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Abstract 

Carrier Dynamics in Self-Organized Quantum Dots 

by Gary Wang 

Recent devdopmenl<; in the growth of self-organized quantum dots have provided 

opportunity to investigate the physics of zero- dimensional quantum structure. In 

this work. we investigate the carrier dynamics in the In(Ga)AsI(Al)GaAs self

organized quantum dots using time-resolved photoluminescence and pump-and

probe spectroscopy. Three areas of carry dynamics are studied: radiative 

recombination. thermionic emission, and carrier relaxation. The measured radiative 

lifetime is compared to the published results. A reduced radiative transition rate is 

found. This increase in the PL decay time can be attributed to the localization of the 

exciton in the 4uantum dot. From the temperature dependent measurement. we find 

that the reduction of 4uantum dot photoluminescence efticiency at high temperature 

is attributed to the thermionic emission. The effect of thermionic emission process 

can significantly modify the potential quantum dot device properties such as optical 

gain and modulation bandwidth. From the transient absorption measurement, a fast 

carrier relaxation rate is deduced. The measured carrier relaxation time is an order of 

magnitude smaller than the theoretical prediction of the phonon bottleneck. 

indicating other relaxation mechanism might be dominant in these quantum dots. 
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Chapter One 
Introduction 

1 .1  Motivations: Small and Fast 

1 

Understanding the properties of novel materials is crucial to the ability to 

engineer the optoelectronic devices of the future. The rapid development of 

compound semiconductor technology over the last decade has spawned interest in 

the study of new materials to fuel the need for faster communication links and 

smaller electronic devices. The expectations to meet these desires have led the 

scientitic community to search for the perfect quantum semiconductor materials on 

the nanometer scale. Materials such as quantum dots are intrinsically small and fast: 

small because of the inherent size that is required to observe the quantum effect, and 

fast because electrons can traverse the reduced distance in a shorter time. 

In a O-dimension (00) quantum dot, the interaction of the electronic 

wavefunction with the boundary of the surrounding material leads to the 

quantization of the energy levels (Bastard, 1988). This situation is in sharp contrast 

to conventional bulk semiconductors where carrier energy levels are 

characteristically distributed in continuous bands and are insensitive to the size and 

shape of material. As a consequence of the quantization effect, quantum dot 

materials are expected to be characterized by a sharp linear optical absorption and a 

narrower gain spectrum relative to conventional bulk (3D) or quantum well (20) 

material (Vahala, 1987). Unlike bulk material, the ability to tailor design the 

physical parameters of the dots will allow us to achieve greater engineering control 



2 
over the material properties and make large improvement for future generations of 

optoelectronic devices. 

en o o 
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Figure 1.1 Density of States (DOS) in 3D, 20, 10, and 00 structures. 

The success of quantum well materials has enabled us to significantly 

improve optoelectronic device performance today. This achievement is due partly to 

the enhanced density of states (DOS) near the bottom of the conduction band and 

the top of the valence band (Lee, 1992). The DOS is a material property which 

quantifies the number of carriers that are permitted to occupy a given energy state of 

semiconductor. Since most optoelectronic devices operate near the conduction band 

minimum, the DOS of semiconductor material imposes an intrinsic limitation on the 

number of carriers that are allowed to contribute to the device performance at one 

time. In a semiconductor quantum well laser, the benefit of a sharpened DOS 

allows a reduction of threshold current, an increase in the differential gain, an 
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improved temperature tolerance. and an enhancement of the modulation bandwidth; 

all of which are extremely desirable characteristics in an optical communication 

system CAsada et at., 1986; Arakawa et ai., 1982; Zory, 1993). In the OD quantum 

dot material, this fundamental advantage is further amplified. Figure 1.1 shows the 

sharpening of the DOS as the material structure's dimension reduces. Limited only 

by the packing density of the dots, quantum dot materials, unlike bulk and quantum 

well materials where the DOS are fmite at the ground state energy, can offer a larger 

number of spatially separated states for carriers at a desired energy. Consequently, 

if one can realize the ideal quantum dot laser with high packing density, significant 

improvements over the performance of existing quantum well lasers can be 

achieved. 

Despite the high potential expectations for the quantum dot material, these 

advantages are accompanied by physical limitations and intrinsic quantum 

phenomenon. The operation of a quantum dot laser will require sufficient material 

gain to compensate for the cavity loss. Due to the small volume nature of a dot, a 

large number of quantum dots will be required to achieve the conditions necessary 

for lasing. The difficulty attaining a high packing density of quantum dots with 

uniform size still presents a major technological challenge (Mirin et ai, 1996; Moritz 

et al .• 1996). Additionally. the confinement of the carriers in a quantum dot should 

modify fundamental physical processes such as carrier-carrier scattering and 

carrier-phonon coupling. These processes can ultimately govern the efticiency of 

potential device applications. Benisty et al. (1991) and Bockelmann et at. (1991) 
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Figure 1.2a Schematic illustrations of the reduced electron
phonon scattering in quantum structures. Scattering rate is 
proportional to the number of fmal states available. The fmal states 
in 20 quantum well are represented by states on a circle. In the 10 
quantum wire, only two states are available. In quantum dots, 
efficient relaxation occurs only when E2-El is a multiple of the ill 
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Figure 1.2h Theoretical prediction of the reduction in the energy 
relaxation rate for quantum structures. Severe reduction of energy 
relaxation rate is predicted for 00 quantum dots. (Hackleman et al., 
199 1  ) 



5 
have pointed out that a reduction in the carrier-phonon scattering rate may be 

expected in the OD quantum structure as shown in Figure 1.2, and that the 

efficiency of the quantum dot devices can suffer from this consequence. These 

theoretical intuitions should require further experimental coruinnation. It is the 

objective of this dissertation to study how these physical phenomenon are modified 

in the quantum dots materials and how such consequences will affect the 

perfonnance of future optoelectronic devices. 

1 . 2 Research on Quantum Dots 

The major challenge in quantum dot research is to develop materials 

characterized by nanometer-scale structure definition and of sufticiently high qUality 

so that the quantum dot effects are not obscured by surface and interface defects. 

Many approaches utilizing different technologies have been attempted with limited 

success and potential usefulness. 

The nano-crystal precipitates grown from the liquid phase using chemical 

precursors have been a popular and successful method for achieving quantum 

confinement of electrons and holes (Ekimov, 1991). Crystals passivated in proper 

glass complexes have demonstrated efficient photoluminescence, enhanced exciton 

binding energy, and large non-linearity in optical absorption (Peyghambarian, 

1989; Justus, 1991; Tokizaki, 1993; Caponemko et ai., 1993). However, due to 

the passive nature of glass, the integration of nano-crystal materials with the 

existing solid state semiconductor device technology presents another uncertainty. 

Because of the ease of integration with the established device research, 

quantum dot material that utilizes the existing compound semiconductor 
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technologies can offer potentially large returns for the scientific investments. Efforts 

to fabricate electronic gated quantum dot potentials have been used to successfully 

observe Coulomb blockade effect at low temperature (Heitmann and Kotthaus, 

1993; Chakraborty, 1994). However, the induced confmement potential is 

restricted to the resolution of lithography technology which is typically on the order 

of 100 nm. The continement potential generated from the biased gate is typically on 

the order of 10 meV (Chakraborty, 1994), which is still too shallow to provide a 

large intersubband spacing at room temperature. Furthermore, the optical 

application of those dots would require the confmement of both electrons and holes. 

The success in this area has been limited. 

Wet and dry etching technologies have been employed to define dots at 

nanometer-scale using semiconductor quantum well material (Lehmann, 1985; 

Grambow, 1989). Even though the chemical etching processes are well understood 

and characterized, the optical properties of such dots are usually severely shadowed 

and obscured by the naturally large surface recombination of GaAs material and the 

etch-damaged defects on the side walls (Cheung, 1989; Mayer et ai., 1990) . 

Passivation efforts have been used to reduce the surface recombination. However, 

the recombination dynamics of chemically etched dots are still dominated by the 

defects. Using etching technology to produce nanometer structure with a high 

optical quality is extremely difficult. 

In order to study the intrinsic recombination dynamics of quantum dots, 

materials that are free of extrinsic defects must be used. Etch-free technologies such 

as epitaxial regrowth over patterned substrate show interesting and successful 

results (Mirin et ai, 1992; Arakawa et ai. , 1993). Using the step corners on a 311 
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GaAs substrate, Brandt et at. (1991) reports lnAs quantum dots with high optical 

quality. 

Strain-induced quantum dots are thoroughly studied by Kash et at. ( 1990) 

and Tan et at. (199 2). Lateral quantum confmement within an AlGaAs quantum 

well is achieved utilizing the inhomogeneous strain from an etched InGaAs stressor 

on the surface. Since the strain-induced dots are buried beneath the surface, there is 

no etch-related defect, and the problem with surface recombination may be 

completely avoided. 

Even though both the epitaxial regrown quantum dots and strain-induced 

quantum dots could produce efficient luminescence, the complicated fabrication 

steps involved to achieve the 3D quantum confmement effect still hinder their 

potential devjce application. Recent discovery on the growth of the self-organized 

quantum dots has shown yet another method to achieve quantum confmement 

(Leonard et al. , 1993) . Self-organized quantum dots are formed intrinsically as a 

natural epitaxial growth phenomenon. The lack of extrinsic processing steps makes 

the self-organized quantum dots material an ideal candidate for device integration. 

With no need for extra investments in the processing technology, the existing 

device fabrication processes will be easily adopted to utilize the benefits of this new 

quantum dot material, provided that the growth process is controlled and well 

understood. 
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1 . 3 Self-Organized Quantum Dots 

Research on the epitaxial growth using lattice mismatch materials has 

provided new insights on the control of the structural properties in a material. 

Differentiated by the degrees of binding between the atoms and the surface of the 

substrate. heteroepitaxial crystal growth modes are characterized into three different 

regimes: island mode. layer-by-Iayer mode. and layer-plus-island mode (Hennan 

and Sitter. (989). These growth mode are illustrated schematically in Figure 1.3. 

monolayer island 
coverage Volmer-Weber 

8< I ML � 
1<8<2 � 
2<8 � 

layer+island layer 
Stranski-Krastanov Frank-van der Merwe 

� � 
� � 

Cl 
� � 

Figure 1.3 The growth sequence vs. monolayer coverage in the 
three expitaxial crystal growth modes. The coherent InAslGaAs 
self-organized quantum dots are fonned in the layer plus islands 
mode (Herman and Siner. 1989). 

In the island mode. or the Volmer-Weber (VW) mode. the atoms are more 

strongly bound to each other than to the substrate. This results in small clusters of 

lattice mismatched islands forming directly on the substrate. The VW growth. 

mostly considered as a nuisance during the growth of strained layer materials. 

usually yields material with a poor optical quality. In the Iayer-by-Iayer mode. or 
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Frank-Van der Merwe (FM) mode, the situation is directly opposed to the VW 

mode. The atoms are more strongly bound to the substrate rather than each other. 

Sequential two-dimensional (20) monolayers completely covering the surface are 

achieved as long as the binding energy in the following layer decrease 

monotonically toward the value for the bulk crystal (Venables et aI., 1984). High 

optical quality quantum well materials are obtained from the FM mode growth. The 

intermediate growth mode between 30 and 20 occurs when this monotonic 

decrease of the binding energy is disrupted, forcing coherent islands growth on the 

top of the monolayers. It is in this Stranski-Kranstanow (SK) growth mode that 

the self-organized quantum dots are formed (Stranski and Kranstanow, 1939). 

Material Systems 

InAslGaAs 
Ino.sGUo.sAs/GaAs 

Ino3A1o.7Asl Alo.3Gao.7As 

InSb/GaAs 
GaSb/GaAs 

In0.49Gao.sl P/InP 

SitGe 

Strain 

7.1 % 

4.4 % 

8. 1 % 

3.2 % 

4.1% 

Technology Reference 

MBE, Lenoard et al., 1993 
MOCVD Oshinowo et aI., 1994 

MBE Leon et aI., 1995 

MBE 
Bennett et aI., 1996 

Sun et aI., 1996 

MOCVD Reaves et al., 1995 

MBE Schittenhelm et aI., 1995 

Table 1.1 Various seU'-organized quantum dot systems formed by 
Stranski-Kranstanow growth. All material systems exhibit 
significant strain between the dot and the barrier materials. 
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The self-assembled nature of the quantum dots is a result of a thermal 

equilibrium process principally driven by epitaxial strain between the substrate and 

the deposited atoms. All material systems with significant lattice mismatch are 

probable candidates for observation of SK growth. Table 1. 1 summarizes the 

material systems that have demonstrated the formation of the self-organized 

quantum dots. 

The lnAslGaAs quantum dots studied in this dissertation are grown using 

molecular beam epitaxy (MBE) using an Intervac Gen IT system. Utilizing the long 

mean free path of an ultra high vacuum chamber ( - 1 X 1 0.10 Torr ), MBE growth 

relies on two primary factors that govern the surface kinetics: the sample 

temperature and the molecular beam tluxes generated using the effusion cells. The 

quantum dots in the samples studied are grown at 530 OC with an AS2 overpressure 

of -7 x 10-6 Torr to prevent re-evaporation of As from the samples. The islands are 

produced by pulsing the group V molecular beam in short cycles and using very 

low growth rate which allows precision control in the deposition of very small 

amountc; of material. This is done until the transition from 20 growth to 3D growth 

is observed in the surface morphology, monitored using high energy electron 

diffraction (RHEEO) technique (Theeten. 1975). 

The amount of material required for the formation of the quantum dots is 

dependent on the strain involved in the material system. Leonard et af. ( 1995) has 

shown that the critical layer thickness eCL T) for the formation of lnAs quantum 

dots on GaAs is 1.5 mono layers. The density of the quantum dots increases 

abruptly once the deposited InAs reaches the CL T. The parameters of the growth 
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condition can strongly affect the density and physical dimensions of these quantum 

dots. An atomic force microscopy (AFM) image of the self-organized InAs 

quantum dots without GaAs overgrowth is shown in Figure 1.4. Densities of 

lx109 cm-2 to lxlOll cm·2 are obtained without introducing dislocation defects. 

Figure 1.4 Atomic Force Microscope (AFM) image of 
InAs/GaAs quantum dots measured using Nanoscope ill AFM. 
Dots density shown above is lxlO 9 I cm2 • The average dot 
diameter is 20 nm (Leonard et at., 1994). 
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Leonard et af. ( 1995) report that the self-organized quantum dot has a physical 

shape similar to a plano-convex lens, with the radius to the height aspect ratio of 

2.27. The exact physical shape of self-organized quantum dot depends on both 

growth and measurement parameters. Grundmann et af. ( 1995) have reported 

pyramid geometry for the lnAslGaAs dots. Because of the nature of the self-

organizing process, the achieved quantum dot sizes exhibit a Gaussian distribution 

as shown in Figure 1.5. The average size for the InAs dots is 20 om in diameter 

and 8 nm in height. 

Dot Diameters Dot Heights 

100 80 

(/) 
+oJ 

§ 50 40 

8 

o a--..o.-__ 
o lO 20 

nm 
30 

o 
40 0 3 6 

nm 
9 

Figure 1 .5 Histogram of size distribution for dot diameters and 

heights. Data is analyzed from an 1 11m x 1 11m AFM image. The 
average dot diameter is 20 nm with the standard deviation of 5 nm. 
The average dot height is 7 nm, with standard deviation of I om 
(Leonard, 1 994). 

12 
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Immediately after the formation of  the quantum dots, GaAs overgrowth is 

used to provide the top potential barrier required for optical studies. The physical 

dimensions of the self-organized quantum dot are not entirely the correct description 

of the confmement potential. Figure 1.6 shows the bright field cross-sectional 

transmission electron microscope (TEM) image of a self-organized InAs quantum 

doL. Strain tield in the surrounding GaAs bamer is clearly visible from contrast 

between the bright and dark tields. It is well understood that the presence of strain 

can modify the semiconductor band structure (pikus and Bir, 1960). Therefore, an 

exact picture of quantum dot potential will require a clear understanding of the strain 

field and the formation mechanism of the self-organized quantum dots. 

Figure 1 .6 Bright field cross-sectional Transmission Electron 
Microscope (TEM) image of a self-organized quantum dot. Contrast 
surround the dot is due to the strain between the mAs and the 
surrounding GaAs. (Leonard et aI., 1993) 

The exact relation between the growth process, the strain field, and the 

electronic structure of the self-organized quantum dots can be thoroughly 

understood with the proper designs of growth experiments (Leonard, 1995) and 

theoretical models (Grundmann, 1995). Although the research on the growth 
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mechanics and the physical properties of these quantum dots can be intellectually 

interesting and scientifically challenging. However, the scope of this dissertation 

will focus on the photoluminescence properties and the carrier dynamics in the self

organized quantum dot materials. 

1.4 Ultrafast Processes in Quantum Structures 

The direction of this thesis is aimed at clarifying our understanding of the 

carrier scattering processes in the quantum dots. For bulk and quantum well 

devices, most of the involved physical processes have been thoroughly studied and 

well understood both theoretically and experimentally. However, due to the lack of 

quality materials, the experimental research on the dynamic processes in quantum 

dOl devices is so far very limited. The past experimental ultrafast research in 

4uantum well structure..;; are summarized in Table 1 .2. 

The main concerns of this dissertation will address the ultrafast 

properties of self-organized quantum dots by investigating three areas of carrier 

dynamics: carrier capture (Chapter 5), thermal emission (Chapter 4), and radiative 

recombination (Chapter 3). 

The carrier capture process involves the effect of carrier diffusion, quantum 

capture. and energy/momentum relaxation. These processes are required to 

transport carriers from the electrical contact to the active states in the quantum 

structure. Benisty et at. ( 199 1 )  and Bockelmann et ai. ( 1992) have proposed that 

the energy relaxation time in a quantum dot can be as slow as several nanoseconds 

due to the potential mismatch of the phonon energy with the discrete energy level 

spacing in a quantum dot. This proposed slow energy relaxation time can severely 



Time Scattering Processes Quantum Well Quantum Dot 

carrier thermalization Knox, 1988 

100 fs  electron-hole scattering Hopfel, 1 986 

carrier-LO phonon Shah, 1985 

carrier capture Blom, 1 990 

100 ps acoustic phonon scattering Pinczuk, 1 988 

� , radiative recombination3 Fouquet, 1 986 this 

thermionic emissionb Bacher, 1 993 dissertation 

• As of me writing of this dissertation, various groups bave also reported me 
photoluminescence lifetime of self-organized quantum dots. The report values are compared in 
Table 3.3. 
b The temperature dependent experiments disscused in this dissertation follow me study of me 
quantum well material by Bacher el al. (1993). Some of me experiments are done in 
conjunction with Fafard el at. (1994). 

Table 1 .2 Summary of experimental ultrafast research on quantum 
well and quantum dot structures. 
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reduce the modulation bandwidth of the semiconductor laser CNagarajan, 1992) and 

introduce non-linear effects such as spectral hole burning and carrier heating 

(Willatzen et aI., 1991; Gomatam et aI., 1988; H all et aI., 1992). A pump-and-

p robe experiment will be used to show that the relaxation of the carrier in the self

organized quantum dots is as fast as values reported for the quantum well materials 

in the literature, indicating that the effect of phonon relaxation bottleneck may not be 
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not as severe as the existing theoretical prediction and that other energy relaxation 

mechanisms may be important 

The thermal emission process is essentially the reverse of the capture 

process where carriers are removed from the active states due to thermionic 

emission. The thermal emission time is controlled by the height of the continement 

hamer. When the thermal energy of  the lattice is larger than the contining potential , 

a fast carrier emission can occur. For a quantum well laser, a fast carrier escape 

time will reduce the differential gain (Nagarajan et at., 1992). The temperature 

dependent photoluminescence and the time-resolved photoluminescence will be 

used to investigate the thermal emission properties of various self-organized 

quantum structures. The values for the confinement bamer heights will be extracted 

and compared to the results derived from the measured thermal emission time. 

