscope objective or can be

defocused using a 200 mm lens positioned at 15 cm from the microscope ob-

jective. If passed directly, the beam will have a diffraction limited spot on the

sample. For single dot spectroscopy a 63X objective is often chosen, resulting

in an excitation spot with a diameter of 1.5 µm at the sample surface for an

excitation wavelength of 820 nm. For ensemble measurements, a 5X objective

may be used in combination with the defocusing lens to achieve an excitation

spot with a diameter of 300 µm at the surface.
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Spectrometer

Light emitted by the sample is collected by this same objective and

passed again through the beamsplitter. The collected light is passed through

high pass band-edge or colored glass filters to remove reflected laser light that

may damage the detectors or drown out weak signals from the sample. The

remaining PL signal is focused onto the slit of a 550 cm spectrometer using a

150 mm tube lens.

Use of the side exit of the spectrometer is reserved for TCSPC mea-

surements. At this exit, a single lens on a translation stage is used to focus

the light exiting the spectrometer onto an APD. For information about the

TCSPC instrumentation at this exit of the spectrometer, see Section 4.2

Imaging

A liquid nitrogen cooled, deep depletion, back illuminated CCD camera

is mounted to the front exit of the spectrometer for spectral imaging in 2D

with both spectral and spatial dispersion.

4.1.1 Single Dot Techniques

Single dot spectroscopy at liquid helium temperatures is often a battle

between a desire for higher resolution and the inability to get close to the

sample because of the physical space needed by the cryostat to keep the sample

cool. Long working distance objectives overcome the space limitations nicely,

but despite the ability to purchase these in large magnification powers, they

have relatively poor imaging quality. Shorter working distance objectives can

be purchased with built-in correction for distortions caused by cover slip glass,

but at the sacrifice of needing to work less than a millimeter from the face
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of the cryostat. For many samples, the long working distance objective has

definite appeal. It allows for flexible experiment configurations using either

side or ‘epi-fluorescent’ excitation. However, for very dense samples, such as

the six-QD cluster sample studied in this work, the glass correction becomes

necessary to resolve clusters from one another. Because this configuration is

most commonly used in this manuscript, it is the one that will be discussed

here.

In this method, side excitation is impossible because the microscopy ob-

jective is too close to the cryostat window to allow the laser to hit the sample

from any side angle. Thus, the only way to excite the sample is by shining the

laser directly into the back of the collection objective. This has both advan-

tages and disadvantages. This technique can produce a very small laser spot,

making it possible to excite a single dot or cluster at a time. Unfortunately,

exciting only a single spot on the sample makes it very difficult to navigate

the sample. This is overcome by de-collimating the laser beam before it enters

the back of the objective. This way a larger excitation spot is produced at the

sample and therefore a larger area of the sample can be seen. Another setback

is that microscope objectives can change the polarization of the laser beam,

leaving the beam at the sample surface only partially polarized. This makes

it difficult to perform polarization studies on the sample.

For sparse samples, the process of isolating a single dot (or cluster) is

simple. It is often as basic as looking at the sample with an expanded exci-

tation spot, finding a cluster, refocusing the spot, and taking a measurement.

For very dense samples, additional checks on the sample are necessary. For

example, with the six-QD cluster sample, the clusters can often appear very

close together. Because of the limited resolution, they will appear as a single
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bright spot on the sample.

Finding an isolated dot (or cluster) on a dense sample involves a tech-

nique similar to that used in Ref. [30]. This technique involves using very

fine micrometers or PZT stages to move the sample under the excitation spot.

As the sample is moved, emission lines will appear and disappear as the QDs

associated with them enter and exit the excitation area. For a well separated

QD (or cluster), there will be a space where the only emission comes from the

bulk GaAs and the wetting layer surrounding the dot. QDs with these empty

areas surrounding them are ideal for single dot measurements because they

are less sensitive to mechanical instability in the setup, i.e. small movements

of the sample will not result in measurement of an undesired QD.

4.2 Time Correlated Single Photon Counting

TCSPC is a method for measuring the decay rate of a fluorescent sys-

tem. In this method, the sample is excited by a source and the arrival times of

individual photons emitted from the sample, relative to the excitation times,

are recorded in a histogram.

In theory, the decay rate of the sample could be measured based on a

single excitation-emission cycle, but in practice there are many variables that

prevent this sort of measurement. First of all, the decay rate is often too fast

for typical electronics to measure accurately. For example, to measure the

profile of a 500 ps decay would require the detector to sample at a rate of at

least 50 ps.

Furthermore, as is often the case with unprocessed epitaxial quantum

dot samples, the emission is too weak to record an analog signal. With a
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small number of photons per cycle, the histogram cannot fully represent the

decay profile. Losses through collection optics and quantum efficiencies of

the detector at relevant wavelengths can also reduce the number of photons

available for measurement. Attempts to boost the number of photons per

cycle by increasing the excitation power can often be counterproductive due

to saturation of the excitation states of interest or to photo-bleaching.

A more realistic approach is to collect data over many excitation/emission

cycles. Assuming that one photon is emitted per cycle, a histogram compiled

of these many different photons should statistically represent the decay profile

of a single emission. The basic idea behind this method is shown in Figure 4.2.

In order to achieve high signal-to-noise ratios from this type of measurement,

it is necessary to collect data over a large number of excitation/emission cycles

to obtain an accurate lifetime measurement.

For details of the optical setup, please see Section 4.1.

If additional information on TCSPC is needed beyond what is contained

in this document, Refs. [65], [66], [67], and [68] are excellent material.

4.2.1 Electronics

In the process of registering a photon decay time, the electronics must

first calculate the time delay between the excitation of the system and the

emission of a photon. To do this, precise timing for each even must be con-

verted to electrical signals. The time difference is calculated and converted to

a digital signal. The signal is then used to address a specific time bin (‘time

channel’) and to increment its value. When a sufficient number of photon

emission events has been collected, the histogram can then be read out and

analyzed to find the decay rate. Figure 4.3 shows a block diagram of the
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Figure 4.2: Time correlated single photon counting.
TCSPC involves measuring the time delay between the excitation pulse and
the emitted photon for each emitted photon. When a statistically large number
of these cycles are compiled together, they build up a histogram of the exciton
decay dynamics.
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Figure 4.3: TCSPC electronics.

TCSPC electronics.

Avalanche Photodiode (APD)

APDs are silicon detectors that are ideal for ultra-low light conditions

(< 1 pW) in the red to infrared wavelengths. Expensive APDs may be accurate

to < 200 ps with a detection probability around 50% . APDs may be operated

in linear or Geiger modes. In linear mode, the APD acts simply as an amplifier

with optical gains up to 500. In Geiger mode, a single photon impinging

upon the APD surface can trigger an avalanche process making single photons

easily detectable. APDs are noisier than photomultiplier tubes, but have much

higher quantum efficiency.

Constant Fraction Discriminator (CFD)

The CFD is used to determine whether the signal coming from the

APD will register as a photon count for the electronics. The discriminator is

48



able to filter out some of the noise from the detector and to impose a cut-

on amplitude for photon arrivals. While a leading-edge discriminator would

also serve this purpose, it is important to note that using this method, higher

intensity pulses would result in an earlier trigger and add uncertainty to the

start time. The CFD sidesteps this problem by splitting the signal in two and

applying a delay and inverting one of the branches. When added together, the

time at which the signal crosses zero will be independent of intensity. This

method introduces a much smaller time jitter than traditional leading-edge

discrimination.

Laser Synchronization, Delay, and Level Trigger

In a system with an externally controlled laser, the laser pulse must be

coupled to the electronics via a second photodiode. A very small portion of

the excitation pulse is separated from the main beam using a beam splitter.

This portion is then sent to the diode. Often delay electronics are included

between the photodiode and the TCSPC electronics. The reason for this will

be discussed later in Section 4.2.2. The delay electronics can be either digital

or analog in nature. An analog delay may be introduced by simply increasing

the signal path length by adding addition length of cable into the system

or changing the optical path length to the photodiode. The level trigger is

responsible for sending an appropriate electronic signal to the TAC whenever

an excitation pulse occurs.

Time to Amplitude Converter (TAC)

The TAC measures the length of time between an excitation pulse and

the arrival of an emitted photon. The TAC can use either the excitation
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synchronization or the APD signal as a start or stop trigger. Upon receiving

the start signal, the TAC capacitor begins to charge, increasing the output

signal amplitude until a stop pulse is received. Thus the amplitude of the

output will be proportional to the time between start and stop signals. Because

of the relatively long time it takes to discharge and reset the capacitor, the

TAC is often a rate-limiting component.

Analog to Digital Converter (ADC)

The ADC converts the TAC output to digital output. It digitally en-

codes the amplitude of the TAC signal to binary output that may be used to

address the histogrammer. The ADC must be fast so as not to increase the

dead-time of the electronics. It is also important that the ADC have good lin-

earity over a wide range of timing signals for system accuracy at many different

emission rates.

The TimeHarp 200 combines the TAC and the ADC into a single digital

circuit called the time to digital converter.

Histogrammer

The histogrammer is commonly a field programmable gate array (FPGA)

or microprocessor. Each memory cell in the histogrammer corresponds to a

specific time channel. It uses fast digital logic to incrememnt the value in each

bin corresponding to the time value it receives from the ADC for each event.

Fast TCSPC systems may use more than one set of memory blocks in order

to increase the speed of data collection through parallel processing.
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Modes of Operation

TCSPC electronics can be operated in several different modes. The

standard mode provides real time hitogramming of photon events by stor-

ing data in onboard memory. Real-time continuous mode measures virtually

infinite sequences of consecutive histograms without any gaps in time. Time-

tagged-time-resolved (TTTR) mode documents each individual photon even

with its arrival time. The TTTR mode is often used for time-gated fluorescence

correlation spectroscopy.

