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Abstract 

Semiconductor nanostructures exhibit many remarkable electronic and optical properties. 

The key to designing and utilising semiconductor quantum structures is a physical understanding 

of the detailed excitation, transport and energy relaxation processes. Thus the nonequilibrium 

dynamics of semiconductor quantum structures have attracted extensive attention in recent years. 

Ultrafast spectroscopy has proven to be a versatile and powerful tool for investigating transient 

phenomena related to the relaxation and transport dynamics in semiconductors.  

In this thesis, we report investigations into the electronic and optical properties of various 

semiconductor quantum systems using a variety of ultrafast techniques, including up-conversion 

photoluminescence, pump-probe, photon echoes and four-wave mixing. The semiconductor 

quantum systems studied include ZnO/ZnMgO multiple quantum wells with oxygen ion 

implantation, InGaAs/GaAs self-assembled quantum dots with different doping, InGaAs/InP 

quantum wells with proton implantation, and silicon quantum dots. The spectra of these 

semiconductor nanostructures range from the ultraviolet region, through the visible, to the 

infrared. In the UV region we investigate excitons, biexcitons and oxygen implantation effects in 

ZnO/ZnMgO multi-quantum wells using four-wave mixing, pump-probe and photoluminescence 

techniques. Using time-resolved up-conversion photoluminescence, we investigate the relaxation 

dynamics and state filling effect in InGaAs self-assembled quantum dots with different doping, 

and the implantation effect in InGaAs/InP quantum wells. Finally, we study the optical properties 

of silicon quantum dots using time-resolved photoluminescence and photon echo spectroscopy on 

various time scales, ranging from microseconds to femtoseconds.  
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Chapter 1  

Introduction 

1-1 Semiconductor nanostructures 

 Semiconductors are the cornerstone of the modern electronics industry. They have 

been used extensively in communication, information and computer industries since the 

semiconductor transistor was invented. During the latter half of the twentieth century, 

miniaturization of semiconductor devices has been a major focus in order to increase 

integration, enhance functionality, and reduce energy consumption. As a result, 

semiconductor devices have evolved from millimeter-sized devices capable of manipulating 

electric currents into micrometer-sized devices that can handle both electricity and light. In 

the twenty-first century, the challenge is nanometer-sized semiconductor devices that can 

directly interact with individual atoms and molecules at the nanometer level [1-3].  

The idea of using quantum effects in thin layers of materials has been discussed since 

the late 1950s [4]. Esaki and Tsu proposed the use of superlattices for the observation of 

negative differential resistance [5]. In 1971 Kazarinov and Suris proposed the idea of a 

unipolar laser using quantized subbands in a thin semiconductor quantum well and 25 years 

later the idea was finally implemented in a quantum cascade laser [6, 7]. The development of 

the AlGaAs/GaAs material system, with a nearly perfect match in lattice constant, stimulated 

further development of these pioneering ideas and studies of superlattices and quantum wells 

quickly became a mainstream of semiconductor research.  

Advanced epitaxial growth techniques, such as molecular beam epitaxy and 

metalorganic chemical vapour deposition, have been specially developed to enable the growth 

of high-quality semiconductor alloys under precisely controlled conditions. Impressive 

progress in the fabrication of low-dimensional semiconductor structures made it possible to 

reduce the effective dimension from three dimensional bulk materials, to quasi-two 

dimensional quantum well systems, to quasi-one dimensional quantum wires, and even to 

quasi-zero dimensional quantum dots [8-13]. The introduction of quantum wells in the early 
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1970s became a turning point in the direction of electronic structure research [14]. A quantum 

well is a very thin layer of a semiconductor, with a small energy bandgap, sandwiched 

between two layers of another semiconductor with a larger energy bandgap. The motion of 

electrons in the quantum-well structure is confined in the growth direction if the thickness of 

the quantum-well layer is of the order of the de Broglie wavelength 

( effkTmhph 3// ==λ ), where
eff

m is the effective mass. The quantum confinement 

effects in such semiconductor systems with reduced space dimensions have attracted 

considerable attention. Especially interesting are the modified electronic and optical properties 

of these structures, which are controllable to a certain degree through the flexibility in the 

structure design. This feature makes quantum confined semiconductors very promising for 

possible device application in microelectronics, nonlinear optics and many other fields [15-

17].  

 In the 1980s the interest of researchers shifted toward structures with further reduced 

dimensionality: quantum wires with one-dimensional confinement and quantum dots (QDs) 

with zero-dimensional confinement. The localization of carriers in all three dimensions breaks 

down the classical band structure of the continuous dispersion of energy as a function of 

momentum. Unlike quantum wells and quantum wires, the energy level structure of quantum 

dots is quite discrete. The unique discrete energy level structure of semiconductor quantum 

dots opens a new chapter both in fundamental physics in which they can be regarded as 

artificial atoms and in potential applications as devices [18-20]. Quantum dot materials have 

found potential application in quantum dot lasers, photon detectors, and quantum computing, 

etc. However, the full impact of quantum dot technology is yet to come. 

1-2 Ultrafast Spectroscopy 

Optical spectroscopy is a very powerful technique for investigating the electronic and 

vibrational properties of various systems and has provided extensive information about the 

properties of atoms and molecules [21]. Spectroscopy has also played an important role in 

semiconductor physics and application research. It is well known that linear optical 

spectroscopy of semiconductors has provided invaluable information on many diverse aspects 

of semiconductors such as electronic band structure, phonons, coupled phonon-plasma modes, 

single-particle excitation spectra of electrons and holes and the properties of defects, surfaces 

and interfaces through the techniques of absorption, reflection, luminescence and light-

scattering spectroscopy. These are essential contributions to our understanding of 
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semiconductors, but optical spectroscopy can do much more by exploiting its additional 

unique strengths that make it a preferred technique for obtaining fundamental new 

information about the non-equilibrium, nonlinear and transport properties of semiconductors.  

Optical excitation has the ability to generate non-equilibrium distributions of carriers 

and excitons, and optical spectroscopy provides the best means of determining such 

distribution functions. When these unique strengths are combined with ultrafast laser and 

spatial imaging techniques, ultrafast spectroscopy becomes a powerful tool for investigating a 

broad range of phenomena related to relaxation and transport dynamics in semiconductors. 

Ultrafast spectroscopy of semiconductors has been an active field of research and has led to 

many new insights into phenomena of fundamental importance in semiconductor physics and 

in many optoelectronic and electronic devices. Ultrafast coherent phenomena in 

semiconductor and other complex molecular systems have great potential importance but they 

are still essentially unexplored due to the complexity and the ultrashort time scale. 

Multi-dimensional coherent spectroscopy techniques, such as multiple pulse photon echoes 

[22-24], have become an important tool to explore ultrafast coherent dynamics.  

The aim of ultrafast spectroscopy of semiconductors is to study the carrier relaxation 

dynamics and transport dynamics after ultrashort pulse excitation. Impressive progress has 

been made in ultrafast spectroscopy since the femtosecond laser was introduced. Practical 

applications and many of the ultrafast spectroscopy techniques have been developed or 

improved towards shorter time and smaller spatial and frequency resolution, and provide 

multi-dimensional information, such as the pump-probe technique [25], streak camera 

detection, up-conversion photoluminescence [26], micro-photoluminescence [20], four-wave 

mixing [27] and photon echoes [28, 29], etc.  

The main time scale of ultrafast spectroscopy is usually femtoseconds or picoseconds, 

which includes four temporally overlapping regimes [30] in the carrier relaxation dynamics 

processes. In the coherence regime, normally within 200 fs after the laser pulse, a polarization 

is created by the ultrashort pulse in the semiconductor with well-defined phase relationship. 

Many important phenomena are included in this regime, such as exciton and biexciton 

dephasing, quantum beats of excitons, Bloch oscillations and so on [31]. Coherences in 

semiconductors have not been extensively investigated although coherence in atomic and 

molecular systems and defects in solids have received considerable attention. The main reason 

is that the scattering processes that destroy the coherence are extremely fast in semiconductors, 

so that femtosecond techniques are essential in order to study the coherence regime in 

semiconductors and their nanostructures. The destruction of the coherence created by an 
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ultrashort pulse by various scattering processes provides important new information about the 

fast dynamical processes in semiconductors [32, 33]. The newly developed spectrally resolved 

two-colour three-pulse photon echoes and four-wave mixing techniques are powerful tools for 

studying this regime.   

Following the destruction of coherence through dephasing, the distribution of carriers 

or excitons is likely to be in non-thermal equilibrium. In this non-thermal regime, the 

distribution function cannot be characterized by a temperature. Some of the important 

scattering processes are included in this regime, such as electron-hole scattering, electron-

optical phonon scattering and carrier capture in a quantum well [34-36].  

The hot-carrier regime is classified as the third regime. In this regime, carrier-carrier 

or exciton-exciton scattering is primarily responsible for the redistribution of energy and 

results in a thermalized distribution function of the carrier or exciton system which can be 

characterized by a temperature. The temperature can be higher than the lattice temperature 

and may be different for the different sub-systems (electrons, holes, excitons). The 

thermalization times depend strongly on many factors such as carrier density and details of the 

scattering mechanism, such as carrier-acoustic phonon scattering, decay of optical phonons 

and intersubband scattering. The optical spectroscopy investigation of the dynamics of 

cooling of carriers to the lattice temperature can provide information about various carrier-

phonon, exciton-phonon and phonon-phonon scattering processes [37-39]. In general, 

femtosecond time resolution is required for the above regimes. Therefore, femtosecond 

resolution techniques, such as up-conversion photoluminescence and pump-probe are suitable 

for these regimes.  

In the isothermal regime all the carriers, phonons and excitons are in equilibrium with 

each other and can be characterized by the same temperature, the lattice temperature. 

Electron-hole pairs (or excitons) recombine either radiatively or non-radiatively and retune the 

semiconductor to the thermodynamical equilibrium. Normally this process is not shorter than 

hundreds of picoseconds [40, 41].  The streak camera is a very good tool for this regime with 

picosecond time resolution, a long scan time, high sensitivity and broad spectral response. 

Up-conversion and direct detection are also used for the short and long time region.    

It should be emphasized that many of the processes leading to relaxation in the 

different regimes occur simultaneously due to the complexity in semiconductors and 

semiconductor quantum structures. For example, the processes of destroying coherence may 

also contribute to thermalization of carrier distribution functions and emission of phonons 
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may occur while the electrons and holes are thermalizing to a hot distribution. The non-

thermal carrier distribution function created by a femtosecond pulse is influenced by 

dephasing of the coherent polarization during the pulse.  

1-3 Layout of thesis 

The key to the design and improvement of semiconductor quantum structures is a 

physical understanding of the detailed excitation and energy relaxation processes. Therefore, 

the nonequilibrium dynamics of semiconductor quantum structures has attracted considerable 

attention in recent years [32, 34]. Ultrafast spectroscopy provides a suitable means to 

investigate dynamical processes. However, many techniques of ultrafast spectroscopy are still 

being explored and further improvements are required for the effective application to 

semiconductors [28, 30].  

In this thesis, we study the coherent and incoherent carrier dynamics in various 

semiconductor quantum systems, including ZnO/ZnMgO multiple-quantum wells with ion 

implantation, InGaAs /GaAs doped quantum dots, silicon quantum dots and InGaAs/InP 

quantum wells with proton implantation, using various ultrafast techniques, including time-

resolved photoluminescence, pump-probe, FWM and photon echoes. The samples used in this 

study involve different wavelength regions in the ultraviolet, visible and infrared. A broad 

wavelength femtosecond laser system covering wavelengths ranging from the ultraviolet to 

the infrared region, together with a suitable detection system, is essential for the ultrafast 

spectroscopy.  

The thesis is organized as follows. The first chapter is an introduction to ultrafast 

spectroscopy and applications to semiconductor nanostructures. Chapter 2 presents a brief 

description of the ultrafast laser system, basic density matrix theory and Bloch equations 

involving the interaction between light and matter based on a simple two-level system used in 

semiconductors carrier dynamics. The fundamental principles and general experimental setup 

of the ultrafast spectroscopy techniques are introduced in this chapter, including time-resolved 

photoluminescence, the pump-probe technique, FWM and photon echoes. We also discuss the 

detailed experimental setups used in our experiments.  

The basic concepts of semiconductors and semiconductor quantum structures are 

described in chapter 3. The electronic energy band structures in quantum wells, quantum 
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wires and quantum dots are depicted and the corresponding state densities are compared with 

bulk semiconductors in this chapter.     

In chapter 4 we provide the detailed experimental results and interpretation for 

ZnO/ZnMgO implanted multiple-quantum wells. Coherence phenomena in ZnO multiple-

quantum wells, such as dephasing of excitons and biexcitons, are observed using FWM 

experiments. We apply integrated photoluminescence and pump-probe to detect the carrier 

dynamics on various time scales and to identify the effect of oxygen implantation.  

Chapter 5 presents the experimental results for InGaAs/GaAs p-doped quantum dots 

and discusses the carrier dynamics and state filling effect. We investigate the carrier capture, 

carrier relaxation and recombination in different growth and doped self-assembled 

InGaAs/GaAs quantum dots using up-conversion photoluminescence and time-integrated 

photoluminescence. The state filling effect in the modulation doped self-assembled 

InGaAs/GaAs quantum dots is discussed and described using simplified rate equations. The 

detailed experimental results and interpretation for InGaAs/InP quantum wells with proton 

implantation are presented. In the samples with different lattice match and hence a different 

strain between the quantum well and the barrier, the effect of implantation on the band edge 

shift and luminescence efficiency and the dynamics of carrier capture and recombination is 

investigated using time-integrated and up-conversion photoluminescence. 

The experimental results for another kind of quantum dot, silicon quantum dots, 

which emit in the visible region, is presented in chapter 6. We observe not only a significant 

state filling effect and different electron-hole recombination rates using both integrated and 

time-resolved luminescence spectroscopy but also the ultrafast dynamics using two-colour 

transient grating. A summary and suggestions for further work are briefly described in 

chapter 7. 
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Chapter 2  
Ultrafast Laser Spectroscopy 

2-1 The ultrafast laser system   

The ultrashort pulse laser is an essential part of ultrafast spectroscopy. During the past 

thirty years extensive research has been performed and several important techniques have 

been developed to generate ultrashort laser pulses, increase the pulse energy, improve the 

laser mode quality and extend the range of wavelengths. In ultrafast spectroscopy, ideally the 

laser source should provide ultrashort pulses with the desired pulse width, a broad range of 

tunable wavelengths, and sufficient pulse energy with excellent mode structure and suitable 

repetition rate. With progress in technology, so far the femtosecond laser has become the 

popular ultrafast laser source which is used extensively in ultrafast spectroscopy. However, no 

single laser source can cover the whole range of parameters required in spectroscopy due to 

the broad range of wavelength applications. In order to satisfy the requirement it is necessary 

to set up a laser system that consists of not only a laser oscillator but also other nonlinear 

equipment or amplifiers [1-3]. 

The development of short pulse lasers started soon after the invention of the first laser. 

The technique of switching the quality factor (Q) of the laser oscillator cavity normally 

generates nanosecond pulses. Mode-locking techniques, in which many longitudinal modes 

are locked in phase, can generate ultrashort pulses down to femtoseconds, especially in 

solid-state lasers with a broad gain spectrum and a saturable absorber in the laser cavity. 

Organic dye lasers, which were invented in the late 1960s and have a broad gain 

spectrum, are a versatile tool for spectroscopy because of their ultrashort pulse width and 

tunability in the visible and near infrared range. Significant progress has been made in the 

generation of ultrashort laser pulses since the first solid-state mode-locked laser was invented. 

New solid state materials with broad gain spectra have been developed and used to generate 

pulses shorter than 10 fs directly from the laser oscillator. Recently, these solid state lasers 

have practically replaced the dye laser as the basic spectroscopy source. It is possible to make 
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the ultrafast laser oscillator into a compact ultrafast source pumped by advanced 

semiconductor diode lasers. 

   Other laser techniques, such as amplifying and compressing the ultrashort pulses, 

nonlinear techniques for generating various frequencies using second harmonic generation 

(SHG), third  harmonic generation (THG) and sum frequency generation, generating 

ultrashort pulses of white-light continuum by passing an intense ultrashort pulse through a 

liquid or solid state material, have been significantly developed. Optical parameter oscillators 

(OPO) and optical parameter amplifiers (OPA) pumped by ultrashort pulses have increased 

the tunability range. By combining the above techniques one can obtain various repetition 

rates, wavelengths extending from ultraviolet (UV) to infrared (IR), widths as short as a few 

femtosecond, and sufficient pulse energy to satisfy the requirements of ultrafast spectroscopy.  

A typical ultrashort laser system which is used in our laboratory is shown in figure 2-

1. The laser oscillator is a Kerr mode-locked Ti: Sapphire laser (Tsunami) pumped by a diode 

pumped frequency doubled Nd:YVO4 532 nm laser (Millennia) and emits laser pulses tunable 

 
 

Figure 2-1 The ultrafast laser system 
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around 800 nm with pulse widths 60-80 fs, repetition rate 82 MHz and average power about 

700 mW. In order to generate higher peak power laser pulses, the laser pulses are seeded into 

the regenerative amplifier system, where the ultrashort pulses are first stretched to long pulses 

(about 200 ps) and then amplified to a higher pulse energy (~1 mJ), and finally compressed 

back to 80 fs but with much higher peak power and lower repetition rate (1 kHz). These 

powerful ultrashort pulses are then split into two beams to pump two independent OPAs for 

various wavelength applications.  

Figure 2-2 shows the principle of the OPA for extending the wavelengths. Firstly, 

800 nm ultrashort pulses can be easily obtained as the fundamental, and 400 nm and 266 nm 

pulses can be obtained by nonlinear second harmonic generation (SHG 400 nm) and third 

harmonic generation (THG 266 nm), respectively.  

 A white-light continuum pulse with ultrashort width is generated as a seed by a 

focused pulse (800 nm) passing through a sapphire plate. Pumped by the fundamental, the 

 

 
 

Figure 2-2 Principle of OPA for extending the wavelengths through nonlinear interaction 
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OPA oscillates and emits both signal and idler beams with perpendicular polarizations and 

tunable near infrared wavelengths. Then the signal and idler can mix with the fundamental to 

generate visible wavelengths through sum frequency generation (SFG). The second harmonic 

of the signal or idler can also mix with the fundamental to generate visible and ultraviolet 

output. Thus, the OPA system, through nonlinear techniques, can produce ultrashort pulses 

with wavelengths extending from the near infrared to the ultraviolet.   

2-2 Basic theory of interaction between light and 

semiconductors 

The excitation laser creates a macroscopic polarization in the system which is an 

ensemble average of the individual photoexcited dipole moments. During the coherence 

regime, which is the temporal regime immediately following the ultrashort laser excitation, 

the photoinduced polarizations retain a definite phase relationship with the excitation laser. 

This macroscopic polarization acts as a source term in Maxwell’s equations, and determines 

the linear and nonlinear response of the system. Thus, investigation of the linear and nonlinear 

response of the system can provide information about the induced macroscopic polarization 

and hence the coherence regime.  

In semiconductors, investigation of the coherence regime can provide the opportunity 

of learning not only about fundamental quantum mechanical processes, but also about the 

various scattering processes and scattering rates because the scattering processes result in the 

eventual loss of coherence [4]. The dephasing time of a semiconductor system is normally in 

the femtosecond or picosecond regime due to the extremely high scattering rate. Thus ultrafast 

laser spectroscopy is an essential tool for the investigation of the coherent response of 

transition semiconductor systems.  

2-2-1 Density matrix  

The coherence phenomena of atoms or molecules are generally analyzed using a 

simplified model, involving an ensemble of independent two-level systems. In this model, it is 

assumed that the excitation photon is nearly resonant with the transition between the two 

levels and far off-resonance with other transitions. The transitions can have different 
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broadening mechanisms, inhomogeneous or homogeneous. The electronic states of a 

semiconductor are considerably more complicated than those of atoms. However, in the 

simplest approximation of a semiconductor, each exciton can be considered as a two-level 

system and the continuum states can be considered as inhomogeneously broadened in 

momentum space in the absence of any interaction between the states.  Thus a two-level 

system is still a good approximation for semiconductor systems.  

In an ensemble of two-level systems, the statistical properties of the ensemble are 

generally described in term of the density matrix operator [6, 7]:  

∑ Ψ><Ψ=
j

jjjP ||ρ                                                                           （2-1） 

where 
j

P is that fraction of the system that has state vector |Ψj>. The density matrix obeys 

the Liouville variant of the Schrödinger equation: 

[ , ]i Hρ ρ=��                                                                                                  (2-2) 

The Hamiltonian operator of the system can be written as: 

RHHHH ++= int0                                                                                      (2-3) 

           The three terms H0, Hint, HR represent the Hamiltonian of an isolated two-level system, 

the Hamiltonian describing the interaction between the radiation field and the two-level 

system and the Hamiltonian describing the relaxation of the ensemble back to thermal 

equilibrium, respectively.  

For a two-level system with a ground state with state vector |g> and energy 
g

E and 

an excited state with state vector |e> and energy Ee, the density operator matrix can be written 

as:  











=

ggge

egee

ρρ

ρρ
ρ                                                                                       (2-4) 
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The diagonal elements of the density matrix represent the probability of finding the system in 

the two energy eigenstates, i.e., the populations of the two eigenstates ( 1=+ eegg ρρ ). The 

off-diagonal elements represent the coherence intrinsic to a superposition state.  

The unperturbed Hamiltonian is given by 

0

0

0

e

g

E

E

 
Η =  

 
                                                                                                (2-5) 

For an electric dipole-allowed transition, one neglects the electronic quadrupole and 

magnetic interactions in the interaction Hamiltonian. For a monochromatic plane wave with 

linear polarization and assuming the rotating-wave approximation, the interaction 

Hamiltonian can be written as  

*int

0

0

eg

eg

∆ 
Η =  ∆ 

                                                                                                 (2-6) 

where 

 { }( / 2) exp [ ( )]eg R gei tχ ω φ ∗∆ = ⋅ − ⋅ − = ∆q R� i                                                   (2-7) 

where 
R

χ  is the Rabi frequency at resonance ( ) /
e g

E Eω = − �  and φ  is a phase factor.  

The relaxation processes, which bring the ensemble back to thermal equilibrium, 

include carrier recombination, collisions with phonons and the interaction with other 

electronic states. Assuming the Markovian approximation and relaxation-time approximation, 

one approximates the relaxation Hamiltonian by 

1[ , ] /
R ee ee

H Tρ ρ= −                                                                                                  (2-8) 

2[ , ] /R eg egH Tρ ρ= −                                                                                                (2-9) 

where T1  is the lifetime of the excited state e and 2T is the transverse relaxation time or the 

lifetime of the coherence.  
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The relaxation term describes the scattering processes between states |g>, |e> and the 

host medium, which lead to depopulation of the excited state with a lifetime T1 and to 

dephasing of the polarizations with a phase relaxation time T2. Dephasing consists of two 

contributions, the dephasing due to depopulation and a pure dephasing described by
*

2T : 

*

2 2 1

1 1 1

2T T T
= +                                                                           (2-10) 

The scattering mechanisms leading to depopulation and dephasing have to be 

considered in more detail for the particular system under investigation.  

2-2-2 Bloch equations 

Some of the coherent phenomena may be readily seen using a simple optical Bloch 

equation treatment for a two-level system. Substituting 
ee

n ρ= , 1
gg

n ρ− = , and using 

equation (2-2) and the definitions of T1 , T2 , ge
∆ , one can get the optical Bloch equations [8]:  

1

eg

eg

n

n

ρ
ρ

ρ∗

 
=  − 

                                                                               (2-11) 

* *

1/ ( / )( ) 0ge ge ge gen n T i ρ ρ+ + ∆ − ∆ =��                                         (2-12) 

2( 1/ ) ( / ) (1 2 ) 0ge ge gei T i nρ ρ+ Ω + + ∆ − =��                                 (2-13) 

where ( ) /
e g

E EΩ = − � . The optical Bloch equations are the basis for analysing coherent 

transient experiments in isolated two-level systems.  