The radiative recombination process converts the carriers into photons, 

generating light for the optoelectronic applications. Although the fundamental 

process for the radiative recombination in quantum dots is similar to bulk and 

quantum well structures, the reported quantum dot carrier lifetimes in the literature 

vary from 1 0  ps to I ns (Mukai etat., 1996; Schulzgen eta!., 1993; see Table 3.3). 

Using time-resolved photoluminescence, the carrier lifetimes in  various self-

organized quantum dots will be compared with the published values. The difference 

in the radiative recombination process among bulk, quantum well, and quantum 

dots will be clarified. Furthermore, the radiative recombination of the spatially 

indirect excitons are studied in the staggered band alignment GaSb/GaAs quantum 

dots. The radiative lifetime of exciton is found to be moditied significantly as the 
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result of  staggered band offset. A field dependent radiative processes is observed. 

indicating that the effect of space charge is important. 

1.5 Carrier Dynamic Model 

Although these three different processes may be individually studied. their 

combined effects will ultimately affect the characteristics of the optoelectronic 

device such as quantum efficiency and modulation response. The relationships 

among the capture, emission. and recombination processes can be understood using 

a simplified model. The model consists of a three level system. with the transport 

processes between each level characterized by time constants. This is illustrated in 

Figure 1 .7 .  

capture escape 
electron Ec n barrier 

photon 

� 
c: .9 ... 

r+-"";"'-- - - - _. -----

.. ... -------

tcap • t tesc 
n active 

� photon � '<decay 
.. '" -- - ---- ----

Ev 3 level system 

Figure 1 . 7  A carrier dynamics model describes the relationships 
between the carrier capture, escape, and recombination of the 
electrons and holes in quantum dots. 
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The capmre and emission of electrons and holes are considered in an 

ambipolar picture (Deveaud et ai.. 1988; 810m et aI., 1990). The effective time 

constants are detennined by the average of the carriers in both the conduction band 

and valence band. Although a separated set of rate equations can be easily 

introduced for the electron and hole populations (pickin et aI., 1990; Ridley. 1990). 

accurate identifications of these processes from optical experiments are difficult In 

most cases, however, the relaxation of the hole is faster than the electron, and the 

dynamics of the electrons are usually the limiting bottleneck (Shah, 1996). 

Using rate equation analysis, characteristics such as the photoluminescence 

decay (Equation 1 . 1  and 1 .2; Bastard, 1 989) and the modulation bandwidth 

(Equation l .3; Nagarajan et aI., 1993) are obtained in terms of the time constants 

representing carrier capture (tC:Jl'lure)' thennal escape (tesca�' 

recombination (t'ICC:JY). 

�n . = excitation _ nbarrit!r 
dt 

barnt!r 
'rcapturt! 

PL( ) -II fdl_ -II fa,.,. - t l fe." .. ,. toc e -e , 

and radiative 

( 1 . 1) 

( 1 .2) 



( 1 J 1 
M(O)) ex: • 2 2 . 1 + jOYCcapture 0) r - 0) + JOJ'f 

00; ex: ---- .. y ex: _1_( 1 + �J .. X = 1 + _'t_ca:....,pt_ ure_ 
'tcavity'tstitn 'tdecay X 'tescape 

1 .6 Organization of Dissertation 

19 

( l .3) 

The organization of this dissertation will be centered around the device 

model presented in section l.5. Chapter 2 will introduce macroscopic optical 

properties such as the photoluminescence and absorption spectra of the quantum 

dots. Energy levels in a quantum dot are calculated considering a square dot under a 

uniform strain. The excellent radiative efficiency of the self-organized quantum dots 

indicates that the microscopic carrier dynamics probably are not mediated by 

extrinsic defects and surface recombination. Chapter 3 will discuss the time 

dependence of the radiative recombination in the quantum structures. Time

resolved photoluminescence renecting the carrier lifetime in the quantum dots will 

be presented. The measured values will be compared to the reported quantum dot 

exciton lifetimes reported in the literature. The effects of carrier density and 

quantum dot size on the observed exciton lifetime in quantum structures will be 

claritied. Chapter 4 will address the temperature dependence of the radiative 

processes in quantum dots. The effects of acoustic phonon scattering and 

thermionic emission in quantum structures will be discussed by analyzing the 

temperature dependence of the time-resolved photoluminescence. Chapter 5 will 

focus on the carrier capture processes in the quantum dots. Energy relaxation 



20 
phenomenon and the theoretical prediction of the phonon bottleneck (Benisty et at.. 
1991) will be investigated using femtosecond spectroscopy. Chapter 6 will analyze 

spatially indirect excitons in the GaSb/GaAs quantum dots. The carrier dynamics 

differences between the staggered band lineup GaSb/GaAs dots and the nest band 

lineup GaSbl AlGaAs dots will be explored. Space charge effects in the GaSb/GaAs 

quantum dots will be studied. Chapter 7 will conclude the study by discussing the 

perfonnance implications for self-organized quantum dot devices based on the 

material parameters measured in the previous chapters. 
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Chapter Two 
Photoluminescence Properties of the 

Self-Organized Quantum Dots 

2.1  Introduction 

27 

The interaction of light with matter is the fundamental force that drives the 

advances in the tield of optoelectronics. Optical absorption and photoluminescence 

(PL) are the two important physical processes that reflect the characteristics of 

optoelectronic materials. In semiconductors, optical absorption occurs when an 

incident photon excites an electron from the valence band to the conduction band. 

The thennalized electron-hole pair relaxes to the bottom of the band and recombines 

by emitting a photon via photoluminescence. The process is depicted in Figure 2. l. 

Valence Band 

Figure 2. 1 Schematic illustration of the photoluminescence and the 
absorption processes in bulk semiconductors. 
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The absorption strength and PL intensity at a given energy is characterized by the 

oscillator strength, the density of states available in the conduction and valence 

bands, and the electron and hole energy distribution. Because radiative 

recombination competes with other non-radiative processes, the intensity of PL is 

an indicator of material's optical quality and radiative efficiency. Other infonnation 

such as the structure quality and the properties of excitons can be revealed from the 

linewidth of PL emission spectra (Srinivas et aL, 1992). 

Since PL utilizes the optical absorption to populate carriers in the excited 

states of the semiconductor, it can naturally be employed to measure the absorption 

spectrum of a material. Photoluminescence excitation (PLE) spectroscopy is a 

technique where the strength of the absorption at a higher energy state is measured 

from the ground state PL intensity. By scanning the energies of the incident 

photons and monitoring the PL intensity at the ground state of the system, an 

indirect measurement of absorption spectrum is obtained. The obtained PLE 

spectrum can be different from the direct abosorption measurement because the 

complicated carrier relaxation processes involved in the intermediate steps. 

In this chapter, we pave the foundation for the study of carrier dynamics in 

quantum structure by introducing the PL and PLE measurements of the self

organized quantum dots. The analysis of these measurements will provide strong 

evidences for the 00 density of states and the enhanced quantum confmement The 

excellent optical and structure quality of these quantum dots will be demonstrated. 

The low temperature PL of the self-organized quantum dots will be 

presented in Section 2.3. An extremely simplified model for the PL emission 
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energy will be presented in Section 2.4. Using a zeroth order approximation for the 

quantum dot confmement potential, the model will provide a reasonable agreement 

with the measured optical properties. The evidences for the 00 density of states and 

the presence of the lateral continement in the quantum dots will be observed from 

the narrow PL linewidth (Section 2.5) and the PLE spectra (Section 2 .6). The 

observed excited state absorption in the PLE spectra is analyzed in Section 2.7. A 

good agreement is obtained with the calculation in Section 2 .4. The effect of the 

excited states on the PL is studied in Section 2.8. Interesting resonances are 

observed in the PL when the PL excitation energy is moved below the energy 

position of the wetting layer. In Section 2.9, a larger binding energy for the exciton 

in the quantum dot" is deduced from the the enhanced radiative efficiency at higher 

temperatures. 

2.2 Experimental Considerations 

In the continuous wave PL and PLE experiments, an intensity regulated 

output of a tunable Spectra Phyiscs Ti:sapphire laser , pumped by the 5 14.5 run line 

of a Coherent 15 W Ar+ laser, was used as the excitation source. The PL was 

dispersed through a SPEX double grating spectrometer, and then detected using 

either a liquid nitrogen cooled Ge detector or a thermal electric cooled 

photomultiplier tube (pMT) depending on the wavelength sensitivity that was 

needed. To achieve a higher sensitivity and a faster response time at longer 

wavelengths, an AgO PMT with a S- 1 spectral response rather than the GaAs PMT 
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was used. The sample was placed in a variable temperature Janis flow cryostat and 

cooled with liquid helium. 

Two types of quantum dot samples are studied in this chapter. The first 

sample consists of InxGal.xAs quantum dots surrounded by GaAs (Leonard et at., 

1993). Rather than using the InAs quantum dots, which luminescence at 1 . 1  eV, 

InGaAs dots are studied instead. A nominal indium composition of x=0.5 is used 

during the InxOal.xAs quantum dot growth. These InOaAs dots emit at 1 .3 eV, at 

an energy better matched with the sensitivity of the time resolved measurements. 

The time-resolved measurements will be presented in the following chapters. The 

second sample consisted of InxAlI.xAs quantum dots surrounded with AlO.30Uo.7As 

barrier (Leon et at., 1994). With a nominal indium compostion of  x=O.3, these dots 

are found to emit photons at 1 .88  eV in the visible red spectral range. In this 

wavelength, the high sensitivity o f  GaAs PMT is used to study the ultra-narrow PL 

Iinewidth of the localized excitons from an ensemble of a few dots (Fafard et aI. , 

1996) . 

The Ino.sOao.sAs/GaAs quantum dots samples (MK l l ,  MK14) are 

pseudomorphically grown by MBE, utilizing the coherent islanding effect of the 

InOaAs (Leonard et aI. , 1 993; Eaglesham et aI. , 1990). The growth and the 

structure quality of the dots are described in Section 1 .3 .  The sample structure, as 

shown in Figure 2.2, consists of a layer of quantum dots and a 6 nm InO. 17GaO.83As 

reference quantum well, separated by a 100 run OaAs barrier. The dots were 

covered by 30 nm of GaAs to provide the 3D confmement for optical studies. A 

reference sample (MK2 1)  with only the InOaAs wetting layer is grown for the 
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purpose of  identifying and comparing the optical properties of  the quantum dots. 

The thickness of the wening layer is 2 ML. The InO.3AlO.7Asl Alo.3G<lo.7As quantum 

dots are grown in a similar fashion as the Ino.sG�.sAslGaAs quantum dots (Leon et 

at. ,  1994). 

30 nm GaAs 

InGaAs Quantum Dots 

100 nm GaAs 

6 nm InO. 17GaO.87As 

Quantum Well 

GaAs substrate 

Figure 2.2 InGaAslGaAs quantum dot sample structure (not drawn 
to scale). The line beneath the dots represents the wetting layer. For 
reference purpose, an identical wetting layer sample without the 
quantum dots were grown . These samples are grown by Devin 
Leonard using MBE. 
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Although the nominal indium composition of 50 percent is used during the 

growth of Ino.5GClo.sAs quantum dots, a larger number of indium atoms are 

incorporated in the dots. This change is caused by the complicated growth 

dynamics of strain layers (Synder et al. , 1 993; Chang et at. ,  1993). During the dot 

growth. the indium atoms segregate from the gallium atoms. A higher indium 

composition is found in the dots. 

Besides the uncertainty in the indium composition, the actual amount of 

strain resulting from the coherent islanding process is also poorly determined. The 

resulting confinement potential becomes difficult to calculate without a clean picture 

of growth dynamics. 

2.3 Photoluminescence from Quantum Dots 

The low temperature 0.4 K) PL and PLE of the InGaAs quantum dots and 

the reference samples are shown in Figure 2.3. The self-organized quantum dots 

exhibit a broad luminescence peak at 1.293 eVe This peak assignment is confIrmed 

by comparing the PL from the dot sample with the 1 .44 eV emission from the 

welting layer reference sample. The luminescence of the dot sample is shifted to a 

lower energy from that of wetting layer. This shift indicates that the new energy 

minima is associated only with the fonnation of the quantum dots. 

A strong correlation exists between the broad linewidth (50 meV) of the 

quantum dot emissions and the large variation in the dot size distribution. The 
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Figure 2.3 The photoluminescence (PL) and photoluminescence 
excitation (PLE) spectra of the Ino.sGClo.sAs/GaAs quantum dot 
sample (dots) and the Ino.n GClo.83As quantum well sample (well). 
T he full-width-at-haU'-max (FWHM) of the quantum dot peak is 50 
meV. T he PLE signal at the peak of the quantum dot PL is 
negligible .  T he quantum well absorption follows a step-function, as 
described by the 2D density of states (DOS). The OD DOS of the 
quantum dots is indicated by the broadened delta function peaks. 
T hese measurements are perfonned with the help of Simon Fafard. 
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relationship between the dot size and the emission energy may be understood using 

a particle-in-a-box approximation. To a zeroth o rder, we approximate the quantum 

dot geometry using a flat, square box (see inset in Figure 2.4a) with an infInite 

potential barrier. Excluding excitonic effects, the PL emission energy is given by 

(2. 1 ) 

where mr is the reduced mass of electron and hole, and L and a are the height and 

the width of the square box, respectively. The n, I and p are the quantum numbers 

associated with the particular energy states. The emission energy fluctuations 

resulting from the size variation is obtained by differentiating Equation 2. 1 with 

respect to L and a: 

(2.2) 

From Equation 2.2. the fluctuations in the energy levels are inversely proportional 

to the cube of the sizes. Therefore, the variation in the smallest dimension will have 

the largest contribution to the inhomogenous linewidth. Using Equation 2.2, for the 

ground state emission of the Ino.sG<lo.sAs/GaAs quantum dots (mr = 0.026 mo' L = 

7 nm, �L = 1 nm, a = 20 nm, and �a = 5 nm), the energy tluctuations due to the 

thickness variation is 60 meV, while the contribution from the lateral width 

variation is only 1 8  me V. Although the dot size variation is larger in the diameter 

than in the thickness (Figure 1 .5), the variation in the dot thickness contributes 
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significantly to the emission energy fluctuations. Despite the over simplified 

assumptions employed, the estimated energy variation (60 meV) from this infinite, 

tlat, and square potential yields a reasonable agreement with the measured PL 

linewidth of 50 meV. 

2.4 Strain and Structure Effects on the Emission Energies 

Equation 2. 1 is a rather poor approximation of the PL emission energy. 

Besides the bold assumption of an infinite potential barrier, the complicated strain 

field inside the dot is ignored (Figure 1.6). A slightly better approximation of the 

emission energies can be ohtained hy considering the effect of a uniform and 

isotropic strain field inside the dot with a finite potential barrier. This approximation 

may provide us with the average values for the strain and the dot dimension. To use 

the exact solution of strain tield requires a better understanding of the shape and the 

indium composition of these quantum dots, which is presently not available. 

To obtain a uniform strain between the dot and the barrier, the strain within 

the quantum dot is given as the percentage of lattice mismatch between the barrier 

and the dot materials: 

c = abarri�r - alinc 
adoc 

(2.3) 

Since the lattice constant of In(Ga)As is larger than GaAs, the dot is under 

compressive strain. Following the strain theory prescribed by Pikus and Bir 

(1960), the bandgap of the strained dot material is written as, 

E - E � 2 + r2 + 2 
g.srrain�d - g.bulk + P In q S , (2.4) 
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where p is the sum of hydrostatic bandshifts in the conduction band and the 

valence band. and � c/ + r1 +,<;2 is the splitting energy between the heavy hole and 

the light hole. The p, q, r, and s are expressed in terms of the Pikus and Bir 

deformation potentials (a, b, and d) and the components of the strain tensor (Ejj). 

p = -a( en + c.vy + e= ) = 3ae 

q = -b('!'(c + c ) - e_ ) = o  
2 .0" yy 

-

r = -.J3 b(e - e ) + ide = 0 
2 

u yy :cy 

s = -id(e - ie ) = 0  x:: y: 

(2.5) 

Under this extremely simplliied assumption of an isotropic strain field inside the 

quantum dot, the shear components of strain tensor are zero. There is no energy 

splitting between the heavy hole and the light hole (q=r=s=O). In reality, the effect 

of the non-uniform strain will lead to a splitting of the heavy hole and the light hole. 

Our assumption can only be treated as a zeroth order approximation. 

The parameters used for the calculation are obtained from the literature 

(Adachi et at., 1982; Madelung et at., 199 1 ). The solution to the quantized energy 

level of a 3D tinite potential box is reduced to three separated ID tinite potential 

square well problems. Numerical solutions are obtained by solving the Wave 

Equation across the barrier (Bastard, 1988). Luttinger and Kohn parameters are 

used to evaluate the effective masses of electron and holes (Luttinger and Kohn, 

1955). The ratio of hydrostatic band shifts between the conduction band and the 

valence band are assumed to be 4 to 1 (Tan, 1 992). The bulk conduction band 

oft:liet is estimated to be 62 percent of the total band offset. 
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Figure 2.4a The effect of indium composition on the ground state 
emission energies for several dot thickness. A flat. square box 
potential is used for the model. and the effect of a uniform strain 
used for the calculation. Lateral width of 20 nm is assumed. The 
FWHM of the measured dot PL is indicated by the shaded region. 
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Using the average dot diameter of 20 nm measured from AFM (Figure 1 .5). 

the etIect of indium composition on the emission energy is plotted in Figure 2.4a. 

The full-width-at-half-max (FWHM) of the measured PL peak from Figure 2.3 is 

indicated in the shaded region on the vertical axis. Even though the nominal indium 

composition during the InGaAs dots growth is 0.5. a larger value of 0.6 is required 

to match the PL emission energies, assuming the average dot height of 7 nm. This 

discrepancy agrees with the results from the growth studies where the segregation 

of gallium and indium atoms occur during the InGaAs dot growth (Moison et at., 
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1 989; Leonard et ai. , 1994). The resulting indium composition of the InGaAs dot 

is higher than the nominal value used during the growth. 
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Figure 2.4b Ground state PL emission energies for dots with 
different width and thickness. for quantum dot with an indium 
composition of 0.6, indicated by the dashed line in Figure 2.4a. A 
good correlation between the dot sizes and emission energies can be 
observed. The FWHM of the measured dot PL is indicated by the 
shaded region. 

For the InAslGaAs quantum dots. a lower emission energy than the 

measured value of 1 . 1  eV is predicted (Leonard et ai. , 1994). The assumptions of 

the box potential and the isotropic strain field can cause this difference. There are 

other approximations that contribute to the inaccuracy of this modeL The barrier 

material is assumed to be rigid. In reality. the strain energy should be equally 

distributed between the inside and the outside of the quantum dot (Love, 1944; 
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Grundmann et ai., 1995). We should expect a strain field in the surrounding GaAs 

barrier, as we observed from cross sectional 1EM in Figure 1 .6. The resulting 

confmement potential will depend strongly on the distribution of strain field in the 

barrier, unlike the simple tlat square box that we have assumed. Furthermore, the 

splitting of the heavy hole and the light hole energies may arise due to the non

unifonn strain field. Using a pyramid geometry, Grundmann et ai. ( 1995) have 

shown that the light hole state is not contined due to the large biaxial strain in the 

dots. 