4.2.2 Counting Rate

The rate at which photons may be registered by the experiment is highly

dependent upon the speed at which the electrical components can respond to a

signal. Most important, perhaps, is the dead time of the electrical components.

Dead time refers to the amount of time it takes the system to process an event

and recover in order to accept the next event. To deal with the dead time

of the electronics, TCSPC systems are typically designed to accept only one

photon per excitation cycle. If there is more than one photon generated, the

system will only be able to register the first emission event. This would lead

to a disproportionate number of fast decays being registered and the measured

average decay rate being shorter than the actual rate. In order to prevent this

‘pileup’ from occurring, it is necessary to keep the average emission rate below

5% of the pulse rate of the excitation source.

The fast repetition rate of the excitation source is also a concern. To

retain proper timing statistics, the electronics need to start a new count based

on each laser pulse. Typical laser rates would saturate the electronics, thus a

reverse start-stop process is often employed. In this method, the electronics are
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triggered by the photon detector and stopped by the arrival of an excitation

pulse. Because the excitation source has a regular repetition rate, simple

subtraction of this time from the repetition rate will find the decay time.

The reverse start-stop method and fast decays relative to the repetition

rate of the laser raise new concerns for the electronics. If the excitation period

is very long and the decay rate is short, then the time period between pulses

can be long enough to saturate the counting electronics (10 µs). In order to

circumvent this problem, a delay can be added into the excitation trigger.

This delay can be added digitally or via analog means such as a long optical

path length to the diode or extra lengths of cable between the diode and the

electronics.

For reference, typical NIM standard TCSPC electronics can process

maximum rates between 50,000 and 500,000 counts per second (cps). The

TimeHarp 200 electronics used in this experiment are rated for 2 Mcps. The

detectors themselves have rates of around 10 Mcps for PMTs and thousands

of counts per second for silicon APDs.

4.2.3 Resolution

The temporal resolution in a TCSPC measurement is typically deter-

mined by the photodetector. However, it is not the pulse response of the

detector, but rather the timing accuracy that places constraints upon the res-

olution. This timing accuracy evolves from the uncertainty in the time it takes

the detector to convert a photon to an electrical pulse. The uncertainty can

be as small as 10% of the detector’s response time. While cheap detectors

can have uncertainties as high as hundreds of picoseconds, more expensive

detectors can have accuracies as fast as 30 ps.
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The detection of the laser pulse also place constrains upon the temporal

resolution of the measurement. In case of experiments using lasers without a

synchronization output, such as the Ti:Sapph laser used here, another photo-

diode is used to obtain the sync signal. This photodiode would have timing

accuracies as discussed for the photon detector. Sources with electrical sync

signals built in also have a large instrument response function (IRF).

The timing uncertainty introduced by the TCSPC electronics comes

from the jitter of the components. This contribution, caused by the finite

rise/fall times of the signal in the components, is usually negligible when com-

pared to the detector uncertainties. For example, the TimeHarp 200 uses a

combined TAC and ADC digital circuit with a timing resolution of 30–40 ps.

Additionally, the user can introduce error based on the setting chosen for the

quantization step-width. If this width is chosen too coarsely the quantization

will introduce random error into the measurement. To avoid this, the width

must be chosen to be smaller than the IRF of the analog noise. In order to

properly characterize a decay profile, the width must be chosen so that there

are at least 10 time-bins over the length of the decay.

The total IRF of the system is the convolution of the IRFs of each of

the individual components. Alternatively, the total IRF can be approximated

by the geometric sum of each component IRF. From this second approach it

becomes clear that the largest individual IRF will have the greatest affect on

the overall IRF. Accordingly, when trying to reduce the response time of the

system, it is of little effect to improve upon components with smaller IRFs.

Post-processing can resolve decay rates below the overall IRF of the

TCSPC electronics. As mentioned previously, it is possible to obtain measure-

ments with resolutions as low as 10% of the system IRF. This is achievable by
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performing a deconvolution of the output signal with the total system IRF.

A numerical exponential fit to the data can be used to find the rate of pho-

ton emissions. (see Section 4.3 for details) The quality of the measurement is

indicated by the r.m.s. residue of the fit.

4.3 Curve Fitting

Regardless of the type of measurement being made, fitting a model to

the data can result in a wealth of additional valuable statistics. For TCSPC,

in particular, this step is absolutely critical to obtaining accurate information

from the measurement.

In order to obtain a meaningful fit of a model to the data using the

methods that follow, a few conditions must be met:

1. Data points must be independent observations.

2. There can be no systematic errors in the data.

3. There must be more data points than model parameters.

It is also important to remember that although any model can be used to fit the

data, only the correct model for the process will yield meaningful parameters.

(More on this in Section 4.3.1.)

Additional information about curve fitting maybe be found in Refs.

[69], [70], and [71]. For information specific to curve fitting for TCSPC Ref.

[65] is also useful.
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4.3.1 Goodness of Fit

Many methods of curve fitting are based on optimizing the ”goodness

of fit” of the model to the data set in question. Thus before we can begin

any serious discussion of curve fitting, we must define a metric for determining

how to choose one set of parameters over another or one model over another.

From the viewpoint that the data set is one statistical fluctuation of

the chosen model, it makes sense to ask how probable it is that the data set

was produced by the model. If the data set has a higher probability of having

been produced by one fit than another fit, then there are grounds to accept

the more probable fit.

4.3.1.1 Chi-Square Value

To approach this problem mathematically, we make use of the require-

ment that each of the data points must be an independent observation. Most

measurements will have a statistical distribution created by random error with

a Gaussian (or approximately Gaussian) distribution around the true value.

The probability of each of these data points is easily calculated as

Pi ∝ exp

[
− 1

2

(
yi − f(xi)

σ

)2]
∆y (4.1)

The probability of the whole set of data points occurring is the product of the

probabilities of each individual point.

Ptotal ∝
N−1∏
i=0

{
exp

[
− 1

2

(
yi − f(xi)

σ

)2]
∆y

}
(4.2)

To find the model with the highest probability of having produced the data set,

we want to maximize Equation 4.2 or, equivalently, to minimize the negative
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of it’s logarithm: [
N−1∑
i=0

[yi − f(xi)]
2

2σ2

]
−N log ∆y (4.3)

The last term is just a constant and dropping it and the factor of 2 in the

denominator leaves the more common chi-squared value.

χ2(b) ≡
N−1∑
i=0

(
yi − f(xi|b0 . . . bM−1)

σi

)2

(4.4)

Since the chi-square value depends on the number of data points, it is often

more revealing to talk about the goodness of fit in terms of the reduced chi-

squared value

χ2
R ≡

χ2

ν
(4.5)

where ν is the number of degrees of freedom. ν ≡ n−p, where n is the number

of data points and p is the number of variable parameters in the model. If

all the data was produced by only random error fluctuations from the model,

each data point should contribute a chi-squared value of 1. Thus, for a very

good fit, the reduced chi-squared value should be close to 1.

The reduced chi-square value can be used to compare the relative good-

ness of fit between two sets of parameters or models, or the probability associ-

ated with the fit can be determined directly from chi-squared look-up tables.

The probabilities listed in these tables show the percent chance that the data

set could occur from the underlying model due to random errors. The chi-

square probability distribution is derived from linear models, however it is

usually a good approximation for non-linear models as well.

Obviously models with more parameters will lead to a better fit of the

data and therefore a lower reduced chi-squared value. To avoid choosing an

over-complicated model, it is best to stick with a general rule that a more
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complicated model must improve upon a simpler one by at least a factor of

two. In practice, systematic errors in the data can often lead to a 10 to 20%

increase in the chi-square value. Thus it is important to use restraint when

discarding a simple model with only a moderately poor chi-square.

4.3.1.2 Graphical Methods

Other useful tools for determining goodness of fit are visual inspection

of the normalized residual or the autocorrelation function. These two methods

provide similar information based upon the fact that the fluctuation of the data

points around the model function should be randomly distributed around zero.

The normalized residual is a simple graph of the difference between

each data point yi and the corresponding point on the fitted function f(xi)

divided by the standard error estimate for that point σi. If all the errors are

due to random fluctuations in the data, the graph should look evenly centered

about zero. Systematic errors or incorrect models can lead to deviation from

this ideal. An example of the difference between a poor and a good fit is shown

in Figure 4.4 (a,c) and (b,d), respectively. Note from the figure that both the

models in (a) and (b) both look reasonable, but it is easy to tell from their

residuals that model (a) is a much better fit to the data than model (b).

The autocorrelation plot uses a more involved calculation, but is often

more sensitive than a simple residual. The autocorrelation function, C(tj),

measures how well the deviation of one data point in the set predicts the sign

of the deviation of another data point.

C(tj) =

(
2

n

n/2∑
k=1

DkDk + j

)/(
1

n

n∑
k=1

D2
k

)
(4.6)
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Figure 4.4: Residual and correlation plots.
(a) and (b) display the same TCSPC data in blue. The solid black lines are
different theoretical fits to the data. (c) and (d) display the residual between
the fit and the data for (a) and (b), respectively. (e) and (f) display the
autocorrelation functions.
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As with the normalized residual, the values of a good fit should be randomly

distributed around zero. Examples of the autocorrelation plots are shown in

Figure 4.4 (e) and (f).

Please refer to Section 6.3.2 for further examples of using the reduced

chi-squared value, residuals, and autocorrelation for determining the correct

underlying model for a data set.

4.3.1.3 Counting Events

In the above calculations, it was assumed that error in the data points

obeyed a Gaussian distribution. In reality, measurements such as TCSPC are a

collection of counting events and these are known to have error with a Poisson

distribution. When the number of counts is large, the Poisson converges to

a Gaussian, so the chi-squared value becomes a valid approximation. It is

important to remember, however, that a Poisson distribution predicts a larger

likelihood of outlier events. By assuming a Gaussian, outliers will be given

greater emphasis that will tend to skew the curve fitting in their favor.