In the general case, it is not possible to obtain analytical solutions of the optical Bloch 

equations. Thus one generally resorts to expanding the density matrix into a Taylor series of 

the incident field amplitudes to obtain a solution to the desired order. The density n and 

polarization P can written as 
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(0) (1) (2) (3)
n n n n n= + + + +�                                                             (2-14) 

and 

 
(0) (1) (2) (3)P P P P P= + + + +�                                                         (2-15) 

In a semiconductor system, for the lowest conduction band and highest valence band, 

each state has a well-defined energy and momentum. In the simplest picture in the absence of 

Coulomb interaction, these continuum electron-hole states can be regarded as 

inhomogeneously broadened in momentum space. In this simplest approximation, one can 

neglect all the continuum electron-hole pair states and consider only the ground state and one 

excited state corresponding to the exciton bound state in which the oscillator strength is 

concentrated. Many of the experimental results of FWM and photon echoes have been 

interpreted in this simplest picture. However, the Coulomb interaction of electron-hole pairs 

plays an important role in semiconductor systems and leads to significant modification of this 

simplest picture, not only for the linear but also the nonlinear optical properties. In particular, 

the Coulomb interaction between excitons results in important effects, such as exciton 

bleaching and band-gap renormalization. A theoretical framework to deal with the many-body 

Coulomb interaction is known as the semiconductor Bloch equations.  

In the case of a spatially homogeneous system, the density matrix is given in 

momentum space [9] 

*

ek k

k

k hk

n P

P n
ρ

 
=  
 

                                                                     (2-16) 

where 
ek

n (
hk

n ) describes the nonequilibrium electron and hole distribution function of state k 

and 
k

P  describes the polarization induced by the coherent pump field in the momentum state 

indexed by k. The coherence Hamiltonian includes the electronic system and the interaction 

with the radiation 

' '

'

0 0

0* 0

ek k

coh kk k
k kk hk

V
ε

ρ
ε ≠

 ∆
Η = − 

∆ 
∑                                                (2-17) 
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where 
0 2 2( / 2) / 2ek g eE k mε = + � and 

0 2 2( / 2) / 2hk g hE k mε = − − � are the electron and 

hole energy in the absence of Coulomb interaction, respectively, 
0

( , )
k k

t∆ = −d E R with 

k k
e= −d r is the dipole matrix element for the electron and hole state, and 

g
E and 

( )
e h

m m are the energy bandgap and effective mass. The diagonal and off-diagonal 

components of the coherence Hamiltonian can be written as 

 '

'

0

,
,

ik ik ikk k
k k

V n i e or hε ε
≠

= − =∑                                                 (2-18) 

' '

'

0

,k k k k k
k k

V P
≠

∆ = ∆ − ∑                                                                (2-19) 

Equations (2-18) and (2-19) show the primary effects of introducing the Coulomb interaction, 

e.g., renormalizing the electron and hole energies and the interaction strength. 

 Similarly, with the optical Bloch equations, substituting these expressions into the 

Liouville equation (2-2), the semiconductor Bloch equations can be written as 

( ) ( / )(1 ) 0
k k k k ck hk

P g P i n n+ + ∆ − − =� �                                             (2-20) 

* *

1/ ( / )( ) 0
ek ek e k k k k

n n T i P P+ + ∆ − ∆ =��                                               (2-21) 

*

1/ ( / )( ) 0
hk hk h k k k k

n n T i P P+ + ∆ − ∆ =��                                           (2-22) 

where 21/= Ω +
k k

g T . The semiconductor Bloch equations cannot be solved analytically in 

the general case. One has to resort to extensive numerical calculations to obtain results and 

compare with the experiments.   
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2-3 Time-resolved photoluminescence  

2-3-1 Direct detection technique 

The simplest technique of time-resolved photoluminescence (TRPL) involves the 

measurement of the luminescence dynamics directly using a fast response detector and 

broadband electronics. A typical method is to use a fast response photomultiplier tube (PMT) 

or photodiode connected to a broadband oscilloscope as the recording system.  

In this technique the total time resolution usually depends on the response time of the 

detector and the bandwidth of the electronics. A normal PMT can provide up to a few 

nanosecond resolution and very good detection sensitivity due to its excellent signal 

amplification ability. For even shorter time resolution it is possible to use a fast channel-plate 

PMT with a time resolution of tens of picoseconds and very large dynamic range. Recently, 

new high-speed metal-semiconductor-metal (MSM) photodetectors have been developed and 

commercialized which have an impulse response below 10 ps.  Essentially the spectral 

response of the cathode material of the PMT determines the suitable spectral range and 

usually the visible is the best range. The suitable detection range can be extended to the 

ultraviolet or infrared range with ultraviolet or infrared enhancement technology in the 

cathode. So the direct detection technique is a good supplement to other ultrafast techniques to 

cover the dynamics from milliseconds to nanoseconds.    

2-3-2 Up-conversion spectroscopy  

Up-conversion spectroscopy (sum frequency generation) provides a versatile means 

of measuring the luminescence signals with a time resolution limited by the laser pulse width 

and has been applied to a wide range of investigations in semiconductors. 

In principle, up-conversion spectroscopy is based on the nonlinear interaction, sum 

frequency generation, of the optical fields between the luminescence and an ultrashort pulse, 

the gating pulse.  Two ultrafast laser pulses are applied in the technique; one is used to excite 
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luminescence and the other for gating, as shown in figure 2-3. The luminescence from the 

sample is collected in the normal manner and focused on a nonlinear crystal, usually BBO or 

LiIO3. The gating pulse is suitably delayed and also focused on the nonlinear crystal to 

overlap the luminescence spot. The angle between the two beams and the angle of the 

nonlinear crystal are adjusted for phase-matching so that sum frequency signal is generated at 

a given luminescence photon energy. The sum frequency signal is generated only when the 

gating pulse is present. Thus, frequency mixing acts as a light gate and provides time 

resolution comparable to the laser pulse width. The time resolution is limited by both the 

gating pulse width and group velocity dispersion in the nonlinear crystal. Thus it is necessary 

to use a sufficiently thin nonlinear crystal in order to reduce the group velocity dispersion. 

 
                                               (b) 
Figure 2-3 Principle of up-conversion spectroscopy. (a) The gating pulse mixes with the 

luminescence in the nonlinear crystal and an up-conversion signal is generated in the phase-

matched direction. (b) The signal can only be generated when the gating pulse is present; thus 

time evolution can be obtained through scanning the gating pulse.    
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The sum frequency signal can be collected in a spectrometer and detected in a 

conventional time-integrated manner. There are various strong noise signals which are close 

to the up-conversion signal in space, e.g., the second harmonic signal of the gating pulse and 

the luminescence. Thus it is very important to minimize effectively these noise signals to 

acquire a clear signal with high signal-to-noise ratio. Certain techniques are usually applied to 

reduce the noise in space, frequency and phase dimensions, such as the use of apertures, 

spectral filters, a spectrometer and a lock-in amplifier. Conventionally, the time evolution of 

the luminescence at a given photon energy can also be obtained by scanning the relative delay 

between the gating pulse and the excitation pulse. The time-resolved luminescence spectrum 

can be obtained by fixing the time delay and scanning the angle of the nonlinear crystal and 

the grating in the spectrometer in a synchronized manner.  

Here we briefly present the basic principles of the relevant nonlinear interaction 

processes and phase-matching in up-conversion spectroscopy [7, 10].  In the case of sum 

frequency mixing, energy conservation and momentum conservation must been satisfied for 

the luminescence, the gating pulse and the up-conversion signal:  

L G Sω ω ω+ =                                                                                  (2-23) 

L G S
+ =k k k                                                                               (2-24) 

where , ,L G Sω ω ω , , ,
L G S

k k k are the photon angular frequencies and wave vectors of 

the luminescence, the gating pulse and the sum frequency photon, respectively. In general, 

up-conversion occurs only for a narrow band of wavelengths determined by the phase 

matching angle.  

Usually, in an up-conversion experiment, the power density of the gating pulse is 

several orders of magnitude higher than the luminescence signal; thus only a small fraction of 

the power of the gating pulse 
G

λ is transferred into the sum frequency signal Sλ and the 

power density remains approximately constant. The quantum efficiency of the up-conversion 

is given by (assuming there is no angular spread for either beam) 
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where PG,, A, deff and L are the power and area of the gating pulse, the effective nonlinear 

coefficient and the thickness of the nonlinear crystal, respectively; and c and 0ε are the 

velocity of light and the free-space permittivity. The nO-L and nO-G denote the ordinary and 

extraordinary refractive indices at the wavelength of the luminescence and the gating pulse, 

and ( )
s m

n θ is the refractive index of the up-conversion signal at the phase-matching angle mθ  

given by 
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θ −− +=)(                                                            (2-26) 

The experimental setup in our laboratory is shown in figure 2-4. The sample is excited 

by an ultrashort pulse of duration 80 fs with tunable wavelength, pulse energy 1-10 µJ and 

repetition rate 1 kHz. The sample is mounted in a closed-cycle helium cryostat with a variable 

temperature ranging from 20-300 K. The photoluminescence from the sample is collected in a 

back-scattering geometry and mixed in a nonlinear β-barium borate (BBO) crystal with a 

 
 

Figure 2-4 Experimental setup of photoluminescence up-conversion 
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variable delayed gating pulse (800 nm, 80 fs, 20 µJ) to generate a sum-frequency mixing 

signal. This signal is focused into a monochromator and detected with a photomultiplier tube 

coupled to a lock-in amplifier system. The up-conversion system has a time resolution of 

150 fs and a spectral resolution of 2 nm.  

2-4 Photon echoes 

Multidimensional femtosecond spectroscopy is becoming a major focus in studies of 

ultrafast dynamical processes in complex molecular systems [4, 11]. Multiple-pulse nonlinear 

coherent techniques probe correlations between the electric fields generated by the 

femtosecond pulses in the phase-matching directions and allow detailed dynamical and 

spectroscopic information to be extracted in the presence of strong inhomogeneous 

broadening. Photon echo spectroscopy, which is a potentially powerful multidimensional 

technique, involves the application of two or three femtosecond pulses with independently 

controllable time delays. The spreading of the information over more than one dimension 

enables one to unravel and extract complex dynamical and spectroscopic information, such as 

population relaxation times, dephasing times (homogeneous broadening), inhomogeneous 

broadening, and vibrational structure of transient species [4, 12]. Although significant 

progress has been made in recent years, considerable experimental and theoretical effort will 

be required in order to develop it into a routine structural and dynamical tool. 

In the 2-colour 3-pulse photon echoes technique, as shown in figure 2-5, two 

femtosecond pulses with wave vectors k1, k2, wavelength 1 2λ λ= and separated by t12, and a 

third pulse with wave vector k3 and wavelength 3λ , illuminate the sample and create photon 

echo signals at times near t12 after the third pulse in the phase-matching directions 

4 1 2 3k = -k + k + k ,  5 2 1 3k = -k + k + k and 6 3 1 2k = -k + k + k . The photon echo signals 

(k4, k5 and k6) are detected simultaneously in two or three spectrometers equipped with CCD 

detectors and the spectra of the photon echo signals are recorded as a function of the time 

delays t12 or t23 and the wavelengths λ1 and λ2. Spectral analysis of the photon echo signals 

yields detailed information about the temporal evolution of the amplitude of the nonlinear 

polarization induced in the sample by the three pulses. Suitable selection of the laser 

wavelengths allows different sets of energy levels and the dynamics to be investigated. 
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Applying the optical Bloch equations in this situation and assuming the pulse duration 

is much shorter than the population time T1 and the dephasing time T2, the density matrix at 

time t after the third pulse may be determined from a product of the interaction and evolution 

matrices [5, 14]: 

)0()()()()()()()( 1122233 ρXYXYXYρ AtAtAtt =                                                   (2- 27) 

where the X(A) represent the time evolution during interaction with the optical pulses of area 

R
A dtχ= ∫ , and the Y(t) represent the free evolution during the time intervals between the 

interactions. The polarization induced by the femtosecond laser sequences in the sample can 

be obtained by solving equation (2-27) [14]:  

),,(),()()]([)( 2312

)3(

312

)3(

2

)1(

1)( tttPttPtPtNtP getegge ++∝+= ρρµ                (2-28) 

where N is the number of molecules per unit volume.  

 

 
 

Figure 2-5 Two-colour three-pulse photon echoes 
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 The first-order polarization in (2-28), which corresponds to single pulse excitation, is 

given by:  

∫ ⋅−−−∝ )exp(sin)exp()exp()()( 1

)1(

1 rk 1iAttiGdtP geγωωω                         (2-29) 

For pure homogeneous broadening ( ) ( )
ge

G ω δ ω ω= −  the polarization decays with 

the dephasing time 
1

ge

−γ =T2. In the presence of inhomogeneous broadening, G(ω), the range of 

molecular environments in the ensemble can lead to rapid dephasing of the polarization due to 

interference between the different resonance frequencies, and information about T2 is 

essentially lost.  

The third-order polarization in (2-28) for the case of two-pulse excitation is given by: 

 

(3)

2 12 12 12

2

1 2 2

( , ) ( ) exp[( ( ) ( )]

sin sin ( / 2)exp[ ( 2 ) ]

ge
P t t d G i t t t t

A A i

ω ω ω γ∝ − − − +

− − + ⋅

∫
1k k r

                                   (2-30) 

in the phase matching direction 22− +1k k for the pulse sequence (1, 2), with corresponding 

terms for the sequences (2, 1), (2, 3), (3, 2) etc. In the presence of inhomogeneous broadening 

the interference term )(exp[()( 12ttiG −− ωω ] vanishes at time 12t t= , and a photon echo 

signal appears at delay times near 12t t= . The amplitude of the 2-pulse photon echo is 

proportional to )exp( 12tgeγ− , allowing a determination of the dephasing time
1

2

− =ge Tγ .  

The third-order polarization in (2-28) for the case of three-pulse excitation is given by: 

(3)

3 12 23 12 12

23 1 2 3 2 3

( , , ) ( ) exp[( ( ) ( )]

exp( )sin sin sin exp[ ( ) ]

ge

e

P t t t d G i t t t t

t A A A i

ω ω ω γ

γ

∝ − − − +

− − − + + ⋅

∫
1k k k r

           (2-31) 

for the phase matching direction 1 2 3− + +k k k for the pulse sequence (1, 2, 3) with 

corresponding terms for the other pulse sequences. In the presence of inhomogeneous 

broadening, the interference term 12G( )exp[( i (t t ))]ω − ω −  vanishes at time 12t t= , and a 

3-pulse photon echo signal appears at delay times near 12t t= . The amplitude of the 3-pulse 
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photon echo is proportional to )exp()2exp( 2312 tt ege γγ −− , allowing the determination of 

both the dephasing time
1

ge 2T−γ = and the population time
1

1

− =
e

Tγ . 

Based on the above treatment, a simplified physical description of 3-pulse photon 

echoes can be obtained [5, 14, 16]. The first π/2 pulse prepares the inhomogeneously 

broadened ensemble in a superposition of the states |g> and |e> to create optical 

coherences
eg

ρ and
ge

ρ . After the system has evolved for time 12t the second π/2 pulse 

creates population in the excited state 
ee

ρ or a second-order population change in the ground 

state
gg

ρ . The populations
ee

ρ and
gg

ρ store the optical coherence and phase information in 

the excited and ground states. After a further evolution time 23t the third π/2 pulse converts 

the populations back into optical coherences, in which the phase of the frequency components 

are now opposite to those of the initial optical coherences. For an inhomogeneously 

broadened ensemble, this rephasing leads to the generation of a photon echo signal at 

time 12t t= after the third pulse in the phase matching direction 4 1 2 3k = -k + k + k . 

2-5 Pump-probe spectroscopy 

This is the most common form of ultrafast spectroscopy and various pump-probe 

spectroscopy techniques have been developed based on the different techniques of linear 

spectroscopy. Here we briefly describe the experiment used in our laboratory as shown in 

figure 2-6. Two ultrashort pulses, a pump and a probe, come from the signal and fundamental 

beam of the OPA. The semiconductor sample under investigation is excited by the pump pulse 

and the changes induced in the sample are probed by a synchronized white light continuum 

pulse created by the second laser pulse. The continuum pulse is suitably delayed with respect 

to the pump pulse by introducing an optical delay in its path. Some property related to the 

probe, such as reflectivity, absorption, Raman scattering or luminescence, is then detected to 

investigate the change in the sample induced by the pump pulse.  

One of the simplest kinds of pump-probe spectroscopies is the measurement of the 

transmission of the probe. The probe is typically much weaker than the pump and the spot on 

the sample is smaller than that of pump so that the probe area experiences a uniform 

photoexcited density. As shown in figure 2-6 for a transmission pump-probe spectroscopy 
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setup, one generally measures the change of the transmitted probe pulse energy induced by the 

pump pulse as a function of the time delay between the two pulses. The data is normally 

expressed in the form of the normalized differential transmission given 

by 0 0 0T / T [T(t) T ]/ T∆ = − , where 0)()( TtTtT −=∆  is the change in transmission induced 

by the pump, T and T0 are the transmission of the probe in the presence and absence of the 

pump, respectively. For single wavelength detection, normally a lock-in amplifier is used. 

Spectrally resolved pump-probe can be obtained by using an ultrashort white light continuum 

pulse as the probe and a detection system with a CCD detector and a spectrometer. 

The dynamics in a pump-probe transmission experiment are determined not only by 

the coherent response but also by the incoherent response of the system. If the time scale is 

shorter than or comparable to the dephasing times of the system, one must use the 

semiconductor Bloch equations to calculate the third-order nonlinear polarization in the probe 

direction. The probe signal can be regarded as the diffracted signal in the probe direction 

( 1 2 1 2probe
= + − =k k k k k ). However, if the time scale is much longer than the dephasing 

times of the system, the coherent effects can be neglected and the solution is relatively simple; 

one can ignore the off-diagonal components of the density matrix and just consider the 

diagonal components corresponding to the populations of the states.  

Normally the incoherent effects can be divided into two classes. The first class 

includes many-body effects [17-20] which result in a change of the energy band structure 

 
Figure 2-6 Transmission pump-probe experiment 
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(band-gap renormalization or a change of the exciton binding energy), broadening of the 

energy levels or a change in the various matrix elements. The many-body effects depend 

strongly on the photoexcited density and the nature of the system being investigated. The 

second class encompasses occupation effects that result in a change in the optical properties or 

transition rates.   

Under certain experimental conditions, it may be a good approximation to assume that 

many-body effects depend only on the photoexcited density and are independent of time for 

the time scale of interest. Furthermore, the change in the matrix element for interband 

transitions may be small enough to be neglected for certain spectral regions. Then the change 

of the absorption coefficient at photon energy hν  is given by  

 0( ) (1 ) ( )
e h

h f f hα ν α ν∆ = − −                                                                          (2-32) 

where 
e

f  and 
h

f are the photoexcited electron and hole distribution functions, and 0 ( )hα ν  is 

the absorption coefficient of the unexcited semiconductor. If the absorption is sufficiently 

small, the differential transmission spectrum DTS is  

 0 0( ) [ ( ) ( )] / ( ) ( )DTS h T h T h T h h dν ν ν ν α ν= − = −∆                                            (2-33) 

where d is the thickness of the sample. With these simplifications, the results can be simply 

related to the distribution functions of electrons and holes as a function of time.  

2-6 Four-wave mixing  

There are various configurations for the four-wave mixing (FWM) experimental setup. 

In the simplest form, i.e., the two-beam degenerative four-wave mixing (DFWM) (shown in 

figure 2-7), the pump beam (k1) generates a coherent polarization in the sample. After a time 

delay dτ the probe beam (k2) arrives at the sample. If the time delay is smaller than the 

dephasing time of the polarization, an interference grating is produced from which k2 can be 

self-diffracted in the phase-matched direction 4 2 12= −k k k . The diffracted signal can be 

measured as a function of dτ in both reflection and transmission geometries.   
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In three-beam degenerative FWM, three beams excite the sample along k1, k 2, k3 at 

times t1, t2, t3. The diffracted signal in the phase matching direction 3 2 1= + −k k k k is 

measured as a function of the various time delays to obtain additional information about the 

sample. Compared with two-beam DFWM, three-beam DFWM has greater versatility because 

of the possibility to control individually the parameters of the three beams; so that it is 

possible to obtain more information. For example, in a transient grating experiment 

( 21 2 1 0t t t= − = ) the diffracted signal is measured as a function of time delay t32 to provide 

information on the population decay time of the sample.  

Additional information may be obtained from the temporal evolution of the diffracted 

pulse using time-resolved FWM. In this technique one needs to use a streak camera or up-

conversion techniques to obtain the temporal profile of the diffracted signal. Other options for 

FWM setup include various combinations of the polarizations for the excitation beams and 

reflection geometry. Different combinations of linear polarizations or circular polarizations 

can be employed in the FWM experiments to obtain different information because the optical 

transitions are governed by various selection rules. The reflection geometry is particularly 

valuable for samples which are strongly absorptive at the detection wavelengths. The 

diffracted signal in a FWM experiment measures only the coherent response of the 

semiconductor.  

In the simple two-beam, DFWM experiment, the temporal evolution of the FWM 

signal, 
(3)

221*( )S t , which results from diffraction of pulse k2 from the grating generated by 

                  

 
                                       

Figure 2-7 Four-wave mixing 
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pulses k1 and k2 in the 4 2 1k = 2k - k direction, can be expressed as [21]  

2
(3) (3)

221* 221*( )S t P=                                                                                 (2-34) 

where
(3)

221*P represents the third-order polarization. The time-integrated four wave mixing 

signal as a function of time delay is then 

(3) (3)

221* 221*( ) ( )
D

I S t dtτ
∞

−∞

= ∫                                                                      (2-35) 

In the homogeneously broadened case, free-induction decay is expected to be 

observed after the arrival of the second pulse. The peak occurs at 
d p

t t t= + (where 
d

t and 
p

t  

are the delay and width of the pulse) and then decays with 2 / 2
decay

Tτ = . The time-integrated 

FWM signal decays as a function of time delay as 2exp( 2 / )
d

Tτ− . Therefore, this exponential 

decay can be used to determine the dephasing time 2T .  

In an inhomogeneously broadened system, the phases of the different frequency 

components excited within the spectral bandwidth of the laser evolve at different rates. 

Therefore, the macroscopic polarization created by the first pulses decays to zero within the 

laser pulse width
p

τ if the inhomogeneous linewidth homin
Γ is larger than the laser spectral 

width. If the second pulse arrives at a time shorter than the dephasing time T2, rephasing will 

occur and result in a photon echo at time 
d

τ after the second pulse. The FWHM of the echo 

is determined by 
p

τ and homin
Γ , and the intensity is proportional to 2exp( 4 / )

d
Tτ− . 

 In a semiconductor system, excitons or the interactions between electrons and holes 

can play an important role and therefore the case becomes more complicated. In the low 

excitation regime, one can neglect the weak Coulomb interaction and use the Bloch equations 

for independent two-level systems, as described in section 2-2-2. However, for strong 

excitation conditions, local field effects [22], excitation induced dephasing [23] and biexcitons 

[24] can have important contributions.  
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Chapter 3  

Semiconductor Quantum Structures 

3-1 General theory of semiconductors 

 Generally, solids with conductivities between 10
4 
and 10

-10
 (Ω.cm

-1
) are classified as 

semiconductors. Germanium (Ge) and silicon (Si) are typical elemental semiconductors, and 

III-V and II-VI compounds, such as gallium arsenide (GaAs) and zinc oxide (ZnO), are 

typical compound semiconductors.  

 Semiconductors are specified by certain properties, for example, the electrical 

conductivity increases exponentially with temperature for a pure semiconductor. For an 

impure semiconductor the conductivity depends strongly on the impurity concentration. In a 

heavily doped material, however, the conductivity changes only slightly with temperature, just 

as in a metal. Furthermore, the conductivity can be changed by irradiation with light or high 

energy electrons or by the injected carriers. In such a semiconductor charge transport may be 

either by electrons or holes, depending on the type of doping.  

 The periodicity of a semiconductor lattice introduces the concepts of the reciprocal 

lattice and the Brillouin zone, and allows one to specify the energy levels in a semiconductor 

in terms of the energy versus momentum picture. Intrinsic semiconductors are characterized 

by a band gap separating the occupied valence band and the empty conduction band at low 

temperatures. All semiconductors can be classified either as direct gap semiconductors with a 

valence band maximum and a conduction band minimum occurring at the same point in the 

Brillouin zone, or as indirect gap semiconductors in which these extrema occur at different 

points in the Brillouin zone. The optical properties of direct gap semiconductors differ 

considerably from those of indirect gap semiconductors [1, 2].  

 The statistics of the occupation of energy levels by carriers in a semiconductor are 

described by Fermi-Dirac statistics. Specifically, the probability of an electron occupying a 

state at energy E is described by 
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1
( )

exp[( ) / ] 1
n

F B

f E
E E k T

=
− −

                                                    (3-1) 

where EF  is the Fermi energy, kB is the Boltzmann constant, and T is the temperature. 