Figure 2.4b plots the ground state PL emission energies of dots with 

different width and thickness. A quantum dot with an indium composition of 0.6, 

indicated by a dashed line in Figure 2.4a, is assumed. A good correlation between 

the dot sizes and the emission energies is observed. Also, the energy tluctuations 

resulting from the difference in the dot width (20 meV) is less than from the 

thickness (50 meV), as concluded from the infmite potential model in the previous 

section. 

2.5 Photoluminescence Linewidth of the Quantum Dot 

The broad dot PL peak is composed by an ensemble of extremely narrow 

peaks. Each peak is associated with a localized bound exciton in a different sized 

quantum dot (Marzin et ai.,  1996; Farfard et at., 1996). Figure 2.5 shows the PL 

spectra of approximately 600 InO.3AIO.7Asl AI0 3Gaa.7As quantum dots, isolated using 

an 1 �m x I �m etched mesa. The narrow lines (0.5 meV) of the localized excitons 

are reproducihle in different scans, therefore discounting the factor of noise in the 
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measurement. At elevated temperatures where the thennal energy is much larger 

than the linewidth, the narrow linewidth characteristic of the emission remains 

unaltered. Since the homogenous PL linewidth at low temperatures is attributed to 

the acoustic phonon scattering ( Feldmann et ai. , 1988), the temperature independent 

linewidth indicates a signiticant reduction in the acoustic phonon scattering in the 

quantum dots. The issue of acoustic phonon scattering in quantum dots will be 

addressed in Section 4.9. The extremely narrow emission linewidth and the lack of 

thermal broadening at low temperature are clear evidences of localized bound 

excitons (Pankove, 197 1 )  and the delta function density of states in these quantum 

dots. 
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Figure 2.5 Photoluminescence spectra from an ensemble of 

approximately 600 dots, isolated using an 1 J.Ull x 1 Jlm etched 
mesa. The narrow lines (0.5 meV) of the localized excitons can be 
reproduced in different scans, discounting the measurement noise 
(Fafard et aI., 1994). 

2.6 Photoluminescence Excitation Spectra 
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In Figure 2.3, the relationship between the quantum dots PL and PLE peaks 

is distinctly different from the quantum well case. For the reference quantum well, 

the small Stoke shift of 4 meV between the PL and PLE peaks is attributed to the 
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monolayer t1uctuations in the hetero-interfaces. At a high excitation intensity, this 

energy shift vanishes. The saturation of the localized energy minimum is associated 

with the monolayer t1uctuations in the quantum well interfaces. For the 

quantum dots, a surprisingly large shift of 69 meV between PL and PLE peaks is 

observed. This implies there may be an unusual absorption characteristic for these 

quantum dots. Since this energy shift is independent of the excitation intensity, it 

cannot be explained by the usual Stoke shift involving a limited number of lower 

energy minimum (Yang et ai. , 1993). 

The non-overlapping PL and PLE spectra does not necessarily indicate the 

lack of quantum dot absorption. Rather, this particular PLE behavior is unique to 

the quantum dot structure. In the absorption measurement, the delta function nature 

of the density of states requires optical excitation into the extremely narrow ground 

state where the PLE detection and the PL emission is in resonance. The intensity of 

the weak ground state quantum dot PL is shadowed by the scattered laser light. 

Consequently, the ground state absorption of a quantum dot is difficult to detect 

using the PLE technique (Leonard, 1995; Fafard et ai., 1994). Although Ruhle et 

al. ( 1996) have successfully observed time-resolved PLE from the ground states of 

lnPlInGaP quantum dots, no similar measurement has been reported for the 

lnAs/GaAs dots. 

Even though PLE is unable to provide us with infonnation on the ground 

state absorption of the quantum dots, the strength and the shape o f  the excited state 

absorption are clearly observed at higher energies. Since the thickness (7nm) in 

the growth dimension can only support one quantized state, the notable peaks 

below the wetting layer absorption in the PLE spectra may be assigned to the 
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excited energy states introduced from the lateral quantum confmement. The 

existence of excited states in these quantum dots has also been cleanly verified 

using magneto-capacitance spectroscopy (Medeiros-Ribeiro et at. ,  1995). 

The evidence for the 00 nature of the quantum dots is found in the 

broadened delta function peak from the PLE spectra. The delta function peak is 

characteristically different from the step function lineshape usually observed in the 

quantum well (Figure 2.3 and 2.6). Rather than exhibiting narrow delta function 

peaks as the ground state PL, the absorption peaks for the excited states are 

broadened. These broadened states are attributed to the structural and composition 

variations among the quantum dots. Since the dots PL is composed by the 

emission from a large ensemble of individual dot each with a narrow PL 

linewidth, choosing a particular detection energy is essentially equivalent to 

selecting a subset of quantum dots with the same ground state emission energy. In 

this subset of dots with different dot shape and the indium composition, excited 

state energies can vary slightly. 

Additionally, the excited states absorption peaks of the quantum dots 

shifted with the PLE detection energies, as shown in Figure 2.6. The energy 

between the ground state emission and the first excited resonance varied linearly 

from 5 1  to 63 me V as the PLE detection moved from the higher energy side of PL 

peak to the lower energy side, implying a larger shift for the larger dots (Fafard et 

al . . 1994; Leonard, 1994). One would expect larger dots to have smaller energy 

level spacing. This counter-intuitive nature of the energy shift is mediated by 

structure effect other than the geometry. Tsiper ( 1996) has suggested that such 

effect may be attributed to the effect of alloy disorder. 
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Figure 2.6 Photoluminescence excitation (PLE) spectra measured at 
various detection energies. The excited state's absorption peak of the 
quantum dots shifts with the selected dot sizes, determined by the 
PLE detection energy. (Fafard et ai, 1994) 

2.7 Excited States in Quantum Dots 

In this section, the quantum box model presented in Section 2.4 is extended 

to address the energy positions of the excited states in the In(Ga)As/GaAs quantum 

dots. The effects of the non-uniform dot sizes on the excited state energies and 

lineshapes are investigated. Figure 2.7a plots the calculated transition energies of 
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the excited states vs. indium composition for the dot width of 20 run and height of 

7 nm. Both the heavy hole transitions and light hole transitions are present. Using 

the Gaussian distributions of the dot sizes and heights obtained from AFM (Figure 

1.5). the excited states absorption of the Ino.sG30.sAslGaAs quantum dots with the 

ground state at 1 .29 eV is plotted in Figure 2.7b. Effective masses of the electron 

and the hole are approximated using Luttinger parameters for a strained quantum 

well. The calculation shows an excellent agreement with the measured PLE 

(Figure 2.3) . 
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Figure 2.7 a Transition energies of the excited states in quantum dot. 
Lateral width of 20 nm and height of 7 nm are assumed. Both the 
heavy hole and the light hole transitions are present. Only transitions 
with the same quantum numbers are considered. 
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Figure 2.7b The calculated (dashed line) excited states absorption 
and the measured PLE (solid line) absorption spectra for the 
Ino.sGllo.sAsIGaAs quantum dot. Only the quantum dots with the 
ground state emission energy of 1 .29 eV are considered in the 
calculation. Gaussian size distribution is used (Figure 1 .5).  The 
absorption of the wetting layer is not included in the calculation. The 
calculated energy positions show excellent agreements with the PLE 
spectrum. 
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2.8 Selective Excitation of Quantum Dot Photoluminescence 

The large energy difference between the excited state absorption peaks and 

the ground state emission peak is utilized to selectively excite a subset of quantum 

dots with an identical excited state energy. Figure 2.8 shows the PL spectra from 

the selective excitation at various energies in the excited state . The excitation 
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Figure 2.8 Photoluminescence (PL) spectra obtained using the 
selective excitation. Excitation energies are marked by the numbers 
in the PLE spectrum. Multiple resonance can be observed from the 
quantum dot PL spectra, indicating excitation in two subsets of dots 
(Fafard et al. , 1994). 
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energies are indicated in the corresponding PLE spectrum. As the exciting energy 

sweep through the excited states absorption peaks, interesting resonance is 

observed from the quantum dot PLs. At a low excitation energy, with only the 

tirs t excited state presents (marked by 1 in Figure 2.8), a single PL peak is 

observed. As the excitation energy rises higher, the second excited states in the 

larger dots hecomes resonant with the tirst excited states of the smaller dots, 

leading to multiple PL peaks in the PL spectrum, as indicated by traces 3, 4, 5, and 

6. The overlap between the first and the second excited states agrees with the 

calculation in Figure 2.7b. As the excitation energy reaches the wetting layer, 

where all of the dots are populated, the excitation is no longer selective. The PL 

spectrum returns to what we observed for Figure 2.2. For the case of InAslGaAs 

quantum dots, Schmidt et at. ( 1996) has observed multiple peaks from the excited 

states. This difference in the InGaAs/GaAs and InAs/GaAs dots may be attributed 

to the difference in the confinement energy of the material systems. 

2.9 Radiative Efficiency of the Quantum Dots 

Despite the observed energy spacing of 50 meV being larger than the ill 

phonon energy of 36 meV, a bright quantum dot PL is  observed. An efficient 

energy relaxation mechanism clearly exists, contrary to the theoretical prediction of 

phonon-relaxation bottleneck (Bensity et ai., 199 1). Although the peak intensity of 

the quantum dots PL is a factor 10 lower than the reference quantum well (Figure 

2.3), their integrated PL intensities are comparable. If the non-radiative defects and 
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traps are the source of reduced PL efficiency, the intensity dependent PL could 

exhibit a threshold-like behavior (Fouquet et aI., 1 985). At low temperature, the 

intensity dependence of the integrated PL emitted by the dots is linear from 

excitation power of 12 �/cm2 to 720 IlJ/cm2. This implies that the defects and 

dislocations are neglible in our dot sample. Naturally, the quantum dots can only 

occupy a small area Despite the small volume, their excellent efficiency confinns 

the quality of the dot structure observed from the TEM studies (Figure 1 .6). 

At higher temperatures. the radiative efficiency of the quantum dots 

remains constant The temperature dependence of the Ino.sGao.sAslGaAs quantum 

dot PL is shown in Figure 2.9a. The PL emission persisted up to 1 80 K. The shift 

in the peak energies follows the normal temperature dependence of GaAs bandgap. 

Figure 2.9b plots the temperature dependence of the integrated PL efficiency for 

the reference quantum well and the quantum dots. The observed thermal 

quenching of the PL is caused by the dissociation of excitons into the electron-hole 

pairs. The thermally activated carriers can escape from the well or the dots via 

thermionic emission into the GaAs barrier or the wetting layer (Nakajima et al. . 

1 980; Bacher et aI., 1993; Lamkin et al. . 1990). The detailed analysis on the 

temperature dependent behavior will be presented in Chapter 4. 

The thermal energy (kT) at the onset of the quenching may be used to 

approximate the exciton binding energy (Fafard et al. 1994). A binding energy of 

1 2  meV is obtained for the quantum dot. This value is about twice that of the 

exciton binding energy for the quantum well (6 meV). The factor of 2 increase in 
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the binding energy supports an enhanced quantum confinement In the dot 

structure (Vening et ai. , 1993; Bryant, 1 988; LeGeoff et at. , 1992). 
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Figure 2.8a The temperature dependent PL of the self-organized 
quantum dots. The shift in the peak energies exhibit the nonnal 
temperature dependence of GaAs bandgap. 
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Figure 2.8b The temperature dependence of PL efficiency for the 
quantum dots and the reference quantum well. Even though the 
quantum dots cover only a fraction of  the probed area, their 
integrated efficiency is comparable to that of the quantum well at 
low temperature, and can be almost two orders of magnitude larger 
at higher temperature. An energy of 6 meV for the onset of the 
thermal quenching in the quantum well, reminiscent of the exciton 
binding energy, and a value twice as large in the quantum dots can 
be extracted (Wang et ai., 1994; Fafard et at. 1994). 

2.10 Summary 

5 1  

Using PL and PLE, we have observed the clear evidences of 00 density of 

the states in our quantum dot samples. The enhanced binding energy, the narrow 

PL linewidth and the delta function absorption line shape are all the signature 

characteristics of bound excitons in quantum dots. 
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A simple quantum box model including the effect of uniform strain yields a 

reasonable approximation of the energy positions for the ground state and the 

excited states. Despite the energy level spacing (50 me V) measured in PLE for the 

4uamum dot being larger than the LO phonon energy (36 meV). an efficient PL is 

still observed, contrary to the theoretical prediction of the phonon-relaxation 

bottleneck (Benisty et ai. , 199 1) .  Efficient carrier relaxation channels from the 

excited states to the ground states of quantum dots are available. 

The excellent optical properties of these quantum dots have led us to believe 

the extrinsic defects are negligible, and the intrinsic physical effects such as carrier 

relaxation are important but not well understood. 
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Chapter Three 

Time Dependence of Radiative Recombination 

in Quantum Dots 

3.1 Introduction 

Continuous wave measurements such as photoluminescence (PL) and 

photoluminescence excitation (PLE) spectroscopies can provide macroscopic 

infonnation such as emission efficiency and absorption strength of the 

optoelectronic materials. These steady-state macroscopic properties are composed 

of many microscopic dynamic processes which are intrinsic to the semiconductor 

system. By monitoring the time-dependent response of an excited material system, 

a clear understanding of the microscopic scattering processes such as electron-hole 

recombination, electron-electron scattering, and electron-phonon scattering may be 

obtained. 

Various techniques, each with different degrees of resolution and 

sensitivity, can be utilized to perfonn time-resolved spectroscopy measurements. 

Five of the most commonly employed methods are compared in Table 3 . 1 .  

Depending on the dynamics and samples to be investigated, each method has its 

own advantages and difficulties. Time-correlated single photon counting (TCPC) 

system has an advantage of a large dynamic range (O'Conner, 1984). However, its 

time resolution is limited by the jitter of the detection electronics. The 200 ps 

resolution available from TCPC system can not cleanly resolve the sub-nanosecond 

recombination dynamics in the GaAs materials. Measurements with faster time 
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Time-
Non-Linear Pump Fast Streak Correlated 

Characteristics 
Detector Camera Photon Up and 

Counting 
Conversion Probe 

Tune 
20 ps 1 - 10 ps 150 ps 0. 1 ps D. l ps Resolution 

Sensitivity low high very high medium medium 

Dynamic Range low medium very high medium medium 

Linearity good poor good good good 

Chapter 
none 3,4 6 5 5 

Discussed 

Table 3.1  Comparison of the time resolved photoluminescence 
(TRPL) measurement techniques. Different experiments are 
employed to study the various aspects of carrier dynamics in the 
self-organized quantum dots in this dissertation. 

response are available. The resolution of the up-conversion and the pump-and

probe spectroscopies is limited only by the pulse width of laser system. Using a 

Ti:sapphire laser, a resolution as low as 100 fs is obtained. However, the time 

range of these measurements is limited by the travel length of the mechanical delay 

stage. The linearity of the signal becomes difficult to maintain when a few 

nanoseconds range is required. The femtosecond carrier dynamics in the self-

organized quantum dots will be studied using pump-and-probe technique in Chapter 

5. while the TCPC will be utilized in Chapter 6 to study the spatially indirect 

excitons in GaSb/GaAs quantum dots. 
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The desired picosecond resolution and nanosecond range are obtained using 

a streak camera. This chapter will focus on the time-resolved photoluminescence 

(TRPL) of the self-organized quantum dots measured using the streak camera. 

Published quantum dot radiative lifetimes will be compared with our measurements. 

The factors that affect the radiative lifetime of quantum structure will be discussed. 

Section 3 .2  will outline the details of the streak camera measurement. The 

TRPL of the self-organized quantum dots, the reference wetting layer, and the 

reference quantum well are presented in Section 3.3.  The measured exciton 

lifetimes in the quantum dots is slower than the quantum well by a factor of about 

two. The quantum dot PL risetime is as fast as the quantum well ,  and a slower PL 

risetime is observed in the wetting layer reference sample. The objective of this 

chapter will focus on the understanding of these differences. In Section 3.4 and 

3.5, the recombination dynamics of bulk: and quantum well excitons are c1arifed in 

the frame of excitonic polaritons. The recombination dynamics of the bound 

excitons in the quantum dots are explained in Section 3 .6. The exciton lifetimes 

measured from various self-organized quantum dot materials are compared with 

other values reported in the literature. The large variations among them are 

attributed to the difference in the material and dimension. The effects of dot size and 

dot density on the carrier dynamics are investigated in Section 3.7 and 3.8.  Since 

the wavefunction overlap is mediated by the size of the quantum dot, a large 

variation in the exciton lifetimes is observed from the spectrally resolved TRPL. In 

Section 3.9, the exciton density dependence of recombination dynamics are 

discussed. A distinct difference in the excitation intensity dependent lifetimes 
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between the quantum well and the quantum dot is observed. This difference is 

explained by the reduced exciton-exciton scattering in the quantum dots. 

3.2 Time-Resolved Photoluminescence Measurements 

For the time-resolved photoluminescence measurements, several pulsed 

lasers were used for the excitation source. Measurements performed prior to the 

summer of 1994 were done using 5 ps excitation pulses from a synchronously 

modelocked Styrl 9 dye laser. A frequency doubled Nd:YAG laser operated at 80 

MHz was used as the pump source. During the summer of 1994, a passively 

modelocked Ti:sapphire laser pumped by a CW Ar+ ion laser was installed to 

replace the dye laser system. This new solid state laser could produce 120 fs 

transform limited pulses with a tunable wavelength range from 750 nm to 9 10 nm, 

limited only by the bandwidth of the cavity mirrors. All pulsed laser systems used 

were manufactured by Coherent Inc. 

During the streak camera measurement, the excitation pulse was focused 

onto the sample using a 10 cm focal length lens, producing a beam spot size of 50 

JIm on the sample. The intensity of the pulse was controlled using a variable neutral 

density tilter. The sample was placed in a Janis flow cryostat and cooled with liquid 

helium. The photoluminescence was collected using a 2-inch diameter lens (f=6 

em). and the signal was spectrally resolved with a SPEX 0.75 meter spectrometer. 

A Hamamastu C 1587 streak camera operated with a M 1 955 synchro-scan plug-in 

unit was used to detect the TRPL signal. The overall time resolution of the system 

was 10 ps. Although the streak camera could offer an excellent time resolution, the 
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non-linearity arising from the non-uniform sensitivity over the area of photocathode 

required careful calibration and data correction. 

The schematic of the streak camera measurement is presented in Figure 3.1.  
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Figure 3.1 The schematic of streak camera measurement. When the 
photoluminescence photons are collected by streak camera, photo
electrons are generated from the photocathode. A synchronized 
sweeping voltage is ramped to deflect the photoelectrons onto the 
micro channel plate (MCP). Similar to the dynods in a 
photomultiplier tube, the function of MCP is to amplify the 
photoelectron intensity. The amplied signal is projected onto a 
phosphor screen and detected with a thermoelectric cooled CCD 
camera. 
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3.3 Exciton Lifetime in Self-Organized Quantum Dots 

Various self-organized quantum dots samples were grown with different 

technologies and materials are studied using the time-resolved photoluminescence 

(TRPL). All samples exhibited similar physical properties as the InAslGaAs 

quantum dots described in Section 1 .3.  Table 3.2 summarizes these samples and 

their properties. 

The Ino.sGao.sAs quantum dots samples studied here are identical to those 

described in Chapter 2. Based on their excellent photoluminescence properties, we 

believe that the intrinsic carrier dynamic is not obscured by defects and surface 

recombination. 