Thus, the following equation may be used for calculating chi-squared

values for counting even measurements: Note that the error has been replaced

with σi =
√
yi, the standard deviation for a Poisson distribution.

4.3.2 Nonlinear Curve Fitting

Most of the models used for curve fitting in this manuscript are non-

linear functions, e.g. exponential decays, Lorentzian functions, and Gaussian

functions. The following discussion will therefore concentrate on fitting these

types of functions, but similar, although simpler, methods may be applied to

linear models.
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As discussed in Section 4.3.1.1, the numerical method of choice for

determining goodness of fit is the chi-square value, Eq. 4.4. If the chi-squared

function is approximately quadratic near its minimum, it can be rewritten as

χ2 ≈ γ − J · b +
1

2
b ·H · b (4.7)

where J is the Jacobian and H is the Hessian matrix. The Hessian is given by

∂2χ2

∂bk∂bl
= 2

N−1∑
i=0

1

σ2
i

[
∂f(xi|b)

∂bk

∂f(xi|b)

∂bl
− [yi − f(xi|b)]

∂2y(xi|b)

∂bl∂bk

]
(4.8)

By standard convention, the following substitutions are made:

1

2
H = α (4.9)

and

αkl ≈
N−1∑
i=0

1

σ2
i

[
∂f(xi|b)

∂bk

∂f(xi|b)

∂bl

]
(4.10)

Additionally we define βk such that

βk ≡ −
1

2

∂χ2

∂bk
(4.11)

In the case that Eq. 4.7 is a good one, the minimizing parameters are

simply given by

bmin = bcur + H−1 ·
[
−∇χ2(bcur)

]
(4.12)

giving us a set of linear equations

βk =
N−1∑
l=0

αklδbl (4.13)

that can be solved for δbl which give the change between the current parameters

and the new set of parameters.
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If Eq. 4.7 is a poor approximation, on the other hand, the steepest

descent method must be used to calculate the next set of parameters. These

are given by

bnext = bcur − C ×∇χ2(bcur) (4.14)

where C is a small constant. In this case, the necessary incremental change

between old and new parameters is

δbl = C × βl (4.15)

These processes should be repeated iteratively until the changes in the

χ2 value become appropriately small according to some set cutoff point.

4.3.2.1 Levenberg-Marquardt Algorithm

It is important to note that this minimization procedure works best for

instances where the chi-squared function is approximately quadratic near it’s

minimum. This is not necessarily the case in most instances. Much of the

time, the area near the minimum is much more complex and this algorithm

can get stuck in local minima. It is not uncommon for the routine to get lost

in a runaway steepest descent. For this reason, it is necessary to start the

fit with a reasonably good visual fit to the data. It may also be beneficial

to combine this method with other fitting methods to improve the chances of

getting a good fit.

The Levenberg-Marquardt algorithm is a method for nonlinear least

squares fitting that builds upon its precursor, the Gauss-Newton method. The

fitting procedure relies on a Taylor expansion of the model given by

f(xi|b) = fk(xi|b) +
∑
j

∂f(xi|b)

∂bj
(bj − bkj ) (4.16)
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where k is the iteration number. Written more simply

f(xi|b) = fk(xi|b) +
∑
j

Jij∆bj (4.17)

Thus the iterative changes to the fitting parameters given by

bk+1
j = bkj + ∆bj (4.18)

where ∆b is the shift vector.

The residual for each fit is

ri = yi − fk(xi|b)−
M∑
j=1

Jij∆bj (4.19)

or equivalently

ri = ∆yi −
M∑
j=1

Jij∆bi (4.20)

To minimize the residual, we take the gradient of this equation and set it to

zero

−2
M∑
i=1

Jij

(
M∑
j=1

Jij∆bj

)
= 0 (4.21)

rearranging,
N∑
i=1

M∑
k=1

JijJjk∆bk =
N∑
i=1

Jij∆yi (4.22)

Rewriting this in matrix notation

(JTJ)∆b = JT r (4.23)

This final result is the where the modification between the old and the

new methods occurs. For the Levenberg-Marquardt algorithm, an additional

damping term λ is added.

(JTJ + λI)∆b = JT r (4.24)
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where I is the identity matrix. The initial value of λ is arbitrary, but future

values of λ are determined by the success of the previous fit. If a fit is tried

and the residual does not decrease, then λnew = λ/vk is tried. If this still does

not yield satisfactory results, λnew = λvk is tried repeatedly until improvement

is seen. This scaling factor provides a way to flip between Eqs. 4.12 and 4.14

and therefore ensures that the changes in the parameters are larger when the

gradient is smaller.

4.3.2.2 Iterative Reconvolution

Often the IRF must be taken into account for a measurement, whether

it is the QE% of a diode CCD or the dead time of electronics. For some

measurements, like those involving CCDs, it is as simple as dividing the IRF

out of the signal or subtracting a dark count background. For others, the

relationship between the IRF and the data is more complicated.

For example, in TCSPC, every single time channel measured has been

affected by the pulse-width of the laser and by the slowdown inside the elec-

tronics. This kind of relationship leads to a convolution of the signal with

the IRF. It would seem that the answer would be simply to deconvolve the

IRF from the signal and this is what experimenters often say they are doing.

However, ‘deconvolution’ is a misnomer in this case.

In most cases, literal deconvolution of the IRF from the signal fails,

perhaps because of the noise and the discrete Fourier transform algorithms.

However, it is possible to perform an ”iterative reconvolution” to obtain the

desired results. During the fitting process, each time a new set of parameters

is chosen for the model function, the model is first convolved with the IRF

before it is compared to the experimental data. Thus, the model parameters
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can be determined without any need to alter the original data set.

4.3.2.3 Parameter Errors

In order to begin estimating errors on fitting parameters, one must first

understand the statistical relationship between the model and the experimen-

tal data. The frequentist point of view adopted for this process assumes that

there is some true model, btrue, that describes the system. The data collected

in the experiment, x(0), represent one possible outcome of adding random mea-

surement errors to the true model. The collection of parameters determined

by the fitting procedure will be accordingly called b(0). With this viewpoint,

an infinite number of other possible data sets, x(i), and corresponding param-

eters, b(i), could also result from different modification of the true model with

different random errors.

The uncertainty in our measurement of btrue is seen in the distribution

of the b(i) around btrue. Unforunately, we cannot know btrue and measuring a

large number of the b(i) is often prohibitively time consuming. Therefore must

find ways to use the single measured data set b(0) to obtain the parameter

errors.

A very simple method of estimating parameter errors uses the covari-

ance matrix. Unfortunately for TCSPC, the parameters used in the exponen-

tial models are correlated. It is still possible to find parameter errors for these

fitted models, but the process becomes much more involved and is beyond the

scope of this dissertation.
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Chapter 5

Quantum Dots in Photonic Wires

This work was done in Grenoble, France with Jean-Michel Gérard’s

group. It is an ongoing project and the inhibition and enhancement study

presented here represents only a small intermediate step. As such, some back-

ground of the experimental progress prior to this study will be mentioned as

needed. Additionally, work completed after the study will be very briefly dis-

cussed at the end of this chapter. It should be noted that the design theory is

primarily the work of Phillipe Lalanne’s group (unless otherwise noted) and

while I was involved in the processing of the next generation of samples, the

growth and processing of the particular sample used for the study was the

work of Maela Bazin, Nitin Malik Singh, and Julien Claudon.

5.1 Background

Single photon sources are in high demand in the fields of quantum com-

munication, quantum computing, and metrology, however, the development of

such a device is not at all a trivial undertaking. To be effective, single pho-

ton sources must be able to issue, on demand, and with high probability a

single photon per emission cycle. Additionally, in order to make the sources

practical, they must be able to couple light efficiently into a single mode fiber.

Ideally, emission from the device should be well collimated in the far field and

have a well defined mode. Lastly, photons emitted from the source must have
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a high degree of indistinguishability.

The most common approach to this problem uses self-assembled QDs

inside micropillar cavities with small volumes and high quality factors. In this

case, Bragg reflector mirrors are fabricated during the growth process on ei-

ther side of the QD layer to create a cavity resonant with a transition energy

associated with the QDs. Subsequent lithography and wet or dry etching is

used to carve out cylindrical pillars from the material. This Purcell-based

strategy is ideal on paper. The Purcell effect accelerates the SE rate which

lowers the effects of non-radiative decay channels and thus increases the QE of

the device. Additionally, faster emission rates are desirable for telecommuni-

cations applications. Theoretically, the radiation pattern of the fundamental

modes in the pillars is highly directional, ideal for collection into a fiber or

other optical pathways. However, in practice, the highest measured efficiency

of a QD in a pillar microcavity is 44% [72]. This unfortunately low collection

efficiency is primarily attributed to fabrication imperfections, such as sidewall

roughness [34]. This problem can be particularly detrimental in electrically

pumped structures because doping and electrical contacts offer additional ar-

eas for photons to scatter [73].

An additional technical issue, although not well understood, plagues

emission from pillar microcavities: under strong excitation autocorrelation

measurements often exhibit a higher than desired g2(0). The most popular

hypothesis is that these cavities emit multiple photons at zero time delay are

the result of detuned transitions from the same QD entering the cavity though

dephasing or coupling to a continuum of states [50, 73].

An unfortunate side effect for using Purcell enhancement to achieve

single photon emission is the requirement for cavity resonant emission. Because

66



the bandwidth of the cavity is narrow (< 20 nm) spectrally broad emitters,

such as room temperature QDs or F-centers in diamond, cannot be used. The

ability to tune the wavelength of the emission with temperature is also severely

limited.

These drawbacks have sparked an effort to use broader bandwidth one-

dimensional photonic structures as cavities. This approach relies on the ability

of the photonic structure to suppress coupling into unwanted modes rather

than enhance emission into the desired mode.