Correspondingly, the hole distribution function is  

1
( ) 1 ( )

exp[( ) / ] 1
p n

F B

f E f E
E E k T

= − =
− −

                               (3-2) 

 The density of states (DOS) in semiconductors is an important concept, which 

expresses the number of states per unit volume and per unit energy. For parabolic bands, the 

DOS for the conduction and valence band can be written respectively as:   

2/12/32* )()/2(4)( cen EEhmEg −= π                                              (3-3) 

2/12/32* )()/2(4)( EEhmEg vhp −= π                                             (3-4) 

where 
*

em  and 
*

hm  are the effective masses of an electron and hole, and Ec and Ev are the 

energies at the bottom of the conduction band and the top of the valence band, respectively. 

The total number of electrons in the conduction band and holes in the valence band can be 

expressed as: 

∫
∞

=

cE

nn dEEfEgn )()(                                                                     (3-5) 

( ) ( )
vE

p p
p g E f E dE

−∞

= ∫                                                                     (3-6) 
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3-2 Quantum confinement in semiconductors 

 One of the important features of semiconductor nanostructures is the flexibility of 

controlling and designing the properties of such materials [1-3], including controlling the size 

[4, 5], constructing artificial structures [6, 7] and using various doping [8] or some of the post-

growth techniques, such as intermixing [9]. Such nanostructures exhibit structural, electronic 

and optical properties that are unique and different from both macroscopic materials and 

isolated molecules. In nanostructures, normally 1 to 50 nanometers in scale, the dimensions 

are commensurate with the de Broglie wavelength of the charge carriers; so that quantum 

confinement effects become important and the properties of the semiconductors are 

significantly modified.  

 Advanced semiconductor growth techniques, such as molecular beam epitaxy (MBE) 

and metalorganic chemical vapour deposition (MOCVD), allow fabrication of various 

semiconductor nanostructures or low dimensional structures. Such low dimensional structures 

include (i) quantum wells (QWs), where the charge carriers are confined along the growth 

direction z but free to move in the other two directions x and y, (ii) quantum wires, where the 

charge carriers are confined in two directions and only allow one dimension motion, and (iii) 

quantum dots (QDs), where the charge carriers are confined in all three directions. Strong 

interband transitions are possible in these low dimensional structures because there is a 

probability of a strong overlap between the wave functions of the electrons and holes. Figure 

3-1 compares the density of states as a function of energy in different dimensional materials, 

bulk, quantum well, quantum wire and quantum dot. 

For a bulk material, the density of states in the conduction band and the valence band 

is described by (3-3) and (3-4). For a two-dimensional QW or one-dimensional quantum wire 

system, the quantum confinement effects result in discrete subbands in both the conduction 

and the valence bands and an increase of bandgap energy, as shown in figure 3-1. The density 

of states in the subbands can be written as 
0)( EEg e ∝  for a two-dimensional quantum well 

and 
2/1)( −∝ EEg e for a one-dimensional quantum wire. 
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  In a quantum well system, due to the one dimensional confinement of electrons, the 

electron energy levels can be found from the solution of the Schrödinger equation for an 

infinitely deep potential well, with the form: 

2 2
2

2
1, 2, 3,

2
n

e

E n n
m L

π
∗

= = ⋅⋅⋅
�

                                                (3-7) 

where 
∗

em  is the effective mass of the electron, and the dependence of the energy levels on 

(1/L)
2
 is the quantum size effect. The dispersion relation for the conduction band can be 

written as (for confinement in the z direction)  

∗

+
++=

e

yx

nzc
m

kk
EEkE

2

)(
)(

222
�

                                                          (3-8) 

where nzE  is given by (3-7). For the conduction band, the density of states per unit area in a 

two-dimensional QW system in the subbands can be expressed as (for energies greater 

than nzc EE + ) 

 

 
 

Figure 3-1 Density of states as a function of energy in bulk, quantum wells, quantum wires and quantum 

dots. Ec and Ev indicate the bottom of the conduction band and the top of the valence band, respectively. 
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                                                                                         (3-9) 

Thus, for each quantum number nZ the density of states is constant and the overall density of 

states is the sum of these for all values of nz, which results in a staircase-type distribution with 

a step height given by equation (3-9). 

 In a one-dimensional quantum wire system, the carriers are confined in two directions 

(z and x), and the dispersion relation for the conduction band can be written as   

∗
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e
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nxnzc
m
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EEEkE

2
)(
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�

                                                             (3-10) 

In each of the subbands, the density of states can be described as a function of energy 

by
1/ 2( )

e
g E E

−∝ . 

 In a zero-dimensional quantum dot system, the carriers are confined in three 

directions and the dispersion relation for the conduction band can be expressed as  

nynxnzc EEEEkE +++=)(                                                                   (3-11) 

In this case the density of states is described by a set of discrete δ − functions as shown in 

figure 3-1. Thus, QDs are generally referred to as artificial atoms due to the similar discrete 

energy level structures. It is noteworthy that the density of states in the valence band has a 

similar distribution to that of in the conduction band.  

3-3 Semiconductor nanostructures 

Due to the quantum confinement effect, the energy bandgap of semiconductor 

nanostructures increases with decreasing the size of the quantum structures. Nowadays, using 

MBE and MOCVD growth techniques, it is possible to construct various artificial structures, 
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such as single quantum wells, multiple quantum wells and superlattices etc., in which the 

period of the layers may be as small as a few monolayers.  

A quantum dot is a fragment of matter that is smaller than the electronic Bohr radius 

in all three coordinates, with a size normally ranging from a few hundreds to many hundreds 

of atoms. In quantum dots, the electronic transitions are discrete, and most importantly, they 

are tunable as a function of dot size. An important issue in such systems is the effect of the 

surface on their properties. They are very sensitive to the surface properties due to the high 

surface to volume ratio. Surface states typically play a dominant role in these systems, acting 

as efficient traps for electrons and holes, and thus surface passivation is essential for 

fabricating practical semiconductor devices based on such low-dimensional structures[10-12].  

As with bulk semiconductor devices, doping is an effective technique for modifying 

the electronic and optical properties of semiconductor quantum structures. With this technique, 

certain impurities known as dopants are introduced. The dopants are chosen so that they have 

either an extra electron in their outer shell compared to the host semiconductor or one fewer 

electron. The resulting dopant is called a donor or an acceptor. The donor atom is treated as a 

shallow defect and the electron-donor interaction is represented by a Coulomb potential. A 

group III element can form an acceptor in Si or Ge while Si can be an acceptor if it replaces 

As in GaAs.  

In semiconductor nanostructures, doping processes can be more complicated than in 

bulk semiconductors. For example, dopants may be introduced in either the barrier layer 

(modulation doping) or in the quantum dots (direct doping), which leads to a complicated 

energy band structure in the interface region. The carrier capture and sebsequent relaxation 

are very relevant to the details of the structures in the active region.  

In addition to doping, implantation induced intermixing, known as an impurity-free 

technique, is another effective method for modifying the electronic and optical properties. 

With this technique, some defects are created in the quantum well or quantum dot region by 

various techniques, such as ion implantation or laser irradiation. After a subsequent fast 

annealing, in general most of the ions are removed from the material and atom interdiffusion 

takes place, which may significantly modify the electronic and optical properties of the 

semiconductor. Some remaining ions may act in a similar manner to defects and also affect 

the electronic and optical properties. Ion implantation and laser induced intermixing are the 

general methods used for quantum well intermixing [9, 13, 14]. 
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3-4 Optical transitions in semiconductor 

nanostructures 

The dynamics of electrons, holes, excitons and phonons in semiconductor 

nanostructures are influenced by their interaction with each other, as well as with defects and 

interfaces of the system. There are extensive discussions of these interactions in the literature 

[2, 12, 15, 16]. Here we present a summary of the important interactions relevant to this thesis.   

 In optical spectroscopy, optical excitation, energy relaxation and optical emission in a 

quantum well are the most important topics for the various transitions illustrated in figure 3-2. 

Due to the quantum confinement effect, the electron and hole energy bands of the QWs or 

superlattices are split into electron subbands e1, e2 (conduction band) and hole subbands h1, 

h2 (valence band), as shown in figure 3-2. The arrows indicate possible optical transitions. (1) 

and (5) are direct interband transitions, which correspond to optical excitations to either the 

quantum well subband or the continuum band of the barrier, and recombination of electron-

hole pairs or excitons. In an interband absorption process, a photon absorption is followed by 

electron-hole pair generation. In the opposite process, a photon emission is followed by 

 
 

Figure 3-2 Band diagram and optical transitions in a single QW 
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electron-hole pair or exciton recombination. This type of transition is usually in the ultraviolet 

to near infrared region. (2) is a transition from the continuum states of the barrier to the 

quantum-confined states of the quantum well (carrier capture). Electron-electron scattering, 

electron-hole scattering or phonon scattering can result in this transition. (3) is a direct 

intersubband transition, such as intersubband relaxation or absorption, and usually 

corresponds to a relatively small energy transition. This type of transition is also important in 

physics because of extensive applications in the mid-infrared or far-infrared regions 

(2-20 mµ ), such as infrared detection, infrared modulation, quantum cascade lasers, etc. 

(4) is an indirect intrasubband transition. Phonon scattering is usually in this category. 

In principle, transitions in quantum wires are similar to those in QWs due to a similar 

energy state structure. The energy band structure of a QD, however, is quite different. Due to 

the three-dimensional quantum confinement, the energy states become discrete levels, which 

results in unique energy relaxation rules. Thus, intrasubband transitions are not available in 

QDs. Due to the discrete energy states, some unique effects appear in QD systems, such as the 

phonon bottleneck. The energy separations in a QD generally cannot match the energy of 

phonons; so that the system does not satisfy energy conservation, which results in the 

suppression of phonon emission between two sublevels of a QD [17, 18]. These unique effects 

and the energy relaxation mechanisms are some of the most important topics in QD research 

and applications.  

3-4-1 Carrier-phonon scattering 

The interaction between carriers and phonons plays a major role in the exchange of 

energy and momentum between the carriers and the lattice, and hence determines the 

relaxation of photoexcited semiconductors as well as the transport properties of 

semiconductors. Several texts present extensive discussions on these processes and the 

scattering rates derived using Fermi’s golden rule are presented in these references [19-22].  

Electrons can relax into lower subbands via Coulomb scattering and phonon 

scattering following laser excitation. GaAs-like semiconductors are intermediate between 

covalent semiconductors like Si and Ge and ionic semiconductors like CdS. Scattering 

between the carriers and optical phonons is the dominant scattering mechanism (Fröhlich 

interaction) in carrier-phonon scattering processes in GaAs-like semiconductors. Holes also 

interact with longitudinal optical (LO) phonons via Fröhlich interaction. Holes might be 
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expected to interact more efficiently with LO phonons than electrons because the Fröhlich 

interaction rate varies with the effective mass (
1/ 2

effm ). However, the complicated band 

structure of the holes leads to an effective reduction of the phonon scattering rate by a factor 

of two [22]. 

The case of spacing of subbands far above the LO phonon energy leads to population 

of states in the lower subband with extra in-plane momentum. The relaxation rate depends on 

the subband spacing. In quantum wells, the relaxation is usually fast due to the continuum 

subband. Because of the 
2−k -dependence of the electron-LO phonon scattering rate, a 

subband spacing resonant with the LO phonon energy results in a much faster relaxation rate 

than a subband spacing far above the LO phonon energy. For a quantum dot system, the 

situation can be much different due to its discrete energy states. If the energy spacing cannot 

satisfy the condition of energy conservation, the relaxation rate through LO phonons should 

be much slower.  

The interaction with acoustic phonons can also be important. If the carrier has 

sufficient energy to emit an optical phonon, then the optical phonon scattering rate is 

generally considerably higher than the acoustic phonon scattering rate. Phonon emission 

processes are independent of the phonon occupation number and hence temperature. Phonon 

absorption, on the other hand, is proportional to the phonon occupation number and hence is 

strongly temperature dependent [1]. In semiconductor systems, multi-phonon processes can 

also play an important role in the relaxation.  

3-4-2 Carrier-carrier scattering 

Carrier-carrier scattering determines the energy exchange between carriers and is 

primarily responsible for the thermalization of photoexcited non-thermal carriers. This process 

is mediated by Coulomb interaction and includes electron-electron, hole-hole and electron-

hole scattering. The difference in the effective masses between electrons and holes reduces the 

energy exchange between these two species. The long-range Coulomb interaction diverges in 

the absence of screening. Spin relaxation processes can also play an important role in the 

dynamics of photoexcited systems.  

In semiconductor nanostructures, the scattering rates are modified by several factors, 

such as different band structures, phonon modes and density of states, which result in some 
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new effects in the case of QWs or QDs. For example, the effective carrier-LO phonon 

scattering is prohibited due to the discrete energy states in QDs [23].   
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Chapter 4  

ZnO/ZnMgO multiple quantum wells 

4-1 Introduction 

ZnO has a large fundamental band gap of ~3.37 eV at room temperature, and high 

thermal conductivity, high luminous efficiency and mechanical and chemical robustness. Thus 

ZnO and its alloys have great prospects in optoelectronics applications ranging from 

ultraviolet to red wavelengths [1-7]. ZnO also has the advantage of a large exciton binding 

energy [8, 9], about 60 meV, which assures more efficient excitonic emission at higher 

temperatures [10]. Moreover, excitons in ZnO-based quantum well heterostructures exhibit 

high stability compared to bulk semiconductors or III–V QWs due to enhancement of the 

binding energy and reduction of the exciton–phonon coupling [11-13] caused by quantum 

confinement. Due to these effects, excitons are expected to play an important role in many-

body processes such as laser action and nonlinear absorption of ZnO QWs even at room 

temperature. In principle the threshold for lasing using biexcitons is expected to be ever lower 

than that using an exciton-exciton scattering process [14]. There is a great potential in the 

possibility of using biexcitons as a laser action mechanism for UV wavelengths and room 

temperature operation because of their large binding energy in ZnO (12-16 meV) and ZnO 

quantum wells (more than 30 meV) [2]. There are only a few papers on the coherent optical 

properties of excitons and biexcitons in ZnO [15-17]. A detailed study of excitons and 

biexcitons in ZnO multiple quantum wells (MQWs) is thus important for understanding the 

optical properties of these wide band gap heterostructures, especially in view of their potential 

application to ultraviolet–blue optoelectronic devices [18]. 

Band gap engineering is an important research field for further ZnO applications. 

Alloying ZnO with CdO [19-22] and MgO [23-29] have allowed the generation of red- or 

blue-shifts of the emission wavelength, respectively. In the alloy system ZnxMg1-xO, the 

emission wavelength can be precisely tuned by changing the Mg composition [23, 30] or by 

inducing thermal intermixing in the ZnMgO superlattice by annealing [31, 32]. These 

techniques result in a uniform wavelength shift throughout the whole material, which could be 
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a disadvantage when trying to achieve monolithic integration of devices with different 

functionality on the same chip. In order to overcome this problem, several techniques 

currently can achieve the goal of precisely tuning the emission wavelength in both the vertical 

and lateral directions. These include selective area epitaxy and layer intermixing [33-36]. Ion 

implantation induced intermixing has two main advantages. One is the number of defects 

introduced by ion irradiation can be precisely controlled, thus allowing precise control of the 

amount of wavelength shifting, and the other is no further processing or regrowth is required. 

Although there have been many decades of extensive investigation on ZnO materials, 

so far a reliable and reproducible high-quality p-type conducting ZnO has not been achieved 

[3, 37] and some of the basic properties still remain unclear or under debate, for example, the 

effect of the intrinsic defects and impurities on the radiative and nonradiative transitions. 

Moreover, the coherence properties of ZnO are still almost unexplored [38], especially in 

various nanostructures of ZnO.  

In this study, low energy (80 keV) oxygen implantation into a ZnO/ZnMgO 

superlattice was used to place the peak of the damage in the quantum well region. Various 

spectroscopy techniques, such as photoluminescence, time-resolved photoluminescence, 

pump-probe and four-wave mixing, are performed to characterize the optical properties of 

ZnO multiple quantum wells and the effect of oxygen implantation. 

4-2 Experiments 

4-2-1 Sample growth and oxygen implantation 

The ZnO/Zn0.7Mg0.3O multiple quantum well samples used in this study were grown 

in the New Materials Research Centre, Osaka Institute of Technology, oxygen implanted at 

the Australian National University and provided by Ms V A Coleman. The sample is a single 

crystal stack of 19 ZnO/Zn0.7Mg0.3O multiple quantum wells grown on a-plane sapphire by 

molecular beam epitaxy [26, 39]. The structure of the samples is shown in figure 4-1, which 

consists of a 10 nm thick ZnO buffer grown at low temperature (250 ℃), followed by a 

500 nm thick ZnO layer grown at 500 ℃. The 19 ZnO/Zn0.7Mg0.3O MQWs were grown on top 

of these buffers. The ZnO wells have a thickness of 2 nm, (another two groups of MQW 

samples with a well width of 3 nm and 4 nm were also used in some experiments) and the 
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Zn0.7Mg0.3O barrier layers are 5.5 nm thick. The multiple quantum wells are capped by a 

50 nm layer of Zn0.7Mg0.3O. The ZnO/ZnMgO sample has a band alignment of type I 

(figure 4-1) and the barrier band-gap energy is about 3.9 eV corresponding to the absorption 

wavelength 320 nm or shorter.  

Prior to all experiments, the sample was cut and chemically cleaned. Some pieces of 

the sample were kept for an annealing study. The rest were implanted with 80 keV oxygen 

ions in the dose range of 
14 16 25 10 1 10 /ions cm× − × at room temperature, using a 1.7 MeV 

tandem accelerator (NEC, 5SDH-4). Oxygen ions were chosen to avoid complications arising 

from introducing an impurity ion into the system. The ion beam flux was
12 2 13 10 cm s

− −×∼ . 

During implantation, the samples were tilted 7
0
 relative to the incident beam to minimize 

channeling. A piece of Si was used to mask a part of the sample during implantation to be 

used as a reference. Figure 4-2 shows the calculated displacement density expected during the 

implantation as a function of depth based on TRIM code calculations [26]. Also shown in this 

figure is the location of the MQWs of 2 nm and 4 nm thickness with respect to the 

 
Figure 4-1 ZnO/ZnMgO multiple quantum well structure (above) and  

band alignment of type I (below) 
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displacement profile. It is clear that only a small part of the MQWs is in the low implantation 

dose region for the 2 nm thickness sample and a significantly larger part of the MQWs is in 

the low implantation dose region for the sample of 4 nm thickness. Rapid thermal annealing 

(RTA) of the samples (both implanted and unimplanted) was conducted at 800℃ in an Ar 

ambient for 60 s. One piece of the sample was left as-grown for a reference. 

4-2-2 Spectroscopy 

The excitation laser pulses used in the photoluminescence (PL) experiment are the 

third harmonic of the fundamental pulses from the Ti:sapphire regenerative amplifier, with 

wavelength 266 nm, pulse duration 100 fs and 1 kHz repetition rate.  The detector is a UV-

visible response photomultiplier tube at the output slit of a 0.25 m monochromator. Pump-

probe experiments and FWM experiments were performed in the same setup, which is similar 

to that of the photon echoes described in Chapter 2. In the experiments, two ultrashort pulses 

with duration 100 fs from two independent OPAs (wave vectors 1k and 2k ) were used for the 

 
 

 
Figure 4-2 Displacement profile in the oxygen implantation for various thicknesses of MQWs 
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pump and probe with a tunable wavelength and suitable time delay. The detection system 

includes two independent spectrometers with CCDs for detection of the diffracted 

beams
3 1 2

k = 2k - k  or 
4 2 1

k = 2k - k  in the FWM experiment and only the probe (
2

k ) 

for the pump-probe experiment.  

4-3 Experimental results and discussion 

4-3-1 Implantation effect in temperature quenching of 

photoluminescence 

In the photoluminescence experiment, strong quantum well emission is observed at 

low temperatures and the wavelength depends on the thickness of the quantum well. At 20 K, 

the emission peaks of as-grown MQW samples with 2, 3 and 4 nm thickness are located at 

360, 370 and 389 nm, respectively. It is evident that the wavelength shift relative to the 

photoluminescence of bulk ZnO is due to the quantum confinement effect. Similar phenomena 

have also been observed in other QWs and nanostructures of ZnO [40-43]. 
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Figure 4-3 Photoluminescence of ZnO/ZnMgO multiple quantum well samples with a well 

width of 2 nm (a), 3 nm (b) and 4nm (c) 
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A number of groups have studied the PL of ZnO quantum wells or nanostructures, 

and the details of the origin of the spectra in the near band gap region have been identified [25, 

44-47]. The near band gap PL consists of peaks of free and bound exciton emissions, followed 

by their longitudinal optical phonon replica on the low energy side as a shoulder [48, 49]. The 

2 nm sample (Figure 4-3(a)) has a relatively narrow PL band with a full width at half 

maximum of 20 nm and a weak shoulder on the low energy side. Compared with the 2 nm 

sample, the 3 nm sample has a broader band near the PL peak and a relatively strong phonon 

replica band. The 4 nm sample shows a quite broad PL emission band, which is most likely 

the combination of different emission transitions because the intensity of the quantum well 

emission in this sample is comparable with that of ZnO bulk and this sample has a small blue-

shift and enhanced quantum confinement Stark effect due to relatively thick quantum wells 

and thus weak quantum confinement [50, 51]. This band is superposed on the band edge 

emission of ZnO bulk, which is supported by the PL observation of the implanted samples, as 

discussed in section 4-3-2. In this experiment, the PL band from the ZnMgO barrier cannot be 

observed, which suggests the carrier capture from the barrier is effective in the quantum well 

and the excitation laser is not sufficiently strong to lead to saturation in quantum wells.  

Figure 4-4 shows the PL of the MQW samples of as-grown (reference) and implanted 

samples for various ion doses with 2 nm ZnO/ZnMgO quantum wells. The rapid thermal 

annealed sample has a very similar PL spectrum (not shown here) to the reference sample and 
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Figure 4-4 Photoluminescence of ZnO/ZnMgO MQW samples: reference and implanted 

samples. The ion implantation doses are in units of ions/cm
2
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no blue shift can be observed, which indicates that the RTA does not lead to intermixing. On 

the other hand, the implanted samples have an increased blue shift with increasing oxygen ion 

dose, from a peak of 360 nm for the as-grown sample to 350 nm for the low ion dose sample 

and 340 nm for the high ion dose sample, which is mainly consistent with the 

cathodoluminescence (CL) observation by Coleman et al. [26]. At the same time, the ZnO 

peak becomes broader with increasing ion dose, especially for the high dose samples, and the 

spectra show an enhanced shoulder on the low-energy side. The broadening, as well as the 

shoulder feature, is most likely a result of an inhomogeneous distribution of defects induced 

by implantation across the MQW region, leading to variations in the extent of intermixing 

across the interface region between the quantum well and the barrier. It is worth noting that at 

the high dose implantation, 1×10
16

 ions/cm
2
, the PL broadens and the PL intensity decreases 

significantly, which indicates that irradiation at high dose leads to lattice damage and 

amorphism in ZnO, similar to other observations of ion irradiation [52, 53].  Similar effects 

are also observed in the 3 nm and 4 nm QW samples.  

It is interesting that ion implantation results in a remarkable change in the rate of 

quenching of the PL with increasing temperature, e.g., the temperature quenching rate of the 

implanted samples with low ion dose (
14 15 25 10 ,1 10 /ions cm× × ) is significantly slower 

than that of the reference, while the temperature quenching rate of the high ion dose implanted 

samples is similar to the reference. Figure 4-5 shows the temperature dependence of the PL of 

the 2 nm samples, as-grown (a) and an implanted sample with an ion dose of 
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Figure 4-5 Temperature dependence of photoluminescence from as-grown and implanted samples 
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15 25 10 /ions cm× (b). The PL intensity decreases quite rapidly with increasing temperature 

in the as-grown sample and the peak intensity decreases to only 10% as the temperature is 

increased from 20 K to 100 K. With further increasing temperature, the emission of the 

quantum wells continues to decrease. At about 200 K it is washed out by the emission of the 

band edge emission of the ZnO bulk, as shown in figure 4-6. The implanted sample, on the 

other hand, shows a significantly slower temperature quenching rate, the PL intensity remains 

at more than 50% as the temperature is increased from 20 K to 100 K, and the PL can be 

observed even at room temperature. It is worth noting that the temperature quenching rate of 

the high ion dose implanted sample (
16 21 10 /ions cm× ) has a markedly slower quenching 

rate, similar to that of the reference sample.  