Material System Growth PL TRPL Material Reference 
Method Energy Lifetime 

Ino.sG30.sAs/GaAs MBE 1 .3 eV 850 ps 

In As/GaAs MBE 1 . 1 eV 1 ns Leonard et al.. 1993 

InAsl Alo.3Gao.7As MBE 1.5 eV 700 ps 

Ino.sGao.sAs/GaAs MOCVD 1 .2 eV 600 ps Oshinono et al.. 1994 

Ino.3Alo.7Asl Alo.3G30.7As MBE 1.88 eV 450 ps Leon et al .• 1995 

InO•49Ga0.51 P/lnP MOCVD 1 .7 eV 650 ps Reaves et al .• 1995 

GaSb/GaAs MBE 1 .4 eV 30 ns Sun et al.. 1996 

Table 3.2 Summary of self-organized quantum dots samples studied 
using TRPL. All samples were grown at UCSB, except the 
MOCVD Ino.sGao.sAs/GaAs dots, which was obtained from Prof. 
Arakawa from University of Tokyo. Photoluminescence lifetimes 
were measured at low temperature (4 K). 



63 

In the data analysis, a simple three-level model described in Section 1 .5 is 

used to analyze the temporal profiles. Although the capture process may involve 

intermediate states such as the wetting layer states or the excited states, the entire 

capture and relaxation process is modelled with a single time constant. The 

objective of  this model is to consider the entirety of the carrier transport from the 

barrier to the ground state of the dots, rather than trying to separate the individual 

relaxation and capture mechanism. The carrier capture time from the excited state to 

the excitonic state and the radiative lifetime of exciton is modeled using two time 

constants. Since the integrated PL intensities are constant at low temperature, non

radiative processes such as thermionic emission are neglected. Analysis of the rate 

equations shows that the luminescence decay is described by (Bastard, 1988) 

PL(t) ex: 
(e -tlr."" _ e -tlr"'!'_ ) 

7: tkcay - 7:capnue (3. 1 )  

The measured temporal protiles are titted to the convolution of Equation 3. 1 with 

the system response. 

One inherent difticulty can arise from Equation 3 . 1  that may confuse the 

interpretation of carrier dynamics. The assignment of the values 7:deCay and 7:capruTe 

are ambiguous. Because of the factor (7:decay - 7:caprure ) in the denominator, the 

photoluminescence decay will always correspond to the slower of the two 

competing processes. However, in GaAs bulk and quantum well semiconductor 

material. intraband scattering is usually several orders of magnitude faster than 
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interband scattering (Shah, 1985). Therefore, the carrier relaxation time is fast 

when compared to the carrier lifetime, and the decay of the TRPL represents the 

carrier lifetime of the material. For the quantum dot material, we will employ the 

similar assumption that relaxation and capture of the carrier is fast when compared 

to the radiative decay process. 

Figure 3.2 shows the low temperature TRPL of a 6 om 

Ino.17Gao.8JAsIGaAs quantum well, a 2 monolayer (ML) Ino.sGaa.sAs/GaAs 

quantum well, and Ino.sG<lo.sAs/GaAs quantum dots. These samples are grown by 

MBE. The thickness of the 2 ML sample is similar to the wetting layer in the 

quantum dot sample. Using non-resonant excitation at the GaAs barrier ( 1 .52 e V), 

the photoluminescence decays are measured at the PL peaks (Figure 2.3). At low 

excitation intensity ( 1  mW), the decay time of 336 ps and 882 ps are found for the 

reference quantum well and the quantum dots peaks, respectively. In all samples, 

an increased decay time by a factor of more than 2 is observed for the quantum dot 

P L when compared to quantum well P L .  Similar observations of longer decay 

times from quantum wires structures are published in the literature. Using a similar 

InGaAs quantum dot sample, Raymond et at. ( 1996) have recently measured the 

ground state lifetime of 1 ns. For the strain-induced quantum wire, Tan et al. 

( 1 993) has observed carrier lifetimes of 420 ps for the quantum wires and 270 ps 

for the reference quantum well. Kono et at. ( 1992) has shown an increase in the 

carrier lifetime from 240 ps to 422 ps when the lateral dimension of the quantum 

wire is reduced from 30 nm to l O  nm. Weman et al. ( 1 990) has measured a 

carrier lifetime of 380 ps for the serpentine superlattice quantum wire and 260 ps 

for a similar reference quantum well. These increases of the carrier lifetimes in the 
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lower dimensional quantum structures are not explained by the enhanced electron-

hole wave function overlap in the quantum dots. Theoretically, a faster exciton 

lifetime is associated with an enhanced electron-hole wavefunction overlap 

(Hanamura, 1 99 1 ). 

One potential explanation for the increased luminescence decay time is the 

phonon bottleneck effect, where the camer relaxation rate from the bamer into the 

quantum dots is reduced due to the restricted carrier-LO phonon scattering. 

However. the observed integrated PL efficiency of the quantum dots is comparable 

to the quantum well, as discussed in Section 2.9. The bright photoluminescence 

suggests that the phonon bottleneck effect is not significant in our sample 

structures. 

The high indium content of the monolayer and dot samples suggests that 

the observed slower exciton decay in the quantum dot and monolayer samples may 

be resulting from the interface scattering (Citrin, 1991 ). Citrin has suggested that 

excitons in quantum structures can be coupled coherently similar to an oscillating 

dipole array. This coherence is maintained within a certain volume. A clear 

correlation between the coherent volume of the quantum structures and the PL 

decay times is observed in Figure 3.2. With a larger lateral extension in the plane of 

the quantum well, the exciton in the 6 nm quantum well exhibits a faster decay time 

than the m onolayer and the dot samples. The carriers in the monolayer sample have 

a slightly faster decay time (8 10 ps) than the quantum dot sample. Although the 

effect of the interface disorder may be important in the self-organized quantum dots, 

there is a sharp contrast between the slow lRPL risetime of the monolayer quantum 

well sample and the fast risetime of quantum dot sample, as observed in Figure 3.2. 
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The capture process in the ML sample involves the transport of excitons from the 

thinner region of the sample to the thicker region. If the capture process through the 

wetting layer was important in the quantum dot sample. then we should observe a 

similar slow rise in the TRPL. This implies that the radiative recombination 

dynamics in the quantum dot sample simply can not be presented in the picture of 

interface scattering. 

In Figure 3.3. similar slow decays and fast rises are observed in the 

Ino.5Gao.5As/GaAs quantum dots grown by MOCVD. The lifetime of 600 ps 

measured in the MOCVD dots further indicates that the observed carrier decay in the 

MBE sample does not result from growth related defects. The intrinsic lifetime of 

the self-organized quantum dot is independent of the growth method. 

Table 3.2 summarizes the measured carrier lifetimes in various self-

organized quantum dot samples. Althougth similar values are obtained for identical 

materials grown by different methods. the measured lifetimes are distinctly 

different for other material systems. The photoluminescence decay times for the 

MBE grown Ino.3Alo.7AsI AlO•3GUo.7As quantum dots and the MOCVD grown 

InPlIno.49Ga0.5 I P quantum dots are 450 ps and 650 ns. respectively (Figure 3 .3 ) .  

Even though the material systems are different. these measured lifetimes are still 

slower when compared with quantum well samples of the same materials reported 

in the literature (Daiminger et al. .  1994; Fouquet et al. . 1990). These similarities 

further suggest that the observed increases in the radiative lifetimes are a 

fundamental difference between the quantum well and quantum dot structure. 
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In order to understand this increase of the radiative lifetime in the self-

organized quantum dots, the radiative recombination processes in bulk and quantum 

well structures need to be clarified. 

:>-. ..... . -
til c: Q) ..... c: -

o 500 

MBE In Ga As/GaAs QDs 
0 . 5  0 . 5  

6 nm QW 

1 000 

time Cps) 

2 ML QW 

1 500 2000 

Figure 3.2 Low temperature time-resolved photoluminescence of a 6 
nm Ino.17Gao.83As/GaAs quantum well (QW), a 2 monolayer (ML) 
Ino.sGao.sAs/GaAs quantum well, and Ino.sG<lo.sAslGaAs quantum 
dots. The thickness of 2 ML sample is similar to the wetting layer in 
the quantum dot sample. Non-resonant excitation at GaAs barrier 
( 1 .52 e V) is used in the experiment. 
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Figure 3.3 Low temperature time-resolved photoluminescence of the 
self-organized quantum dots grown with different materials and 
methods. References are listed in Table 3 .2. Non-resonant 
excitations are used in the experiments. The excitation energies are 
listed in Table 3.3.  

3.4 Radiative Recombination in Bulk Material 

Radiative recombination occurs in a semiconductor when an excited electron 

in the conduction band relaxes to a hole state in the valence band. conserving 

energy by emitting a photon. Mediated by the Coulomb interaction between the 
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electron and hole, the radiative dynamics can exhibit either free carrier or excitonic 

propenies. Free carrier process involves the recombination of non-interacting free 

electron and hole populations (Ridley, 1990). The macroscopic theory of free 

carrier luminescence is characterized by a bimolecular time decay (Pickin, 1989; 

Fouquet er ai. . 1986),  

Bn2 
Bimolecular Decay = o ?  , 

( 1  + Bnot)-
(3.2) 

where no is the injected carrier density, and B is the bimolecular recombination 

coefficient. Equation (3.2) describes a non-exponential time decay which is 

dependent on the density of carriers no. However, single exponential decays are 

observed for the quantum well and quantum dots samples (Figure 3.2), suggesting 

that the free carrier process is absent. 

The excitonic process involves the recombination of an electron-hole pair 

bounded together as an exciton under Coulomb attraction. Excitons, rather than the 

free carriers, are usually dominant at low temperature, where the thermal energy 

(kn of the lattice is less than the exciton binding energy. In contrast to the 

bimolecular process, the radiative lifetime of exciton is characterized by a single 

exponential decay (Fouquet, 1 986), similar to the observed TRPL decays for the 

quantum well and dots. 

Unlike the free electrons and holes, excitons in semiconductor are strongly 

coupled to the surrounding photon field. Under a strong dielectric c oupling, the 

radiative dynamics of exciton are modified significantly. Hopfield ( 1958) has 

shown that the radiative decay of exciton is inhibited in bulk semiconductor due to 

the translational symmetry of the exciton wavefunction and the conservation of 
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Figure 3.4a Excitonic polariton dispersion relation for bulk 
semiconductor material. The dashed curves are the un-coupled 
exciton and photon dispersion curves. In the excitonic polariton, the 
energy oscillates back and forth between the exciton and the photon 
modes. The radiative decay is inhibited due to the translational 
symmetry of the crystal. Radiative decay of bulk exciton-polariton 
occurs only at defects and interfaces, where the translation 
symmetry breaks. 
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crystal momentum. In the bulk semiconductor, the interaction of  free excitons with 

photons does not lead to radiative decay for the excitons, but rather to stationary 

states called excitonic polaritons. In excitonic polaritons, the energy of the system 

oscillates back and forth between the excitons and the photons. Figure 3.4a plots 

the exciton-polariton dispersion relation, obtained by considering the Maxwell's 

Equations in a dielectric material. The observed radiative decay of exciton

polaritons is associated with phonons or translational-invariance breaking defects, 

impurities, or interfaces. Decay times of several nanoseconds have been reported 

for excitons in bulk GaAs and InP (Hwang, 1973; Keyes, 1994). 

3.5 Carrier Dynamics i n  Quantum Well Structure 

In quantum well structures, the dielectric coupling strength can be 

signilicantly moditied. The translational invariance of the exciton wavefunction is 

broken due to the quantization of exciton momentum in the direction of 

continement. Coupled to photon states outside the plane of the quantum well 

(indicated by the x in Figure 3 .4b), excitonic polariton states with in-plane 

momentum below the crossing with the photon line become quasi-stationary. 

Efficient radiative decay is allowed (Figure 3.4b). 
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2D Excitonic Polariton 
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Figure 3Ab 20 quantum well exciton-polariton dispersion relation. 
The translational symmetry is removed due to the quantum 
confinement. resulting an ill-defined kz in the growth plane. Due to 
the ill detined momentum in the direction of the continement. tbe 
exciton-polariton lying within the light cone can decay radiatively by 
coupling to photon states on the light cone. For the case of  the 
quantum dots. the exciton dispersion become limited to very small k 
value due to the effect of the localization and 3D confinement. Since 
all exciton states are within the light cone. extremely fast decay 
should be expected (Hanamura. 1988). 

The radiative lifetime of exciton in a quantum well is inversely p roportional 

to the oscillator strength per unit area multiplied by the coherent area of the exciton 

(Hanamura. 1988; Bockimann, 1993; Feldmann, 1 988). The coherent volume is 

defined by the number of crystal unit cell over which the exciton wavefunction can 

interact coherently with the radiation Held during the spontaneous emission process. 
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Theoretical analyses have predicted an exttemely fast radiative decay time for the 

excitons in quantum welL A superradiant decay of 2.8 ps is derived from the 

theoretical work of Hanamura ( 1988). Using free excitons that are spatially 

coherent over the entire quantum well, Citrin ( 1993) and Andreani et al. ( 1992) 

have calculated the k=O free exciton lifetime of 25 ps for an 10 nm GaAs/ AlGaAs 

quantum well. 

In spite of the careful theoretical analysis, the experimental reported 

lifetimes for excitons in quantum well are longer than the expected value. Decay 

times in the range of 60 ps to 1 ns are reported (Vinattier et at. , 1994; Bergman et 

ai. , 199 1 ;  Ploog et al. , 1993; Martinez-Pastor et at. , 1993).  This discrepancy is 

understood by arguing that the spatial coherence of the free excitons does not have 

an infinite extend. Instead, the coherent area is disrupted by the effects of rough 

quantum well interfaces and exciton-exciton scattering. A reduction in the oscillator 

strength of the radiative transition rate will lead to an increase in the radiative 

lifetime. For the quantum well with smooth interfaces, the effect of rapid acoustic 

phonon scattering of excitons will lead to a thermal distribution of excitons with 

non-zero center-of-mass momentum. Exciton states lying outside of the photon 

dispersion curve are non-radiative. Only the fraction of the thermalized states which 

are helow the crossing with the photon line can decay radiatively. The resulted 

decay time coincides with the inverse of thermally averaged decay rate, which is 

larger than the theoretical k=O value (Citrin, 1993; Andreani et al. 1992).  The 

exciton lifetime of  336 ps observed for the InGaAs quantum well concurs with this 

picture. 
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For the case of  the quantum dots, the exciton dispersion become limited to 

very small k value due to the effect of the localization and 3D confmement The 

relationship between the exciton energy and momentum is essentially governed b y  

the uncertainty principle. Since all exciton states are within the light cone, extremely 

fast decay should be expected (Hanamura, 1988). However, the exctonic-polariton 

picture isn ' t  entirely the correct description for the radiative recombination process 

in the quantum dots. The effect of exciton localization must be closely considered. 

3.6 Bound Exciton Recombination in Quantum Dots 

Various reports of exciton lifetimes in different quantum dots materials are 

found in the literature (Table 3.3). Among this large variation of the reported 

values, three distinct dependences are observed. First, in contrast to the long decay 

observed for the InGaAs quantum dots, the reported values for the II-VI 

nanocrystals are as short as 30 ps. Second, for the ill-V self-organized quantum 

dots with a similar size, the observed lifetimes decrease as the dot PL emission 

energy increases. Third, the dot PL decays are faster as the confinement dimensions 

become larger, approaching the values for the 2D quantum well. 

These three observations in the reported quantum dot exciton lifetimes are 

essentially resulted from three related factors. Hanamura ( 1988) has shown that in 

the regime where the exciton Bohr radius and the continement dimension is less 

than the emission wavelength, the radiative decay rate (f) of excitons is expressed 

as 



75 

(3.3) 

where n is 2 for quantum well structure and 3 for quantum dot structure. 

The tirst tenn in Equation 3.3, r 0 '  is the oscillator strength per unit 

volume. ro is an intrinsic property of semiconductor material. It is directly 

proportional to the bandgap energy of the semiconductor material (Bocklman, 1993; 

Citrin, 199 1 ;  Corzine, 1 993). This factor contributes significantly to the decrease of 

the exciton lifetimes with the transition energy observed in Table 3.3. The reported 

PL lifetims is plotted vs. the emission energy in Figure 3.5a. 

The second term, !(Xelectron I Xho[e t, is the square of the wavefunction 

overlap between the electron and the hole. Its value is affected by the quantum dot 

dimension, the confinement potential, and the effective masses of the electron and 

hole. Larger wavefunction overlap is obtained with a higher potential barrier and a 

smaller continement dimension. However for the lighter mass particle, the effect of 

a small continement dimension will push the wavefunction into the barrier, 

reducing the wavefunction overlap (Bastard, 1 988). The wavefunction overlap 

does not depend strongly on the material system. Its effect is mainly observed 

through the variation in the lateral dot sizes. 
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Material System Reference 
Mean Energy Lifetime 
Size eV ps 
nm 

InAs/GaAs Mukai et aL 20 1 . 1  1000 

InAs/GaAs This Thesis 1 20 1 . 1  1000 

InAs/GaAs Bogani et af. 25 1 .28 700 

Ino.sGao.sAs/GaAs This Thesis 20 1 .29 850 

InAS/ Alo 3Gao 7As This Thesis 20 1 .5 700 

Inn.JAlr1.7Asl AIo.3G30.7As This Thesis 20 1 .88 450 

InPlIno.49GaO.Sl P 

InPlIno.49Ga0.51 P 

InP II nOAH Ga0.52 P 

InosGan 5As/GaAs 

Ino 1 Gao \JAs/GaAs 

InGaAslGaAs 

GaAsI AIGaAs 

CdSe 

CuCl 

CdSSe 

This Thesis 

Pistol et aL 

Ruhle et af. 

Bocklemann et af. 

Watabe et af. 

Kono et aL 

Zhang et al. 

Schulzgen et af. 

Masumoto et af. 

Bugayev et al. 

100 1 .7 650 

45 1 .75 1000 

20 1 .68 400 

450 1 .7 1  280 

700 1 .5 1  500 

1 80 1 .55 480 

200 1 .5 1  400 

2 2. 1 30-200 

3 3 .2 76 

3 2.4 40-70 

Table 3.3 Summary of the reported exciton Wetimes in various 
quantum dot samples. Only values measured at low temperature 
( < 1 0 K) are included. Lifetimes are measured at PL peaks. 



Excitation Excitation Dot 
Dot Growth Method [ntensity Energy (eV) Density 

(cm-:!) 

not reported 2.33 1 010 Atomic Layer Epiaxy 

O. l mW 1 .55 1 010 MBE, by D. Leonard 

I mW 2.33 1 010 MBE 

0. 1 mW l .55 1 01 0 
MBE & MOCVD 

0. 1 mW l .55 1 010 MBE, by G. Medeiro-Ribeiro 

O. l mW 2.33 1 010 similar result by Raymond et at. 

O. l mW 2.33 1 010 grown by Reaves et al. 

O.5 mW 2.4 1 1 010 MOCVD 

6 mW 1 .68 1 010 MOCVD 

OJ102 mW 1 .77 1 dot thermal diffusion induced 

0. 1 mW 2.33 107 
selective regrowth 

3 mW 2.33 108 selective regrowth 

0.023 mW 2.4 1 108 strain induced 

16 1lJ/cm2 3 n1a 

26 1lJ/cm2 3.28 n1a Nanocrystals 

1 5 1lJlcm:! 3 . 5  n1a 

Table 3.3 (Continue) All measurements reported are taken at low 
temperatures ( 1 .4 - 20 K). 1 Lifetime of 1 ns is also measured by 
Raymond et at. ( 1 996). 
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Figure 3.5a TRPL decay time vs. emISSIon energy for various 
quantum dot materials listed in Table 3.3.  A reduction in the exciton 
Lifetimes are observed as the transition energy increases. This effect is 
attributed to the difference among the dot materials' oscillator strength. 
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The last term, (L/ aB r is the coherence factor. where aB and L are the 

Bohr radius of  the exciton and the dimension of the confInement potential. 

respectively. For a 2D quantum well or a large quantum box, L is essentially the 

coherence length of the exciton. Unlike the previous two terms where the 

dependence on the transition energy and confinement dimension are clear. the exact 

relationship between aB and L is complicated. The exciton Bohr radius is 

dependent on both the bandgap energy and the confInement dimension. Figure 3 .Sb 

plots the dependence of bulk binding energy and radius on the bandgap energy for 

excitons in various semiconductor materials. The bulk exciton binding energies are 

obtained from literature (Pankove. 197 1). A clear reduction of exciton Bohr radius 

is observed for larger bandgap materials. Furthermore, exciton binding energy and 

Bohr radius also vary with the degree of quantum confmement The effective Bohr 

radius of 7 nm in a quantum well is reduced by a factor of 2 from the bulk value of 

14 nm (Weisbuch and Vinter. 199 1 ). 