With these considerations in mind, GaAs photonic nanowires contain-

ing InAs QDs were suggested. The high refractive index wire with diameters in

the range of λ/5 surrounded by an air cladding effectively suppresses QD emis-

sion into all modes except for the HE11 mode. Because it does not rely on the

Purcell effect, emitted photons in this system are less affected by the sidewall

roughness issues that plague the micropillar cavity design. However, a very

basic wire design was theorized to have only ε ≈ 17 ± 0.02% [74]. Since this

collection efficiency was limited by poor directionality and by the escape of half

of the emitted photons into the substrate, a special tapered end and composite

mirror were designed to correct these issues. These improvements boosted the

theoretical ε to 90% over a 70 nm bandwidth with a center wavelength of 950

nm[2, 50]. This improved design was fabricated using the techniques discussed

in Section 5.3 and the efficiency was measured by comparing the photon flux

to a source with a known efficiency. Using a lens with a NA of 0.75 resulted

in an efficiency of ε = 0.72± 0.09, which is a factor of 1.6 better than the best

reported pillar microcavities [50].

The next step in testing these new structures was to measure their

ability to generate single photons. To this end, autocorrelation measurements
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Figure 5.1: β in photonic wires.
Mode emission from (a) a QD in a normal photonic wire, (b) an off-center QD
in a normal wire, and (c) a QD in a thin photonic wire.

were performed using a Hanbury-Brown-Twiss setup. The measurement was

highly successful, giving a g2(0) < 0.008 above saturation, a much lower inci-

dence of multiple photons than typically found in microcavity experiments [50].

Clearly, these non-resonant photonic wires demand further research on their

application to spectrally broad photon sources, wavelength tunable sources, or

entangled photon sources.

In order to further demonstrate that these wires have the efficient

broadband SE emission control desired for a single photon source, we need

to show that SE occurs primarily into the desired HE11 mode and is inhibited

into other ‘leaky’ modes. One method of doing this is to study QD PL as emis-

sion into the HE11 mode is quenched. As illustrated by the cartoon in Figure

5.1, there are two ways of accomplishing this. Because the SE is proportional

to the square of the electric field where the dot is located, emission into the

HE11 mode should be inhibited where the field is weakest. QDs at the edge of
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the photonic wires, should see a reduced field and therefore a reduced radia-

tive decay rate. However, it is difficult to know the precise location of the QD

inside the pillar and measuring it would destroy the sample for further use. A

second way of reducing the electric field is to exploit the fast deconfinement

of the HE11 mode as the diameter of the wire is reduced. This method and

its results are the subject of Section 5.4 and Ref. [3].

Related Research

In the last two decades, the ability to inhibit spontaneous emission into

particular modes has been a hot topic of research. The most popular variations

use two- or three-dimensional photonic crystals paired with semiconductor

QDs. In one of the early successes, Abram, et al., placed a QW inside a silver

coated GaAs microcavity and measured an inhibition of the QW emission rate

by a factor of 1.5 [75]. This was improved upon in 2004 when colloidal CdSe

nanocrystals were integrated into a 3D cavity [15] and when InGaAs QDs

where embedded in a slab waveguide [76], both achieving inhibition factors

of 2. Quickly on their heels, Chang and Gevaux published inhibition by a

factor of 4 and 4.4, respectively, for InAs QDs in GaAs PCs [77, 78]. Around

the same time, a QW in a GaInASP exhbited a factor of 5 inhibition into

undesired modes [79]. The best inhibition factor to date, previous to our

measurements, was reported to be near 17 in a 2D PC [80]. Ref. [80] is

an excellent, but slightly dated, review of state-of-the-art photonic crystal

technology and related inhibition and enhancement of embedded emitters.
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Figure 5.2: HE11 modal reflectance for different types of base mirrors [2].

5.2 Design Enhancements

This section concentrates on the bottom mirror and top facet modifi-

cations to the design in Section 3.3. As previously mentioned, without these

modifications the photonic nanowire design has a rather low collection effi-

ciency due to the loss of half the emitted photons in the direction of the

substrate and also to the poor far field radiation pattern. First we tackle the

problem of backwards photons with the use of a mirror at the base of the wire.

Mirror Design

The reflectivity for four different mirror types were simulated in Ref.

[81]: Bragg mirrors, metallic mirrors, composite mirrors, and composite mir-

rors integrated into the nanowire. As can be seen from the results in Figure

5.2, the Bragg mirrors have very poor reflectivity for photonic wires in the di-

ameter range of interest. This is because the refractive index contrast between

the materials becomes very weak for small diameters. The reflectivity can
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be increased by adding additional layers, but the number needed to achieve

moderate reflectivity is unreasonable for fabrication.

The planar metallic mirror (not shown) proved the most inefficient for

small diameters. In this diameter range, the metallic mirror has a very low

reflectance due to a self-focusing effect. This causes excitation of a surface

plasmon polariton. Of the photons impinging on the metallic mirror, 15% are

absorbed into the metal, 32% are channeled into the surface plasmon polariton,

and 46% are backscattered into the air, leaving only a small percentage to be

reflected back into the wire mode.

A thin SiO2 spacer was added between the photonic wire and the metal-

lic mirror to reduce the chances of exciting surface plasmons. The results of

this modification are shown in Figure 5.2 as the ”planar” line. The composite

mirror resulted in very high reflectivity (> 0.9) for even small diameters. This

mirror material was further investigated for mirrors integrated into the wire

bottom. This geometry is appealing for building compact devices. Unfortu-

nately, simulations showed that it has poor reflectivity for small diameters.

Thus, the planar composite mirror was chosen as the best candidate for high

efficiency operation.

Top Facet

Unlike micropillar cavities, photonic wire emissions in the far field are

generally divergent. This is a huge issue for any possible applications of the

devices because only a small percentage of emitted photons would impinge

upon collection optics. Tapering of the top facet causes an adiabatic mode

expansion that could be used to create a narrower far-field emission pattern

and reduce reflections at the GaAs-air boundary. Full 3D vectorial simulations
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Figure 5.3: Fully vectoral simulation of β for finite length nanowires [3].

supporting the design of the top wire facet appears in Ref. [82].

The simulations explored the emission pattern for various tapering an-

gles α. Large opening angles were found to have little effect on the far-field

divergence. However, the divergence is drastically improved for very small

opening angles. It was found that for an angle of α = 1◦ the collection ef-

ficiency for a lens with NA 0.5 increases to 87%. In practical devices, such

a tip would be very fragile and prone to breaking, so Gregersen, et al., also

simulated the emission profile for truncated tapered tips. Because the field

strength in the missing tip was already very weak, its removal affected the

far-field divergence very little.
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A note on QD positioning

One major concern for the photonic nanowire design was the effect of

the position of the QD within the photonic wire on the coupling to the HE11

mode. Most of the simulations for the system were done with QDs located

on the wire axis. It was known that the field strength would be reduced near

the edges of the wire, but not by how much. To answer these questions, an

additional study of the β-factor dependence on the QD position along the

radius was simulated. The β-factor is the fraction of photons emitted into the

HE11 mode compared to the total number of photons emitted into all modes.

Figure 5.3 presents the results of this simulation. Statistically, this shows that

for a wire with d/λ = 0.21 1 in 5 of the QD in the wire will experience a

β-factor > 0.8 [3]. Since a wire of this size will contain 5 to 10 QDs, this is

not considered a major limitation for the design.

5.3 Sample Fabrication

The fabrication of the photonic wire sample was a multistep process.

First, a 500 nm Al0.8Ga0.2As sacrificial layer was grown on top of a GaAs

substrate by MBE. This was followed by 2.5 µm of GaAs growth. The InAs

QDs were then grown in SK mode. The MBE growth process was completed

with an 80 nm GaAs capping layer.

After MBE growth, a composite mirror was deposited on the capped

side of the sample. First the sample was deoxidized and passivated using a

rinse of dilute NH3 and (NH4)2S. This was followed by 11 nm of SiO2 deposition

at a rate of Å/s at 300◦ C and 5.5x10−5 mbar. The sample was dehydrated

for 1 min on a 100◦C hot plate. The metallic part of the mirror was deposited
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subsequently using a thermal evaporator. This layer consists of 2 nm of Ti

and 250 nm of Au deposited at 5 Å/s.

Next followed a specialized flip-chip method. At this point the sample

was inverted onto a 1 cm2 Si substrate and fixed there using a very thin, even

layer of M-BOND 610. The glued sample was allowed to cure for 1 hour at

230◦C. The smoothness of the glue layer was ensured by applying a pressure

of 200 kN/m2 on top of the sample during the curing process.

The Si substrate was then glued to a weighted, cylindrical dice using a

wax soluble in acetone. The sample was mechanically etched using diamond

paper to within 40-50 µm of the sacrificial AlGaAs layer and then removed

from the dice. Subsequently, the sample was etched in H2O2 and citric acid

(C6H8O7) until the mirror-like surface of the AlGaAs was visible. The sample

was then cleaned in acetone, IPA, and ethanol, as well as a brief plasma

etching in O2 ADDAX. Finally, the AlGaAs layer was removed using HF and

the sample was again put through the chemical and plasma cleaning process.

To fabricate the photonic wire structures, the sample was again deoxi-

dized and passivated and 400 nm of Si3N4 was deposited onto the top surface.

The sample was dehydrated on a hotplate at 100◦C and spin coated with a

thin layer of 4% PMMA. Using electron beam lithography (EBL), a series of

circles and numerical markers were written onto the PMMA coating. After

liftoff, 40 nm of Al were deposited onto the sample. A second liftoff procedure

left an Al mask defining the future positions and sizes of the photonic wires.

The Si3N4 hard mask was etched using reactive ion etching (RIE) with SF6

under an Ar gas flow and cleaned with plasma O2 ADDAX. Next, the GaAs

was etched using RIE with SiCl4-Ar.

The final sample consists of a series of 2.5 µm high GaAs photonic wires
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Figure 5.4: Photonic nanowires.
(a) Photonic wire design. (b) SEM of actual photonic wire [50].

ranging in diameter from 700 nm to 120 nm. A typical photonic wire is shown

in Figure 5.4. This particular wire has a diameter of approximately 200 nm.