At the same time, the peak intensity at low temperatures is changed by the ion 

implantation. At 20 K, the peak intensity of the implanted samples with low dose 

(
14 15 25 10 ,1 10 /ions cm× × ) increases by about 20% compared with the reference sample, 

while the intensity of the high dose implanted samples decreases significantly relative to the 

reference.  
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Figure 4-6 Photoluminescence as a function of temperature, showing how with increasing 

temperature, the emission of the quantum wells decreases and is washed out by the band edge 

emission of ZnO bulk at 200 K. Each PL spectrum is offset 
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In order to compare the temperature quenching rate between the reference and the 

implanted samples, an activation energy is introduced to describe the temperature quenching 

process [54]. With optical injection of excitons, the population governing a certain transition 

is given by  

R NR

n n n
G

t

δ

δ τ τ
= − −                                                                                (4-1) 

where n is the density of the photoexcited excitons, G is the generation rate, and 
R

τ and 

NR
τ are radiative and nonradiative lifetimes, respectively. Generally, the exciton PL decay 

consists of two components, i.e., radiative and nonradiative recombinations, 

with
1 1 1

PL R NR
τ τ τ− − −= + . The nonradiative recombination rates are thermally activated, whether 

they correspond to level depopulation or to the activation of a nonradiative recombination 

centre, i.e., 0 exp( / )
NR a B

E k Tτ τ= with 
a

E the activation energy and kB Boltzmann’s 

constant [46, 54]. The quantum efficiency can be expressed as ( )
1

1
PL R NR

η τ τ
−

= + . Thus 

0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.01

0.1

1

 

 

 

In
te

g
ra

te
d

 i
n

te
n

s
it

y
 

1/T ((((K
 -1))))

 as-grown

 annealed

 5E14

 1E15

 5E15

 1E16

 
 

Figure 4-7 Temperature dependence of integrated intensity of the excitonic band of ZnO/ZnMgO 

MQWs. The inset is a fit with equation (4-2) for one of the implanted samples 
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the nonradiative lifetime
NR

τ decreases with increasing temperature, which results in a 

decrease in quantum efficiency and a decrease in the PL intensity.   

The PL intensity is proportional to /
R

n τ  and, in the steady state, we obtain the 

familiar expression 

0 /[1 exp( / )]
a B

I I E k Tα= + −                                                            (4-2) 

with 0/
R

α τ τ= . 

Figure 4-7 is an Arrhenius plot of the integrated intensity of excitonic bands in the 

ZnO/ZnMgO quantum well samples. The inset is a fit with equation (4-2) for one of the 

implanted samples (
15 25 10 /ions cm× ), which shows it is well described by a single 

activation energy. We can deduce the activation energy from fitting the temperature 

dependence data with equation (4-2), as shown in figure 4-8 (circles). The peak intensity 

variation at 20 K in the 2 nm sample is also shown in this figure (triangles), which shows that 

the peak intensity is enhanced by suitable dose implantation. However, high dose ion 

irradiation results in a decrease in the intensity due to lattice damage and agglomeration of 

defects. Compared with the reference, the activation energy of the implanted samples with 

low dose is significantly larger by 30-35 meV, and with further increasing the dose the 

activation energy decreases to about 20-30 meV, which is still slightly larger than that of the 

reference sample. Under very high dose, 
16 21 10 /ions cm× , the activation energy decreases 

further due to lattice damage and agglomeration of defects leading to large defect clusters, 

which leads to the formation of structural defects acting as nonradiative centres.   

To date many investigations have been performed on the nature of various defects in 

ZnO and their correlation with the radiative emission bands and nonradiative recombination 

using various techniques, such as PL, time-resolved PL, positron annihilation spectroscopy, 

etc [2, 3, 55-59]. In ZnO, point defects are known to be nonradiative centres. However, the 

nature of the details of the defects is still not clear and is under debate [3]. 

According to Kohan and Van de Walle’s calculations [60, 61], the most important 

factor determining the concentration of a defect in a crystal is its formation energy
fE  which 

is determined by: 
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exp( / )f

sites B
C N E k T= −                                                                   (4-3) 

where 
sites

N is the concentration of sites in the crystal where the defect can occur. For ZnO, an 

oxygen vacancy and zinc vacancy have the lowest formation energy; so they are the most 

common point defects, which have been confirmed by experiments [62-64]. It has been shown 

that dynamic annealing of point defects generated by ion implantation in ZnO is extremely 

efficient. In the case of oxygen implantation, a myriad of defects can be produced, such as Zn 

vacancies and interstitials, O vacancies and interstitials and antisites. Recently, in an oxygen 

implantation experiment, Vijayakumar et al. reported that the main point defect introduced by 

oxygen implantation is the zinc vacancy and that a high dose (
16 22 10 −× cm ) of irradiation 

leads to extensive lattice damage in ZnO sample [52]. At the same time, a marked decrease in 

electron mobility is found due to ion implantation.   

Very recently, Chichibu and colleagues proposed that certain point defect complexes 

associated with a zinc vacancy, ( )
Zn Zn

V V X− , are the dominant nonradiative centres and 

result in a reduction of the band edge emission [56]. According to Chichibu and Kohan, a 

single point defect in ZnO, including
ZnO

V , is not likely to act as a nonradiative centre.  
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Figure 4-8 Activation energy (circles) and peak intensity (triangles) in 2 nm thick MQW 

samples. Ref and Ann refer to reference and annealed, respectively 
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In our experiment, increasing the linear intensity and slowing the temperature 

quenching rate suggest that nonradiative recombination decreases in implanted samples. The 

most likely situation is that, although the concentration of
ZnO

V is not decreased or even 

slightly increased by ion implantation, the carrier mobility is markedly decreased, which 

suppresses the formation of the point defect complexes associated with 
ZnO

V that act as 

nonradiative centres. Thus the concentration of the point defect complexes and the activation 

energy is increased and nonradiative recombination is decreased. With further increase of the 

ion dose, the lattice damage and agglomeration of defects is significantly increased. These 

defect clusters could again act as nonradiative recombination centres and result in an increase 

of nonradiative recombination and reduction of PL intensity. However, further work is needed 

to better understand the mechanism of ion implantation induced defect complexes in ZnO 

quantum wells.   

It is noteworthy that ion implantation not only can be used for suitable band gap 

engineering for precisely tuning the energy shift in a selective area, due to strong dynamic 

annealing at the high temperature, but it can also be used to suppress nonradiative 

recombination in order to improve the quantum efficiency and the room temperature 

properties.   

4-3-2 Implantation effect in thick MQW 

According to TRIM code calculations [26], the intermixing effect induced by 

implantation takes place mainly in the front 80-100 nm of the quantum well surface region. 

For thick quantum well samples, such as the 4 nm sample, the total thickness of the quantum 

well is equal to 19*(4+5.5)=180.5 nm, which means that nearly half of the sample will 

experience low dose implantation. Because the amount of blue shift depends on the irradiation 

dose, a low implantation dose would result in a small blue shift, which leads to a separated PL 

peak of the exciton transition in the PL spectra. After implantation, the quantum well emission 

shifts to the blue while emission of the ZnO bulk still has the same wavelength due to no 

implantation, which leads to the original emission band separated into the quantum well 

emission band and the ZnO bulk band edge emission. 

Figure 4-9 shows the PL spectra from the 4 nm thick reference sample (triangles) and 

the implanted MWQ sample with 
14 25 10 /ions cm× at 20 K (circles). The PL from the 

reference sample is a broad band which may consist of an overlap of several components, 
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such as free and bound exciton transitions in the quantum wells, phonon replica in the 

quantum wells, and band edge transitions in the ZnO bulk because the relatively thick well 

results in a stronger quantum confined Stark effect and weaker quantum confinement effect. 

This weak quantum confinement effect also results in a relatively weak MQW exciton 

emission, comparable in intensity with the band edge emission of bulk ZnO. For thin MQW 

samples, such as the 2 nm sample, the PL band of the exciton transitions is much stronger than 

band edge emission of bulk ZnO. 

 After oxygen implantation, clearly separated exciton PL peaks from quantum wells 

are observed due to the blue shift induced by the oxygen implantation. The PL band (a), 

which originates mainly from the exciton transitions, is significantly narrower than that of the 

reference, which supports the interpretation that the broad band of the reference sample 

originates from the overlap of quantum well emission and band edge emission of the bulk 

ZnO.  The peak (b) should originate from two components: one is exciton emission from the 

back part of the quantum wells that was implanted with low dose, and thus exhibits a smaller 

blue shift, and the other is a phonon replica contribution of the front part of the quantum wells. 

Peak (c) should be mainly due to the back quantum wells that were almost not implanted. 

However, the blue shift changes continuously with the ion dose; so it is impossible to separate 

all of the components.  
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Figure 4-9 PL Comparison of PL spectra for the thick reference and implanted MQW samples 
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 We compare the temperature dependence of the peaks a, b and c, as shown in figure 

4-10, and deduce activation energies by fitting equation (4-2). Peak (a), which corresponds to 

the implanted exciton transition band of the MQW, gives the largest activation energy of 

35 meV. Peak (b), which originates mostly from a lower implantation dose and phonon 

replica, gives an activation energy of 28 meV. Peak (c), which originates mainly from the 

unimplanted MQW and phonon replica, gives the lowest activation energy of 24 meV.  

 

4-3-3 Observation of biexcitons in four-wave mixing 

 ZnO materials have a large binding energy and further enhancement of the binding 

energy in ZnO-based quantum wells due to quantum confinement makes it possible to achieve 

low threshold stimulated emission or laser action at temperatures up to room temperature [29, 

65, 66]. Two excitons with opposite spins may interact to form a bound state known as a 

biexciton (also known as an exciton molecule) at high excitation. Biexcitonic transitions can 

play an important role because of their linear and nonlinear optical properties, such as a low 

threshold density for stimulated emission or lasing and a high gain coefficient [9, 17, 67]. The 
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Figure 4-10 Temperature dependence of the intensity of peaks a, b, c 
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threshold for biexciton recombination or formation is significantly lower than that for exciton-

exciton recombination, i.e., the biexciton gain should be advantageous from the viewpoint of 

applications as a low-threshold semiconductor [2].  

  The binding energy of the biexciton has been measured to be in the range 12-16 meV 

in bulk ZnO [9, 68], and it is enhanced in ZnO/ZnMgO quantum wells due to the quantum 

confinement effect, leading to the observation of binding energies larger than 30 meV [9, 12, 

67, 69]. This is comparable to the thermal energy at 300 K, which suggests the possibility of 

biexciton lasing at room temperature with only minimal cooling required. To date, however, 

there has been no experimental observation of biexcitonic emission from ZnO/ZnMgO 

quantum wells at room temperature. 

 The simplest way to experimentally observe biexcitons and determine the binding 

energy is to study the luminescence spectrum, where the biexciton peak appears at lower 

energy than the exciton [67] and with an amplitude that varies quadratically with excitation 

intensity. However, with this method it is difficult to resolve the biexciton peak at room 

temperature due to inhomogeneous broadening and thermal broadening of the transitions. 

Time integrated and spectrally resolved FWM techniques have also been used to observe 

emission from biexcitons in a background-free phase-matching direction [16, 70].  However, 

the broadening again makes it difficult to resolve the biexciton peak, whilst the short 

dephasing time at room temperature makes it difficult to distinguish the biexciton signal from 

other many-body effects, such as local field effects and excitation induced dephasing, at short 

negative delays.  

 In this study we use one-colour and two-colour spectrally resolved FWM experiments 

to observe biexciton transitions in ZnO/ZnMgO multiple quantum wells at room temperature. 

The experiment setup is a typical two-pulse degenerate FWM, as described in chapter 2. Two 

laser pulses (denoted as pulse-1 and pulse-2) from two independent OPAs and with wave 

vectors k1 and k2 are incident on a thin sample. Pulse-2 is delayed with respect to pulse-1 by 

d
τ , and the signal due to the third-order polarisation in the 2 −2 1k k direction is detected. In 

this configuration, pulse-1 arrives first and establishes a polarization in the sample, and then 

pulse-2 interferes with the polarization to generate a population grating if the pulse 

separation
d

τ is shorter than the dephasing time. Pulse-2 can then be diffracted from this 

grating in the 2 −
2 1

k k direction. Thus, a signal is observed only when pulse-1 arrives before 

pulse-2, hereafter referred to as a positive delay. In the time integrated FWM experiment, the 
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intensity of the signal is proportional to 2exp( 2 )
d

Tτ−  in a homogeneously broadened 

system or 2exp( 4 )
d

Tτ− in an inhomogeneously broadened system, where T2 is the 

dephasing time [71].  

At the same time, a signal can be generated at negative delays as a result of many-

body effects, such as local-field effects and excitation-induced dephasing [71], and it is also 

possible to generate a signal at negative delays from biexcitons [72], in which case the two 

photons from pulse-2 establish a two-photon coherence (i.e., a biexciton), from which a 

photon of pulse-1 can diffract and give a signal in the 2k2-k1 direction that decays at a rate 

determined by the dephasing time of the biexciton. Indeed, this signal from a biexciton would 

be expected to exist almost entirely at negative delays [73]. It is a problem to determine the 
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Figure 4-11 Spectrally resolved FWM signal for different excitation intensities as a function of time 

delay between pulses, a: 8 0I , b: 5 0I , c: 3 0I , d: 
2

0 0.1 /I mJ cm=  
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origin of negative time-delay signals because local-field effects, excitation induced dephasing 

and biexcitons are qualitatively similar although the local-field effect is independent of the 

excitation intensity while both excitation-induced dephasing and biexcitons depend on the 

excitation intensity [71].  

 In the case of a two-colour experiment, the ‘normal’ signal would be expected to exist 

only when there is coherent transfer of the polarisation from the state pumped by pulse-1 to 

the state probed by pulse-2. Local-field effects and excitation induced dephasing are both, in 

principle, based on the interaction between excitons and their transfer of coherence, but in the 

two colour case, the excitons excited by pulse-1 and pulse-2 have different wavelengths; so 

that the transfer of coherence is expected to be weak. A signal from a two-photon coherence, 

however, can still exist when the two pulses are of a different colour, since pulse-1 simply 

needs to diffract from the coherent biexciton. It is by the observation of this signal, using a 

two-colour spectrally resolved FWM setup, that the presence of biexcitons at room 

temperature is identified. 
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Figure 4-12 Wavelength-integrated FWM signal at different excitation intensities. Each plot 

is offset and the real zero intensity corresponds to the intensity at long time delay -300 fs. The 

inset shows the signal intensity variation with increasing excitation intensity in positive 

delay (70 fs, circles) and negative delay (-100 fs, squares).  
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 In the one-colour experiment, 350 nm laser pulses with 100 fs duration were used and 

the sample is the low implanted (
14 25 10 /ions cm× ) 2 nm thick ZnO/ZnMgO. Figure 4-11 

shows the spectrally resolved transient FWM signal as function of time delay 
d

τ for different 

excitation intensities, where (a) to (d) correspond to excitation intensities of 8I0, 5I0, 3I0 and I0 

with I0 ~
20.1 /mJ cm per pulse. The corresponding time evolution of the wavelength-

integrated FWM signals is shown in figure 4-12. On the positive delay side, with increasing 

time delay, the spectral width decreases, which indicates that there is some signal from the 

sample after the excitation pulses have ceased temporally overlapping. We can see from the 

time evolution of the integrated signal that the decay of the signal for positive delay is 

independent of the excitation intensity, from which we can deduce an exciton dephasing time 

150 10 fs± using a single exponential function fit based on inhomogeneous broadening. 

However, for negative delay, with increasing excitation intensity, clear spectral broadening 

can be observed (also figure 4-11). This is due to many body effects, which become important 

at high excitation intensities, and can include the presence of biexcitons. Furthermore, the 

decay is very rapid for low excitation intensity but increases with the excitation intensity. This 

indicates there is a significant signal for negative delays beyond the temporal overlap of the 
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Figure 4-13 Spectra of time-integrated FWM signals with one-colour excitation for a negative delay of 

40 fs and different excitation intensities (a) and different time delays at high intensity (b) 
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two pulses which is only present at high excitation intensity. The signal variation for different 

excitation intensities is compared in the inset of figure 4-12 for positive delay (70 fs, circles) and 

negative delay (-100 fs, squares). It is clear that the signal of the negative delay increases 

significantly faster with increasing excitation intensity than that of the positive delay and that the 

negative and positive signals can be approximately fitted with quadratic and linear functions, 

respectively. This signal may originate from excitation induced dephasing and the presence of 

biexcitons. 

 Figure 4-13 (a) compares the spectra of time-integrated FWM signals for negative 

delay and different excitation intensities. There is a significant increase on the long 

wavelength side with increasing excitation intensity which forms a clear dual-peak structure at 

high excitation intensity. Figure 4-13(b) compares the spectra for different time delays. 

Similarly, there is a significant component on the long wavelength side for the negative delays.  

  The origin of the negative delay signal is clarified in the two colour experiments, in 

which pulse 1 and pulse 2 have a wavelength of 350 nm and 360 nm, respectively, and the 

FWM signal is detected in the 2
2 1

k - k direction. The wavelength of the FWM signal in this 

direction is given by 2 12ω ω− , which in this case generates a signal at 370 nm as shown in 

figure 4-14. For the normal FWM signal in this configuration, there needs to be coherent 

transfer of polarization between the states excited by the 360 nm and 350 nm pulses. This is 

also true for the signal at negative delay due to local field effects and excitation induced 

dephasing, in which the decay of such a signal for negative delay would be twice as fast as 
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Figure 4-14 FWM signal for two-colour excitation at 350 and 360 nm  
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that for positive delay [71]. The experimental result shows that there is a rapid decay for 

positive delay, but an extended signal at negative delay, well beyond the time when the two 

pulses temporally overlap. This is clear evidence that the extended signal originates from the 

generation of a two-photon coherence, most likely in the form of a biexciton. The intensity 

dependence experiment shows, similarly to that of the one-colour experiment for negative 

delay, that the second peak is enhanced at high excitation intensity and absent at low intensity, 

which is consistent with the behaviour expected for biexcitons. From the decay of the signal, 

the decoherence time of the two-photon coherence is deduced to be 90 10 fs± using a single 

exponential fit. A similar two-colour experiment was performed with 340 nm and 350 nm 

excitation and gives a similar decoherence time. Given that these experiments were performed 

at room temperature and phonons are expected to be the dominant cause of dephasing, this is a 

remarkable observation. Other sources of a two-photon coherence, such as an unbound 

exciton pair, would be expected to dephase even more rapidly, and within the laser pulse, due 

to enhanced interaction with the environment.  

 

4-3-4 Pump-probe experiment 

Time-resolved photoluminescence plays an important role for understanding the 

detailed physical processes in hot exciton scattering and exciton recombination. Pump-probe 

provides the simplest technique for obtaining time resolution limited by the laser pulse-width. 

In this experiment the pump pulse is adjusted to 340 nm and the probe pulse, which has much 

low intensity (~1%), is tuned from 350 nm to 380 nm. Both pulses have a duration of 100 fs 

and the transmitted intensity is detected. The samples used in this study include the samples of 

2 nm thickness multiple quantum wells with implantation dose of 
155 10× ions/cm

2
 and 

without implantation. 

Figure 4-15 shows the time evolution of the transmission at probe wavelengths 

350 nm and 370 nm. Near time zero a very sharp peak appears, which is attributed to a 

coherence spike on the time scale of tens of femtoseconds. A relatively slow decay follows, 

which corresponds to exciton relaxation or recombination. The transmission decays with a 

single exponential function, which gives the decay time of the detected state. We compare the 

decay time at different probe wavelengths as shown in figure 4-16. On the high energy side 

the decay times are very short, of the order of hundreds of femtoseconds, whilst on the low 
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energy side the decay times are relatively long, of the order of tens of picoseconds. In the 

optical excitation process, the pump pulse generates hot excitons with a small amount of 

excess energy because the wavelength of the pump is 340 nm. The hot excitons lose their 

excess energy in a few hundreds of femtoseconds to low states mainly by exciton-LO phonon 

interactions, resulting in a quasi-equilibrium distribution of thermalized excitons [74]. This 

process can be fast because of efficient exciton energy cooling through LO scattering in the 

two-dimension quantum wells at room temperature. The subsequent processes consist of 

localization at potential fluctuations, scattering with electrons or other excitons and eventually 

recombination radiatively or nonradiatively on a time scale of a few hundred picoseconds. 

At 350 nm and 360 nm, the dominant process is carrier relaxation through LO-phonon 

scattering because this is much faster than the recombination process [74]. In the pump-probe 

experiment, the reference sample gives decay times of 710 fs and 830 fs at 350 nm and 
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Figure 4- 15 Time evolution of transmission at probe wavelength of 350 nm and 370 nm, which 

shows a single exponential decay 
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360 nm, and almost the same decay times for the implanted sample, with 730 fs and 920 fs, 

respectively. Due to inhomogeneous broadening and thermal broadening, low quantum 

efficiency at room temperature and low resolution of the spectrometer, it is difficult to identify 

exactly the detailed nature of the transitions at various wavelengths. We can estimate that the 

main transitions include the recombination of hot carriers on the high energy side (350-

360 nm), free excitons, localized excitons and exciton replica roughly in the range from 370 to 

400 nm [49]. At room temperature, nonradiative recombination rather than radiative 

recombination should be the dominant process because of the very low PL efficiency. Thus on 

the low energy side the decay time could correspond mainly to the nonradiative recombination 

lifetime with about 40 ps.  

In general, nonradiative decay in semiconductors is correlated with certain kinds of 

point defects. However, no clear correlation is found between the PL decay time and the point 

defect density, and the nonradiative process is considered to be governed by certain defect 

species introduced by the presence of Zn vacancies such as vacancy complexes. As mentioned 

earlier, compared with the as-grown sample, the implanted sample exhibits a slightly longer 

lifetime at all wavelengths, which is consistent with the high quantum efficiency and slower 

temperature quenching rate in the PL temperature dependence experiment. This observation 
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Figure 4-16 Comparison of the decay time between the reference (squares) and implanted (circles) 

ZnO/ZnMgO MQW as a function of probe wavelength for a pump wavelength 340 nm 
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also supports the conclusion that a suitable dose of oxygen implantation can improve the 

quality of the MQW. 

4-4 Conclusions 

 We have studied the ZnO/ZnMgO MQW and oxygen-implanted MQW samples using 

various ultrafast spectroscopy techniques. In the PL experiment, a clear blue shift is observed 

for the implanted samples, and the blue shift increases with increasing oxygen implantation 

dose. In the implanted sample, significant temperature quenching improvement takes place at 

low implantation dose, which could be due to the oxygen implantation suppressing the 

formation of nonradiative centres that are most likely defect complexes with Zn vacancies. A 

high dose of implantation leads to lattice damage and agglomeration of defects leading to 

large defect clusters, so that additional nonradiative centres will be introduced, which leads to 

a low quantum efficiency and a fast temperature quenching rate of the PL.  

Biexcitons may play an important role in low threshold laser action due to the binding 

energy enhancement in the ZnO/ZnMgO MQW. However it is normally very difficult to 

identify this effect especially at room temperature, because of strong inhomogeneous 

broadening and thermal broadening, and also the very short dephasing time. In the one- and 

two-colour two-beam spectrally resolved degenerate FWM experiment, the biexciton effect is 

observed at room temperature and the decoherence time of the two-photon coherence is 

deduced to be 90 10± fs . The experiment also gives an exciton dephasing time of 

150 10 fs± based on the inhomogeneous broadening.  

In the pump probe experiment, we observe the decay time in the band edge region. In 

the high energy region, 350 nm and 360 nm, the dominant process is hot exciton relaxation 

with LO phonon scattering, giving a decay time in the subpicosecond range. In the low energy 

region, 370 nm and 380 nm, the dominant process is exciton recombination. At room 

temperature the recombination process is mainly governed by nonradiative recombination 

with a time scale of about 40 picoseconds.  
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Chapter 5  

InGaAs Quantum Structures 

5-1 Electron dynamics in InGaAs quantum dots 

 Semiconductor quantum dots have been the subject of intensive research in recent 

years due to their great potential both in applications and in fundamental studies [1-3]. 

Especially, with the progress of growth technology it is possible to precisely control the 

quantum structures in the growth and achieve a variety of quantum structures. On the 

applications side quantum dots could be the best candidate for the next generation of 

photonics devices, such as high performance lasers and photo-detectors. Semiconductor 

quantum dots have unique discrete states due to the three dimensional confinement. In 

principle, quantum dot lasers can achieve high efficiency because nearly all of the energy is 

concentrated in the ground state and they can have excellent temperature stability due to the 

discrete energy levels. QD detectors can cover a very broad range of wavelengths because of 

the various discrete energy states in the QDs based on their interband and intersubband 

transitions. In fundamental studies, quantum dots can be regarded as artificial atoms because 

they have discrete energy states like atoms or molecules; so it is possible to make quantum 

dots with various structures to study various quantum effects or discover new phenomena.  