The relationship between aB and L will determine if the radiative transition 

rate in a quantum dot is enhanced or reduced, when compared to a 2D quantum well 

of similar material. The radiative transition rate is enhanced when aB < L. Since the 

crystal translational symmetry is removed in all directions, an exciton with an ill 

defIned momentum can couple to all photon states. An efficient, superradiant 

luminescence can be expected (Brandt, 1992; Hanamura, 1988). 

In the region aB > L, the exciton is strongly localized. A localized exciton 

essentially disrupts the coherent nature of the e xciton. The coherence area of the 

exciton is reduced to the area of a single quantum dot. The oscillator strength for the 



8 1  
bound exciton transition is given by the oscillator strength per unit volume 

multiplied by the volume covered by the wavefunction overlap of the electron and 

hole. Therefore, this reduction of the coherence area can lead to an increased 

exciton lifetime in the quantum dot. This effect is mainly responsible for the slow 

decay of excitons in self-organized quantum dots. Our observation concur with the 

reported dot PL lifetimes in the literature, as shown in Figure 3.5c. 

However, the detinition of the exciton is ambiguous in a quantum dot when 

an > L .  The binding force between the electron and hole wavefunctions is no 

longer purely due to the Coulomb attraction. Enhancement of wavefunction overlap 

due to the effect of the lateral continement potential becomes equally important as 

the reduction of the coherent area. This crossover between the reduction of the 

coherent area and the increase of the wavefunction overlap are observed in the 

spectral dependence o f  exciton lifetimes from a large size ensemble of the quantum 

dots. 
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Figure 3.5c TRPL decay times vs. dot sizes. The increased PL 
lifetime for dot with smaller dimension is resulted from the effect of 
carrier localization. 
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3.7 Spectrally Resolved Recombination Dynamics 

The effect of an enhanced electron and hole wave function overlap in the 

exciton is observed in the spectrally resolved TRPL of the Ino.sG30.sAs/GaAs 

quantum dots as shown in Figure 3.6. The measured exciton lifetimes vary linearly 

from 650 ps to 1 .5 ns as the streak camera detection wavelength is swept from the 

high energy side to the low energy side of the quantum dots PL spectra. The 

variation in the measured TRPL decay times indicates that the overlap of the 

electron and hole wavefunction of an exciton is enhanced by a factor of more than 2 

for the thinner dots. The restricted internal motion of the electron and hole are 

clearly visible. Similar behavior is also observed in the MBE grown 

Ino.3Alo.7AsIAlo.3G<lo.7As quantum dots (Fafard et al.. 1 996), the MOCVD grown 

Ino.sGao.sAsIGaAs quantum dots (Wang et al. . 1995), and the CdSe nanocrystals 

(Schulzgen et ai. , 1993). These spectral variations observed are a combination of 

the material's oscillator strength, the enhanced wavefunction overlap, and the 

reduction of the coherence area. 

Raymond et al. ( 1996) and Mukai et al. (1996) have both obtained excited 

state TRPL using InGaAs quantum dots. Their PL spectra demonstrated excited 

state PL from multiple peaks. From the PL and PLE measurements, we observed a 

clear separation of ground state PL and the excited state absorption; therefore, the 

spectrally resolved TRPL presented here cannot be assigned to the excited state 

TRPL 
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Figure 3.6 Spectrally resolved TRPL of the InGaAs/GaAs quantum 
dots. The measured exciton lifetimes vary linearly from 650 ps to 
1.5 ns as the detection moves across the dot PL spectrum. indicating 
the exciton lifetime is a function of the dot size. 
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3.8 Dot Density Considerations 

One may argue that the measured variation in the exciton lifetime vs. the dot 

size is the effect of exciton scattering and relaxation among the dots, since an 

inhomogenollsly broadened quantum well has a similar time-resolved spectral 

dependence. In order to clarify this point, the dependence of the exciton lifetime on 

dot density is investigated, using a variable dot density sample grown by Devin 

Leonard using MBE. 

A sample with a gradual increase in the dot density is obtained by stopping 

the substrate rotation during the deposition of InGaAs. Since the indium effusion 

cell is positioned off center with respect to the substrate surface nonnal, a variation 

MBE Growth 

Effusion �"� \\ 
Cells � U 

, 
0 0 0 

High 
Indium nux 

High Dots 
Density 

\ " 
\ " 
\ " 
\ , 
\ Substrate ' , 

5 cm O cm 

Positions on Wafer 

1 
Low 
Indium Aux 

Low Dots 
Density 

Figure 3.7a Schematic of MBE growth of seU·-organized quantum 
dots. Utilizing the difference in the indium nux across the substrate, 
a variation dot density sample can be achieved by stopping the 
substrate rotation during the deposition of InAs. 
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in the indium nux occurs across the sample (Figure 3.7a). The small difference in 

the indium nux can lead to a large variation in the dot density (Leonard et aI. , 

1 994). This variation is observed from the intensity of the dot PL spectrum 

measured at various positions on the wafer. The spectrally resolved 

photoluminescence lifetimes are systematically measured at points where the dot 

density varies signiticantly (Figure 3.7b). No dependence of the exciton lifetimes 

on the dot density is detected, indicating that the dot density in the sample is below 

the critical density where carrier-carrier interaction between the adjacent dots is 

important. 
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Q) .5 1 1 00 
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:>. � 1 0 00 
Q) 

Q 
Q) 900 u = Q) 
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980 nm 
G- �  
950 nm 
� e e------'"'I1!e�---t:o.----o 
- 1 08 dot sIc m2 - 1 0 1 1  dots Ie m2 
+ + 

1 2 3 4 5 

Position on Wafer (em) 
Figure 3.7b Spectrally resolved photoluminescence lifetime 
measured for various dot density across the wafer. No significant 
variation in the exciton lifetimes is detected as the dot density 
increases.The variation at difference wavelengths follows the same 
trend as Figure 3 .5. 
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5 nm 20 nm 

Figure 3.8 Wavefunction vs. the distance between square dots. 
Interdot carrier tunneling is important for dot distance less than 10 
nm. if the width of dots are assumed to be 20 nm. The maximum 
dot density can be achieved without the carrier tunneling effect is 
approximately 101 l/cm2• The effect of the wetting layer transport and 
graded composition are ignored. 
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Carrier-carrier interaction among quantum dots will be important in quantum 

dot device where high dot density is required. Due to the small material volume. a 

larger number of quanutm dots are required for the fabrication o f  quantum dot laser 

(Mirin et al. .  1996; Bimberg et aI., 1996). The tunneling of carrier between dots 

will lead to dynamics similar to a quantum well with rough interfaces. The slow 

relaxation of carriers to the local energy minimum will produce a slow rise in the 

photolum inescence, as observed in Figure 3.3 for a 2 monolayer Ino.sGao.sAs/GaAs 

quantum well. Figure 3.8 plots the wavefunction overlap as a function of the 

distance between dots. The effect of carrier tunneling will be important when the 
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barrier distance is less than to nm. if the width of dot are assumed to be 20 nm 

(Figure 1 .5). To avoid significant carrier tunneling. the maximum dot density 

allowed is approximately 101 l/cm2• 

3.9 Exciton-Exciton Scattering in Quantum Structures 

Besides the tunnelling of the carriers between the adjacent dots. the carrier-

carrier scattering within a single quantum dot can also affect the exciton dynamics. 

In a quantum well structure. the coherence among the excitons is strongly affected 

by the exciton-exciton interaction (Eccleston. 199 1 ) .  The excitation intensity 

dependence of the exciton decays in a 6 nm InO.17G<lo.S3As1GaAs quantum well are 

shown in Figure 3.9a. Unlike the single exponential decay observed at a low pump 

intensity. the decay at high excitation intensity exhibits an initial slow decay. This 

slow decay observed at a large exciton density is the result of a reduced coherence 

area due to the Coulomb scattering among the excitons. This phase space filling 

effect can also be observed from the linear increase of the homogenous linewidth as 

the PL excitation intensity increases (Eccleston. 199 1 ). 

In the quantum dots. the exciton decays are a single exponential for all the 

excitation levels (Figure 3.9b). Unlike the quantum well case. the effect of exciton-

exciton scattering is absent. The coherence area of the exciton in the quantum dot 

is detennined solely from the area of the quantum dot rather than the exciton-exciton 

interaction. A similar effect is observed in the Ino.sG<lo.sAs/GaAs quantum dots 

grown by MOCVD (Figure 3.9c) and in the Ino.3AIo.7As1 AlO.3G<lo.7As quantum dots 

grown by MBE. 
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Figure 3.9a Intensity dependence of 6 run quantum well TRPL. 
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Figure 3.9b Intensity dependence of quantum dot TRPL. Single 
exponential decays are observed at all pump intensities. 
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Raymond et at. (1996) have measured excited state TRPL. They have 

observed an intensity dependent lifetimes. where the PL decay becomes slower at 

higher pum p  intensity. The difference between their measurements and the result 

presented here may he attrihuted to the effect of state fil ling. where the filled excited 

state can lead to a slow relaxation of the carrier and increase the litetime of the 

ground state. 
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Figure 3.9c Intensity dependence TRPL of the quantum dots grown by 
MOCVD. The intensity dependence of the quantum dots grown by MBE 
and MOCVD are identical. indicating that the observed effect is an 
intrinsic property of the self-organized quantum dots. 
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3.7 Conclusions 

From the TRPL of the excitons in quantum dots and Quantum well. we 

understand that the oscillator strength of the exciton in the self-organized quantum 

dot is reduced due to a restricted coherence area. The reduction of the coherence 

area leads to an increase in the measured radiative lifetime. This increase in the 

radiative lifetime in the quantum dot material may have a significant effect on 

threshold of quantum dot laser. Since the threshold current of semiconductor laser 

is inversely proportional to the radiative lifetime of carriers. at least a factor of two 

reduction in the threshold current for quantum dot laser may be expected. 

From the spectally resolved TRPL of the quantum dots. we also learned that 

the effect of a reduced coherence area may be countered by an enhanced 

wave function overlap. Lifetimes are reduced by a factor of two when the dots 

volume is reduced. 

Our understandings of radiative recombination process in quantum dots can 

provide a unique ability to engineer special optoelectronic materials. If the physical 

dimension of the self-organized quantum dots can be controlled precisely during the 

growth, significant improvements over the performance of the today's optoeletronic 

devices will be achieved. 
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Chapter Four 

Temperature Effects on 

Radiative Recombination in Quantum Dots 

4. 1 Introduction 
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When the temperature of a semiconductor increases, the lattice expands and 

the oscillation of the atoms increases in frequency and amplitude. This dilation and 

the motion of the atoms not only leads to a change in the energy gap of the 

semiconductor but also enhances the scattering processes of carriers with the crystal 

lattice. In quantum structures, this increase of scattering between the carriers and 

lattice phonons can generate non-radiative decay paths and reduce the 

photoluminescence (PL) efficiency by removing carriers from the radiative state in 

the quantum structures. Consequently, this non-radiative recombination process can 

lead to a poor internal quantum efficiency in the potential quantum dot laser 

(Nagarajan, 1993; Bacher, 199 1 ). In this chapter, the temperature effects on the 

radiative lifetime of exciton in the self-organized quantum dots are considered. 

The effects of phonon absorption on the radiative recombination of exciton 

in quantum structures are separated into two regimes: kT < AE and kT > AE. At 

low temperatures, where the thermal energy of the lattice (kT) is less than the 

confmement energy (AE), carrier-acoustic phonon scattering is dominant. Even 

though the acoustic phonon scattering may broaden the thermal distribution of 

carriers in k space, the energy change induced by the acoustic phonon scattering is 
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usually small compared to AE. which is not sufficient to remove the confined 

carriers from the quantum structure. Thus. the time-integrated PL efficiency is not 

affected by the acoustic phonon scattering process at low temperatures. However, 

the thermally broadened carrier distribution may lead to a decrease in k=O exciton 

popUlation and an increase in the averaged radiative lifetime (Feldmann et ai. , 

1988).  

At higher temperatures, unlike the acoustic phonon scattering process, W 

phonon scattering becomes important. When the thermal energy of the lattice is 

larger than the confmement energy, the scattering of W phonons with carriers can 

efficiently excite the carriers from the quantized state in the dot to the continuum 

states on the barrier (Bacher et aI. , 1993). Due to this non-radiative scattering 

process, a significant decrease in PL efficiency can occur. 

In this chapter, the temperature effects on the radiative recombination in the 

self-organized quantum dots resulting from these two scattering processes are 

studied. The thermionic emission due to the absorption of LO phonons is found to 

be important at high temperatures, and the restricted carrier-acoustic phonon 

scattering is reflected in the constant radiative decay time at low temperatures. 

The distinguishable effects of the thermionic emission process on the time-

integrated PL efficiency and the time-resolved PL (TRPL) decay times are 

investigated separately. In Section 4.2 and 4.3,  based on the thermionic emission 

theory, a model for the temperature dependence of PL efficiency is developed. The 

analysis from the PL model is compared with the experimentally measured PL 

lineshapes and energies at various temperatures. Excellent agreement is obtained 
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between the measured and the calculated PL spectra. In Section 4.4 and 4.5, the 

continement energies and the carrier capture times inferred from the measured 

temperature dependence of PL efficiency are analyzed. 

In Section 4.6, the temperature dependence of the TRPL decay times from 

the self-organized quantum dots is presented. In Section 4.7,  the separation of the 

non-radiative and the radiative contributions from the measured TRPL decays 

indicates that a strong reduction of TRPL decay times occurs at the onset of 

thermionic emission process studied in the previous sections. Good agreement is 

obtained betweent the measured non-radiative decay times and the thermionic 

emission model. In Section 4.8, the dot size dependence of the thermionic emission 

rate is studied using temperature and spectral dependent TRPL. A larger 

confinement energy is found for the larger dots. Finally, Section 4.9 will focus on 

the effects resulted from the acoustic phonon scattering process at low 

temperatures. The temperature dependence of the intrinsic radiative lifetime in 

different quantum structures are derived and compared to the published results in 

the literature. For quantum dots, the intrinsic radiative lifetimes are found to be 

temperature independent This is a distinct signature of OD materials. 

4.2 Temperature Dependence of Photoluminescence Model 

There are two factors that contribute to the temperature variation in the 

photoluminescence process. The first factor is the temperature dependence of the 

bandgap energy in the dot and the barrier materials. Changes in the bandgap energy 

can lead to shifts in the PL emission energy. The temperature dependence of 

handgap energy is well known and has been extensively researched (Van Vechten 
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and Malloy, 1990; Madelung, 1991 ). Figure 4. 1 compares the measured and 

calculated PL peak energies for a 6 nm Ino.17GClo.s3As/GaAs quantum well and 

Ino.sG<lo.sAs/GaAs quantum dots. The temperature dependent PL peak energy is 

calculated using the model identical to Section 2.4. The PL emission energies 

measured in both quantum structures follow closely with the temperature 

dependence of GaAs bandgap at low temperatures. At higher temperatures, the 

emission energies of the quantum dots are slightly lower than the calculated value. 

The lower dot PL peak energies may be attributed to the re-trapping of the thermally 

emitted carriers at higher temperatures. 

The second factor that contributes to the temperature effects is the 

temperature dependence of the radiative and the non-radiative scattering processes. 

An increase in the non-radiative scattering rate can severely decrease the PL 

efficiency. Although non-radiative processes can also arise from traps, defects, and 

dislocations, only the thermionic emission of carriers due to the LO phonon 

scattering is considered here. 
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The microscopic principle behind the thermionic emission of carrier is 

closely associated to the carrier capture process. The photoluminescence efficiency 

of the quantum dots is determined from a balance between the capture and the 

thermal emission of the carriers. Both processes are the results of carrier-LO 

phonon scattering. In the capture process, carriers lose energy to the lattice by 

emitting LO phonons. While in the thermionic emission process, the opposite 

situation occurs. At thermal equilibrium, the relationship between the scattering 

times of these two processes may be estimated using a detailed balance argument 



102 
(Sze, 198 1) .  Assuming a Maxwell-Boltzman distribution for the carriers in the 

quantum structure, the ratio of the capture and emission times may be expressed as 

7:�missio" = eM1kT 

7:caprure 
(4 . 1 ) 

where 'r"miss;on and 'rcaprure are the thennionic emission time from the dot to the 

barrier and the capture time from the barrier to the dot, respectively. 

The assumption of Equation 4 . 1  is incorporated in the rate equation model 

presented in Section 1 .5 .  The steady state solution of the photoluminescence 

intensity is obtained by setting the rate equations to zero. For quantum dots with an 

uniform size distribution, the temperature dependent PL efficiency of the ground 

state spectral line is ( [E' (TJ-EI ]-l 
PL(T, £) = In 1 + 

tdecay e kT 
tcaplllre (4.2) 

where �(T) is the temperature dependence of the barrier bandgap energy. For the 

self-orgainzed quantum dots with a broadened Gaussian size distribution, the PL 

spectrum is obtained by convolving Equation 4.2 with the dot size distribution. 

( ( E-E ) )! ( ( ) J-1 -I ln ( 2 )  --" 'r 
E. -E 

PL(T. £) = loe r 
1 + decay e kT 

'rcaprlUr! (4.3) 
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where r is the full-width-at-half-max (FWHM) of the dot PL at low temperatures, 

and Eo is the peak energy of the dot distribution .. 

4.3 Effect of Thermionic Emission on Photoluminescence Spectra 

The measured and the calculated (Equation 4.3) temperature dependent PL 

are shown in Figure 4.2. The radiative decay time of 1 ns (Chapter 3) and the 

capture time of 0.5 ps (Chapter 5) are used in the calculation. A good qualitative 

agreement is obtained between the observed spectra and the thermionic emission 

model. At a higher temperature, a reduction of PL efficiency is observed; however, 

the PL peak is shifted to a lower energy from the calculated value. Unlike bulk 

material where the PL intensity is reduced at higher temperature due to the activation 

of the non-radiative traps, the reduction of the PL efficiency in the quantum dot is 

attributed to the thermionic emission process. The shift of PL peak to the lower 

energy may be attributed to the trapping of the thermionically emitted carriers by the 

lower energy quantum dots. A similar observation is reported for the case of 

adjacent quantum wells (Bacher et ai, 199 1 ;  Fafard et al., 1995), where an 

enhanced efficiency is found for quantum well with a larger confinement energy. 