The taper on the top facet was measured to have an angle of α ≈ 5◦. Each

wire contained a small number of flat InAs QDs 80 nm above the mirrored

surface at the base of the wires. A 200 nm diameter wire contained on average

between 5 and 10 QDs with luminescence centered around 950 nm. Figure 5.5

shows filtered PL from a larger area of sample. The GaAs background has

been filtered out of this image, leaving the QD containing wires and position

indicators bright (purple). As can be seen in this image, the EBL pattern

defined wires as small as 20 nm, but due to the under-etching at the base of

the wires, very few wires below 180 nm remained standing after processing.
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Figure 5.5: Large scale image of the photonic wire sample
Final photonic wire sample consists of multiple regular arrays of wires with
different diameters.

5.4 Experimental Results

The setup used for this experiment differed slightly from that detailed

in Chapter 4, but was identical in all major aspects. All experiments were

performed with the sample inside a variable temperature, helium flow, cold

finger cryostat. The cryostat was placed above a commercial inverted micro-

scope with a 40x long working distance objective (NA = 0.6). The sample was

excited in an epi-fluorescent configuration using a Ti:sapphire laser at 820 nm.

This resulted in a spot size of roughly 1.5 µm at the base of the nanowires.

For time resolved studies, the laser was pulsed at 200 fs (repetition rate = 76

MHz). Longer lifetime measurements (above ≈ 7 ns) required the use of a

cavity dumper. The cavity dumper was used to select pulses such that only

one pulse out of every 10 was passed through the dumper.
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Figure 5.6: Spontaneous emission lifetimes from photonic wires.

The PL was sent to a 310 cm monochromater. Two silicon APDs with

a time jitter of 250 ps were placed in a Hnabury-Brown-Twis configuration at

the exit of the monochrometer. Only one of these APDs was used for time

resolved measurements. The PL spectrum from individual wires was recorded

and the intensity of the laser excitation was adjusted such that all of the QDs

in the wire showed only PL from the s-shell exciton state. Since each wire

generally contained multiple QDs, this was determined by the excitation power

dependence of the emission lines. S-shell emission was clearly seen to saturate

very near to powers were additional emission lines (assumed to be from multi-

exciton states) appeared in the spectrum. Using these spectra, QDs with

strong PL signals well separated from other QD emissions were chosen for time

resolved study. The polarization dependence of the QD emissions were studied

briefly. Since the PL intensity from the QDs did not exhibit strong linear

polarization, lifetime measurements were made without polarization filtering.

Figure 5.6 displays some examples of the time resolved measurements

from QDs in wires with different diameters. (a) shows a measurement taken

on the processed sample, but from an area (one of the arrows) large enough

that no photonic suppression of modes was expected. The measured decay
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time of 1.3 ns was used as a reference value for normalization of other lifetime

measurements. The graph shown in red, (b), shows a QD decay from a much

smaller wire of 180 nm in diameter. Wires of similar small diameter exhibited

much slower decay times, typically around 12 to 17 ns. This slow decay is

evidence of strong inhibition (as much as a factor of 16) of the decay into the

HE11 mode. Graph (c), in blue, is a time decay histogram for the measure-

ment from a 280 nm diameter wire. QDs in wires around this dimaeter often

displayed decay times of 0.8 or 0.9 ns showing an enhancement in the emission

rate by a factor of about 1.75. This strong enhancement factor proves the

effectiveness of the composite mirror design included at the base of the wires.

It should be noted that the black lines in the figures are intended only as a

guide to the eye for the differences in the graphs. The time decay is inherently

convolved with the IRF of the system. For this setup, it artificially creates the

appearance of a biexponential decay. This is not the case. Each data set was

fit very successfully with a monoexponential function once the IRF was taken

into account.

Figure 5.7 is a summary of all the QDs we measured in various sized

wires. The green line shows the theoretical SE into all modes. The blue line

shows SE into just the leaky modes. Our data, represented by the red dots,

follows the general trend fairly well, particularly for larger diameter wires.

The broad distribution of the data between the two curves is attributed to

variations in intrinsic QD properties and differences in the placement of the

QDs inside the wires causing the QDs to couple more and less efficiently with

the guided mode.

At smaller diameters, some of the QD emission rates fall outside of our

range of expected values. Given that emission into the HE11 mode should be
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Figure 5.7: Map of photonic wire decay rates.
Spontaneous emission rates from photonic wires of varied diameters normalized
to the bulk emission rate.
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nearly quenched at these diameters, this is assumed to be due to the increased

importance of non-radiative decay channels. As is true of QDs near planar

interfaces, QDs close to rough sidewalls as they would be in smaller diameter

wires are subject to non-radiative recombination due to interface roughness,

strain relaxation, or increased defects [41, 43].

Given that non-radiative recombination dominates the signal in smaller

diameters, comparing these emission rates to the standard unprocessed QD

emission rate can give a rough estimate of the efficiency of the QDs in the

wires. The slow wire shown in Figure 5.6 exhibited a lifetime of 14 ns, corre-

sponding to a rate of 71 MHz. By contrast, the expected theoretical rate for

this diameter wire was 23 MHz. Given that radiative and non-radiative decay

rates are additive, this leaves an approximate non-radiative decay rate of 48

MHz. After correcting the change in emission rate due to the close proximity

of the GaAs interface, the reference QD has a decay rate of 710 MHz [45]. If

we assume that all QD have near the same non-radiative decay rate regardless

of wire size, this gives a QD with the reference rate a QE = 94%.

These results were published in Ref. [3].

5.5 Recent Work

Since the completion of the inhibition study, additional papers have

been published detailing the progress of this project [83–85]. An issue with

blue-shifting of QD emission lines over time was identified. It was presumed

to be caused by oxygen adsorption onto the side walls of the wires. In order

to combat this defect, a surface passivation technique was developed. First,

the oxide layer was removed by wet chemical etching. Next, the sample was

exposed to (NH4)2S which bonded with the dangling GaAs bonds at the
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surface. Finally, a thin layer of Si3N4 was deposited over the entire surface.

This process effectively reduced the number of surface traps and solved the

blue-shifting issues [84].

A very exciting advancement was made using photonic wires with an

elliptical cross section to generate linearly polarized photons [85]. As men-

tioned in the previous section, the photonic wires used in the inhibition study

and in the previous photon correlation study were circular in cross section and

because of their symmetry, did not generate light with any large degree of

polarization. In order to achieve single-mode single photon emission, as is the

general goal of this project, it is necessary to create structures that emit highly

polarized light. By using an elliptical cross section, the symmetry is destroyed

and a large optical anisotropy results. These new wires were fabricated and

optical study of the QD emission showed it to be linearly polarized (as high

as 85%) in an orientation along the major axis of the ellipse [85].
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Chapter 6

Quantum Dot Clusters

A three-dimensional lattice of QDs with controlled spatial and spec-

tral properties may offer further flexibility and functionalities in engineered

materials [20]. An attractive approach to constructing such a three dimen-

sional array of QDs is to create planar QDCs via epitaxial growth followed

by vertical layer stacking [86]. QDCs could enable novel applications based

on collective electronic excitations and entangled photon emissions [87]. For

example, quantum logic devices built with single QDs are limited to one or

two-qubit operations. The simplest error-correcting quantum algorithm, how-

ever, requires a minimum of 5 qubits [88, 89]. QDCs with controlled coupling

among constituent QDs clearly offer a solution for building quantum informa-

tion processing devices with multiple qubits. Optical studies are instrumental

in addressing key challenges in controlling properties of QDCs and evaluating

their potential in scalability: Do QDs within the same cluster have sufficiently

similar physical and chemical attributes to host localized exciton transitions

close in energy? Do these exciton transitions have similar dynamic properties

in terms of relaxation channels and lifetimes?

6.1 Background

A variety of QDCs have been produced by several different growth

methods. The configuration that is most frequently studied consists of ver-
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tically stacked QD pairs [90–92]. This vertical configuration is attractive be-

cause it is relatively easy to grow the QDCs; new QDs preferentially form at

the same location as QDs in a buried layer because of residual strain. Interac-

tions between the QDs can be simply changed by growing different thicknesses

of material between the layers. Unfortunately, these QDCs are limited to

interactions along one dimension and beyond approximately three layers, QD

properties begin to degrade rapidly. It is therefore difficult to scale interactions

beyond two QDs with this approach. An alternative approach involves grow-

ing QDCs in the same plane. This configuration has the advantage of allowing

for electrical control and coupling in two-dimensions. Planar QDCs have been

grown a variety of methods such as strain engineering, strain enhanced etch-

ing, and lithography patterning [86, 93–101]. The two later methods, however,

either involve ex-situ surface preparation or require additional processing steps

that add to the complexity of fabrication processes.

For these reasons, we investigate QDCs produced using MBE by a

hybridized growth technique that combines droplet homoepitaxy and Stranski-

Krastonov (SK) growth [94, 102]. Using this approach, it is possible to grow

QDCs containing between one and six QDs by controlling the amount of InAs

deposited. Our studies concentrate on the most complex structure currently

available, hexa-QDCs composed of six InGaAs QDs formed around a GaAs

nanomound. While a number of studies have investigated the growth and

structural characterization of planar QDCs [86, 102], as well as the spectral

characterization of QD pairs [93, 95–97, 100, 103], careful spectroscopic studies

conducted on individual QDCs with more than two QDs have been rare.
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6.2 Sample Fabrication

6.2.1 MBE Growth

The QDCs were grown in MBE by a hybrid growth technique combining

droplet homoepitaxy and SK growth. Epi-ready semi-insulated GaAs (100)

was annealed at 610◦C for 10 min to remove oxides. A buffer layer of GaAs was

then grown at a rate of 0.75 monolayers per second (ML/s) at a temperature

of 610◦C. The substrate was then annealed a second time for 3 min to reduce

surface dislocations. The substrate temperature was lowered to 150◦C and

Ga was introduced into the chamber. This step creates liquid Ga droplets via

Volmer-Weber growth. The droplets were crystallized into GaAs nanomounds

by the introduction of As4 at a beam equivalent pressure (BEP) of 1.3x10−5

torr. The substrate temperature was raised to 500◦C and 2.0 ML of InAs

was deposited under a BEP of 3.4x10−6 torr of As4, causing SK formation

of InAs QDs around the nanomound templates. For optical measurements,

an additional 100 nm capping layer of GaAs was grown on top of the QDs.