 One of the simplest and most common ways of producing semiconductor QDs is the 

Stranski and Krastanov self-assembled growth of strained QDs (SAQDs) [4, 5].   In this 

growth mode, elastic energy associated with the lattice mismatch strain between different 

epitaxially deposited semiconductor layers is minimized through the formation of a small 

island connected by a thin wetting layer (WL). This high crystalline quality island is typically 

of pyramidal shape with 10-30 nm base dimension and 2-8 nm height. By capping these self-

assembled islands with an epitaxial layer of a wider band-gap material and a lattice constant 

similar to that of the substrate, high quality QDs can be produced. One of the main 

disadvantages of this growth mode is the size distribution of the SAQDs, which is typically 

about ±10%. This, together with a possible distribution in composition, strain field and 
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structure shape, gives rise to a large non-uniformity of the SAQD properties in general and 

inhomogeneous broadening of their optical spectral features in particular. 

 SAQDs are typically grown from a quasi-two-dimensional wetting layer. 

Consequently, the relevant electronic structure consists of two parts, the discrete QD states 

due to three dimensional confinement and a quasi-continuum WL band due to one 

dimensional confinement. The localized QD states are energetically below the delocalized 

WL states. In a usual optical experiment, a pump process initially generates carriers in the WL. 

The carrier dynamics in the QDs critically depends on the capture of carriers from the WL 

into the QD states as well as the relaxation of carriers between the discrete QD states. An 

important question is the extent to which these processes limit the laser operation in 

comparison to the extensively studied quantum-well laser. 

 InGaAs (InAs) is one of the most important semiconductor quantum dot materials 

which provide a tunable wavelength to cover the near infrared range for the optical 

communication industry. Many applications have been found for InGaAs (InAs) quantum dots, 

including infrared detectors [6, 7], single electron transistors [8, 9], QD memory devices [10] 

and QD lasers [3, 11]. Quantum dots have been proposed as a possible route to increase the 

modulation speed of semiconductor lasers because they have the potential to achieve very 

high differential gain due to their unique discrete energy levels. In principle, a QD active 

region can couple every injected electron and hole to the lasing mode. By contrast a quantum 

well has a small probability for its electrons and holes to occupy only those states that couple 

to the lasing mode due to their continuous density of states.  This is an essential requirement 

for high efficiency, high modulation speed and stable temperature QD lasers that achieve 

efficient relaxation to the ground state. However, the energy relaxation was found to be 

limited by the so-called phonon bottleneck effect which is also due to the discrete energy 

states of the QDs [12, 13]. Carrier capture and sequent relaxation is a most important subject 

and has been the subject of extensive research [14-22] for the last decade because it is closely 

relevant to both applications and fundamental research. The slow relaxation rate had been 

considered as evidence of a phonon bottleneck in many observations [23-26]. On the other 

hand, other studies indicated that relaxation within the quantum dots proceeds at a rate greatly 

exceeding that originally thought possible in the presence of a phonon bottleneck. Several 

explanations have been proposed for this fast relaxation, including Auger processes [27-29], 

electron-hole scattering [18, 30-32] and multiphonon emission [19, 33-35]. The wide range of 

energy relaxation times is likely to be a result of a number of factors, such as lattice 

temperature, excitation intensity, excitation energy and various SAQD features resulting from 
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different growth conditions, such as different dot sizes, shapes, ground state energies and 

electron and hole potential depths. 

 During the process of non-resonant optical excitation of a semiconductor system, 

electrons and holes are normally created in the higher-energy continuum states. Photoexcited 

electrons and holes relax into the ground state (assuming negligible recombination in the 

excited state because the lifetime in general is much longer than the relaxation time) in 

cascade via phonon emissions and finally recombine to emit light. In higher dimensional 

systems (bulk or quantum well) the dominant relaxation process is longitudinal optical (LO) 

phonon emission via Fröhlich interaction [13, 36] with subpicosecond relaxation times 

because it is easy to satisfy energy and momentum conservation in the continuum. However, 

in a quantum dot, this process is forbidden because it is difficult to satisfy energy conservation 

in a discrete state system. The deformation potential interaction with longitudinal acoustic 

(LA) phonons, which is already weaker in the bulk, becomes even weaker as the dot size is 

reduced due to a decreasing form factor [36]. The relaxation via LA phonon emission in 

quantum dots is slower than in the bulk by many orders of magnitude [13, 20].  An efficient 

phonon relaxation can only be achieved when the energy separation between the discrete 

states of the QDs is equal to the LO phonon energy or is within the narrow window LO LA±  

[36]. Thus, very slow intersubband relaxation rates are generally observed in a QD system, 

which is called a phonon bottleneck [23, 26, 37].  

 However, contradictory effects have been found in many experimental observations 

[33, 38]. Many different mechanisms have been proposed to break the phonon bottleneck and 

result in fast intersubband relaxation [19, 22, 29, 39-41]. For instance, in a QD laser device, 

the pump generates a high density electron-hole plasma in the delocalized states. Under these 

conditions electron-electron and hole-hole scattering (Auger process) can provide efficient 

transitions for electrons and holes from the delocalized WL states into the discrete localized 

QD states (carrier capture) as well as between the discrete QD states (carrier relaxation) [29, 

42]. A detailed inspection of the kinetic equation for Coulomb scattering shows that these are 

only some of the possible processes, for example, a relaxation process starting with two 

carriers in an excited QD state where one is scattered into the QD ground state and the other 

into the WL [39].  

 On the other hand, interaction between carriers and LO-phonons can also lead to 

efficient scattering channels if energy conservation can be satisfied. The energy separation of 

the QD states typically does not match the LO-phonon energy whilst capture processes of 

carriers from the WL to the QD states are often possible for holes since they have shallower 
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confinement energy than electrons. Thus electron-hole scattering becomes a possible 

relaxation channel, in which electrons transfer their extra energy to holes and relax into the 

ground state of the QDs, while the holes jump into the WL [43]. Holes can effectively relax 

back because of their small energy separation through phonon or multiphonon relaxation. 

Furthermore, multiphonon scattering and defect-assisted relaxation were also regarded as 

possible relaxation mechanisms for the QDs in which a significantly faster relaxation than 

predicted by phonon bottleneck can be achieved [19, 20, 34, 44].  

P-doped self-assembled QDs can greatly improve the performance of QD lasers, in 

terms of stable temperature characteristics and promising high-speed properties [3, 45, 46]. 

The first characteric is attributed to countering the effect of thermal smearing of holes in 

closely spaced hole levels. The high-speed characteristics are known to be strongly affected 

by carrier capture and sequent relaxation. In doped QDs, the presence of built-in carriers can 

alter the carrier dynamics and result in an enhancement of the relaxation rate.  

As shown in figure 5-1, the essential difference between undoped and doped QDs is 

the carrier density in the conduction and valence bands. For undoped QDs, after laser pulse 

excitation, equal densities of electrons and holes are generated in the conduction and valence 

bands. Therefore, the sample ensemble is neutral in charge. P-doped (n-doped) QDs have an 

excess of holes (electrons) built-in the valence (conduction) band before laser excitation. In p-

doped QDs the photoexcited electron density in the conduction band is smaller than the 

 

Figure 5-1 Primary difference between undoped, n-doped and p-doped QDs 
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density of holes in the valence band, and so electrons can recombine with the holes in the 

ground state due to the small energy spacing in the valence band [47]. Therefore, in p-doped 

QDs, the carrier dynamics essentially depend on electron capture from the wetting layer and 

sequent intersubband relaxation because excess holes reside in the valence band prior to laser 

excitation.  

Another important subject is how the doping processes and dopants affect the 

electrical and optical properties of the doped quantum dots. Shchekin et al. showed that the 

presence of doping-induced excess carriers can increase the number of certain kinds of defects 

because of the free carrier influence on interdiffusion occurring during the dot overgrowth 

[48]. For example, in a p-doped structure, the concentration of interstitials will increase, 

which leads to a positive charge. Thus a small number of point defects can result from p- or n-

doping [49, 50]. However, to date the exact nature of the defects produced during the doping 

process is still unclear. 

 Despite the potential for applications, only a few studies of carrier dynamics in 

modulation doped QD structures have been reported [18, 45, 51]. The details of the carrier 

capture and subsequent relaxation is not clear, and the relevant energy relaxation mechanism 

 
 

Figure 5-2 Structures of undoped, direct p-doped and modulation p-doped InGaAs QDs 
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is very controversial and under debate. In this chapter we study the electron dynamics in 

InGaAs SAQDs with different p-type doping and undoped samples using time integrated and 

time resolved PL.  

5-1-1 Experiment 

 InGaAs/GaAs QD and InGaAs/InP QW samples used in this work were provided by 

Ms Sudah Mokkapati and Mr. Paulus Lobo Gaoso from the group of Professor Chennupati 

Jagadish at the Australian National University. The QD samples include undoped, direct p-

doped and modulation p-doped samples (figure 5-2). Each of the samples was grown on a 

semi-insulating (100) GaAs substrate by low-pressure metalorganic chemical vapour 

deposition for structures of direct doping, modulation doping and without doping. For the 

undoped sample, 200 nm of GaAs buffer layer was first grown at 650℃ on a semi-isolated 

GaAs substrate, followed by In0.5Ga0.5As dots grown and capped with 11 nm GaAs at 550℃. 

After a 1 minute interruption, the sample was capped with 200 nm of GaAs as the temperature 

was ramped to 650℃. The direct p-doped sample was grown under the same conditions as the 

undoped sample except the QDs were grown with a CCl4 flow at 4×10
-6

 Torr at 550℃. For the 

modulation p-doped sample, after a 200 nm GaAs buffer layer, undoped In0.5Ga0.5As dots, 

11 nm capping layer and a 1 minute interruption, 10 nm GaAs was grown as the temperature 

was ramped to 650℃. Then a 20 nm thickness of doped GaAs (III/V ratio of 0.70) was grown 

at 650℃ with a CCl4 flow at 5×10
-7

 Torr. Finally, 170 nm undoped GaAs was capped at 

650 ℃. 

 Time integrated PL (CWPL) was performed at 77 K and room temperature using two 

kinds of laser excitation, a 532 nm laser as a continuous stable excitation source and 800 nm 

femtosecond pulses for high intensity excitation. A cooled InGaAs photodetector was used at 

the output slit of a 0.25 m monochrometer. The time-resolved PL experiment was performed 

with a PL up-conversion technique, as described in chapter 2. The excitation laser has 

ultrashort pulses with duration 80 fs, pulse energy 1-10 µJ and repetition rate 1 kHz. The 

luminescence from the sample was collected in a backward geometry and mixed in a BBO 

crystal with a variable delayed gating pulse (800 nm, 80 fs, 20 µJ) to generate a sum-

frequency signal. The up-conversion system has a time and spectral resolution of 150 fs and 

2 nm, respectively. 
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5-1-2 Time integrated photoluminescence 

 Figure 5-3 shows the PL spectra of the undoped (a), direct doped (b) and modulation 

doped (c) samples excited by a 532 nm laser at a low intensity of 2 mW at 77K. Each of the 

spectra can be fit well with a single Gaussian function, which is attributed to the ground state 

transition. A clear blue shift is observed for the p-doped samples, with 9 meV (b: direct doped) 

and 29 meV (c: modulation doped), compared to the undoped sample (centre 1070 nm), which 

suggests substantial carrier accumulation inside the QDs. Several groups have observed and 

theoretically studied the spectral shift from charged QDs [52-54]. Regelman et al. 

demonstrated that, unlike higher dimensionality charged collective states, positively charged 

dots show an increase in emission energy, because the energy associated with hole-hole 

repulsion is larger than the energy associated with electron-hole attraction, which in turn is 

larger than the energy associated with electron-electron repulsion. Thus, the emission due to 

radiative recombination of an electron-hole pair is shifted to the blue. Compared to the 

undoped sample, charged QDs will create an extra multi-particle recombination energy, as 

shown schematically in figure 5-4 [53].  
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Figure 5-3 Integrated photoluminescence of InGaAs/GaAs QDs with the undoped (a), direct p-

doped (b) and modulation p-doped (c) samples at 77K and low excitation 
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With increasing doping density, the probability of holes present in a QD increases, so 

the probability of multi-particle recombination increases. This leads to an increasing blue shift. 

At a low excitation intensity many-body effects, such as bandgap renormalization and state 

filling, can be neglected. Basically, the dot size is an important effect for shifting the emission 

energy. Each of the samples has a very similar dot size based on a very similar growth process 

(the only difference is the modulation doping layer after the dot growth), so the reason for this 

blue shift should be extra holes in the QDs. Thus, the higher the doping density, the larger the 

blue shift. The experiment shows a smaller blue shift in the direct doped sample compared to 

the modulation doped sample, which can be attributed to a lower doping density in the direct 

doped sample. This is consistent with other studies [51, 55]. 

With increasing laser excitation intensity, an obvious asymmetry appears on the high 

energy side of the CWPL, which can be attributed to a state filling effect [56]. At 52 mW laser 

excitation, the PL contribution from the excited state transition can be clearly observed. The 

CWPL spectrum for each sample is well characterized by a two Gaussian fit for high 

excitation, where the centres of the Gaussian functions can be attributed to transitions from 

the ground state and from the first excited state, respectively, as shown in figure 5-5 for the 

 
 

Figure 5-4 Emission energy shift for charged quantum dots. Positive charged QDs will 

create extra multi-particle recombination energy and thus a blue shift is observed in the p-

doped sample   
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undoped sample. The inset shows the spectra for high excitation intensity for the undoped, 

direct doped and modulation doped samples. Energy separations between the ground state and 

excited states of 62, 53 and 57 meV are deduced for the undoped, direct doped and 

modulation doped samples, respectively. For these excitation conditions, we do not find any 

other component from the higher excited state or wetting layer.  

 At room temperature and at the same high excitation, in addition to a red shift and a 

decrease of intensity, the contribution from the excited state decreases relative to the ground 

state. A weak contribution from the higher excited state is observed due to strong thermal 

activation, as shown in figure 5-5 for the undoped sample. A similar room temperature 

spectrum is also observed for the other two samples.  

It is possible to observe the higher excited state or wetting layer, even the GaAs barrier, 

with femtosecond laser excitation. With increasing laser excitation intensity, peaks from the 

ground state, excited states, wetting layer and GaAs barrier sequentially appear, as shown in 

figure 5-6 for undoped (a) and direct doped (b) samples. In the figure, arrows indicate the 

ground state transition of the QDs and WL, respectively. At 77 K, the WL of both the 

undoped and modulation doped samples appears at 925 nm (1.338 eV), which results from the 
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Figure 5-5 PL spectra of undoped QDs at high excitation. An obvious contribution of the 

excited state can be observed with a Gaussian fit. At room temperature, the PL spectrum 

shifts to the red and broadens. The inset shows the spectra of undoped (a), direct doped (b) 

and modulation doped (c) for high excitation at 532 nm   
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identical conditions of the dot growth. The variation of spectral shape with excitation intensity 

is similar for these two samples. On the other hand, the wetting layer of the direct doped 

sample significantly shifts to the red side, with 980 nm (1.263 eV). Basically, the wetting 

layer is regarded as a thin quantum well; therefore, its emission wavelength depends not only 

on the composition but also on the thickness, which determines the quantum confinement 

energy. During InGaAs dot growth of the direct doped sample, the composition is affected by 

the doping atom and may slightly affect the strain and thus the thickness of the wetting layer. 

An energy shift of the WL results from the doping process and this shift leads to significantly 

different state filling features, as shown in figure 5-6.   
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Figure 5-6 Variation in the PL spectrum excited at 77K by a femtosecond laser for the undoped (a) 

and direct doped (b) samples. Arrows indicate the positions of the ground state and WL transitions. 

Significantly different WL is clearly observed 
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5-1-3 Time-resolved photoluminescence  

Figure 5-7 shows the evolution of the PL for the ground state transitions of undoped (a) 

direct doped (b) and modulation doped (c) samples excited at 800 nm at 77 K and 293 K, 

respectively. Each PL evolution can be fit with an exponential function 

[ exp( / ) exp( / )]
D R

A t tτ τ− − − , with decay time 
D

τ and rise time 
R

τ .  We deduce the rise 

time and decay time of the three samples from the fitting (table 5-1). At low temperature, in 
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 Figure 5-7 Evolution of PL for the ground state transition for undoped (a), direct doped (b) 

and modulation doped (c) samples with low intensity excitation of 800 nm at 77 K and 293 K 
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comparison with the undoped sample, the modulation doped sample has a significantly shorter 

rise time, while the direct doped sample gives a slightly shorter rise time. A slightly shorter 

rise time of the excited state transition is observed for each sample. At the same time, we 

obtain almost the same decay time for both ground state and excited state transitions for each 

sample.  

When the temperature increases to room temperature, the rise time of the undoped 

sample significantly shortens. On the other hand, the rise time of the modulation doped 

sample changes only slightly. At room temperature, the undoped sample gives the shortest rise 

time, followed by the direct doped sample. As for the decay time, those of the undoped and 

direct doped samples shorten significantly at room temperature; so that the three samples have 

similar decay times at room temperature.  

 

Table 5-1 Rise times and decay times of the three samples at 77 K 

Sample Undoped Direct p-doped  Modulation p-doped 

Decay or rise 

time 
  

D
τ  (ps) 

R
τ (ps) 

D
τ (ps) 

R
τ (ps) 

D
τ (ps) 

R
τ (ps) 

Ground state 750 65 620 50 400 35 

Excited state 730 55 610 45 400 25 

 

 

Table 5-2 Rise times and decay times of the three samples at room temperature 

Sample Undoped Direct p-doped  Modulation p-doped 

Decay or rise 

time 
  

D
τ  (ps) 

R
τ (ps) 

D
τ (ps) 

R
τ (ps) 

D
τ (ps) 

R
τ (ps) 

Ground state 455 23 445 28 395 30 

Excited state 430 18 390 20 350 25 

 

After 800 nm laser excitation, hot electrons and holes are generated in the GaAs barrier 

layer. A rapid LO phonon emission via Fröhlich interaction [13, 36] is expected due to the 

continuum band in the GaAs barrier; in this way electrons may rapidly relax into the ground 

state of the GaAs and the wetting layer. Then two relaxation channels are expected, through 
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which electrons relax into the ground state of the QDs. In the first channel electrons are 

captured directly into the ground state of the QDs from the WL, through either electron-

electron scattering or electron-hole scattering. In the second channel, electrons are first 

captured into the excited states of the QDs and then relax into the ground state through 

intersubband relaxation, electron-hole scattering or phonon scattering.  

There are many theoretical approaches which discuss the general possible relaxation 

mechanisms of carriers in self-assembled QDs [15, 16, 19, 28, 32]. Some of the experimental 

observations and theoretical studies have pointed out that carrier relaxation may be rapid 

taking into account Auger processes [29, 57], electron-hole interactions [18, 39] and the 

relatively slow relaxation from multi-phonon processes [19, 33, 58]. Gündoğdu et al. found 

that relaxation is significantly enhanced in p-doped InAs QDs due to efficient electron-hole 

scattering involving a built-in carrier population [18]. Siegert et al. studied carrier dynamics of 

modulation doped InAs QDs and different relaxation mechanisms were proposed [51]. 

However, the details of the relaxation mechanism depend sensitively on the features of the 

QDs, such as the composition, dot size, doping density, temperature, excitation intensity and 

wavelengths, etc, and it is difficult to identify the relaxation mechanisms from experiments. 

To date the physical mechanism involved in carrier relaxation in QDs and the influence of 

doping on the carrier capture and relaxation dynamics are still unclear and under debate [19, 

24, 25, 33].  

The primary difference between the samples is the different doping methods which 

can lead to a different doping density and may result in different relaxation mechanisms. 

According to our experiment, scattering between electrons and built-in holes most likely is 

the dominant relaxation mechanism in the modulation doped sample. In this way, electrons 

in the WL can transfer their energy to holes through scattering with holes of the ground state 

of the valence band and relax into QD states; holes are excited into excited states or the WL 

of the valence band.  Due to the high effective mass of the holes, the QD level separation in 

the valence band is in the range of a few meV. This allows the holes to thermalize within 

several hundreds of femtoseconds through effective phonon emission. We expect hole 

scattering into the WL to be more efficient than scattering between discrete hole states 

because of the high state density in the WL. For the p-doped samples, built-in holes in the 

QDs result in efficient electron-hole scattering and thermal activation does not affect the 

relaxation rate. For the modulation doped sample, the higher doping density provides an 

effective scattering channel. The relaxation rate is related to the doping density, e.g., the 
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direct p-doped sample gives a slightly faster relaxation rate due to the low doping density. 

This is consistent with the observations reported by other groups [14, 18, 29, 42].  

The PL experiment shows there is no obvious so-called phonon bottleneck in these 

InGaAs QDs. If the intersubband relaxation rate of the QDs is very low, PL peaks from both 

the ground state and excited states should be observed both at high excitation and low 

excitation intensity. However, both PL and TRPL experiments reveal that this intersubband 

relaxation is not very effective, because for each sample the rise time and decay time of the 

excited state transitions do not show obvious differences from those of the ground state. For 

the ground state transitions, the decay time is determined by the recombination between 

electrons and holes, while for the excited state transitions it is determined not only by the 

recombination rate but also by the intersubband relaxation rate. Thus in the case of effective 

intersubband relaxation, a remarkably different decay time is observed between transitions 

from the ground state and the excited states [14]. 

Phonon scattering is the likely dominant mechanism for the undoped sample due to 

the close separation of the hole levels and the availability of various energy-broadened 

phonons [22, 28]. In this case, a perfect match between the intersubband and LO phonon 

energies is not critical for a fast carrier relaxation. A fast carrier relaxation is possible even 

through multiphonon relaxation involving optical and acoustic phonons [14, 19, 34]. At low 

temperature, an ineffective phonon emission results in a slow relaxation rate. At room 

temperature, this phonon emission is strengthened and thus a significantly faster relaxation 

rate is observed. 

From the time evolution of the PL, we deduce decay times of 750 ps, 620 ps and 

400 ps for the undoped, direct doped and modulation doped samples, respectively. Generally, 

the lifetime of the ground state of the QDs is determined by radiative and non-radiative 

recombination. Because the structures of all samples are similar except for the doping, the 

lifetime should be related to the doping process or doping density. Experiment reveals that the 

lifetime of the doped samples decreases with doping density, which should result from a small 

number of dopant-related defects acting as nonradiative recombination centres as observed in 

other doped QDs [51, 59]. The exact nature of the defects is still unknown. Shchekin et al 

have shown that the presence of doping-induced excess carriers can increase the number of 

certain kinds of defects because of the free carrier influence on inter-diffusion occurring 

during the dot overgrowth [48]. For example, in a p-type doping structure, the concentration 

of interstitials will increase, which leads to a positive charge. Thus a small number of point 

defects could result from p- or n-doping [49, 50]. 
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5-2 State filling effect in InGaAs quantum dots 

 The state filling effect is an interesting phenomenon that has been extensively 

investigated in various quantum structures using various techniques and gives detailed 

information about the optical and dynamical properties [60, 61]. However, only a few studies 

have been reported on the state filling effect and carrier dynamics of modulation doped QD 

structures. The influence of doping on the state filling effect and relaxation dynamics in these 

QD heterostructures is still not clear [18, 51, 62].  

 The atomic-like discrete energy states of QDs is expected to lead to a state filling 

effect due to the Pauli exclusion principle taking effect when only a few carriers populate the 

lower states. This will also lead to hindered intersubband relaxation and to the observation of 

excited-state interband transitions as the excitation intensity is increased.  

Phonon bottleneck, state filling and segregated inhomogeneous broadening [56] can 

give rise to higher energy emission peaks, but they possess different characteristic features. 

The state filling effect is the only one which will show clear saturation effects. In a general 

experiment, the intersubband relaxation is significantly more efficient than the interband 

recombination of the corresponding excited state if there is no significant phonon bottleneck 

effect. Thus only the transition from the ground state is observed at low excitation intensity. 