The thermal redistribution of the carriers among the quantum dots can lead to a 

significant effect on the optical gain. This particular effect on the quantum dot laser 

will be addressed in Chapter 7. 
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4.4 Temperature Dependence of Photoluminescence Efficiency 

From Equation 4.2, two parameters may be obtained from the measured 

temperature dependent PL efficiency. First, the characteristic conf'mement energy is 

estimated from the slope in the Arrhenius plot of PL intensity. Second, an 

approximate value of carrier capture time may be inferred from the ratio 

Figure 4.3a shows the Arrhenius plot of the measured temperature 

dependent PL efficiency for various self-organized quantum dots samples. The 6 

nm Ino.17GlltJ.83As quantum well is included for the reference purpose. A 

confinement energy of 120 meV is obtained for the quantum well. This value is in 

close agreement with the theoretically calculated value of 140 meV (Corzine, 1993) 

and experimentally published results (Bacher et ai. , 199 1 ), suggesting that the 

thermionic emission of carriers is responsible for the thermal quenching of 

luminescence observed. 

In Figure 4.3b, the measured conf'mement energies vs. the difference 

between the emission energy of the dots and the barrier materials are plotted for 

various self-organized quantum dots. For the InGaAslGaAs and A1InAsI AlGaAs 

quantum dots with the smaller continement energies, the measured values match 

closely with the expected values. For the InAslAlAs and InAslAIGaAs quantum 

dots with a larger dot to barrier energy difterence, lower confmement energies are 

measured. This reduction of the confinement potential may be caused by the 

presence of wetting layer or non-radiative interface defects. 
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Besides the variation of the confmement energy in the different materials. 

the continement energy is also influenced by the size of the quantum dot. Figure 

4.4a plots the temperature dependence of PL efficiency at several dot emission 

energies. Relative energies are used to adjust for the temperature dependence of 

bandgap energy shift. The measured PL efficiencies at various temperatures show 

good agreements with Equation 4.2. The extracted confmement energies vs. dot PL 

energies are shown in Figure 4.4b. 

A confinement energy of 193 meV is obtained at the peak of the 

InO.5GallsAslGaAs quantum dot PL. This value is in close agreement with the 220 

me V obtained from the capacitance spectroscopy (Leonard. 1994; Mederiros

Riberiro et at. . 1995). A clear dependence of the confmement energies on the dot 

size is observed. A larger confinement energy is obtained at a lower PL energy. 

suggesting deeper continement potentials for the larger and thicker dots within the 

size distribution. This observation concurs with our understanding of  quantum 

structure. where a deeper continement should be expected as the volume of the 

quantum dots increase (Bastard. 1 99 1 ). 
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4.5 Estimation of Carrier Capture Time in Quantum Dots 

The ratio rd�cay / rcaprun in Equation 4.2 can be used to infer the carrier 

capture time in the quantum dot structure. Carrier capture times between 10 fs and 1 

ps are obtained from various curve fits. Quantum dot exciton lifetimes measured in 

Chapter 3 are used for rd�cay ' This result is similar to the values measured for the 

quantum well, despite the large difference between the two quantum structures. 

Blom et at. ( 199 1 )  has found capture times as short as 0.5 ps. The rapid carrier 

capture time indicates an efficient relaxation of carriers exists in these quantum 

dots, suggesting the phonon relaxation bottleneck (Benisty et ai. ,  199 1 )  may be 

negligible. By measuring the excited state TRPL, the carrier relaxation from the 

excited state and ground state of the dots has been studied by Raymond et al. 

( 1996) and Mukai et al. ( 1996). They have found that the effect of state tilling is 

significant. A more in-depth discussion on the energy relaxation processes in the 

self-organized quantum dots is presented in Chapter 5. 

4.6 Temperature Dependent Photoluminescence Lifetime 

In the previous sections, the results from the steady state measurements of 

the temperature dependent PL have provided valid evidence to support the 

thermionic emission theory (Equation 4. 1) .  In the following sections, a different 

approach is employed. The temperature dependent TRPL is utilized to directly study 

the temperature effects on the radiative and the non-radiative lifetimes. The streak 

camera measurement described in Chapter 3 is used to measure the TRPL of the 
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Ino sGClo.5As/GaAs quantum dots at various temperatures. A heater and a 

temperature controller are employed to ensure the stability of the sample 

temperature. To avoid carrier scattering due to Auger processes, the carrier density 

is limited to 1 .4x lO12 cm-2 in all measurements. 

The temperature dependent photoluminescence decay times of the self

organized quantum dots and the reference quantum well are shown in Figure 4.5. 
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Figure 4.5 Temperature dependence of the quantum dot and 
quantum well carrier lifetimes. The increase o f  the decay times in the 
MBE quantum dots results from the trapping of the thermionically 
emitted carriers from the adjacent quantum well on the same sample. 
The measurements are taken at PL peaks. The spectral dependence 
of lifetimes are discussed in Section 3.7 . 
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At low temperatures, the PL decay times of the 6 run reference quantum 

well increase linearly with sample temperatures. This linear temperature dependence 

is a typical characteristic of free excitons in quantum well (Nakajima et al., 1980; 

Gurioli, 199 1 ). However, the similar linear dependence is not present for the 

quantum dot cases. At temperatures below 30 K, a constant temperature 

dependence is observed for the MBE InGaAs quantum dot PL decay times. A 

similar observation is also found in the MOCVD InGaAs dot sample for 

temperature as high as 100 K. This particular temperature dependence of radiative 

lifetime is intrinsic to the quantum dot structure, which will be clarified in Section 

4.9. 

At higher temperatures, where the reduction in the PL decay times are 

observed for both the 6 nm InO.I7GaO.83As1GaAs quantum well and the MOCVD 

Ino.sG<lo .sAslGaAs quantum dots, the lno.sG<lo.sAslGaAs MBE quantum dot sample 

exhibits increased decay times. This increase at higher temperatures is attributed to 

the re-capturing of thermionically emitted carriers from the adjacent quantum well. 

For the MOCVD quantum dot sample without the reference quantum well, the 

reduction of PL decay times is attributed to the activation of the thermionic emission 

process. 

The temperature dependence of the thermionic emission time may be 

extracted from the measured TRPL decay times. In a high quality quantum dot 

sample where dislocations and defects are absent (Chapter 2), the non-radiative 

decay is attributed to the thermionic emission. From the rate equations presented in 
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Section 1 .4. the measured PL decay rate is simply the sum of radiative decay rate 

and thermionic emission rate. 

1 
---- = + ----
r m�t"UMI (T) rrndativt! (T) t'thennionic (T) 

(4.4) 

Since the quantum efficiency 17(T) of PL is proportional to the ratio of the radiative 

lifetime and the measured decay time, the radiative and the non-radiative 

contributions in the measured decay times may be separated by measuring the 

temperature dependence of PL and TRPL. 

PL(T) oc t'measureA T) = TJ(T) 
t'raJiative (T) 

(4.5) 

Combine Equation (4.4) and (4.5). the temperature dependence of the radiative 

lifetime and the thermionic emission time are obtained, 

r . . (T) = 'rmeasund (T) radlanvt! 17(T) 

t' ( T) - 'fmeosured (T) 
thermionic - 1 - 17(T) 

(4.6) 

Following Equation (4.6) . Figure 4.6a and 4.6b show the temperature dependence 

of thl! radiative and the non-radiative decay rates for the 6 nm Ino l7G<lo.s3As/GaAs 

quantum well and the Ino.sG<lo.sAslGaAs quantum dot samples. 
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Figure 4.6a Separation of the radiative and the thermionic 
contribution of the recombination for the 6 nm Ino. 17GUo.s3As/GaAs 
quantum well. The measurements are taken at PL peaks. By 
comparing the temperature dependent non-radiative decay time with 
the thermionic emission theory (Figure 4.7), a confmement barrier 
of 1 20 meV is obtained. This result is in close agreement with the 
band offset calculated by Corzine ( 1994) and measured by Bacher 
et al. ( 199 1 ) ,  indicating the reduction of PL decay time is mainly 
attributed to the thermionic emission process rather than defect 
related non-radiative recombination. 

4.7 Temperature Dependence of the Thermionic Emission Process 
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From the comparison with the temperature dependence of PL intensity as 

shown in Figure 4.4a, the non-radiative recombination in Figure 4.6 a and b are 

found to be dominant at temperatures where an efficient thermal emission into the 

barrier is observed. Figure 4.7 compares the extracted non-radiative lifetimes with 
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Equation 4. 1 ,  using the values of confmement energies obtained from Figure 4.3 

and 4.4. 
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Figure 4.6b Separation of the radiative and the non-radiative 
contribution of the recombination for the MOCVD grown 
InGaAslGaAs quantum dots. The measurements are taken at PL 
peaks. 

In both the quantum well and the quantum dot cases, the measured values 

from TRPL are slightly less than the result obtained from the temperature dependent 

PL efticiency. There are several possible explanations can attribute to this 

discrepancy. Non-radiative recombination processes other than the thermionic 

emission may exist in the material. The presence of other non-radiative 
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recombination processes can effectively lower the confinement potential. removing 

carriers from the quantum dots before the activation of the thermionic emission 

process. Furthermore. the reduction of confinement potential due to the non

radiative recombination may be masked by the continuous-wave PL measurements. 

U nder a steady state excitation. the non-radiative traps and centers may be 

saturated. 

The small disagreement between the two values can also be attributed to the 

measurement technique. The capturing of the thermionically emitted carriers by the 

lower energy quantum dots can effectively shift the PL peak energy and increase the 

carrier lifetime. Additionally. the published theoretical analysis has shown that a 

thermionic emission theory similar to Equation 4. 1 can break down in the quantum 

limit The reduction of carrier-LO phonon scattering can increase the carrier escape 

time for quantum well with dimension less than 5 nm (Tsai et aI. , 1994). 
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Figure 4.7 Measured non-radiative lifetimes at various temperatures 
(solid dots). Solid lines are the results obtained from the temperature 
dependent PL efficiency (Figure 4.3 and 4.4). A good agreement is 
obtained between the two separated measurements. The quantum 
dots are grown by MOCVD. 

4.8 Dot Size Dependence of Thermionic Emission Rate 

Since the broad linewidth of the quantum dot luminescence ret1ects the non

unifonn size distribution, a correlated variation should also be observed in the 

confinement energy and the associated thennionic emission rate. Figure 4.8a plots 

the spectral dependence of the measured lifetimes for the Ino.sG30.sAs/GaAs 

quantum dots at 1 .4 K and 100 K. 

Since the measured PL efficiency is constant at low temperatures (Figure 

2.8h), the measured decay time at 1 .4 K may be assigned to the radiative lifetime, 
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and the thermionic emission lifetimes at 100 K are obtained using Equation 4.4. 

The radiative lifetime at 100 K is approximated by the low temperature value 

(Section 4.9). Figure 4.8b shows the extracted thermionic emission times for dots 

with different emission energies. A clear spectral dependence on the dot size is 

observed. A longer thermionic emission time is observed for dots with a lower PL 

energy, infening a greater confinement potential for the larger and thicker dots 

within the size distribution. This observation concurs with the conclusions in 

Section 4.4. A similar spectral behavior is also observed from the 
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Figure 4.8a Spectral dependence of the measured lifetimes for the 
Ino.sG<lo.sAslGaAs quantum dots at 1 .4 K and 100 K. The increased 
PL lifetime at lower energy does not result from the effect of carrier 
diffusion (Section 3.7 and 3 .) 
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Figure 4.8b The extracted thermionic emission times for dots with different 
emission energies. The radiative lifetime at 100 K is approximated by the 
low temperature value (Section 4.9). A longer thermionic emission time is 
o bserved for dots with a lower PL energy, inferring a greater corumement 
potential for the larger and thicker dots within the size distribution 

4.9 Temperature Dependence of the Radiative Lifetime 

In Figure 4.6, the temperature dependence of the PL decays for the quantum 

dots is distinctly different from the quantum well case at low temperatures. The 

exciton lifetimes of the quantum wells exhibit a linear temperature dependence, 

while a nat temperature dependence for the quantum dots is observed. This 

variation in the temperature dependence is a fundamental difference between the 2D 

and 00 quantum structures. 

In the quantum well case, the linear temperature dependence is explained in 

the frame of exciton-acoustic phonon scattering. For a free exciton in the quantum 

well, Feldmann ef al. ( 1 988) and Bockelmann et at. (1992, 1993) have shown that 
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the radiative lifetime of exciton is inversely proportional to the exciton population at 

k::O, where the electron-hole pair has zero center-of-the-mass momentum. At finite 

temperatures, the enhanced acoustic phonon scattering will produce an increased 

thennal broadening of the free exciton distribution in the momentum space and a 

reduced exciton population at k::O. Since the emitted photons can not carry away 

any excess exciton momentum due to momentum conservation, only excitons with 

center-of-mass wavevector less than the photon wavevector are allowed to 

recombine radiatively. Therefore, the experimentally observed radiative lifetime is 

essentially an averaged lifetime over the thennally broadened exciton distribution. 

The thennally averaged decay time can be expressed by 

r(T) = ro x r(Tt . (4.4) 

where r(T) is the fraction of the excitons within the radiative states. and 'to is the 

intrinsic radiative lifetime of the k=O exciton. The intrinsic radiative lifetime is 

independent o f  temperature. Its value is determined by the oscillator strength of the 

material. the overlap of electron and hole wavefunctions, and the coherence area of 

the exciton (Chapter 3). Assuming a Maxwell-Boltzmann carrier distribution, r(T) 
can be expressed as (Feldmann et al. 1988) 

r p(E)e-E1kTdE r(T) = :. , f.. p(E)e -ElkT dE (4.5) 

where I:::. is the maximum energy which the exciton can decay radiatively, and peE) 

is the exciton density of states in the quantum structure. For kT < 1:::., r(T) is unity. 
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Hooft et at. . 1 987 

Keyes et at. . 1 994 

Gurioli et at . •  1 99 1  

Bacher et at. . 1993 

Akiyama et at. . 1994 

Kana et al. , 1 995 

Wang et al., 1 994 

Zhang et al. . 1 995 

Table 4.2 Temperature dependence of radiative lifetimes for 3D. 2D. 
10 and 00 structures. Analytical expressions are obtained for kT > 

�. Radiative lifetime is given by the intrinsic radiative lifetime 'ro •nD 
for kT < 6. 

and the radiative lifetime is simply to' For the case kT > �. the analytical 

expressions for the temperature dependent radiative lifetimes are obtained. Table 

4.2 summarizes the temperature dependence of radiative lifetime for bulk (3D). 

quantum well (20). quantum wire ( 1 0). and quantum dot (00) structures. The 

derived temperature dependence of radiative lifetime follows (Tr/2 , where n is the 

dimensionality of quantum structure. This derivation agrees well with the o bserved 

carrier lifetime in the InO. 17Gao.83As/GaAs quantum well and the Ino.sGao.sAs/GaAs 
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quantum dots. For the localized excitons in the quantum dots, thennal broadening 

has little effect on the exciton distribution in the k space. The radiative lifetime of 

excitons should exhibit a constant temperature dependence, as our observation 

indicates. 

4.10 Summary 

The temperature effects on the radiative recombination in the quantum dots 

are studied. Various self-organized quantum dot samples are compared. Thennionic 

emission is found to be responsible for the thennal quenching of PL intensity at 

high temperatures. From the thennionic emission theory, the confInement energies 

for the self-organized quantum dots are obtained from the temperature dependent 

PL and TRPL measurements. The measured continement energies agree with the 

results from the capacitance spectroscopy (Leonard, 1995). 

The intrinsic radiative lifetime in the quantum dot material is found to be 

independent of temperature. This is a desirable characteristic for potential 

optoelectronic applications. However, to extend this advantage to higher 

temperatures. a larger confinement energy is required to reduce the effect of the 

thermionic emission. 

The continement energy in the quantum dot material presents an interesting 

design problem. On one hand, quantum dots need to be sufficiently small to allow 

observation of the desired delta function density of states. On the other hand, the 

continement potential from the quantized energy state to the barrier needs to be large 

enough to attain a better radiative efticiency. Careful engineering considerations in 

this area are needed to achieve efticient quantum dot lasers. 
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Chapter Five 

Carrier Capture and Relaxation Processes 

Quantum Dots 

5. 1 Introduction 

125 

• 
In 

For a quantum structure to emit light efficiently, a fast relaxation of 

electrons and holes must occur. The transport of the carriers from the continuum 

states in the barrier into the ground state can govern the intrinsic modulation 

bandwidth of quantum optoelectronic devices (Nagarajan et al. ; 1992; I. Wang et 

a/., 1996). Evidence o f  tinite carrier relaxation time has been observed in quantum 

well lasers and amplifiers (Hultgren et ai. , 1992; Hall et aI. , 1992). For quantum 

well lasers, the relaxation broadening of gain spectra can reduce the peak gain and 

smear the desirable sharp density of states at the band edge (As ada, 1 989). 

Dynamical effects such as spectral hole burning and carrier heating due to fInite 

carrier relaxation time are the probable causes of the gain compression effect in the 

semiconductor quantum well lasers (Defonzo and Gomatarn, 1990; Uskov et ai. , 

1 990; Willatzen, 1 99 1 ). 

The objective of this chapter is to investigate experimentally the carrier 

capture and relaxation processes in the self-organized quantum dots. The general 

principles of the energy relaxation processes in semiconductors are introduced in 

Section 5.2, 5.3, and 5.4. The theory of the phonon-relaxation bottleneck (Benisty 

et al. 199 1 )  is explained in Section 5.3. The measurement setup and samples are 

described in Section 5 .5  and 5.6. Section 5.7 will focus on the effect of the two-
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photon absorption process in the barrier material that is surrounding the quantum 

dot. The low temperature absorption transients are analyzed in Section 5.8 and 5 .9 .  

A fast carrier capture and relaxation time is observed. In Section 5. 10, our result is 

compared to the published theoretical values. The conclusion from our study 

indicate that the effect of phonon-relaxation bottleneck is not significant in the seIf

organized quantum dots, suggesting that other carrier relaxation mechanisms are 

important. 

5.2 Energy Relaxation Processes in Semiconductor 

Two types of scattering processes are important in semiconductors: carrier

carrier scattering and carrier-phonon scattering. Carrier-carrier scattering is derived 

from the Coulomb interaction. Although carriers can exchange energy and 

momentum among themselves, the average energy of the entire carrier distribution 

is constant due to the energy conserving nature o f  the elastic scattering process. The 

relaxation of one carrier requires the excitation o f  another carrier to a higher energy 

state. This ineffective energy relaxation process is also limited between carriers with 

small momentum difference since the scattering cross section of the Coulomb 

potential is proportional to 11M2 (Goodnick, 1 988). Consequently, the energy 

exchanged between the carriers is relatively small compared to the average energy 

of the entire c arrier distribution. 

The energy relaxation process in semiconductors occurs primarily through 

<.:arrier-phonon scattering. Unlike the energy conserving nature of carrier-carrier 

interaction, carrier-phonon scattering processes are dissipative. The entire carrier 
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distribution can relax by transferring the excess energy to the surrounding crystal 

lattice. Carriers at a higher energy can relax by emitting either acoustic or optical 

p honons. A phonon is a mode of vibration in the crystal lattice. An acoustic phonon 

is associated with the low frequency vibration in the lattice. Since the acoustic 

phonon energy is proportional to the magnitude of the wavevector, the emission of 

an acoustic phonon by the carrier can only correspond to a small energy change. 

For the efficient carrier relaxation, a large number of the acoustic phonon scattering 

events must be required . 

An efficient carrier relaxation can occur by the emission of polar optical 

phonons. An optical phonon is associated with the larger energy and the higher 

frequency vibration mode of the crystal lattice. Its phonon energy is independent of 

the wavevector. In GaAs materials, carriers can relax 36 meV by the emission of a 

single polar longitudinal optical (LO) phonon. Due to the large LO phonon energy, 

fewer scattering events are required in the carrier relaxation process. 