Additional details and growth techniques may be found in Refs. [94], [104],

[102], and [105]. For this study, 2.0 monolayers of InAs led to growth of six

QDs around each nanomound as shown in Figure 6.1 and 6.2 (a).

QDCs produced by the same growth methods as those used for optical

study, but without a 100 nm GaAs capping layer, were studied by atomic force

microscopy. One such QDC is shown in Figure 6.1. The QDC are elliptical

in shape, with an aspect ratio of 1.3, stretched along the [011] crystal axis.

A typical uncapped cluster has major and minor axes of approximately 270

nm and 175 nm, respectively. The GaAs nanomound template remains after

growth of the InAs QDs as a short InGaAs mesa with height of approximately

4 nm. The QDs clustered around each mesa are separated by 50-70 nm and
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Figure 6.1: Hexa-QDC detail.
(a) 200 nm x 200 nm AFM image. (b) Single line AFM scans corresponding
to labeled arrows in (a). (c) 3D AFM image of same cluster.

85



have heights between 9 and 12 nm.

A careful AFM study of large areas of QDC samples found that more

than 80% of the QDCs grown by this method contain a nanomound sur-

rounded by six QDs, while close to 7% contain five QDs, and 12% contain

four QDs [102]. The measured density of these samples is approximately 5x108

QDC/cm2. Figure 6.2 (c) shows a histogram of the volume of QDCs in one

area of the sample as determined by AFM measurements. This histogram

provides a rough estimate of the size distribution of the QDs.

Aside from standard AFM images, it is also interesting to look at the

PL from large areas of the sample as shown in Figure 6.2 (b). The high in-

tensity (green to purple) spots on this image are most likely dust. The lower

intensity yellow spots are assumed to be PL from QDCs. The darker streaks

are dislocations in the QDC layer. While these dislocations are not detrimen-

tal to QDCs far from them, they generally reduce PL nearby by providing

additional defect centers at which non-radiative recombination can occur.

6.2.2 Modified LDOS Processing

The basic idea behind the modified LDOS sample is that varying the

distance of the QDC to the interface would enable us to differentiate between

the radiative and non-radiative components of the decay signal. Using the

precepts derived in Section 3.4, it is clear that the radiative component must

vary with the distance to a nearby interface. However, as discussed in Section

2.2, non-radiative processes are dependent upon much more local effects such

as scattering off of defects in the QD-GaAs interface and do not depend on the

local density of optical states. With this in mind, we created a sample where

the distance from the QDCs to the interface varied from 500 nm to 50 nm in
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Figure 6.2: Hexa-QDC sample.
(a) 3 µm x 3 µm AFM image. (b) PL from large sample area. (c) Histogram
of QDC volume across sample.
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64 steps.

This sample was fabricated with only a small amount of capping layer

(100 nm) and previous studies have shown that the surface defect and rough-

ness effects drown out the expected radiative decay rate at distances less than

75 nm. To correct for this, a flip chip process identical to the one outlined in

Section 5.3 was used so that the 500 nm thick back side of the sample could

be used for etching the step structure. The process used for this sample was

slightly altered from the photonic wires sample. The method for curing the

MBond 610 that produced the fewest bubbles between the sample and the Si

substrate used a 2 inch long x 1 inch diameter steel post for applying pressure

and the curing temperature was raised slowly over the course of 1.5 hours up

to the 230◦ maximum where it remained for 1 hour before it was allowed to

cool. 20 one hundredths of an inch of the sample were removed by mechanical

grinding with diamond paper, the last 2 hundredths of which using finer grade

paper.

The sample was then etched in a mixture of 200 mL ofH2O2 and enough

NH4O2 to bring the p.H. to 7.75. This etchant was specifically chosen because

it selectively etches GaAs and not AlAs. Although the AlGaAs in the stop

etch layer of this sample contains enough Ga to be affected by the etchant, it

etches much more slowly than the GaAs substrate. This particular solution

reacts very quickly at room temperature causing dramatic swings in the p.H.

and the etching rate. For this reason, the solution was kept cool using an ice

bath as part of a special continuous flow etching station shown in Figure 6.3.

The sample was etched for 50 min to reach the AlGaAs stop etch layer.

The structure itself was created through multiple iterations of pho-

tolithography and wet chemical etching. Photolithography was used to create
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Figure 6.3: Etching station.

different masked patterns on the sample. First a spin coater was used to

deposit a very thin layer of photoresist on the sample. Photoresist is a spe-

cialized polymer suspended in an alcohol. When the most common type of

photoresist polymer is exposed to UV light, the molecular bonds break down.

Utilizing this property, a piece of glass with a design printed on it may be used

to block out and protect specific areas of the sample as shown in Figure 6.4

(a). When the sample is then washed in developer, photoresist remains and

hardens on the parts of the sample not exposed to the light. The photoresist

on the exposed areas washes off, leaving bare sample surface as shown in (b).

All photolithography steps up to and including developing the mask were per-

formed in a clean room with filtered lights to prevent any contamination or

stray light from damaging the sample.

Following the process through to (c) in the figure, the developed sample

underwent a wet chemical etch to remove unwanted material. The etchant in

this step was phosphoric acid (H3PO4), hydrogen peroxide (H2O2 30%), and
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Figure 6.4: Photolithography and wet chemical etching process.
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Figure 6.5: Modified LDOS sample mask.

water (H2O) mixed in a 3:1:60 ratio. This etchant was calibrated using similar

samples to etch both GaAs and AlGaAs at a rate of 100 nm per 86 seconds.

The sample was gently agitated in the solution for enough time to remove 200

nm, 100 nm, 50 nm, 25 nm, 12.5 nm, and 6.25 nm on each of the corresponding

masks to create 64 steps varying by 6.25 nm per step. In the final step (d),

acetone was used to remove the remainder of the photomask. This process

was repeated for all 6 masks shown in Figure 6.5.
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6.3 Ensemble Properties

6.3.1 Photoluminescence

The ensemble (1.2x104 QDCs) photoluminescence spectra in Figure 6.6

of the QDCs were taken using above band excitation (1.52 eV) by a pulsed

laser system with a spot size approximately 85 µm in diameter at the sample.

The spectra were collected with a 0.55 m spectrometer using a liquid nitrogen

cooled, deep-depletion Si CCD array. The data have been corrected for the

sharp changes in the quantum efficiency of the detector in the desired spectral

region.

Figure 6.6 shows the ensemble spectra at various excitation densities.

The wetting layer and the bulk GaAs emission are not pictured, but were

measured to emit at 1.47 eV and 1.52 eV, respectively. At very low excitation

powers (≤ 6.4 W/cm2) the spectrum has a single peak at 1214 meV with a

FWHM of 48 meV. At the highest measured excitation density (160 W/cm2),

a very pronounced second peak has formed. This peak is centered on an energy

of 1268 meV with a FWHM of 60 meV. These additional states are attributed

to the transition from the p-shell to the s-shell due to their nonlinear power

dependence and the 54 meV separation between the two peaks. This behavior

is typical of normal SK grown InGaAs QDs [30, 31, 38, 106]. The ensemble PL

is fairly broad for modern quantum dots, which suggests that this new growth

process produces a wide range of dot sizes (see Figure 6.2).

6.3.2 Exciton Lifetimes

The exciton lifetime for different emission energies was measured using

TCSPC with variable excitation intensity. The decay profile is biexponential

in nature. Numerous emission energies were studied, but none showed any
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significant dependence on excitation energy. Four such energies are shown in

Figure 6.6 (b) and (c). A systematic change in lifetime as a function of emission

energy in SK InGaAs QDs may be expected. Previous experiments, however,

have yielded contradictory results. Refs. [41, 45, 107, 108] show increasing

lifetime with increasing emission energy, Refs. [109, 110] show no change in

lifetime, and Refs. [37, 42, 56, 111] show decreasing lifetime. The reasons for

these dependencies vary depending on the result from a dependence on Fermi’s

golden rule to one on the overlap between the electron and hole wave functions.

Many of these studies ignore the non-radiative component of the decay,

assuming it to be zero or negligible at low temperatures. A recent study by

Stobbe, et. al., that used a modified local density of states approach to defini-

tively separate radiative and non-radiative lifetime showed radiative lifetime

increasing with increasing energy. This study argued that other measurements

of the energy dependence were invalid because the non-radiative decay com-

ponent is significant enough to corrupt the emission energy trend [41]. In light

of this, we reserve judgement on the relationship between emission energy and

exciton lifetime for the QDCs from this set of measurements. We attempt to

rectify this in a modified LDOS measurement in Section 6.3.2.2.

6.3.2.1 Lifetimes of Different States

Above saturation, the lifetimes associated with emission from the s-shell

do not change. The Coulomb-bound biexciton state is expected to have little

spectral separation from the single exciton state, but to have a faster lifetime

[112, 113]. Since the lifetimes associated with the lower energy peak do not

change, biexciton states must contribute very little to the overall photolumines-

cence. However, there is an immediate and marked difference in the measured
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lifetimes for the spectral region where the higher-energy, second excited state

emissions occur; τf decreases to 200 ps. Theoretical studies have shown the

lifetime expected from second excited states to be anywhere from equal to the

first excited state lifetime to four times as fast [38, 106, 107, 109, 110, 112, 113].