With increasing the excitation intensity, a progressive saturation of the lower energy 

transitions is combined with the emergence of emission peaks originating from the excited 

state interband radiative transitions. The intersubband carrier relaxation toward the lower level 

is slowed down due to the reduced number of available final states. By contrast, the phonon 

bottleneck effect will permit excited state interband transitions even under low excitation 

conditions because the intersubband and interband relaxation dynamics are comparable. On 

the other hand, in the case of segregated inhomogeneous broadening, multiple peaks with the 

same relative amplitude are usually observed over a broad range of excitation intensity, since 

they reflect the relative abundance of a given ground state energy relative to the other 

available ground state energies in the probed area. Consequently, in the case of segregated 

inhomogeneous broadening in QWs, the energy position of the peaks can be observed 

following the energy predicted for a QW with a fluctuation of a few WL from its mean 

deposited thickness. By contrast, in self-assembled QDs the energy spectra of the excited 

states are typically quite different from the monolayer fluctuation energies due to lateral 

confinement [60].  
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The observed PL peak separation between the radiative recombination of adjacent 

excited states in self-assembled QDs is typically about 50-80 meV [63, 64]. This allows 

excited state transitions to be resolved in the presence of Gaussian inhomogeneous broadening 

which for self-assembled QDs typically has a full width at half maximum of similar size. This 

broadening arises from small fluctuations in the QD size, variation in alloy composition, and 

shifts due to strain-field effects. The major contribution to the inhomogeneous broadening 

comes from the variation of dot size due to the large confining potentials and the small 

volumes. However, due to self-organizing processes, segregated inhomogeneous broadening 

is not normally observed in InGaAs/GaAs self-assembled QDs. Under favourable growth 

conditions, alloy fluctuations can be minimized, and would certainly never lead to segregated 

inhomogeneous alloy broadening under normal conditions [56].  

In addition, many-body phenomena such as biexcitons, charge excitons, exciton 

complexes, and band-gap renormalization can also contribute to the broadening at higher 

excitation intensities. However for a large ensemble of QDs they will be difficult to resolve in 

the presence of the above inhomogeneous broadening mechanisms, as they can only shift the 

emission energy by a few meV [41, 65]. 

  The QD sample used in this work is similar to the modulation p-doped InGaAs/GaAs 

sample already described in section 5-1-1 except for a different dot size due to a different 

growth time and a III/V ratio of 0.4 in the doping process.   

 The CWPL spectrum excited by a low intensity (2 mW) 532 nm laser shows a good 

fit to a single Gaussian distribution (similar to the spectra of figure 5-5), which can be 

attributed to the ground state transition. No evidence of a phonon bottleneck is observed. The 

CWPL for high excitation (52 mW) shows evidence of asymmetry on the high energy side, 

which suggests saturation takes place in the ground state transition and the contribution of the 

excited state transitions increases. We can fit the CWPL with a multi-Gaussian function and 

deduce the locations of the ground state and the excited state to have an energy separation of 

76 meV. However, the state filling effect is difficult to identify under these excitation 

conditions because the contribution of the excited states is markedly smaller than that of the 

ground state and inhomogeneous broadening is very large. 
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Figure 5-9 Evolution of PL of InGaAs/GaAs modulation p-doped QDs in the ground state (a), 

excited states (b) and (c) of the QDs.  Solid lines are fits of an exponential rise and decay function 
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Figure 5-8 Time-integrated PL spectrum of modulation p-doped InGaAs/GaAs QDs excited by 

various intensities of 800 nm laser at room temperature 
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The high excitation experiment was performed using excitation by a 800 nm 

femtosecond laser. The spectra are shown in figure 5-8. At low excitation intensity, only the 

ground state transition is observed. This is similar to the PL spectrum excited by a CW laser. 

Both spectra indicate there is no clear phonon bottleneck. With increasing excitation intensity, 

in addition to transitions from the ground state, the transitions from the excited states and the 

WL are clearly identified, which suggests high energy peaks originate from a state filling 

effect rather than the phonon bottleneck. In this situation, the intersubband relaxation times of 

the QDs should be significantly shorter than the lifetime of the excited states, otherwise 

excited state luminescence should be observed even at low excitation intensity (phonon 

bottleneck effect). With further increase in the excitation intensity, the strong state filling 

effect leads to intense PL from the wetting layer.  

 The PL evolution is well fitted by an exponential rise and decay function 

[exp( / ) exp( / )]
D R

A t tτ τ⋅ − − − , where 
D

τ  and 
R

τ  are the decay time and rise time, 

respectively. At 77K we deduce a rise time of 35 ps and a decay time of 600 ps for the ground 

state at an excitation intensity of about 30 µJ /cm
2
. At room temperature, as shown in 

figure 5-9, the PL evolution of the ground state (a) and the excited states (b) and (c) at an 

excitation intensity of about 100 µJ/cm
2
 is well fitted using an exponential rise and decay 

function. The squares correspond to the experimental data and the solid line represents the 

fitting curve. We deduce rise times of 30 ps for the ground state and 25 ps and 18 ps for the 
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Figure 5-10 PL plateau at high excitation intensity indicates saturation due to state filling 
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excited states, and decay times of 445 ps, 390 ps and 340 ps, respectively. At high excitation, 

the PL evolution exhibits a non-exponential plateau, as shown in figure 5-10, which has been 

attributed to the state filling effect according to calculations and observations [60, 62]. 

  For the p-doped QDs, the lowest few levels of the valence band are occupied prior to 

optical excitation. Basically, electrons are excited into the GaAs barrier under 800 nm laser 

excitation because the photon energy is larger than the band gap of the GaAs barrier. These 

photoexcited electrons then relax quickly into the low levels of the barrier and the InGaAs 

WL through effective LO phonon scattering. Electrons could be captured from the WL 

directly into the ground state of the QDs or firstly captured into the excited state of the QDs 

below the wetting layer before relaxing into the ground state of the QDs [41]. As discussed 

earlier and in other investigations [22, 26], the dominant relaxation channel for p-doped QDs 

is electron hole scattering. In this process electrons release their excess energy through 

scattering with holes built-in the valence band of the QDs. The hole energy states in the 

valence band are closely spaced and strongly broadened by phonon scattering, thereby 

providing a wide phase space of available energy conserving transitions.  

 The excitation intensity dependence of the PL evolution was measured at room 

temperature with 800 nm laser excitation. The PL evolution spectra can basically be fitted 

with an exponential rise and decay function.  Figure 5-11 compares the rise time and decay 

time of the ground and excited states as a function of excitation intensity. The rise times of the 

ground state and excited state show a similar tendency, e.g., fairly long rise times of 60 ps and 

40 ps appear at very low excitation intensity. The rise times decrease significantly with 

increasing excitation intensity until about 100 µJ /cm
2
, where the rise times are 30 ps and 

25 ps for the ground state and excited state, respectively. With further increase of excitation 

intensity, however, the rise times do not show a further decrease.  

At low excitation intensity, the electron states of the QDs are almost empty and 

therefore the state filling effect plays an insignificant role. On the other hand, the density of 

photoexcited electrons in the WL is very low so that the probability of electron-hole scattering 

is very low, and thus a long rise time is observed. With increasing excitation intensity, the 

density of photoexcited electrons increases and thus electron-hole scattering is enhanced, 

which leads to a decrease of the rise time. With increasing excitation intensity, however, the 

density of electrons in the QD states increases as well. The state filling effect begins to play 

an increasing role, which results in a reduced relaxation channel. With further increase of 

excitation, the state filling effect becomes the dominant mechanism, and thus the rise time 

does not shorten further although there is a sufficient density of electrons and holes available. 
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Therefore, at low excitation, the rise time decreases with increasing excitation intensity due to 

enhancement of electron-hole scattering, whereas at high excitation the state filling effect 

results in reduced relaxation and thus a flat rise time variation.   

 As for the decay time, in principle, this is determined mainly by radiative and 

nonradiative recombination, and intersubband relaxation also makes a limited contribution for 

excited states because intersubband relaxation is not very effective in this doped sample. For 

the doped sample, the nonradiative centres are most likely a few defects introduced by the 

doping and these have a relatively short lifetime [45, 55]. For low excitation, nonradiative 

centres play the main role and thus a short decay time is obtained. With increasing excitation, 

the nonradiative channel appears to saturate due to the low density of the defects. Radiative 

recombination becomes the dominant mechanism and thus a long decay time is observed.   

 We present a simplified rate equation model to understand quantitatively the main 

microscopic processes involved in the observed PL transition in modulation doped 
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Figure 5-11 Rise time and decay time as a function of excitation intensity in modulation p-

doped InGaAs/GaAs QDs. The circles and squares represent the ground state and excited state, 

respectively 
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QDs [47, 66].  The PL intensity of the transition is proportional to the number of respective 

electron-hole pairs.  For a p-doped QD discrete level system, the PL intensity for transition i  

is proportional only to the electron density iN  in the level i  of the conduction band due to 

the excess built-in holes in the QD region prior to the excitation.  The electron levels can be 

made to have an energy spacing as large as 80 meV, while the hole levels are much more 

closely spaced at 5-10 meV [67, 68].  The closely spaced hole levels result in thermal 

smearing of the hole population among many hole states.  In this situation, the electrons have 

a high probability of residing in the ground level of the QDs and the injected electrons easily 

find holes with which to recombine due to the excess built-in hole population. Thus the 

transition wavelength difference could correspond to the energy spacing of the electrons, and 

the carrier capture is mostly related to electrons.  

 

 The carrier relaxation from j  to i  (j > i ) is proportional to the non-occupancy of the 

level. The rate equation for level i  can then be written  

( ) ( )( ) ( ) ( ) ( )
( )

j j ji i i i i
ii ji ij

j i j iel rel i rel j

N t D N tdN t N t D N t N t
G t

dt D Dτ τ τ> <

−−
= − + − +∑ ∑                (5-1) 

where 
i

elτ  is the effective lifetime of the i th level, 
ij

relτ  and 
ji

relτ  are relaxation times between 

the i th and j th level of the electrons, iD  is the state density, )(tGi  is the population 

captured from the WL and can be expressed as 0 ( )
ex i i

i

Cap i

N I D N t

D

η σ

τ

−
⋅ , where 

i

capτ  
is the 

capture time, σ is the absorption cross section, 
ex

I  is the laser intensity, 0N  is the total state 

density in the wetting layer and η  is the capture efficiency. The factor [ ] iii DtND /)(−  is a 

state filling factor which takes account of the fact that the electron can only relax to a lower-

lying unoccupied dot level (Pauli blocking).  

 Equation (5-1) cannot be solved analytically and numerical calculation can provide a 

rough physical understanding. Based on the PL and TRPL experiments, electrons relax from 

the WL mainly through electron-hole scattering while intersubband relaxation is not very 

effective. According to the electronic structure of the WL and QDs, there are three electronic 

states below the WL. We set the parameters as follows: lifetimes of 500 ps, 450 ps and 400 ps 

for the  i=1, 2, 3 electronic states; intersubband relaxation 100 ps; and capture time 30 ps. 



Chapter 5 InGaAs quantum structures                                                                                             - 82 -  

Figure 5-12 shows the calculated results, where the red, green and blue curves represent the 

PL evolution of the ground state, the first excited state and the second excited state, 

respectively. At low excitation I0 (a), the excited states have a short lifetime and small 

amplitude and thus a weak integrated intensity. With increasing excitation intensity, the 

amplitudes of the excited states increase, which results in an increase of the integrated 

intensity. With further increase of the excitation intensity, the PL evolution of the ground state 

deviates gradually from an exponential function and a plateau appears in the vicinity of the 

(a)

 

 

 

 

(d)

 

(d)

 

 

     
 

Figure 5-12 Numerical simulation for the rate equations for the ground state (blue) and 

excited state transitions (green and red) corresponding to different excitation intensities (a)
0

I , 

(b) 5 0I , (c) 15 0I , (d) 25 0I , (e) 30 0I , (f) 40 0I     
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maximum, which suggests strong saturation, followed by a plateau in the excited states, which 

is similar to the experiment (figure 5-10).  

For the modulation doped QDs, electron relaxation from the WL is the dominant 

channel while intersubband relaxation plays only a minor role in the energy relaxation. It is 

reasonable to neglect the intersubband relaxation in equation (5-1), and the rate equations can 

then be written in a simple form                            

0( ) ( ) ( )
i i ex i i

i i

el cap i

dN t N t I N D N t

dt D

ησ

τ τ

−
= − +                                                                     (5-2) 

At the maximum point of population N(tm), the peak of the PL evolution, ( ) / 0
i m

dN t dt = , is 

satisfied. Thus the population of level i  is found to be  

( ) /(1 / )
i m i i i ex

N t t D D Iα= ∝ +                                                                                         (5-3) 

where ii Dα  is a saturation factor which depends on the level, and )/( 0

i

el

i

capi N τστα = . The 
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Figure 5-13 Peak intensity dependence of the excitation intensity at different detection 

wavelengths for modulation p-doped InGaAs QDs. The solid lines represent the best fits 

using equation (5-4)  
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corresponding intensity at the maximum point is given by 

  max ( ) /(1 / )i

ex QEi i QEi i i i exI I N D D Iη η α∝ ∝ +                                                                   (5-4) 

where 
QEi

η  is the quantum efficiency.  

We measure the excitation intensity dependence of the PL at different detection 

wavelengths and extract the peak intensity from the fitted curves, as plotted in figure 5-13. It 

is evident that a significantly different saturation occurs for the different wavelengths. In order 

to compare the saturation characteristics we fit the curves with equation (5-4) and deduce the 

saturation factor as a function of detection energy, as shown in figure 5-14.  

The potential function of the QDs can be described by the expression 

2/22*
rmV jj ω=  using a harmonic oscillator model for parabolic quantum confinement [69], 

where j  represents an electron or a hole and m*, ωj and r are the effective mass, the 

frequency and the radial coordinate of the dots, respectively. The eigenenergies for a single 

electron or hole are given by )12( ++= mE j

j

lm ��ω , where �  and m  are the radial and 

angular momentum quantum numbers, and / 2h π=� with h Planck’s constant.  The 
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Figure 5-14 Saturation factor as a function of photon energy deduced from the time-resolved 

photoluminescence for the modulation p-doped InGaAs quantum dots.  The arrows indicate 

the energy of the lowest three states of the QDs and the dotted curve is the corresponding PL 

curve 
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eigenenergies can also be written as )1( += iE j

j

lm ω� , setting mi += �2 . The degeneracy 

of each state is )1(2 += ig i with i =0, 1, 2,… when taking the spin degeneracy into account.  

The saturation factor ii Dα  increases with increasing detection photon energy.  

Considering the ratio 
i

el

i

cap ττ /  can be weakly dependent on the dot levels we deduce the ratio 

of the saturation factor of the excited states to the ground state to be 

12// 00 +=∝ igDD iii αα , with i =0 for the ground level. In other words, if the saturation 

factor of the ground state is normalized to be one then the saturation factor of the excited 

states can be expressed as ( ) 2, 3, 4S i = ⋅⋅⋅ . Taking into account the inhomogeneous 

broadening of the QD ensemble, due mainly to fluctuations in dot size, the saturation factor 

should increase with increasing detection photon energy.  

 The saturation factors deduced from the excitation intensity dependence experiment 

are shown in figure 5-14 (squares).  The dotted line is the PL curve and the arrows indicate the 

locations of the lowest three transitions according to the CWPL experiment.  It is evident 

that the saturation factor increases with increasing detection energy, which is consistent with 

the prediction of the rate equations.  

5-3 Implantation effect in InGaAs quantum wells 

InGaAs/InP quantum wells have proven to be important semiconductor materials 

because of their potential in producing a laser that operates in the wavelength range 1.3 to 

1.55 mµ , which is suitable for long haul optical-fibre communication [70]. There has been a 

strong motivation in developing effective quantum well intermixing (QWI) technology to tune 

the quantum well properties at the post-growth level due to extensive applications in 

optoelectronics and photonics. It has been demonstrated that interdiffusion or intermixing in 

quantum confined structures is a simple alternative to selective area growth/re-growth for the 

fabrication of photonic integrated circuits. Intermixing leads to modification of the band gap 

as well as the optical and electrical properties of the quantum structures [71, 72].  

During the past decades, many kinds of QWI techniques have been developed, such as 

plasma induced intermixing [73, 74], low-energy ion-implantation induced 

intermixing [75, 76],  impurity induced disordering [77, 78], focused ion beam irradiation 
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Figure 5-15 Structure of an InGaAs/InP quantum well 

[79-81] and laser induced disordering [82]. Implantation enhanced interdiffusion is one 

method of compositional intermixing that has the advantage of being able to modify in a 

controlled way buried heterostructures with a relatively simple processing step and 

effectiveness. Ion irradiation with subsequent thermal annealing has been shown to be very 

effective due to its advantage of precise control and reproducibility to generate intermixing by 

varying the irradiation parameters. Ion implantation enhanced interdiffusion has been 

extensively studied in InGaAs/InP systems using heavy ions but there have been fewer studies 

using protons [83-85]. In contrast to large atoms such as Al and Ga, protons may be useful for 

intermixing quantum wells that are far removed from the surface due to their light mass and 

rapid diffusion through the semiconductor during annealing, leaving few added atoms in the 

quantum well region [86, 87].  

The carrier capture dynamics play an important role in the determination of the 

electronic and optical properties in quantum structures [88, 89]. Many groups have studied 

carrier capture and transport in intermixed QWs. To date carrier capture in InGaAs/InP, 

especially the variation of the electronic and optical properties by proton implantation 

enhanced interdiffusion, is still unclear due to the quite rapid and complicated process in the 

dynamics [90-92].  

In this study we investigate atomic intermixing in the barrier/QW interface in 

InxGa1−xAs/InP induced by proton irradiation. The carrier dynamics from the PL and TRPL 

experiments in the various strained InGaAs/InP QWs lead to a discussion of the mechanism of 

group V and group III interdiffusion in InGaAs/InP QWs. 
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5-3-1 Experiment 

The samples of InxGa1-xAs/InP QWs used in this work were grown on a semi-

insulating (100) InP substrate by low-pressure metalorganic chemical vapour deposition at 

650℃.  The indium composition was nominally x=0.38, 0.53 and 0.68 corresponding to 

tensile strained (TS), lattice matched (LM) and compressively strained (CS) QWs, 

respectively. Each structure consists of a 600 nm InP buffer layer, a 5 nm layer of InxGa1-xAs 

QW and a 400 nm InP capping layer, as shown in figure 5-15. Ion implantation was carried 

out with protons at 50 keV with doses of 5×10
15

 H/cm
2
 and 1×10

15
 H/cm

2
 and fluxes ranging 

from 0.26-0.55 2/ cmAµ . TRIM simulation shows the damage peak is located in the vicinity of 

the QW layer for 50 keV. A reference was provided from a masked sample and was oriented 

07 off from the proton beam axis to minimize channelling effects during implantation. 

Subsequent annealing was performed under Ar flow in a rapid thermal anneal (RTA) at 

750 ℃ for 60 s. During the annealing process the samples were sandwiched using an InP 

proximity cap to minimize phosphorus loss from the sample surface. The PL and time-

resolved PL experiments are the same as described in section 5-1-1. 

5-3-2 Time-integrated photoluminescence 

 It is well known that quantum well/barrier interdiffusion affects the PL wavelength by 

changing the effective width of the well and, therefore, the energy of the confined levels, and 

also by modifying the well composition and band gap value [93, 94].  Figure 5-16 shows the 

PL spectra at 77 K for implanted TS, LM and CS QW samples annealed at 750 C°  for 60 s 

for doses ranging from 5 × 10
14

 H/cm
2
 to 1 × 10

16
 H/cm

2
. For the LM and CS QWs, each of 

the peaks corresponds to the recombination between electrons and heavy holes (HH) from the 

n = 1 subband levels (C-HH), while for TS QWs, the peak is related to the recombination of 

electrons and light holes (LH) from the n = 1 subband levels (C-LH) of InGaAs QWs. The 

peak position of a TS QW, which has a smaller indium composition than the other two 

samples, is at 1280 nm. This peak position is shifted to a higher wavelength of 1393 nm for 

the LM structure and 1555 nm for the CS structure, as the indium composition in the InGaAs 

QWs is increased. These changes in the peak position of the quantum wells are due to changes 

in the indium composition, and thus the lattice constant and the strain in the interface between 

the barrier and the QW. Also, it is worth noting that the high PL peak intensity and the narrow 
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and symmetrical lineshape of the peak emission of the samples are similar for LM, TS and CS, 

which indicates the smoothness of the interfaces and the homogeneous thickness of each of 

the InGaAs QWs after growth. 

It can be clearly seen from this figure that after implantation a blue shift is observed 

for all implanted and annealed samples compared to the reference samples (unimplanted and 

annealed). However, the magnitude of the energy shift becomes saturated at high implantation 

doses, followed by a reduction of the PL intensity and a broadening of the PL lineshape. It is 

worth mentioning that, prior to annealing, the PL emission was too weak to observe due to 

defects formed after proton irradiation which act as non-radiative recombination centres. After 

annealing, the PL emission was recovered, but the PL intensities are still lower than for 

unirradiated samples, which suggests that defects are still present and not sufficiently removed 
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Figure 5-16 PL spectra of InGaAs QW samples with lattice matched (LM), compressively 

strained (CS) and tensile strained (TS) at 77 K 
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after annealing. Figure 5-17 shows the energy shift as a function of implantation dose for TS, 

LM and CS samples after annealing at 750 C° for 60 s. For each of the samples, the energy 

shift initially increases as the dose is increased, reaching a maximum at 5 × 10
15

 H/cm
2
. As 

the dose is further increased to 1 × 10
16

 H/cm
2
, a saturation in the energy shift is observed. 

These results are in contrast to previous studies of InGaAs/AlGaAs and AlGaAs/GaAs QWs 

using proton irradiation in which the energy shift was not saturated even at the highest doses 

(5 × 10
16

 H/cm
2
) [85]. The difference may be due to different types of defects formed in 

various material systems. In addition to this, it is well known that in AlGaAs/GaAs and 

InGaAs/AlGaAs systems the well-barrier interdiffusion during the annealing occurs only on 

the group III sublattice (In, Ga, Al). However, in the InGaAs/InP system both the group III 

and group V sublattices may contribute to interdiffusion. A blue shift is observed when the 

diffusion rate of the group V sublattice is larger than the diffusion rate of the group III 

sublattice, while a red shift is observed if the group III sublattice diffusion is dominant. At 

low doses, the results show that group V diffusion is dominant. At high doses, it is possible 

that the group III diffusion rate is enhanced (or there is a reduction in the group V diffusion 

rate), thereby leading to saturation in the blue shift. However, it is more likely that at high 

doses extended defects such as large clusters are formed and these defects are thermally more 

stable than simple point defects. Since only point defects (vacancies, interstitials) contribute to 
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Figure 5-17 PL energy shift of lattice matched (LM), compressively strained (CS) and tensile 

strained (TS) InGaAs/InP QWs as a function of implantation dose after annealing 
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the well-barrier intermixing, these clusters would result in lowering the concentration of 

available point defects to promote intermixing during annealing. Our results also consistently 

show that at high doses the recovery of the PL intensity is worse which strongly supports this 

argument. Protons create only point defects and dilute damage clusters whereas, in contrast, 

heavier ions create denser and larger damage clusters [95]. The denser and larger clusters 

result in the trapping of the available point defects to induce intermixing, particularly at higher 

doses. Therefore, a saturation effect of the energy shift is observed with increasing dose and is 

followed by a reduction in the energy shift. Indeed, this has been reported in several studies 

where heavier ions were used [96]. In addition, these results show that the concentration of 

residual defects after annealing is higher in samples implanted with heavier ions, resulting in 

poorer recovery of the optical properties.  

The PL experiment also reveals that, at the same irradiation dose, the CS sample gives 

the largest blue shift, while the smallest blue shift is observed for the TS QW. It is expected 

that the group III sublattice diffusion rate will be highest for the TS samples since they have 

the highest In–Ga concentration gradient, followed by the LM and CS samples. Assuming that 

the group V sublattice diffusion rate is the same for all the samples, the higher group III 

diffusion rate of the TS samples would compensate the effect of the blue shift caused by the 

group V diffusion being more efficient than the group III diffusion in the other two samples. 

Hence, a similar energy shift is observed. However, this simplistic argument does not take 

into account the effect of the strain during interdiffusion. It is known that compressive strain 

may enhance the interdiffusion during annealing whereas tensile strain suppresses it [97]. 

5-3-3 Time-resolved photoluminescence 

Figure 5-18 shows the time evolution of PL emission from the LM (a), CS (b) and TS 

(c) QWs for the unimplanted (reference) and implanted samples with doses of 

15 21 10 /H cm× and 
15 25 10 /H cm× . The time evolution of the PL intensity IPL(t) can be fit 

with the equation 

( ) exp( / ) exp( / )
PL LW C

I t A t B tτ τ= − − −                                                              (5-4) 
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where 
LW

τ is the effective lifetime of carriers in the QWs, 
C

τ is the effective capture time of 

carriers in the QWs, and A and B are fitting parameters associated with the lifetime and 

effective capture time, respectively. As seen from the fitting results in table 5-3, the effective 

lifetime decreases as the implantation dose is increased. In the case of the TS samples, the PL 

lifetime of intermixed samples (5 × 10
15

 H/cm
2
) is significantly decreased compared with the 

reference samples. 