In reality, all three scattering events can occur simultaneously ill 

semiconductor. Their scattering rate is determined not only by the scattering cross 

section of the physical processes but also the number of the fmal states that are 

available. 

5.3 Energy Relaxation in Bulk and Quantum Well 

For an efficient carrier relaxation to occur, empty states must exist at one LO 

phonon energy away from the initial state. This condition is easily satisfied in bulk: 

and quantum well materials (Figure 5. la), where the density of states vary 

continuously between the barrier states and the ground state (Figure 1 . 1 ). Fast 
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relaxation rates of carriers are usually observed in bulk and quantum well materials. 

Alexandrou et at. ( 1 995) has found that electrons thennalize in bulk GaAs within 

200 fs. For GaAslAlGaAs quantum well material, similar observations have been 

reported by Knox et at. ( 1986). The fast energy relaxation time in these materials is 

attributed to the efficient LO phonon emission process. Singh et at. ( 1989) and 

Hess et at. ( 1988) have compared the calculated acoustic phonon and optical 

phonon scattering rates. They have reported that the acoustic scattering rate is 

typically an order of magnitude smaller than the LO phonon scattering rate in bulk 

GaAs crystals. 

5.4 Energy Relaxation in Quantum Dots 

Unlike energy relaxation in quantum well and bulk materials, the situation is 

vastly different in quantum dots. Because of the delta function density of states, the 

distribution of the energy levels is discrete in the quantum dots. In order for the 

carrier at a higher energy level to emit a W phonon, the energy level spacing must 

differ by one phonon energy (Figure 5. 1 b),  a condition that does not naturally 

occur in quantum dots. Mis-matched energy levels will lead to a significant 

reduction in the carrier-LO phonon scattering rate. Under the assumption that 

carrier-phonon scattering is the dominant energy relaxation process, a large increase 

in the carrier relaxation time may be expected in quantum dot material when 

compared to quantum well material. Sub-picosecond carrier relaxation time has 

been reported for quantum well material by Knox et ai. ( 1985). The theoretical 

prediction of carrier relaxation time in quantum dot materials can be as slow as 

several nanoseconds (Bocklemann et al. , 1992). The resulting poor 
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photoluminescence efticiency is predicted by the theory of phonon-relaxation 

bottleneck (Benisty et at. , 1 99 1 ;  Bocklemann et ai. , 1 992). Benisty et at. have 

shown that the PL efficiency in the quantum dot material can be reduced by three 

orders of magnitude when compared to quantum well. 

In spite of the predictions of the phonon-relaxation bottleneck, the efficient 

photoluminescence from the self-organized quantum dot.� exhibits a clear 

contradiction. Many theoretical studies have attempted to explain the efficient carrier 

relaxation observed in these quantum dot structures. Efros et al. ( 1 995) have 

Quantum Well 
Subbands 

1 2 3 

In-Plane Momentum 

Figure 5. l a  Optical phonon scattering processes in quantum well. 
Final states for the scattering processes always available. Only 2-
particle scattering process is considered here. Manybody 
renormalization from Coulom b  interation between electron and hole 
may effectively modify the above picture by sharing part of phonon 
energy to the electron and the hole (Efros et al., 1995). 
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Figure 5. 1 b Optical phonon scattering process in quantum dots. 
Efticient carrier relaxation occurs only if the energy spacing is equal 
to multiples of LO phonon energy. 

recently suggested that the effect of the phonon-bottleneck may be removed due to 

the role of Auger-like processes. B ockelman and Egeler ( 1992) have also found that 

efficient carrier capturing processes may occur through Auger related scattering 

process for quantum dots with the lateral dimension less than 40 nm. Sercel ( 1995) 

has suggested that multiple phonons assisted tunneling through deep levels may be 

responsible for the efficient photoluminescence observed in the InGaAs quantum 

dots. Recently, Knipp et al. ( 1 996) has proposed that the efficient scattering of 

electrons from acoustic phonons can occur via a "ripple mechanism", where the 

relaxation of the carrier takes place when the wavefunction is perturbed due to the 

acoustic phonon induced movement in the dot interface. They have found that the 

scattering due to the ripple mechanism dominates from the deformation potential for 

dot sizes less than 50 nm. 

These theoretical studies have proposed many open questions regarding the 

energy relaxation processes in quantum dots. Using resonance excitation 

experiments under steady state conditions, Heitz et al. ( 1996) and Schmidt et at. 
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( 1996) have provided evidence that carrier relaxation is governed by the multiple 

phonon scattering processes. The scattering of LO phonons due to the extended 

wavefunctions in the quantum dot structure and the broadening of acoustic phonons 

can lead to a fast carrier capture and an efficient exciton relaxation. However, the 

direct measurements of these fast relaxation processes have been lacking. Past time

resolved investigations have only considered the radiative decay rates in the 

quantum dots. Carrier relaxation times are indirectly inferred from the lifetime 

measurements of the excited state TRPL (Mukai et at., 1996; Raymond et at. , 

1995). It is the objective of this chapter to study experimentally the sub-picosecond 

carrier relaxation processes in the self-organized quantum dots. 

5.5 Experimental Considerations 

To achieve the sub-picosecond time resolution necessary for the observation 

of the fast carrier relaxation, a measurement technique other than the streak camera 

must be employed. As the result of the availability of femtosecond laser pulses, 

femtosecond spectroscopy techniques are developed where the time resolution as 

low as 1 00 fs is obtained. There are two complementary techniques available to 

study the ultrafast dynamics in the quantum dots. The sum frequency up

convers ion experiment (Shah, 1988 and 1996) is used to time-resolve the 

photoluminescence dynamics, and the pump-and-probe experiment (Knox, 1 988) is 

used to study the absorption dynamics. 

The up-conversion technique utilizes the nonlinearity induced by the laser 

pulse as a gate for the luminescence. Using a nonlinear crystal, the 

photoluminescence decay is mixed with a time delayed laser pulse to generate the 
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sum frequency signal. Because the mixing process only takes place during the 

presence of the laser pulse, time resolution comparable to the laser pulse width is 

achieved, provided the phase matching conditions in the non-linear crystal are 

satisfied. However, the success of using this technique to time-resolve the quantum 

dot photoluminescence dynamics has been limited. Due to the low conversion 

efficiency of the nonlinear process « 1  %), an extremely bright PL signal is 

required. A single layer of InGaAs quantum dots may have an integrated PL 

comparable to the quantum well, but the spectrally separated dot PL intensity is still 

too weak to generate an efticient sum frequency signal above the noise level of 

photomutiplier tube. Similar measurements in quantum well structures usually 

employ 10  or more identical quantum wells. A multiple layer quantum dot sample 

with a bright PL comparable to the multiple quantum well samples are required. 

Instead of focusing on the dynamics of photoluminescence, pump-and

probe spectroscopy is used to study the ultrafast absorption dynamics in the 

quantum dots. The pump-and-probe experiment utilizes the Pauli exclusion 

principle that the absorption of the material is proportional to the number of empty 

states available. As the initial carriers generated by the pump pulse recombine, the 

time dependent change in the absorption of the subsequent probe pulses will reflect 

the carrier dynamics in the material. A schematic diagram of the pump-and-probe 

spectroscopy experiment is shown in Figure 5.2. 

An 80 MHz. tunable, and passive modelocked Ti:sapphire laser pumped 

with an Ar+ laser is used to generate the 120 fs pump and probe pulses. To remove 

the effect of sample heating, a pulse picker is used to reduce the repetition rate of 

the laser pulses to I MHz. The laser pulses are split into the pump and the probe 
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pulses. Time resolved absorption dynamics are obtained by varying the linear time-

delay between the pump and the probe pulses using a Klinger stepping motor delay 

stage. A 5 cm graded index lens is use to focus the pump and probe pulses onto the 

sample in a non-collinear configuration. To avoid the detection of the pump pulses, 

cross polarizations are used between the pump and probe pulses. The residual 

pump pulses are tiltered using a polarizing beam splitter cube, and the transmitted 

probe pulses are detected using a silicon photodiode. 

Reference Probe Pulse 

Sample in Cryostat 
Balanced 
Detectors 

and 
Lock-In 

Amplifier 
Polarizing ___ .. 
Filter 

Modelocked 
Ti:sapphire Laser 

Delay Stage 

Pump Pulse 

Pulse Picker 

1J2 plate 

Polarizer 

Chopper 

Figure 5.2 The schematic of the pump-and-probe experiment 
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The weak absorption associated with the small volume of the quantum dots 

requires us to design a detection scheme with an extremely high signal to noise 

ratio. The pump induced change in the transmission of the probe pulses though the 

quantum dot sample is detected using a balanced optical bridge circuit to reduce the 

laser noise. The detected signal is amplified using both a pre-amplifier and a digital 

lock-in amplitier. 

5.6 InAs/AIGaAs Quantum Dot Sample 

For the transmission studies. a thin mm quantum dot sample and a reference 

sample are prepared. The samples are mounted onto a 3 mil thick transparent fused 

silica glass slide using cryogenic epoxy. The GaAs substrate and the GaAs cap 

layer are removed using standard wafer lapping and wet etching techniques. The 

thin tilm is held on a liquid helium cold fmger cryostat during the experiments. 

The quantum dot sample structure is shown in the Figure S .3a. An 

Alo.3Gao.7As separate continement structure is used to increase the continement 

energy of the InAs quantum dots. Unlike the InAslGaAs. the energy levels in the 

InAsl AlO.3GUo.7As quantum dots are near 800 nm. at wavelengths matched to the 

ultrafast laser system. The spectrum of the pump and the probe pulses is indicated 

in Figure S .3b.  

To extinguish any possible effects due to the different growth conditions. a 

reference sample with only the wetting layer is obtained from the same wafer as the 

dot sample. The wafer is grown by suspending the substrate rotation during the 

deposition of InAs monolayers. A variable dot density is achieved (see Figure 

3 .7a) . The obtained wetting layer reference sample has the identical growth 
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condition. but without the quantum dots. The low temperature photoluminescence 

of the InAsl Alo.,GUo.7As quantum dots is shown in Figure 5.3b. 

1 600 A 

AIGaAs 

InAs 
x=O.3 

Dots 
- - - - - -

AIGaAs 
x=O.3 

1 600 A 

I 
Transparent Epoxy 

I 

3 mil Fused Silica Slide 

50% AlGaAs 50% AlGaAs 

1600 A 2000 A. 2000 A. 

30% AIGaAs 30% AlGaAs 

InAs Dots 

Figure 5.3a Prepared sample structure for the pump and probe 
experiment. Figure is not drawn to scale. 
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Figure 5.3b Photoluminescence spectra of InAsl AlO.3Gaa.7As 
quantum dots. The spectral position of the pump and probe pulses is 
indicated. 

5.7 Two-Photon Absorption in the AIGaAs Barrier 

Figure 5 .4 shows the low temperature (10 K) pump induced probe 

transmission changes of the rnAsi Alo.3G<to.7As quantum dot sample and the wetting 

layer reference sample. Several pump excitation intensities are used. A fast two-

photon absorption signal is observed when the pump and probe pulse overlap at 
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zero time delay. The strength of this signal depends linearly on the pump intensity 

as shown in Figure 5.5. 
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6 

Figure 5 .4 Low temperature pump induced probe transmlSSlOn 
changes of the rnAsi AlGaAli quantum dots and the reference 
sample. Pump intensity = 1 mW and probe intensity = 0. 1  mW. 

This observation  is in contrast with the nonnal understanding of two-photon 

absorption process where the popUlation of the generated carrier is proportional to 
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the square of the photon number. To explain this un-intuitive observation, the 

dynamics of the pump-and-probe measurement need to be understood. The rate of 

......... 
� "-' 
c: 1 m  
0 . -en en 
·s en I I I .... c: � - / E-
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c: 
� 

.c: 
U -0. 2  -0. 1 0 .0 0. 1 0 .2  0 .3  0.4 0 . 5  

probe delay time Cps) 

Figure 5.5 Two-photon absorption transient vs. intensity of p ump 
pulse. A linear dependence is observed. 

carriers absorbed by the sample due to the two-photon absorption of the pump and 

the probe pulses can be expressed as 

(5. 1 )  
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where Vg is the group velocity of the light and f3 is the two photon absorption 

coefficient. L\t is the time delay between the pump and probe pulses. When the 

effect of the pump modulation is applied to Equation 5. 1 .  the induced changes in 

the carrier population is 

!.!... MI = .!.!.../IN I -!.!.../IN I 
dt TPA dt TPA pump dt TPA pwnp on off 

= vgf3(Ipwn/ (t) + 2Ipump (t)Iprob� (t + L\t») 
(5.2 )  

The intensity reduction in the transmitted probe pulses due to the two-photon 

ahsorption is derived from the second term in Equation (5.2). 

M'''()'J� = -2hltJv/31 pump (t)! prob,, (t + Ilt) (5.3) 

Thus. contrary to one' s intuition. the measured changes in the probe transmission 

does not depend on the square of the pump pulse intensity. The observed linear 

dependence o f  the two-photon ahsorption of the prohe pulses on the pump intensity 

is not surprising afterall. 

The strong two-photon absorption signal is unlikely due to the quantum 

dots because their small absorptive volumes. Since the identical behavior is 

observed in the reference sample where no quantum dot is present. the two-photons 

ahsorption process is assigned to the surrounding AlGaAs barrier. A similar two

photon ahsorption from the AIGaAs waveguide is also found hy Zaitsev et at. 

( [ 997) . 
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5.S Transient Absorption at Low Temperatures 

In Figure 5.4, for all pump intensities, the pump induced change in the 

probe transmission becomes saturated after 2 ps. Besides the fast transient 

associated with the two-photon absorption, a fast rise is observed at a high pump 

intensity. The instantaneous rise of the absorption is the evidence of the states 

tilling eftect in the quantum dots. A slower risetime is observed for the lower 

pump intensity. 

t = 0  t >  0 

_ .  NTPA 

-+-4-..t- - - _ .  NSPA 

Figure 5.6 Schematic model of the pump-and-probe dynamics in 
the quantum dots. Initial carriers are generated by two-photon and 
single-photon absorption processes. At t > 0, the relaxation of 
carrier generated from the two-photon absorption will increase the 
carrier density in the dots. 
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The simple state filling effect can not explain this non-instantaneous behavior. The 

slow rise in the transmission of the probe pulses indicates the number of the carriers 

in the quantum dots is increasing slowly. Since this occurs without the presence of 

the pump pulses, single photon absorption process can not be responsible. The 

only other source of carriers besides the single photon absorption is from the two

photon absorption process. At a low pump intensity where not all the states in the 

quantum dots are filled by the direct absorption, the empty states will be filled 

slowly by the carriers relaxing from the surrounding AlOaAs barrier (Figure 5.6). 

Since the absorption of the probe pulses is directly proportional to the 

number of empty states available, the measured change in the transmission of the 

probe pulses is a direct retlection on the carrier population N DolS in the quantum 

dots. A set of rate equations is developed to model the effect of single-photon 

absorption (SPA) and two-photon absorption (TP A) on the carrier dynamics in the 

quantum dots, 

d ( )2 NTPA -NTPA = Vg� Ipump(t) + lprobe(t +At) - -�""--
dt 't relaxation 
d N (I ( ) I ( A )) NTPA N Docs - Dots = V ga plU1Ip t + probe t + ut + -......... ..-...-
dt 't relaxation 't radiative 

(5.4) 

where a is the carrier density dependent absorption coefficient for the single 

photon process. The density dependence of a can be approximately expressed as 

a = au( 1 - N;;s ) N Dors < aA 

= 0 N Duls >= aA 
(5.5) 
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where (J is the dot density and A is the area of the probe pulse. Equation 5.5 IS 

required to properly model the absorption saturation observed in Figure 5.4. 

In Equation 5.4, the carriers are depleted from the quantum dots states only 

through radiative recombination. The carner population generated from the TPA 

and SPA processes are coupled together by the carrier relaxation time from the 

higher energy state to the quantum dot state. Thus, by analyzing the slow risetime 

in the low pump intensity case, a measurement of energy relaxation time is 

ohtained. 

Figure 5.7 plOl<; the solutions of Equation 5.4 vs. the time delay I1t 

hetween the pump and the probe pulses. Parameters used in the simulation are listed 

in Tahle 5 . 1 .  A carrier relaxation time of O.5±O.06 ps is obtained. 
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Figure 5.7 Comparison of the measured change in the probe 
transmission with the fit to the rate equation modeL A carrier relaxation 
time of 0.2±O.09 and O.5±O.06 ps is obtained from the curve fit for the 
excitation intensities of 100 mW and 1 mW. respectively. 

5.9 Temperature Dependent Effects 
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As the sample temperature increases. the absorption response remains a fast 

nse for the case of high pump intensities. This indicates the instantaneous 

absorption process is independent of temperature. However. at a low pump 

intensity where the effect of the two-photon absorption is dominant. the risetime 

becomes longer as the sample temperature rises (Figure 5.6). A retarded carrier 
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relaxation occurs at higher temperatures. This slow relaxation is understood in a 

similar picture as the radiative decay process in the quantum dots. At high 

[emperatures, the increased phonon scattering will increase the motion of the 

carriers on the AlGaAs barrier. Only carriers with zero momentum are allowed to 

relax into the quantum dots. 

A 
area of probe beam spot l /lm2 

(j dot density 101 1  cm-2 

13 two-photon absorption coefficient 6x l O·n m-2 

Vg group velocity 8 .3x W7 mls 

n index of refraction 3 .62 

tr:uliative radiative lifetime 700 ps 

trclaxalioD carrier relaxation time O.5±O.06 ps  

Table 5 . 1 Parameters used in  the rate equation analysis (Figure 5_7). 
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Figure 5.8 Probe transmission transient vs. sample temperatures. 
Slower risetimes are observed at higher temperatures. The risetime 
vs. temperature is plotted in Figure 5.9. 
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Figure 5.9 Probe transmission risetime vs. sample temperature. The 
increase in the risetime of the probe pulse absorption at higher 
temperatures is attributed to the enhanced carrier-acoustic phonon 
interaction. 

S. 10 Does Phonon Bottleneck Exist ? 

The phonon bottleneck theory of Benisty et al. ( 1991) is solely based on 

the reduction of La-phonon scattering rate in quantum structures (Figure 5. 1 b). A 

reduced PL efficiency is predicted for the quantum dots. Figure 5. l Oa compares the 

integrated PL efficiency of InGaAslGaAs quantum dots with the theoretical 

prediction of Benisty et al. ( 199 1 ). Since only the relative scale is used in their 

theory. the dot PL efticiency is normalized to the reference quantum well PL. Our 
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result show that the PL efficiency of the quantum dots are similar to that of quantum 

well. indicating that other relaxation processes besides carrier-LO phonon scattering 

are important. 

20 nm 

- - - - -

quantu m 
w i r e  

1 00 nm 

quant um 
dot 

500 nm 
Figure 5. 1 Oa Theoretical prediction of phonon bottleneck from 
Benisty et al. ( 199 1). A reduction of PL efficiency is predicted for 
quantum dot structures. The PL efficiency is comparable for the 
quantum dot and quantum well in our measurements, indicating that 
the carrier relaxation in the quantum dot is not dominant by the effect 
of phonon bottleneck and other relaxation processes are important 

Other theoretical calculations of carrier relaxation time in quantum dots have 

been developed based on Auger related Coulomb scattering (Bockelmann and 

Egeler. 1992; Efros et al.. 1995). deep level tunnelling (Sercel. 1995). ripple effect 

due to carrier-acoustic phonon scattering (Knipps, 1996). Figure 5. lOb compare 

the measured carrier relaxation time with the theoretical calculation of Bockelmann 



148 
et at. ( 1992). Our measurements show a good agreement with the scattering rate 

calculated using Auger-like processes, indicating that Coulomb scattering may be 

the dominant carrier relaxation process. Similar calculations have also been carried 

out by Efros et al. ( 1 995). Manybody renonnalization of Coulomb scattering 

process in quantum dots can induce a rapid transfer of the electron energy to the 

hole energy in the valence band. Under this scattering mechanism, the electron 

thermalization time can be as fast as 2 ps in CdSe nanocrystal (Efros et aI., 1995). 