6.3.2.2 Modified Local Density of States Measurement

Fast and slow decay rates taken with QDCs at 64 different distances

to the GaAs air interface are shown in Figure fig:LDOSdata. Etching depths

that created a QD-interface distance of less than 100 nm were not used because

previous studies found this data unusable due to increased influence of non-

LDOS factors [41, 43]. The decay rates in Figure 6.7 are artifically offset

in the figures for readability. From the LDOS dependence found in Section

sec:modLDOS, the decay rates are expected to vary by as much as 30% with

periods of roughly z = 150 nm.

Unfortunately, there is no clear trend in our data. It is most likely

that this is some error in our fabrication process. Although the process was

tested extensively with samples made from similar materials, it is possible that

small differences in the QDC sample caused unforseen problems. Technical

issues that could have contributed to a lack of trend are bubbles in the glue

layer between the QDCs and the Si substrate and uneven etching. Either of

these issues could potentially have caused a relatively large distribution in the

heights of an etch step, thereby corrupting the z-dependence.

It is also possible that the curve fitting process introduced an untenable

amount of error into the measurement. Since the decay is biexponential in

nature, six fitting parameters are used: two for the decay constants, two for

the relative amplitudes, one for the time offset, and one for the background
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Figure 6.7: Modified LDOS data for hexa-QDCs.
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intensity. As they say, “with six parameters, you could fit an elephant to

the data.” Since all of the data sets were initiated with the same assumed

values for these parameters, it is possible that the variation in decay rate was

corrected for by changes in other parameters.

While this setback is unfortunate, it is unlikely that the potential fab-

rication issues will be resolved until more hexa-QDC samples can be grown.

6.4 Single Dot Properties

While much insight can be gained by performing measurements at an

ensemble level, detailed information about the quantum dynamics of the QDCs

is best gained through studies of single clusters. However, the low emission

intensity and high density of the QDCs studied here make single cluster mea-

surements challenging. To obtain good signal to noise ratio for the measure-

ments, long integration times were necessary and thus the mechanical stability

of the translational stages used to hold the sample were an added factor. To

combat these difficulties, only QDCs that are relatively isolated and in a higher

energy range where the CCD detector is most efficient could be studied.

6.4.1 Photoluminescence

The µPL techniques employed here differ from those previously used on

this sample [94]. Formerly the excitation laser was incident upon the sample

at an angle, over an area tens of microns in diameter. For this new set of

measurements, the laser was first focused down onto the sample using the

collection objective to ensure that only one QDC was excited at a time. This

configuration is commonly referred to as a confocal excitation. With this setup,

the excitation spot on the sample was less 1.5 µm in diameter. Therefore, if
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a single QDC separated by 1 µm from each of its neighbors was selected,

only the QDs inside the desired cluster were excited. A simple test of this

technique was performed by moving the sample in small increments (0.5 µm)

and measuring the emission spectrum [30]. With such movements across the

sample, the emission lines were seen to uniformly disappear as the excitation

spot left the QDC of interest and after further movement, different emission

lines appeared as the next QDC entered the excitation area. For well separated

clusters, these unique sets of emission lines did not appear at the same spatial

location as any other set, showing that only the QDs inside a single cluster

were excited.

Figure 6.8 displays a series of single QD s-shell emissions at temperature

intervals between 25 and 80 K. As can be seen in (b) and (c), the QDs exhibited

a redshifted PL and a significant increase in linewidth before dropping below

intensities detectable with integration times of a few minutes. These charac-

teristics are typical of SK grown QDs and are evidence of the good degree

of confinement present in our sample. For example, emission at 80 K shows

that the binding energy of the electron-hole pairs is greater than the thermal

energy at 80 K (roughly 7 meV). Exciton binding energy is strongly a function

of the QD size. Were the excitons to be confined to the QDC structure as a

whole instead of individual QDs within the cluster, the binding energy would

be indicative of an extremely large QD. Based on calculations in Ref. [38]

and [114], QDs this large should have a binding energy of only 4 meV, much

less than our sample. The AFM measurements of uncapped QDCs showed

QDs with heights ranging from 9 nm to 12 nm (≥ 12 meV binding energy)

consistent with our temperature measurements.

In 6.8 (b) the linewidth of A increases from 0.25 meV at 25 K to 1.09
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Figure 6.8: Temperature dependent PL from single QDs.
(a) PL emission from a single hexa-QDC at different temperatures. (b) Evolu-
tion of linewidth with temperature. (c) Wavelength changes with temperature.
Figure re-used from Ref. [94].
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meV at 80 K. This increase in linewidth is attributed to increased electron-

phonon interaction at higher temperatures. The spectral shift in Figure 6.8

(c) shows a quadratic dependence on temperature. This trend is consistent

with previous studies of self-assembled InAs/GaAs QDs[115]. This spectral

shift is generally thought to be a product of the temperature related bandgap

changes in bulk InAs and GaAs.

The single cluster spectrum in Figures 6.9 and 6.10 displays emission

energies for the s-shell states of the six QDs between 1267 and 1277 meV.

While the emission energies of QDs inside isolated single QDCs do vary over

a wide spectral range (1125 to 1350 meV), they are more commonly found

near the higher energy end. Interestingly, this characteristic emission range

does not seem to agree with the collected ensemble PL. We hypothesize this

may be because such higher energy dots are easier to see with our Si based

detectors and therefore more likely to be chosen for single QDC study. A

second possibility is that there is a difference between the sizes, strain, or

composition of QDs in closely spaced clusters versus isolated clusters caused

by the proximity of other GaAs growth templates causing them to have higher

emission energy.

The lowest excited states, or the exciton ground state, of a single QDC

typically consists of three to six sharp emission lines (at low excitation inten-

sity < 8.6 W/cm2). These energies usually appear clustered together or in

two or three well-separated spectral groups. The spectral lines have a linear

dependence upon excitation intensity and have narrow measured linewidths ≤
0.1 meV, below the resolution limit of our spectrometer.

A typical single QDC spectrum, containing six closely spaced emission

lines, is shown in Figure 4. The lines appear at 1267.3 meV (A), 1272.2 meV
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Figure 6.9: PL from a single hexa-QDC at different excitation intensities.

(B), 1273.3 meV (C), 1274.4 meV (D), 1276.6 meV (E), and 1277.3 meV (F).

Although their spectral proximity could indicate that some of the lines are

exciton-biexciton pairs, all of the lines exhibit linear dependence on excitation

intensity, which supports our conclusion that all of these lines are single exciton

transitions. Given the very small variation in emission energy, the QDs in this

QDC have very uniform size and shape [1].

At higher excitation intensities (> 8.6 W/cm2) additional clusters of

emission lines appear near 1337 meV. These additional lines have nonlinear

power dependence and may be attributed to transitions between the first and

second excited states in the QDs. Other QDCs show similar behavior with

additional lines appearing between 65 and 70 meV higher than the original

emissions. The ensemble data collected for this sample shows a splitting of 52
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meV between the original and second peaks, this discrepancy may be due to

our poor collection efficiency at low energy or to selection bias, as previously

mentioned.

For many of the single QDC, a third set of emission lines appears at

excitation powers near 27 W/cm2 at 10-20 meV above the second set of lines.

This is believed to be the second p-shell transition as expected from the calcu-

lations in Section 2.6. Because of the close proximity of these lines, this pre-

sented itself not as a third peak, but as a broadening of the second peak in the

ensemble measurements. Further energy levels could not be measured because

broadened emission near the first and second excited transitions overwhelmed

all other transitions. This behavior has been seen previously in single QDs

[31, 32] and has been attributed to interaction between the state filled wetting

layer and the QD [116].

6.4.2 Exciton Lifetimes

Carrier decay lifetimes were measured for single exciton states in the

QDC by isolating individual emission lines with the spectrometer. The me-

chanical stability of the experiment allowed for integration times of 1000 s

before significant drift occurred and the QDC of interest was no longer under

the excitation spot. This time constraint and the low intensity emissions from

the sample only allowed relatively bright transition lines to be measured.

Since emission lines in the QDC are often very close in energy, TCSPC

measurements were made with the excitation intensity kept below levels that

would saturate the single exciton state to avoid allowing any light from nearby

biexciton levels to corrupt the measurement. Even without the contribution

of biexciton states, the measured decays were clearly biexponential; the slow
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decay component accounted for slightly less than half of the collected photons.

We tentatively attribute this to significant contribution by non-radiative decay

from dark excitons.

non-radiative decay can occur through trapping at the QD interfaces or

through thermally activated carrier escape [117]. A study of radiative lifetimes

in SK grown InAs/GaAs QDs by Stobbe, et. al., showed that the primary

contribution to the non-radiative decay comes from trapping at the GaAs-QD

interface [41]. The QDs in the QDCs differ from normal SK grown QDs in

that they include a GaAs growth mound. It is unknown whether the wetting

layer covers this mound or if the mound comes into direct contact with the

QDs, introducing yet another material interface and more opportunity for

trapping. Optical studies of large areas of the sample showed dislocations at

the material interface and such crystal irregularities may provide additional

avenues for non-radiative decay. Given the unique nature of the QDCs, futher

study is necessary to determine the exact nature of the non-radiative decay.

Three decay models, a single exponential, a single exponential with a

delayed rise time, and a biexponential decay were tested against the single

QD decay histograms. The biexponential model provided the best fit to the

data with a reduced χ2 value very close to 1 whereas the other models were

poorer fits with values near 3. Using the biexponential model, single QDC

emission lines were measured to have τf of 107-459 ps and τs of 1.10-2.69 ns,

somewhat faster than our ensemble measurements. For the QDC shown in

Figures 6.9 and 6.10 the measured decay lifetimes are summarized in Table

6.1. The parameter β is a ratio of intensity of the fast decay component to

the total intensity.