A smaller reduction of the effective lifetime (420 ps for reference samples and 220 ps 

for the sample implanted with 5 × 10
15

 H/cm
2
) was measured for the CS sample. Reduction of 

the effective lifetime in an intermixed QW can be attributed to residual non-radiative defects 

in the quantum well or in the barrier layers after implantation and annealing. These defects act 
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Figure 5-18 Time evolution of PL of InGaAs/InP quantum wells at room temperature for the  

reference samples and samples implanted with 
151 10×  H/cm

2
 and 

155 10×  H/cm
2
 with (a) 

lattice matched (LM), (b) compressively-strained (CS) and (c) tensile-strained (TS). The 

points are experimental data and the solid lines are fitted curves using equation (5-4) 
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as non-radiative centres thereby reducing the effective lifetime of the photoexcited carriers 

which has been reported in previous studies [98]. These results are consistent with the 

reduction of the CW-PL intensity and the broadening of the PL emission linewidth for 

intermixed samples.  

 

Table 5-3 PL effective capture times (
C

τ ) and lifetimes (
LW

τ ) in the quantum well region for the 

reference and intermixed samples 

 

Indium 

composition 

Reference 

(as-grown+RTA) 

Intermixed 

(1x10
15 

H/cm
2
) 

Intermixed 

(5x10
15 

H/cm
2
) 

x τC(ps) τLW (ps) τC (ps) τLW (ps) τC (ps) τLW (ps) 

0.38 (TS) 85 750 70 350 60 270 

0.53 (LM) 60 700 45 290 55 280 

0.68 (CS) 80 420 60 270 60 220 

 

Table 5-4 PL effective lifetime of carriers localized in the barrier layer for the reference and intermixed 

samples 

Indium 

composition 

Reference 

(as-grown+RTA) 

Intermixed 

(5x10
15 

H/cm
2
) 

x A1/A0 LB
τ (ps) A1/A0 LB

τ (ps) 

0.38 (TS) 0.35 450 2.5 100 

0.53 (LM) 1.2 410 0.4 110 

0.68 (CS) 0.3 350 0 60 

 

At room temperature where the origin of light emission in the quantum well region is 

due to the recombination of free electrons and holes, the PL rise time is determined by the rate 

of capture carriers into the QW. The effective carrier capture from the barrier into the 

quantum well consists of two processes, fast quantum capture (~1 ps) that involves carrier–

carrier or carrier–phonon scattering and a longer process related to carrier diffusion across the 

barrier into the well. For this thick barrier layer, the carrier diffusion is much longer than the 

quantum capture and thus is dominant in the effective capture [90]. Although all samples have 
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the same barrier thickness, for the reference samples the capture times of the CS (80 ps) and 

TS (85 ps) samples are longer than those of the LM (60 ps) samples (see table 5-3). Because 

the thickness of the InP barriers is the same in all cases, the difference in the effective capture 

times for the CS, TS and LM samples suggests the presence of a ‘potential barrier’ at the 

hetero-interfaces due to strain and/or internal electric fields (i.e., concentration gradients). 

Previous studies have shown that the carrier capture time in the quantum well is 

reduced in intermixed samples as a result of a change in the quantum well potential caused by 

intermixing [89, 99]. For samples implanted with 5×10
15

 H/cm
2
, the effective capture times 
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Figure 5-19 Time evolution of PL at 930 nm of InP barriers at room temperature for the 

reference samples and samples implanted with 
151 10× H/cm

2
 and 

155 10×  H/cm
2
 with (a) 

lattice matched (LM), (b) compressively-strained (CS) and (c) tensile-strained (TS). The 

points are experimental data and the solid lines are fitting curves using a single exponential 

decay function 
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are similar for all the samples (55–60 ps). The reduction in capture times after irradiation is 

due to a modification of the strain and the internal field profile. It is unlikely that the carrier 

diffusion/transport component of the effective carrier capture time is reduced since irradiation 

creates defects which will actually increase this transport component. This is further supported 

by the results when the irradiation dose is increased (i.e., more defects) and yet the effective 

carrier capture time is further reduced. At higher irradiation doses, this ‘potential barrier’ is 

reduced and hence the effective carrier captures times are shortened. 

The influence of the additional potential energy barriers at the quantum well-barrier 

interface on the carrier capture can be studied from the time evolution of the barrier PL. After 

800 nm laser excitation, hot electrons and holes are generated in the barrier layer. These hot 

carriers can release the extra energy into the band edge through LO phonons. Figure 5-19 

shows the time evolution of the luminescence signal at 930 nm corresponding to the 

recombination of electrons and holes from InP barrier layers for the reference and intermixed 

samples (LM, CS, TS) at room temperature. Since the photoexcited carriers were generated in 

the barrier layer directly at 800 nm excitation, a very short rise time is observed at room 

temperature (~ 1 ps). In the barrier, the decay originates from two mechanisms: one is carrier 

capture into the QW and the other is the recombination of electrons and holes localized in the 

barrier. The decay time of the PL intensity can be fit with 

1 0( ) exp( / ) exp( / )
PL LB C

I t A t A tτ τ= − + −                                                      (5-5) 

where 
LB

τ is the effective lifetime of carriers localized in the barrier layer and 
C

τ is the 

effective capture time of carriers in the QWs which we deduce from the PL evolution of the 

QWs in table 5-3. A/A0 reflects the contribution of localized states in the barrier which is 

dependent on the strain. The results of fitting for the reference samples and for the 5 × 10
15

 

H/cm
2
 implanted samples are summarized in table 5-4. The lifetimes of the localized carriers 

in the barrier were less than 100 ps for the intermixed samples which were much shorter than 

those for the reference samples. The ion-induced damage to the lattice can lead to a drastic 

reduction of its optical quality but with thermal annealing the heterostructures usually 

recovered most of their optical properties, although some defects were still left in the samples. 

Increasing the concentration of non-radiative defects leads to a shorter decay time of the 

barrier PL. This observation supports the additional potential energy barrier at the QW 

interfaces which can be reduced by intermixing. Atomic diffusion by intermixing leads to a 

reduction of the internal electric field at the interface. 
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5-4 Conclusion  

Electron relaxation and recombination dynamics of InGaAs/GaAs p-type doped self-

assembled QDs were investigated using time integrated photoluminescence and time-resolved 

photoluminescence. Under similar growth conditions, p-type direct doped, modulation doped 

and undoped self-assembled QDs samples were grown. A different blue shift is observed due 

to excess hole accumulation in the valence band in the doped samples. The modulation doped 

sample gives a higher doping density than the direct doped sample. No phonon bottleneck is 

observed in our experiments. Modulation doping results in a high density of excess holes in 

the valence band prior to laser excitation and thus electron-hole scattering becomes the 

dominant energy relaxation mechanism, whilst phonon or multi-phonon scattering is the main 

relaxation mechanism in the undoped sample. An obvious state filling effect has been 

observed in modulation doped InGaAs QDs. The rise times and decay times were found to 

vary with the excitation intensity. At low excitation intensity, increasing the density of 

photoexcited electrons leads to an increase of the probability of electron-hole scattering, 

which results in a decrease of the rise time. At high excitation, the state filling effect hinders 

the increase of rise time. The decay time of the doped samples decreases compared to the 

undoped sample due to defects introduced by the doping process. A simplified rate equation 

model shows that the doped QDs exhibit an increased saturation factor with increasing 

detection energy based on the theory of parabolic confinement of the quantum dots, which is 

consistently supported by the excitation dependence experiment of the TRPL. 

Using time-integrated and time-resolved PL, we have observed a proton 

irradiation induced intermixing effect in InGaAs/InP quantum wells with different 

degrees of strain. For various strained QW samples, proton implantation leads to a 

blue shift of the PL peak, followed by a broadening of the PL linewidth and a 

reduction of the PL intensity due to residual defects acting as nonradiative centres. 

The time-resolved PL experiment on the QWs also supports this conclusion. At the 

same irradiation dose, the CS QW sample exhibits the largest blue shift and the TS 

sample the smallest blue shift. The time-resolved PL measurement indicates that the 

capture time of carriers in the quantum well region in which the rise time of the PL 

intensity is different for different quantum well structures with different strain and the 

carrier collection efficiency is enhanced in the intermixed QWs. 
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Chapter 6  

Silicon quantum dots 

6-1 Introduction 

Silicon is the most important material in present-day microelectronics technology. It 

is well known that bulk crystalline silicon is an indirect band-gap semiconductor with an 

intrinsic band-gap in the near infrared region. In bulk silicon, the only possible scenario for 

interband optical transitions is that a phonon causes a vertical virtual transition at k=0 or 

0.86π/a (where a is the lattice constant) with subsequent electron-phonon scattering processes, 

i.e., optical transitions are allowed only if phonons are absorbed or emitted to conserve the 

crystal momentum [1], as shown schematically in figure 6-1. In the optical absorption process, 

a phonon is emitted or absorbed to conserve the crystal momentum, 

electron photon phonon
E E E= ±   and

electron phonon
= ±k k . In optical emission, a similar process 

takes place, 
photon electron phonon

E E E= ±  and
phonon electron

= ±k k . In optical transition processes 

in bulk silicon, phonons play an important role, including transverse optical (TO) phonons 

(~56 meV) and transverse acoustic (TA) phonons (~18.7 meV) [1]. In recent years it has been 

shown that, accompanying the reduction in size of silicon nanostructures, such as in silicon 

nanocrystals and porous silicon, zero-phonon optical transitions are partially allowed and the 

oscillator strength of zero-phonon transitions is significantly enhanced. This increases the 

radiative recombination rate via a direct band-to-band recombination process [2-7]. The 

quantum confinement effect in silicon nanocrystals causes an enlargement of the band gap and 

efficient emission in the visible range at room temperature. The discovery in 1990 of efficient 

visible photoluminescence from silicon nanocrystals and porous silicon has attracted much 

attention because it can lead to the fabrication of light-emitting devices compatible with 

silicon-based optoelectronic integrated circuits and result in a new generation of silicon 

technology from microelectronics to optoelectronics [1, 8-12]. 

Extensive studies have been carried out in silicon nanostructures and impressive 

progress has been made towards understanding the nature of the efficient photoluminescence 

from silicon nanostructures. Many spectroscopy techniques have been used for exploring the 
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properties of silicon nanostructures, including PL, time-resolved PL, pump-probe and photon 

echoes amongst others [13-20]. However, many of the physical processes are still unclear and 

under debate, such as the mechanism of the visible emission, carrier capture and relaxation. In 

particular, the coherence properties of silicon nanostructures remain essentially unexplored 

due to the extreme complexity of these materials [1, 16, 21-23]. Silicon nanocrystal ensembles 

are heterogeneous in several aspects, such as the crystalline network configuration, the 

hydride or oxide surface passivation, which can influence the optical properties, and the 

residual size and shape distribution, which leads to large inhomogeneous broadening in the 

emission. This can obscure the inherent spectroscopic information.   

 
 

Figure 6-1 The band structure of bulk silicon and possible optical transitions 
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In this investigation, we study the optical properties of silicon quantum dots using 

various spectroscopies. With time-resolved and time-integrated photoluminescence we study 

the state filling effect which leads to discussion about the origin of the broad red band and 

parabolic confinement of quantum dot structures and the corresponding energy state splitting. 

Furthermore, using two-colour three-pulse photon echo spectroscopy for the special case of 

12t 0= (transient grating), we explore the ultrafast population relaxation of silicon QDs.  

6-2 Experiment 

   The silicon quantum dot samples used in this work were provided by Dr. Eunchel Cho 

from the University of New South Wales. An excess of silicon in substoichiometric oxide, 

also known as silicon-rich oxide (SRO), i.e., SiOx (x<2), generates silicon precipitations 

attributed to the diffusion of silicon atoms leaving the stoichiometric oxide (SiO2) during high 

temperature thermal annealing [24]. A deposited SRO film is thermodynamically unstable 

below 1173 °C and phase separation and diffusion of the silicon atoms in the amorphous SiO2 

matrix creates nanoscale silicon  quantum dots [25, 26]. The size of the silicon quantum dots 

depends on the thermal budget, film thickness, and stoichiometry of the SRO. In our 

experiment the silicon QD superlattices were fabricated by alternate deposition of silicon 

oxide and SRO with differing thicknesses.  Conventional furnace annealing under a nitrogen 

atmosphere (1100 °C, 1 h) was performed to precipitate silicon and stimulate nanocrystalline 

silicon growth by the diffusion of silicon in the oxide. Only lateral silicon diffusion and 

silicon grain growth within thin SRO films enclosed by amorphous silicon oxide occurs so 

that the maximum size of the silicon quantum dots is determined by the SRO thickness. 

Figure 6-2(a) shows a transmission electron microscopy (TEM) image of eight layers of 

silicon quantum dots in an oxide matrix, where the dots in the white regions (glue) originate 

from particles collected during the TEM sample preparation. A typical high-resolution TEM 

image is shown in figure 6-2(b). The thickness of the SRO layer, and hence the size of the 

silicon quantum dots, was controlled by the deposition time and other optimized sputtering 

parameters (gas mixing ratio, deposition pressure, and rf power). The spacing or distance 

between the dots is determined by the amount of silicon in the SRO layer. The sample used in 

this study has an average dot size of 4.3 nm on a sapphire substrate, and the dot density is 

about
12 1310 10−  dots/cm

2
. 
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In the time-resolved and time-integrated PL experiments, the PL signal is dispersed 

by a 0.27 m grating spectrometer and detected with a PMT. The sample was mounted in a 

closed-cycle helium cryostat with a variable temperature in the range 15–300 K. For the time-

integrated PL measurements the spectra were recorded using a lock-in amplifier. For the time-

resolved measurements the response function of the PMT was reduced to have a time 

resolution of about 5 ns, which is much shorter than the decay time of the signals (in the 

microsecond range) and the signal was recorded by a 500 MHz digital oscilloscope. Two 

kinds of femtosecond pulses with 80 fs duration and similar average power were used for 

excitation. One has a 1 kHz repetition rate of pulses from an OPA, and the other has a 

repetition rate of 82 MHz from the femtosecond oscillator such that the excitation pulse 

separation of 12 ns is much shorter than the decay time of the PL signal. In the latter case, 

which can be regarded as continuous excitation, the peak energy density is much lower than 

the case of 1 kHz excitation. The excitation wavelength was tuned to 400 nm, which 

 
 
Figure 6-2 TEM image (a) and high resolution TEM image (b) of Si quantum dots in an 

oxide matrix  
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corresponds to energy well above the band gap of the silicon QDs. Thus the excited carriers 

are generated in the SRO layer or in very high excited states of the QDs. The energy of the 

excitation laser pulses varies from 0.03 mJ to 2 mJ with a photon density of 

about
13 1510 10− photons/cm

2
 in the low repetition rate case. Under these high excitation 

conditions we expect more than 10 electrons/dot can be generated by a single pulse [16].   

The details of the photon echo experiment are described in chapter 2. In this 

experiment three ultrashort pulses are used. Two pump pulses with wave-vectors k1 and k2 

and one probe pulse with wave-vector k3 are generated from two independently tunable OPAs. 

The OPAs are pumped by a 1 mJ amplified pulse (80 fs, 800 nm, 1 kHz) and tuned to give 

wavelengths in the range 600-750 nm where transitions between the energy states of the QDs 

are expected. Three beams with time delays 12t  (between pulses k1 and k2) and 23t  (between 

pulses k2 and k3) are aligned in a triangular configuration and focused by a 20 cm focal length 

lens on to the same spot (diameter 300 mµ ) where the sample is placed. The energy density 

of each pulse is about
21 mJ / cm . The signal was detected in the phase-matched direction 

( 4 1 2 3k = k - k + k ) by a spectrometer equipped with a CCD array (spectral resolution <1 nm) 

and measured for a range of fixed coherence times 12t  or population times 23t by scanning the 

other delay time. Positive time is when the pulse k2 precedes k1 for the 12t  delay or k3 for the 

12t  delay [19, 27]. 

6-3 Photoluminescence and time-resolved 

photoluminescence 

6-3-1 Photoluminescence  

 Figure 6-3 shows PL spectra of the sample excited by 1 kHz pulses with various 

intensities at room temperature.  A very broad PL band is observed ranging from 600 nm to 

860 nm and centred around 750 nm with no clear structure [11, 28]，hereafter called the S-

band due to the very slow decay time. This broad PL band has been observed by many other 

groups and its origin is still under debate. It is most likely due to the variable structure of the 

samples and the many possible states in silicon nanostructures [11, 29-34]. Many authors 
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favour a “pure” quantum confinement model in which the emission is due to electron-hole 

pair recombination [16, 35-38]. However, some other authors do not agree with this model, 

and they propose that this broad red luminescence originates from carrier trapping and 

recombination at surface Si=O bonds that produce stable states in the band gap [39-41]. More 

recently, Sychugov et al. [42, 43] have measured the micro-PL of single silicon QDs and 

found the luminescence linewidth to be less than the thermal broadening at low temperature, 

thus confirming the atomic-like energetic states of silicon QDs. The emission observed here 

mainly involves electron-hole recombination between QD states in the conduction band (CB) 

and the valence band (VB). The broad band is due to the strongly inhomogeneous dot size and 

thermal broadening, which leads to overlapping between the transitions from the ground and 

excited states. 
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Figure 6-3 PL spectra of silicon QDs excited by the 1 kHz laser at various intensities 
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Figure 6-4 PL spectra of silicon QDs excited by the 82 MHz laser at various intensities 
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  With decreasing excitation intensity, the PL intensity at the low energy part of the 

spectrum decreases more slowly than that of the high energy part and a small red shift of the 

maximum of the PL spectrum is observed (peak position at about 780 nm for 0.03 mW and 

740 nm for 2.3 mW excitation (see figure 6-5). This most likely originates from the state 

filling effect. With increasing excitation intensity, the availability of the low energy levels of 

silicon QDs decreases due to the state filling, which leads to a significantly slower increase of 

carriers; that is, a saturation effect appears in the lower states of silicon QDs, as observed in 

many other QD systems [44, 45]. In order to identify the state filling phenomenon we 

performed the following experiments.  

 We measured the PL spectra using the excitation laser with repetition rate of 82 MHz. 

In this case, the laser creates a continuum excitation due to the pulse separation being much 

shorter than the decay time of the silicon QDs, and thus a lower energy density and reduced 

saturation effect are expected and observed, as shown in figure 6-4. A peak can be seen at 

around 830 nm and the PL intensity is relatively high on the long wavelength side compared 

to the spectra excited by the 1 kHz laser. With decreased excitation intensity, this effect 

becomes even more pronounced. We compare the spectra following excitation by 2 mW from 

the 1 kHz laser with those for 2 mW and 0.03 mW excitation from the 82 MHz laser in 

figure 6-5. A red shift of the peak with decreasing excitation intensity is clearly seen. At the 
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Figure 6-5 Comparison of PL spectra for different excitations at room temperature  
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Figure 6-6 Transmission of Si QD sample at room temperature 

low excitation of 0.03 mW, the intensity on the high energy side decreases significantly. A 

shoulder appears on the high energy side, corresponding to transitions from the excited states. 

The centre of the ground state transition of 835 nm can be identified. 
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Figure 6-7 Excitation dependence of PL intensity taken from the PL spectra 
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As can be seen from figure 6-6 of the spectral transmission of the silicon QD sample, 

there is no obvious absorption structure between 500 nm and 700 nm and the absorption is 

fairly low.  Following the discussion of the InGaAs state filling effect presented in chapter 5, 

we apply equation (5-2) to the state filling effect of the silicon QD sample. The case of 

82 MHz laser excitation can be regarded as continuum excitation because the pulse separation 

of 12 ns is much shorter than the lifetime of the red band which is in the microsecond range. 

Therefore, the equilibrium condition / 0dN dt =  is satisfied. The carrier density in level i 

corresponding to an excitation intensity Iex is given by 

( ) /(1 / )
i ex i i i ex

N I D D Iα∝ +                                                               (6-1) 

where ii Dα  is a saturation factor which depends on the level, and )/( 0

i

el

i

capi N τστα = . The 

corresponding time-integrated luminescence intensity can be expressed as 

( ) /(1 / )i

ex i i i i i i ex
I I N D D Iη η α∝ ∝ +                                                  (6-2) 

 where iη  is the quantum efficiency. Equation 6-2 provides a good fit for the intensity 
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Figure 6-8 Saturation factor as a function of detection wavelength. The points are the saturation 

factor deduced from experiment and the solid line is a linear fit 
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dependence of the PL at various detection energies, as shown in figure 6-7, in which the 

points are the experimental data and the solid curves are the fits. We deduce the saturation 

factors as a function of detection photon energy, as shown in figure 6-8. The PL spectrum is 

also plotted as a reference. Considering the ratio /i i

cap effτ τ (capture time / effective lifetime) 

which can be independent of or weakly dependent on the dot levels, we deduce a degeneracy 

of the energy level in the QD from the saturation 

factor 0 0/ / 2 ( 1)
i i i
D D g iα α ∝ = + with 0i = for the ground level. As shown in figure 6-8 

the saturation factors increase linearly with detection photon energy, which is consistent with 

the prediction of the rate equations. From the linear fit of the saturation factors, we can 

roughly estimate an energy level separation of 110 meV.  

These experiments show that the silicon QD samples reveal a significant saturation 

effect even at fairly low excitation intensity. This is reasonable because the recombination rate 

is closely related to the state filling effect and a slow recombination rate will lead to a long 

lifetime in the states and thus significant filling. The radiative lifetime of electron-hole pairs 

localized in a silicon nanocrystal is very long, of the order of a microsecond. Therefore there 

is a large probability to excite a second electron-hole pair before the first one has recombined. 

In an indirect band gap material, such as silicon, phonon-assisted emission may make some 

contribution to the broad PL band although the quantum confinement effect results in an 

enhancement of the direct transition.  

6-3-2 Time-resolved photoluminescence 

In order to gain insight into the relaxation and recombination of carriers we performed 

time-resolved photoluminescence experiments. We adjusted the excitation intensity for the PL 

spectrum to be comparable to the high intensity spectra (e.g., 2 mW, 1 kHz in figure 6-5). 

This allowed investigation of the carrier relaxation dynamics between distinct QD levels 

starting with several fully occupied levels (the calculation suggests that more than 10 electron-

hole pairs per dot can be generated). Figure 6-9 shows the time evolution of the PL spectrum 

detected at different wavelengths at room temperature. The rise time is very short, on the 

order of femtoseconds or picoseconds [18, 46-48], which is much shorter than the time 

resolution of the measurement system. As for the decay, each PL evolution consists of a very 

fast component and a slow component. The fast decay component cannot be resolved due to 

the low temporal resolution of the system and the slow component can be fit with a stretched 
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exponential function used to describe dispersive processes in a disordered system having a 

distribution of relaxation times, and is given by  

0( ) exp[ ( / ) ]I t I t
βτ= −

                                                                             (6-3) 

 

where τ is the PL lifetime and 0 1β≤ ≤  is the dispersion factor. Figure 6-10 shows the slow 

component of the PL evolution at the various detection wavelengths (points) and the 

corresponding stretched exponential function fit (solid lines). The lifetimes are listed in table 

6-1 for the different detection wavelengths. As can be seen from the table, each of the 

lifetimes is on the order of microseconds and increases significantly with increasing detection 

wavelength. The dispersion factor, 0.6β = , is essentially independent of the detection 

wavelength, which suggests that this parameter is related to the macroscopic character of the 

medium, particularly its disorder characteristics, rather than the microscopic properties which 

depend on the size of the QDs [49]. Other groups have also experimentally observed or 

theoretically investigated the stretched exponential decay in silicon nanostructures and various 

models have been proposed to explain the stretched exponential decay; for instance, a hopping 

mechanism [50], and migration of excitons in an interconnected disordered network of 
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Figure 6-9 Time evolution of PL at different detection wavelengths as labelled 
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crystals [51, 52]. According to these models, a dispersive transport and distribution of trap and 

trap release rates are convolved with a non-exponential decay described by equation (6-3). 

This stretched exponential function is related to a distribution of relaxation times or a time-

dependent relaxation rate, which reflects the interval reflection process in the QDs [49]. In 

time-resolved PL measurements, the lifetime of the high energy levels is significantly shorter 

than that of the low energy levels, similar to other observations [49, 53, 54]. 

  

Table 6-1 Lifetimes for different detection wavelengths with β=0.6 

Detection λ

(nm) 
600 650 700 750 800 850 

S92:  τ ( sµ ) 4.1 (±0.2) 7.0 (±0.2) 12.3 (±0.5) 20.1 (±0.5) 35 (±1) 50 (±2) 
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Figure 6-10 Evolution of the PL at various detection wavelengths (points) and fit with the 

stretched exponential function (solid line) 
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 We measure the PL intensity on a short (nanosecond) time scale at different 

wavelengths and take the ratio of the intensity for each short wavelength ( Iλ ) to the 

maximum intensity at 850 nm ( 0I ), which is assumed to be approximately the luminescence 

from the ground level. The maximum of the PL intensity reflects the filling of the dot levels 

by photo-excited carriers and depends on the density of states of given dot levels. For short 

times after excitation, when the PL intensity is expected to reach a maximum, the influence of 

recombination and relaxation is very small and the dependence of the maximum PL intensity 

can be determined from rate equations with 
R C

τ τ� (recombination time and capture time, 

respectively). When the capture rate is independent of the dot energy level, we find the 

ratio
max max

0/ ~
i

I I gλ , where 
max

Iλ and 
max

0I are the maximum of the PL intensity at the 

detection wavelength and at 850 nm, respectively, and 
i

g is the degeneracy of the detected 

energy level. The degeneracy is close to 2( 1)
n

g n= + [16], which suggests that a parabolic 

potential is a good approximation for these QD structures. From the intensity dependence of 

the PL spectrum we can explain the PL around 850-800 nm as due to transitions involving the 

dot ground level (n=0) which shifts to longer wavelength with large dot size. The PL at 

shorter wavelengths involves recombination of electrons and holes from high excited levels 

( 1n ≥ ). The energy splitting between the levels can be estimated from figure 6-11 (taken 
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Figure 6-11 Dependence of the degeneracy on detection energy deduced from the evolution of 

the PL 
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with 2,4,6,
i

g = ⋅⋅⋅⋅ ) to be about 105 meV [16], which is consistent with that deduced from 

the time-integrated PL experiment (figure 6-8).  

6-3-3 Temperature dependence 

A temperature dependence of the PL spectra was performed at an excitation of 

400 nm, as shown in figure 6-12. At 20 K, a similar broad S-band was observed ranging from 

600 nm to 860 nm. With increasing temperature, the intensity of the S-band increases slightly 

and has a maximum at around 100-150 K (figure 6-13).  

The low temperature PL spectrum in the short wavelength region is quite different 

from that at room temperature. An obvious broad band can be observed ranging from 450 nm 

to 600 nm with a peak around 480 nm. The intensity of this band is comparable with that of 

the S-band. This band has been reported previously and is called an F-band because of its fast 

nanosecond decay time [55]. The F-band is likely to originate from defective silicon oxide 

since it was only observed in oxidized structures [55-58]. With increasing temperature, the 
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Figure 6-12 Temperature dependence of the PL spectra for an excitation wavelength of 

400 nm. The S-band and F-band are clearly observed   
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intensity of the F-band decreases gradually and becomes weak and flat at room temperature 

(figure 6-12). We measure the PL evolution at a wavelength 480 nm and temperature 20 K. 

The evolution is well fit by a single exponential decay and a decay time of 72 ns is deduced, 

which is much shorter than the decay time of the S-band. 

The temperature dependence of the PL intensity is shown in figure 6-13 for various 

detection wavelengths. In the S-band the short wavelengths exhibit different temperature 

dependence to that of the long wavelengths. In the low temperature regime various 

wavelengths of the S-band exhibit a similar increase with increasing temperature from 20 K to 

150 K except for a slight decrease at 650 nm. With further increase of temperature from 

200 K to 293 k the intensity of the short wavelengths decreases more than that of the long 
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Figure 6-14 Decay time as a function of temperature for various detection wavelengths  
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Figure 6-13 PL intensity as a function of temperature at different detection wavelengths. 
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wavelengths. Thus a red shift of about 30 nm is observed with increasing temperature from 

150 K to 293 K. For a given wavelength the intensity at room temperature is similar to that at 

20 K, i.e., the PL intensity varies by no more than 30% for a temperature increase from 20 K 

to room temperature and it increases at long wavelengths and decreases at short wavelengths. 

We compare the decay times of the S-band at various temperatures and detection 

wavelengths in figure 6-14. At a given temperature, the short wavelengths give a smaller 

decay time, similar to that at room temperature. For each given detection photon energy, the 

decay time decreases monotonically with increasing temperature. The decay time decreases 

by approximately half when the temperature changes from 20 K to 293 K.  

6-3-4 Discussion 

Compared to bulk silicon, the optical properties of silicon QDs change significantly 

due to quantum confinement. With decreasing size, both the absorbing and luminescent states 

shift to higher energies and the density of electronic states is affected due to the increase of 

the minimum kinetic energy. At the same time, spatial confinement leads to delocalization of 

the carriers in k-space and the overlapping of the wave-functions of the electrons and holes 

increases. Thus zero-phonon direct optical transitions are partially allowed and the oscillator 

strength of direct optical transitions is significantly enhanced. The excitation dependence 

experiment shows that the PL intensity at short wavelengths decreases significantly with 

decreasing excitation intensity, which is likely to be a state filling effect. This suggests that 

this band originates mainly from the direct no-phonon transition of localized electron-hole 

recombination. However, even at low excitation the bandwidth is still very broad, which 

implies a fairly strong inhomogeneous broadening.  

Furthermore, because of the size confinement effect in silicon QDs, two kinds of 

different PL mechanisms - zero-phonon transitions and phonon-assisted transitions - are 

possible. For a direct transition, the detection energy directly reflects the band gap 

with
Det Gap

E E= . For a phonon-assisted transition,
Det Gap Phonon

E E E= − . Therefore, for a 

given detected wavelength, the PL may originate from two types of QDs with different dot 

size and thus different confinement energy (band gap). In other words, the PL of the silicon 

QDs is based on a competition between indirect (phonon-assisted) and direct (zero-phonon) 

recombination channels. In the strong confinement regime (small dot size and short 

wavelength) zero-phonon transitions may be dominant and phonon-assisted transitions hardly 
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play a role. In the very weak confinement regime, the strength of phonon-assisted transitions 

increases. Therefore, phonon-assisted transitions may contribute to some extent to the broad 

S-band. The saturation factor distribution (figure 6-8) based on the state filling effect shows a 

good linear dependence and is consistent with the rate equation prediction, which may suggest 

that phonon-assisted transitions have only a negative contribution and the quantum 

confinement effect is fairly strong.  

The intensity of the PL is determined by two factors. One is the number of carriers 

captured into QDs and the other is the PL quantum yield, which is given by  

1/

1/ 1/

R
PL

R NR R

τ τ
η

τ τ τ
= =

+
                                                                              (6-4) 

where 
R

τ and 
NR

τ are the radiative and the nonradiative decay times, respectively, and the 

total PL decay time in the measurement can be expressed as 1/ 1/ 1/
R NR

τ τ τ= + . The long 

decay time and high emission efficiency at room temperature in silicon QDs is not due to a 

reduction in the radiative decay rate, because the strength of the radiative transitions in the 

silicon QDs is significantly weaker than that of direct gap semiconductors, but rather it is due 

to a strong suppression of nonradiative processes [49, 59]. The increase in the nonradiative 

lifetime is likely to be due to a number of effects, for instance, a reduction of the surface 

recombination centres per unit area and the small cross section of the dots ensures that the 

density of nonradiative centres is very small. The nonradiative lifetime may be as long as 

milliseconds in nanocrystal or porous silicon [59].  

The decay time varies with the detection wavelengths because various detection 

wavelengths correspond to different states of the silicon QDs. In general, radiative lifetimes 

are inversely proportional to 
2

osc
E f , where 

osc
f is the optical transition oscillator strength and 

E ω= � is the emitted photon energy [60]. A small detection wavelength corresponds to a 

high excited level of the quantum dots and a large emission energy, and thus it will result in a 

shorter radiative lifetime. Furthermore, a short detection wavelength corresponds to a small 

size of the QDs due to the strong inhomogeneous broadening in the silicon QDs. The small 

dot size leads to a strong quantum confinement, and thus results in a large optical transition 

oscillator strength due to the large overlap of the wave functions. Therefore, a shorter 

detection wavelength not only means a higher excited level but also a stronger optical 

transition strength, so that a short decay time can be expected [49].  
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The temperature behaviour of the PL can be divided into two regimes, the low 

temperature regime from 20 K to 150 K and the high temperature regime from 200 K to 

300 K. At low temperature a large number of the photoexcited carriers are localized by the 

defect states because of various defect states in the silicon and silicon oxide [59], and thus a 

strong and broad F-band is observed in the PL from these states. With increasing temperature, 

the carriers in these states are gradually thermally delocalized and relax into the lower states, 

mainly the states of the silicon QDs, which results in an increase of the PL intensity in the 

S-band and a decrease in the F-band. In the low temperature regime, the process of carriers 

thermally delocalizing from the defect states and being captured into the states of the QDs 

plays a dominant role and thus carriers captured into the QDs increases with increasing 

temperature. Therefore, the PL intensity increases for the S-band and decreases for the F-band 

with increasing temperature. With further increasing temperature, nonradiative recombination 

for the defect states is significantly enhanced and more photoexcited carriers are captured into 

these defect states. Thus the carriers captured into the QDs decrease due to the carrier capture 

competition. Therefore the intensity of the S-band decreases. At the same time the PL 

quantum yield of the F-band decreases because the nonradiative recombination increases, 

which results in a decrease in the intensity of the F-band. 

Another effect, the state filling effect, may play an important role in this process. In 

this effect the carriers in higher states cannot relax into lower states until there is a vacancy 

available in the lower states due to the Pauli exclusion
5,10

. Due to the extremely slow 

interband recombination rate the intersublevel relaxation in the QDs should be much faster 

than interband recombination, which will result in a strong state filling effect 
5
. With 

increasing temperature the lifetimes of the QD states decrease, which will increase the 

availability in these lower states and thus more carriers can relax into the lower states. Hence 

the PL intensity of the low states increases. In the low temperature regime, the process of 

carriers delocalizing from the defect states and being captured into the states of the QDs is 

dominant and thus the carriers for most of the QD states increase though the state filling effect 

leads to more carriers into the lower states. Therefore the PL intensity for most QD states 

increases except for a slight decrease of the intensity for the highest states. At this stage we 

cannot observe a red shift because the PL intensities at low and high energy increase. In the 

high temperature regime carriers captured into the QDs decrease with temperature and the 

state filling effect plays an important role, which results in a decrease of the intensity for the 

high states of the QDs, corresponding to wavelengths of 650 nm and 700 nm, but a moderate 

decrease for the lower states of the QDs, such as 750 nm and 800 nm. Thus a 30 nm red shift 

is observed over the temperature range 150 K to room temperature.  
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6-4 Transient grating experiment  

Nonlinear coherent spectroscopy has been shown to provide femtosecond time 

resolution and valuable information about the coherence properties and dynamics of carriers 

in quantum structures, which are important for the fabrication of many optoelectronic devices 

[19, 61-63]. Coherence properties are a very important and interesting subject in silicon 

quantum dots and porous silicon because of the close relationship with further applications 

and fundamental understanding. However, there are few reports in this field, and the ultrafast 

dynamics and the dephasing parameters are still relatively unknown [17, 21]. The main 

difficulties of coherent spectroscopy in semiconductor quantum dots are the extremely low 

nonlinear signal intensity and the dispersion of the dot size. Various coherent spectroscopy 

techniques have been considered for the study of the coherent properties and measurement of 

the dephasing and ultrafast relaxation in semiconductor quantum dots [62, 64, 65], such as 

four-wave mixing [17, 61], pump-probe spectroscopy [66], time-resolved photoluminescence 

[17, 18] and photon echoes [67, 68].   

In this study a special case of the photon echoes experiment in which 12t 0= , i.e. a 

transient grating experiment, was performed to study ultrafast dynamics of the carriers in 

order to obtain quantitative information about the ultrafast relaxation. The experiment was 

performed in the setup of the three pulse photon echoes as described in detail in chapter 2. In 

this experiment the coherence time (time separation between pulses k1 and k2) was fixed at 

12 0t = . When the two pump pulses k1 and k2 overlap temporally a transient population 

grating with wave vector k2-k1 is created. The probe pulse is diffracted by this grating in the 

phase-matched directions and detected as the observed signal. The lifetime of the population 

grating is related to the lifetime and diffusion time of the excited carriers. By studying the 

relaxation dynamics in this way, the excited states are probed directly, rather than in time-

resolved photoluminescence which relies on the radiative emission of the excited carriers. 

Transient grating experiments are particularly interesting in indirect band edge silicon QD 

systems where there is a combination of phonon-assisted and zero-phonon transitions.  

In the experiment, the pump pulses 1k  and 2k with the same wavelength 600 nm and 

different direction are spatially and temporally overlapped in the sample, creating a population 

grating. The third pulse 3k , spatially overlapped with the first two pulses but time-delayed, is 
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then diffracted off this grating in the phase-matched direction 4 1 2 3k = k - k + k with a signal 

intensity that decays with the population time 23t (time separation between pulses k2 and k3) 

[19, 20]. Figure 6-15 shows the time evolution of the integrated signal intensity versus 

population time 23t with a fixed coherent time 12 0t = . The third pulse 3k is tuned to 640 nm 

(a), 670 nm (b), 700 nm (c) and 740 nm (d). For each given probe wavelength a very fast rise 

time is observed, which suggests a very effective relaxation, most likely dominated by 

phonon-assisted transitions. Following the fast rise, a relatively slow decay of the signal is 

observed. The integrated intensity can be fit with a three-exponential decay 

function 1 1 2 2 3 3exp( / ) exp( / ) exp( / )A t T A t T A t T− + − + − , where the three time constants 

3 2 1T T T> > . For this silicon QD system, the three time constants correspond to a fast decay 

time, a slow decay time and a very long electron-hole pair recombination time, respectively. 

The recombination time is very long, on the order of microseconds, and thus its contribution 

on the time scale studied is simply as an offset. Indeed, an obvious offset can be observed in 

each transient grating signal at the various probe wavelengths, which implies the presence of a 
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Figure 6-15 Time evolution of the signal intensity at the peak of the probe pulse versus 

population time t23 for fixed t12=0 and different combinations of laser wavelengths  
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slow decay component. From the fitting, we deduce fast and slow decay times with 800 fs and 

4 ps for each detection wavelength. However, the amplitude ratio 1 2/A A , which represents 

the relative contribution from the fast and the slow components, varies for the different 

detected wavelengths. At the probe wavelength 640 nm, a relatively large ratio 1 2/ 7A A = is 

deduced, whilst for other wavelengths an amplitude ratio 1 2/ 3 ~ 4A A =  is found.  

In indirect semiconductors, such as bulk Si, the phonons play a very important role in 

optical transitions. The most efficient contribution to the PL is the TO phonon-assisted 

recombination process, with the TA phonon-assisted process about 10 times weaker than the 

TO phonon-assisted process [63]. In bulk silicon, direct optical transitions are forbidden. 

However, due to quantum confinement, the zero-phonon optical transition is significantly 

enhanced due to the larger overlap of the electron and the hole envelope wavefunctions in 

silicon QDs. The long decay, on the microsecond scale, is attributed to radiative 

recombination of electron and hole pairs. On the short time scale, TO and TA momentum 

conserving phonon-assisted transitions are dominant. Compared with TA phonon-assisted 

transitions, TO phonon-assisted transitions have a much stronger strength and thus a faster 

decay rate [63, 69].  

Recently, Trojanek et al. observed ultrafast decay in silicon nanocrystals using the 

femtosecond up-conversion technique and interpreted the fast decay components due to 

 
 
Figure 6-17 Scheme for relaxation and recombination channels in Si QDs. E-excitation, R-

relaxation, PL-radiative recombination of interior exciton, T-carrier trapping to the surface 

state, SPL-recombination of the surface trapped carriers 
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radiative recombination of interior electrons and holes in the nanocrystal before excited 

electrons localize at the nanocrystal surface or interface states [18].  

Following Trojanek’s model [18], we attribute the fast and slow decay components to 

TO and TA phonon-assisted transitions, respectively, as illustrated schematically in 

figure 6-17. After laser excitation, photoexcited carriers relax into an interior excited state in 

the silicon QDs. This relaxation is expected to be very fast with only 30~40 fs for our 

excitation conditions because of the extremely fast relaxation rate 3.8 eV/ps in silicon 

nanocrystals [18]. The carriers in the interior excited state will be trapped on the QDs’ surface 

or interface states with phonon-assisted transitions [70], which lead to a fast decay in the 

transient grating signal. In these relaxation channels TO phonon-assisted transitions contribute 

to the fast component and TA or various multi-phonon-assisted transitions (TO+nTA with n 

an integer) give the slow component because the TA phonon-assisted transitions have a much 

weaker strength and thus a slower relaxation rate. It is worth noting 

that TO TAE 3E 56 meV≈ = . In this case, TO phonon-assisted transitions give a dominant 

contribution if the energy separation matches the TO energy very well. However, it is 

relatively easy to match the relaxation energy for TA phonons because of the smaller phonon 

energy. Therefore, TA phonon-assisted transitions can give a larger contribution when the 

energy separation is mismatched to the TO energy. For the short detection wavelength, 640 

nm, it is likely that the energy separation matches the TO energy well. Therefore, the TO 

phonon-assisted trap is dominant and a larger 1 2/A A can be obtained. For the other probe 

wavelengths, however, the relaxation energy does not match the TO energy well, so that TA 

phonon-assisted relaxation has an increased contribution and thus a relatively small amplitude 

ratio is observed. Because of the strong inhomogeneous broadening and the large relaxation 

energy (100~300 meV), together with the strong TO phonon-assisted transitions, the TO 

phonon-assisted transitions are dominant for each of the detection wavelengths. The surface 

trapping, leading to a separation of electrons and holes, thus effectively quenches the 

photoluminescence and contributes an ultrafast component. At the same time, it is this 

separation that also results in a much slower carrier recombination on the time scale of 

microseconds. 
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6-5 Conclusions 

 We have investigated the optical properties of silicon quantum dots using time 

integrated photoluminescence, time-resolved photoluminescence and photon echo 

spectroscopies. A broad band was observed at 600-900 nm which originates mainly from 

recombination of electrons and holes due to the quantum confinement effect. A significant 

state filling effect was observed in an excitation dependent experiment, which suggests that 

the emission of the broad S-band originates from various levels of silicon quantum dots. 

Time-resolved photoluminescence experiments confirm that the S-band has a stretched 

exponential decay with lifetimes on the order of microseconds. In this band, the lifetimes of 

the short wavelengths are significantly shorter than those of the long wavelengths. Another 

band is observed at low temperatures whose centre is located at around 480 nm. This F-band 

is likely to originate from defective silicon oxide.  In the low temperature regime (20-150 K) 

with increasing temperature the process of carriers delocalizing from the defect states and 

being captured into the QDs is the dominant mechanism, which results in an intensity increase 

in the S-band and a decrease in the F-band. In the high temperature regime (200-300 K), the 

carriers captured into the QDs decrease due to competition of the capturing into the defect 

states, which results in a intensity decrease both in the S-band and the F-band. Within the S-

band the PL intensities of the shorter wavelengths decrease more slowly due to the state filling 

effect, which results in a red shift of the S-band. 

 A fast decay is observed in the transient grating experiment that includes a fast and a 

slow component with time constants of 800 fs and 4 ps. These components are attributed to 

TO and TA phonon-assisted trapping into surface states or interface states of the QDs.  The 

separation of the electrons and holes results in a very small recombination rate.  
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Chapter 7  

Summary and Recommendations for 

Further Work  

In this thesis, ultrafast spectroscopy has been applied to study the characteristics of 

semiconductor nanostructures, especially the ultrafast dynamics of energy relaxation, which is 

one of the most important areas for the understanding, improvement and further application of 

these novel materials. By applying various ultrafast spectroscopy techniques and conventional 

photoluminescence, we have investigated dynamical phenomena in ZnO/ZnMgO multiple 

quantum wells, InGaAs/GaAs p-doped self-assembled quantum dots, InGaAs/InP proton 

implantation-induced intermixing and silicon quantum dots embedded in a SiO2 matrix.  

During the last decade, ZnO has attracted special attention due to the attractive 

properties of its various nanostructures. In particular, ZnO is regarded as a potential UV laser 

material. We have observed clear evidence of biexcitons in ZnO/ZnMgO multiple quantum 

wells (MQWs) at room temperature, and have measured the dephasing times of biexcitons and 

excitons. To our knowledge, this is the first observation of biexcitons in ZnO at room 

temperature. The decay times of the MQW samples were measured by the pump-probe 

technique at room temperature. In the high photon energy region a very short decay time (a 

few hundreds femtoseconds) confirms an effective phonon relaxation for the hot carriers, 

whilst in the exciton region a tens of picoseconds decay time originates mainly from exciton 

recombination, which is consistent with previous investigations. An interesting implantation 

effect was observed in these MQW samples. With a suitable dose of oxygen ion implantation, 

the MQW sample can achieve not only a tuning of the QW emission over 10-20 nm but also 

an improvement of the properties, such as a significant improvement of the temperature 

quenching of the PL and a small increase of the luminescence quantum efficiency. This is 

very different from the implantation effect in other materials reported in which tuning the 

wavelength results in a decrease in quantum efficiency.  

InGaAs is an important material because it can cover the near infrared wavelength 

range for the optical communications and optical information industry. The slow relaxation 

in the quantum dots can be a barrier for a high repetition rate laser and ultrafast data transfer 

and communication. Modulation doping is predicted as a potential technique to overcome the 
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barrier and achieve high quantum efficiency and high modulation rates. We observe a fast 

relaxation rate in a modulation doped InGaAs sample at low temperature compared with a 

similar undoped sample, suggesting that electron-hole scattering is the dominant relaxation 

mechanism. At high excitation intensity, a significant state filling effect is observed. Ion 

implantation is known to be an effective post-growth technique to tune the emission 

wavelength in semiconductors. Implantation in InGaAs quantum wells results in a variation 

in the carrier capture and energy relaxation. We have investigated the variation of the optical 

properties by ion implantation and the effect of different strains in the interface between the 

quantum well and the barrier.  

Silicon is the most commonly used semiconductor material. Silicon quantum dots and 

porous silicon are very interesting materials because they can achieve a relatively high 

luminescence efficiency even at room temperature in this indirect band gap material. At the 

same time, silicon is a very complicated material because of various luminescence 

mechanisms, various defects or localized states in the silicon and silicon oxide (matrix) and 

very strong inhomogeneous broadening. Thus different mechanisms have been proposed in 

silicon nanostructures. Using direct measurements on a microsecond time scale and 

femtosecond photon echo techniques, we have investigated the dynamics on the different 

time scales, in the femtosecond and microsecond regions. In the ultrafast photon echoes, we 

detected a very short decay time (a few hundred femtoseconds to a few picoseconds), which 

corresponds to transverse optical and transverse acoustic phonon-assisted relaxation. 

Through these ultrafast relaxation processes, hot electrons and holes are captured into 

localized states where they recombine and emit effectively, and exhibit a microsecond 

lifetime. A stretched exponential function decay was observed in a silicon QD sample that 

originates mainly from recombination of electrons and holes. A state filling effect was also 

observed in the silicon QD sample, which is quite different from the case of InGaAs QDs 

due to very strong inhomogeneous broadening.  

However, we are still quite limited in acquiring comprehensive and detailed 

information from ultrafast spectroscopy, mainly due to the range of laser excitation 

wavelengths and intensities, the detection sensitivity at a given wavelength, and the low 

quantum efficiency in the materials. Various ZnO nanostructures have shown many 

interesting properties and an understanding of their coherence properties is still at an early 

stage. To explore the coherence properties comprehensively and to develop further new 

applications, ultrafast spectroscopy and especially ultrafast coherence spectroscopy can play 

a major role. It has been shown that ZnO quantum wells reveal an interesting improvement 

through oxygen irradiation induced implantation. However, it is still unclear which kind of 
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defects plays a dominant role and how they are affected by the implantation. In InGaAs QDs, 

the details of the relaxation mechanisms are not clear and some of the experimental 

observations are not consistent with each other. A comprehensive understanding of the 

ultrafast dynamical processes is the key to achieving higher relaxation rates and high 

performance QD lasers. Ion implantation has been demonstrated as an effective post-growth 

technique to tune the emission wavelength. The strain between the quantum well and the 

barrier is still a problem. How the various strains exactly affect the shape of the potential of 

the quantum well and the interface is a further subject of research. There have been a large 

number of papers reporting the properties of silicon nanocrystals and porous silicon, and 

various different mechanisms have been proposed as being responsible for the emission from 

silicon nanostructures, and its coherence properties are still at the initial stage. The great 

potential applications warrant a thorough investigation and a deep understanding in silicon 

nanostructures. With the progress of lasers and detection techniques, ultrafast spectroscopy 

will certainly play an increasingly important role as a powerful versatile tool, and will make 

further contributions to the progress of semiconductor nanostructures.    
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