The TCSPC curves shown in Figure 6.10 are accompanied by fitted
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Figure 6.10: Ground state exciton lifetimes in a single hexa-QDC.
PL emission and decay histogram from all six QDs comprising a single cluster
as indicated by letters A-F.
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Emission Line Energy (meV) τf (ns) τs (ns) β
A 1267.4 0.284 1.51 0.42
B 1272.2 0.206 1.70 0.84
C 1273.3 0.442 1.70 0.61
D 1274.4 0.298 1.11 0.57
E 1276.6 0.400 2.30 0.54
F 1277.3 0.382 2.41 0.68

Table 6.1: Measured decay lifetimes and β ratios for a single QDC.

biexponential decay functions convolved with the instrument response function

of the system. As can be seen, there is little difference between the rise time

of the decay histogram and that of the convolved fit. The exciton lifetimes

have very fast rise times, below the resolution of the detector (60 ps). This

shows that carriers in the QDs are quickly thermalized to the lowest excited

state. The finite relaxation time of carriers leaving other states causes excitons

involved in cascaded processes to show a delayed rise time [106, 112, 113]. This

lends further credibility to our assertion that we are measuring single exciton

states below saturation. It also follows that fast rise times are an indication

that there is no transfer of excitons between QDs in the clusters on time scales

detectable with our experimental setup.

Typical two level models for single self-assembled QD decay lead to a

monoexponential profile. In order to explain the biexponential dynamics, a

three-level model, as discussed in Section 3.1, is needed to explain this exper-

imental observation. This more complex model introduces interactions with

dark or trap states. Biexponetial dynamics on similar time scales have been

observed in single SK InAs QDs [40] and led the authors to conclude that the

slow rate was due to processes involving the dark state. The exact nature of

this non-radiative state is unclear without further spectroscopic study. How-
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ever our sample does contain a number of large scale surface dislocations and

the slow decay component exhibits large variations across the sample in en-

semble measurements. We suggest that these two observations may be related

and that the dark state may be attributed to trap or defect states.

105



Chapter 7

Future Directions

7.1 Summary

InAs/GaAs QDs encapsulated in photonic wires are a very promising

new single photon source. Our systematic study of ground state excitons con-

fined in QDs in wires of different diameters showed very good agreement with

theoretical predictions. For wires with d/λ between 0.25 and 0.30, the de-

cay into the HE11 mode dominates and the QDs see a rate of enhancement

of approximately 1.75. For smaller wires where the HE11 mode becomes de-

confined, non-radiative decay channels dominate and emission into the guided

mode is reduced by as much as a factor of 16. This excellent inhibition factor

rivals the state-of-the-art in inhibition by photonic crystals. Recent progress

in obtaining linearly polarized single-mode operation from QDs in elliptical

photonic wires cements the position of these devices as serious players in the

field of single photon generation.

In the second study, we presented the first spatially, spectrally, and tem-

porally resolved photoluminescence measurements on individual hexa-QDCs.

In some QDCs, six exciton transitions with narrow linewidths and with robust

temperature dependence were observed. These properties show that excitons

are effectively confined inside individual QDs within each cluster. The lifetime

measurements revealed distinct biexponential decays indicating a strong influ-

ence of non-radiative decay processes and exciton occupation of dark states.
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Attempts to discern the nature of these states through modified LDOS mea-

surements were unfortunately not fruitful. The small variation between emis-

sion energies and decay constants between QDs suggest a high degree of uni-

formity in the size, shape, and composition within some clusters. These QDCs

with controlled spatial and spectral properties provide a new opportunity for

developing devices that require controlled coupling between QDs, such as scal-

able quantum logic gates, which will be discussed in the following sections.

7.2 Electrically Pumped Photonic Wires

Electrical pumping of QDs in photonic nanowires is the next logical

step in realizing a practical single photon source. Removing the necessity for

an expensive ultrafast laser to generate excitons in the system is extremely

desirable. The feasibility of this process has already been shown for a number

of Purcell based designs: QDs in micropillar cavities [118], QDs in a planar

DBR cavity [119], and QDs in a planar DBR with integrated PC waveguides

[120]. Each of these systems successfully implemented electrical pumping and

was able to achieve a good autocorrelation function, proving the device effec-

tiveness as a single photon source.

To this end, Gregersen, et al., designed three possible ellectrically

pumped devices based on QDs in photonic wires and tested them through

simulations [83]. Each device consisted of a photonic wire similar to those

studied in Chapter 5, surrounded by an insulating polymer (devices 1 and 2)

or air (device 3) and using combinations of indium-tin-oxide (ITO) and gold as

contacts and composite bottom mirrors. The photonic wires in these designs

were doped to create a p-i-n diode around the QDs. The primary differences

in the three designs were in the shape of the top taper and the geometry of
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the upper contact. The first design used the original tapering design for the

top facet with an ITO contact surrounding the wire at the base of the top

taper. The second and third designs, instead, used an inverted top taper to

control the far-field radiation pattern. In this case, the far-field divergence is

reduced as the field is expanded adiabatically inside the taper. An additional

perk of this approach is that it also helps guide the applied electrical current

to the QD. This geometry has already been fabricated successfully using the

same procedure as in Section 5.3, but with slightly different etching parame-

ters [83]. The difference between the second and third device designs lies in

the geometry of the top electrical contact. In the second device, the optically

transparent ITO is used to create a planar contact over the top of the entire

structure. The third design leaves the area surrounding the lateral sides of the

wire empty to increase the refractive index contrast and therefore the β-factor.

It uses a gold top contact that slightly overlaps the edges of the top wire facet.

Simulations showed that the three devices have very promising theo-

retical efficiencies of 82%, 81%, and 89%, respectively. Since the devices have

nearly identical efficiencies, it is likely that fabrication considerations will be

the overriding factor in determining the next step in the technology.

7.3 QDC in Photonic Wires

A natural extension of the work in this dissertation is to fabricate pho-

tonic wires around the QDCs. The very close spatial proximity of QDs inside

each cluster would increase the probability of obtaining photonic wires with

multiple QDs experiencing high β-factors. The enhancement provided by the

bottom mirror and the collection efficiency due to the waveguiding properties

of the photonic wires would be a welcome boost to the output intensity of the
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QDC.

While applying electrical gates to couple the QDs in the cluster (as

discussed in the following section) would no longer be feasible inside a photonic

wire geometery, other technologically interesting devices could be imagined.

For example, if a QDC like the one highlighted in Section 6.4 were positioned

more or less on axis of a photonic wire, the resulting device could be used as a

tunable single photon source. Because of the close spectral proximity of QDs

in the cluster, only very small changes in temperature (10s of degrees) would

be necessary to tune one QD across the gap before the temperature could be

returned to the norm and emission from the next QD could be used.

7.4 Coupling Methods Between QDs

Particularly attractive applications for hexa-QDCs lie in the areas of

quantum encrypted communications and quantum information processing. In

particular, qubit operations at least five qubits for the most minimalistic error

correction scheme proposed thus far [88, 89]. Our geometry that inherently in-

cludes six QDs in close proximity is an ideal platform for such a scheme. How-

ever, before any such algorithms can be implemented, a method for coupling

the QDs within a cluster and for controlling this coupling must be devised.

The most common mechanisms for coupling between self-assembled

QDs are dipole-dipole interaction, carrier tunneling, and applied electric fields.

The first two of these are limited to close range interactions between QDs.

The dipole-dipole interaction typically requires interdot spacing on the order

of less than 10 nm [41, 103]. Carrier tunneling between QDs operates on sim-

ilar length scales and is rarely observed for interdot distances larger than 15

nm [41, 121]. From our time correlated single photon counting measurements
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in Section 6.4, we speculated that our QDs were not intrinsically coupled and

therefore neither of these processes were in effect. This leaves the very popular

approach of inducing coupling between the QDs using applied electric fields.

This technique is widely used for vertically aligned QD molecules and

has been used to demonstrate successful coupling in a number of publications.

To list a few: Krenner observed coupling in the anticrossing behavior of their

vertically aligned QD pairs by tuning the applied electric field [90]. Stinaff

presented a very complicated anticrossing behavior between multiple states of

asymmetric vertical QD pairs [122]. Additional similar studies can be found

in Refs. [123] and [124], among many others.

Although the lateral QDC geometry seems ideal for creating scalable

systems, there are relatively few published efforts to couple these systems. A

group in Germany published a very nice study of electrically induced cou-

pling in a lateral QD pair, showing both a weak anticrossing of the PL signal

and a very convincing cross-correlation measurement [93]. The changes in re-

combination dynamics with increased coupling between QDs have also been

extensively studied for lateral QD pairs [95].

In these previous studies on coupled QD pairs, exciton transitions were

separated by a few meV [93, 95, 100]. This is a necessary property for using

electric fields to tune the QD coupling. Several of the QDC studied in our

sample contained multiple QDs with spectrally close transitions, suggesting

that it should be possible to couple these states. Additionally, the individ-

ual state transitions from our QDC sample all exhibit narrow linewidths 0.1

meV, corresponding to a long dephasing time. The narrow energy distribu-

tion and long dephasing time of QDs within a single cluster make these QDCs

particularly attractive for use as coupled qubits for information processing.
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E. Hu, W. V. Schoenfeld, and P. M. Petroff. Cavity-quantum electrody-

namics using a single inas quantum dot in a microdisk structure. App.

Phys. Lett., 78(25):3932, Apr 2001.

[116] L. Landin, M. S. Miller, M. E. Pistol, C. E. Pryor, and L. Samuelson.

Optical studies of individual inas quantum dots in gaas: few-particle

effects. Science, 280(5361):262–264, Apr 1998.

[117] E. C. Le Ru, J. Fack, and R. Murray. Temperature and excitation

density dependence of the photoluminescence from annealed inas/gaas

quantum dots. Phys. Rev. B, 67(24):245318, Jun 2003.

[118] C. Böckler, S. Reitzenstein, C. Kistner, R. Debusmann, A. Löffler, T. Kida,
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