...-.. ,... 
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-
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I 

20 60 1 00 
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Figure 5. lOb Theoretical calculation of carrier scattering rate in quantum 
dots using Auger-like Coulomb scattering processes (Bocklemann and 
Egeler, 1 992). Various screening mechanism is compared in the 
calculation. The carrier relaxation rates measured in this chapter is in a 
good agreement with the calculation, indicating that Auger-like 
processes may be the dominant carrier rela.xation in quantum dots. 
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5. 1 1  Summary 

The study of absorption dynamics in the quantum dots is complicated by the 

intrinsic small volume of the dots. The extremely high sensitivity is required to 

observe the transient signal above the noise level. Due to the small absorption in the 

dots, two-photon absorption strongly affects the carrier dynamics in our 

measurements. The relaxation of carriers from the two-photon absorption is 

analyzed using a rate equation model. Comparing the published theoretical results 

for quantum dot (Bockelmann and Egeler. 1992). a fast carrier relaxation time of 

O.5±O.06 ps is found in the InAsl A1o.sG<lo.sAs quantum dots. This relaxation time is 

as fast as the electron thermalization time in quantum wells measured by Knox et at. 

( 1985). Due to a simple momentum conservation requirement. the effect of phonon 

scattering will retard the carrier capture process at higher temperatures. 

Even though the relaxation time measured in the InAsl A1GaAs quantum dots 

contradicts the theoretical prediction of phonon bottleneck (Benisty et al.. 1 99 1 ) . 

the bottleneck effect may still be important in other dot structures and materials. The 

fast relaxation time may be attributed to the Auger-like scattering processes in 

quantum dots (Bockelmann and Egeler. 1992; Efros et al. • 1995). Higher quality 

samples with multiple layers of quantum dots are needed to clarify further the 

relaxation mechanism in self-organized quantum dots. 
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Chapter Six 
Radiative Recombination in 

GaSb Quantum Dots 

6. 1 Introduction 

153 

The discussions In the previous chapters have been focused on the 

properties of the spatially direct excitons in the nested band alignment quantum 

dots. In the nested band alignment heterostructure, both the conduction band and 

the valence band of the quantum dot material are nested within the bandgap of a 

wider-gap barrier material. Electrons and holes are spatially confmed together 

within the quantum dots. This spatial confmement of electrons and holes may be 

modified when a different band alignment is introduced. In a staggered band 

alignment quantum dot. either the conduction band or the valence band is lying 

outc;ide the bandgap of surrounding material. The spatial separation of electrons and 

holes is a fundamental feature of the staggered band alignment heterostructure 

(Figure 6. 1 ) . 

In a two dimensional heterojunction with a staggered band alignment. 

electrons and holes are localized in self-consistent quantum wells at the interface. 

The quantum wells are induced by the field between the spatially separated charges. 

Two distinct phenomenon are observed in the staggered band alignment 

heterointerface. First, radiative recombination can occur across the heterojunction 

via tunneling. Long radiative lifetimes and small exciton binding energies are the 
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result of a decrease in the optical matrix element due to a reduced wavefunction 

overlap. Second. due to the self-consistent nature of the quantum well potentials. 

the emission energy of the staggered heterojunction is strongly influenced by the 

carrier density and the external electric field. These two properties can lead to 

unusual dynamic and recombination properties unlike the nested band alignment 

structures. 

Nested Band Lineup 
Quantum Dots 

GaAslInAs/GaAs 

Ec 

Ev 

Staggered Band Lineup 
Quantum Dots 

GaAs/GaSb/GaAs 

Figure 6. l Schematic illustrations of the nested and staggered band 
lineups. The "-" and "+" indicate the spatially positioned electron 
and hole. 

These similar recombination dynamics may be expected from quantum dots 

with a staggered band alignment such as the GaSb/GaAs system. The self-

consistent quantum wells at the heterointerface are transfonned into a spherical shell 

of negative charges in the conduction band and a core of positive charges in the 

valence band. This situation is analogous to an atom. where negatively charged 

electrons surround a positive charged nucleus. 
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Despite this novel concept of the artificial atom. the spatially indirect 

excitons in the staggered band alignment quantum dots have received limited 

attention. Only a few theoretical investigations of excitons in a staggered band 

lineup are reported. Rorison et al. ( 1993) and Laheld et al. ( 1995) have utilized 

variational techniques to gain theoretical understandings of the exciton binding 

energy VS. dot radius and effective masses in a single particle picture. The past 

experimental research in the staggered band alignment heterostuctures have 

involved only heterointerface or quantum well structures. The staggered band 

alignment heterojunctions have been extensively studied in the GaInAsSb/GaSb 

system by Mikhailova and Titkov ( 1994), and the recombination dynamics in the 

other staggered alignment heterostructures have also been thoroughly reviewed by 

Wilson ( 1988). 

The lack of experimental research on these dots is mainly attributed to the 

absence of the staggered dot materials. With the recent advances in the growth of 

the self-organized quantum dots, the staggered band-lineup dots have become a 

reality (Sun et at. 1996; Benett. et al. , 1996; Hatami et ai. , 1 995). The advances in 

the molecular beam expitaxy (MBE) growth of the self-organized quantum dots 

have produced small coherent GaSb islands embedded in GaAs. With a giant 

valence band offset (Ledentsov et at. , 1995), the GaSb/GaAs quantum dot system 

created an excellent opportunity to study the properties of spatially indirect excitons 

in the quantum dots. 

In this chapter, the experimental and theoretical investigations of the carrier 

dynamics in the GaSb/GaAs quantum dots are presented. In Section 6.2, the MBE 

growth of the GaSh quantum dot samples is summarized. The sample structures 
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and the associated photoluminescence are introduced. The time-correlated single 

photon counting (TCPC) technique is described in Section 6.3. TCPC is utilized to 

measure the nanosecond recombination dynamics of the spatially indirect transition. 

In Section 6.4, the unusual recombination dynamics of the staggered band 

alignment quantum dots are presented. The transition from the spatially indirect to 

the spatially direct exciton is investigated using a sample with a higher confmement 

energy. In Section 6.5 and 6.6, a space charge model is developed to explain the 

observed dynamics. Numerical solutions are obtained by solving the self-consistent 

Poisson-Schrodinger equations in the GaSb/GaAs quantum dot structure. 

6.2 GaSb/GaAs Quantum Dot Samples 

The GaSb/GaAs quantum dots studied in this chapter are grown on semi-

insulating GaAs ( 100) at 530 OC using MBE. The samples are grown by Bobby 

B rar and Richard Blank.To avoid the replacement of the antimony atoms by the 

arsenic atoms at the dot interface, a lower temperature (460 °C) is used during the 

overgrowth of GaAs capping layer. Unlike the InAs/GaAs quantum dots, where the 

difference between the group III elements (In and Ga) is responsible for the 

formation of the dots, the different group V elements (Sb and As) contribute to the 

growth of the GaSb/GaAs dots. Even though the underlying growth mechanism 

m ay be slightly modified (Bennett, 1996), a dot structure similar to the InAs/GaAs 

quantum dot described in Section 1 . 3  is obtained. 

Figure 6.2 shows an atomic force microscope (AFM) image of the 

GaSb/GaAs dots without the GaAs capping layer. With 1 .4 monolayers of GaSb 

deposited during the dot growth, a dot density of 3 .7x 1 09 cm-2 is obtained. The 



157 
average dot height is 10 nm. and the average diameter is 84 nm with a standard 

deviation of 7 run. Although the GaSb dot diameter is larger than the InAslGaAs 

- l 00 nm 

Figure 6.2 Atomic force microscope (AFM) image of the 
GaSb/GaAs dots. Dot density shown is 4x 109 em .2. The average 
dot height is 10 nm. and the average diameter is 84 nm. 

quantum dots. the actual size during the growth may be smaller due to the 

interdiffusion of Sb with As atomS on the surface (Bennett. 1996). 

Three sample structures are designed for the optical study (Figure 6.3) .  

Sample A consists o f  GaSb dots surrounded by bulk GaAs. In Sample B. GaSb 

dots are surrounded by a digitally alloyed Alo.sGClo.sAs superlattice. In Sample C .  

GaSb dots are grown in the center of a 15 run GaAsl Alo.sG<lo.sAs IGaAs quantum 

well. Staggered band alignments are expected in Sample A and C. while Sample B 

is expected have a nested band alignment 
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Sample Structures Expected Band Offsets 

A 

B 

GaSb 
Dots 

c 

GaSb 
Dots 

- - - - -

GaAs 

GaAs 

GaAs 

• GaSb 
Dots 

200 nm 

- I  
15 nm 
QW 

Ec 

Ev 

Ec 

Ev 

Ec 

Ev 

Figure 6.3 Three different GaSb/GaAs quantum dot sample 
structures used in the experiments. 
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The low temperature photoluminescence spectra of these samples are shown 

in Figure 6.4. The photoluminescence CPL) of the Sample A is centered near 1 . 3  

eV. Compared to the bulk GaSb, this large shift in the emission energy is attributed 

to the significant hydrostatic band shift due to the large compressive strain between 

the GaSb and GaAs crystal. A smaller effective size may also occur due to the 

intermixing of antimony and arsenic atoms on the surface during the GaAs 
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Figure 6.4 Photoluminescence spectra of Samples A, B ,  and C. 
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overgrowth. Higher emission energies are observ ed in Sample B and C. These blue 

shifts are the result of the enhanced quantum confmement fro m  the surrou nding 

AlGaAs super lattice. 

6.3 GaSb/GaAs Photoluminescence Energies 

Figure 6.5 il lustrates the effects of strain on the conduction and the valence 

hand edges for the GaSb/GaAs heterostructures. The calcu lation is based on the 

mo del-so lid theory p resented by H erring et al. ( 1955), K ey es ( 1967), and Van de 

Walle ( 1988). The large valence band offset in the relaxed GaSb/GaAs is attributed 

to the large spin-orbit sp li tting in the GaSb. The biaxial strain occurs in the 2D 

GaSb/GaAs quantum wel l. The presence of a biaxial strain will sp lit the energies 

levels of the heavy hole and the light hole, pushing the heavy ho le  energy level of  

the G aSh higher fro m  the relaxed v alue. Le dentsov et at. ( 1996) have shown that 

the calc ulated hand structures due to the biaxial strai n  underesti mated the measured 

PL emission energies in the thin GaSb/GaAs heterostructures. An idealized 

isotropic strain is assumed for the quantum dots. In this case, the large hydrostatic 

shift of the GaSb band edge is  attribu ted to the large volume dilation (Equation 

2 .5 ) .  

Figure 6.6 shows the calculated PL emission energies for the GaSb/GaAs 

4uantum dots with different thicknesses and widths. The assumption of an isotrop ic 

s trai n yields a reasonable agreement with the measured PL. Fo r the quantum do t 

with a l ateral diameter of 84 nm, the effect of the lateral confmement is absent. The 

variation in the dot PL energies is completely attributed to the fl uctuation in the do t 

thic kness. The measured PL emission energies are higher than the expected value. 
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This discrepancy may be attributed to the extremely simplified assumptions of the 

dot geometry and the uniform strain. Other source of errors may due to the break: 

down of the model-solid theory in the high strain regime. 

The calculated band alignment (Figure 6.5) for the quantum dot presents an 

unexpected disagreement for the assumed nested band lineup in Sample B (Figure 

6.3) .  The calculated GaSb conduction band edge is higher than the value for the 

Alo.5G aU.5As. This confusion in the band alignment of the GaSb! Alo.sG<lo.sAs 

quantum dots will be discussed in Section 6.6. 

R 
1.(16 

0. 1 
Ec � t GaSb 

1 .52 eV 

R 1 .03 + GaAs Jo3L Ev 

Relaxed Biaxial Strain Isotropic Strain 
Bulk Quantum Well Quantum Dot 

Figure 6.5 Calculated GaSb!GaAs band alignment schemes for 
different strain situations. Calculated band offsets are indicated. All 
numbers are given in eVe The calculation is based on the model
solid theory (Van de Walle. 1988). 
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Figure 6.6 Calculated electron-hole transition energy for 
GaSb/GaAs quantum dot for various dot thickness and width. 
Isotropic strain is assumed. A flat, square quantum box model is 
used (see inset of Figure 2.4). The shaded area indicates the 
measured PL energy and dot diameter distribution. The circle 
indicates the average dot size measured from AFM. 

6.4 Time-Correlated Single Photon Counting 

The radiative decay rate of exciton is directly proportional to the 

wave function overlap between the electron and hole. For the spatially indirect 

exciton in the staggered band alignment quantum dot. the reduced wavefunction 

overlap will yield decay time longer than the spatially direct exciton. The maximum 

time range of the streak camera ( 1 2  ns) is insufficient to study the radiative 

dynamics in the GaSb/GaAs quantum dots. Instead. time-correlated single photon 
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counting (TCPC) technique (O'Conner and Philips, 1984; Fouquet, 1984) is 

employed. 

The single photon counting measurement relies on the concept that 

photoluminescence decay is fundamentally a statistical process. By accumulating 

the time delays between the excitation pulses and the emission of a single 

photoluminescence photon. a probability distribution of the photoluminescence 

decay is collected. The measurement of the time delays between the excitation pulse 

and the luminescence photon requires the use of a time-to-amplitude converter 

(T AC). The trigger signal from the excitation pulse initiates the charging of a 

capacitor within the T AC. This charging process is terminated when a single 

photoluminescence photon is detected. The time delay between the two p ulses is 

measured from the voltage of the capacitor. This delay time measurement is 

repeated until enough samples are collected to obtained a reasonable signal to noise 

ratio in the distribution. The relationship between the signal to noise is governed by 

Poisson statis tics. where the noise is proportional to the square root of the collected 

sample numher. 

The schematic of the TCPC measurement setup is shown in Figure 6.7. The 

system is driven by a Ti:sapphire regenerative amplifier with a pulsewidth of 1 ps 

and a repetition rate of 250 kHz, allowing us to measure decays as long as 4 Ils. An 

excitation wavelength of 800 nm is selected to avoid generation of carriers in the 

AlO.sGao.5As superlattice barrier, where the slow and the indirect k-space transition 

may fe-excite the quantum dots. To ensure the proper temporal correlation of 

excitation and luminescence pulses, a passive delay (Princton Model 792) is used to 
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Figure 6.7 Time-Correlated Single Photon Counting (TCPC) setup. 
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adjust the timing position of the trigger pulse. A Hamamastu R2809 Micro Channel 

Plate photo multiplier tube (MCP-PMT) with a S-1 response is used to detect the 

photoluminescence photon. A fast amplifier (EG&G VT100) and a discriminator 

(Tennelec TC 454) are used to amplify, shape and filter the signal. A multichannel 

analysis software running on a PC is used to analyze the output of the TAC (EG&G 

Ortec 457). The overall time resolution of TCPC system is 250 ps, which is limited 

from the transient time spread of MCP-PMT and the timing jitter in the detection 

electronics. 

6.5 Dynamics of the SpatiaJly Indirect Excitons 

The time-resolved photoluminescence of Samples A, B, and C are shown in 

Figure 6.8.  For the GaSb/GaAs quantum dots (Sample A), unlike the InAslGaAs 

quantum dots, a slow photoluminescence decay is observed. The decay is not a 

single exponential but exhibits two time constants of 8 ns and 30 ns. This 

measured liletirne is longer than the radiative lifetimes of 600 ps from a spatially 

direct GaSb/AlSb quantum well (Cebulla et aI., 1987) and 700 ps from the 

InGaAslGaAs quantum dots. The measured slow decay is attributed to a reduced 

electron and hole wavefunction overlap, resulted from the staggered band 

alignment 

For Sample C, a similar slow and two-exponential luminescence decay is 

observed. The 150 A quantum well provides a better confmement of electrons in 

Sample C. A brighter PL intensity and faster time constants of 7.5 ns and 23 ns are 

obtained from the curve fit 
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Figure 6.8  Time-resolved photoluminescence of Sample A, B, and 
C. A fast decay is observed in Sample B. 

6.6 GaSb/Alo.sGao.sAs Quantum Dots 

While extremely slow decays are observed for Sample A and C, the 

GaSb/Aln.sG<lo.5As Sample B exhibiting a fast decay, limited by the TCPC system 

resolution. The streak camera measurement of Sample B indicates a single 

exponential decay time of 1 .5 ns. This fast decay time is comparable to the 

InAs/GaAs quantum dots discussed in the previous chapters. In contrast to Sample 

A and C, this fast decay may suggest that a nested band alignment exists in the 

GaSbl Alo.sG<lo.sAs quantum dots. where both the electrons and holes are spatially 

confined together. 

The band alignment suggested from the measured time-resolved 

photoluminescence and calculated using model-solid theory is shown in Figure 6.9. 
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The evidence of a fast TRPL decay indicate that the large conduction band off est 

calculated from the model-solid theory may be incorrect Our extremely simplified 

assumption of a uniform strain in dots may be invalid in this large strain case. 

Two possible band alignments for GaSb! A'o.sGao.SAs Quantum DOLe; 
Model-Solid Theory Or TRPL 

Ec 

AJo.sGaO.sAs GaSh 
G"" 384 meV T 

1 .3 e V  -r 
- -

1.63 eV 1.63 eV 

1 I .r eV 1 1 2.14 eV & �_t_� �  + 
Figure 6.9 Band alignment analysis between the GaSb!GaAs and 
GaSb! Alo.sG<lo.sAs quantum dots. The measured emission energy of 
1 .63 eV from Sample B can result from either spatially direct or 
spatially indirect band alignments. 

6.7 Electron and Hole Wavefunction Overlap 

To understand the slow, non-exponential of luminescence decays from the 

spatially separated electron and hole, the nature of the self-consistent electron and 

hole potentials needs to be carefully considered. The spatially separated charges are 

confined in the heterointerface due to the Coulomb attraction. The overlap between 

the spatially separated wavefunction at the heterointerface will detennine the 

radiative decay rate. During the initial decay, a larger tield associated with the high 
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charge density pulls the electron and hole wavefunctions closer together. The 

enhanced wavefunction overlap will lead to a faster decay time. As the charges are 

depleted from the heterointerface, the self-consistent field is reduced. Electron and 

hole wavefunctions become further apart, producing a slower radiative decay time. 

The time dependent wavefunction overlap is modeled by including the 

Coulomb interaction between the spatially separated charges. Using the effective

ma.�s treatment, the Hamiltonian for the GaSb/GaAs system is written as 

, , 

H =  P; + Pi. + V,, ( r,, ) + Vh ( rh ) - ecf>cou/omb(r,, - rh) , (6. 1 )  
2m" 2mh 

where V" and V" are the bare potentials for the conduction band and the valence 

band, calculated from the model-solid theory (Figure 6.5). The self-consistent 

Coulomb potential <t» is obtained by solving the Poisson Equation 

where N is the number of charge pairs involved, and I{F" and I{Fh are the 

wavefunctions of electron and hole. Self-consistent solutions are obtained by 

numerically integrating the above Poisson-Schrodinger Equations across the GaSb 

quantum dot structure. 

Figure 6. 10 a and b show the electron and hole wavefunctions calculated for 

Samples A and C, respectively. The solutions are shown for the cases of N=l ,  5 ,  
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Figure 6. l Oa Electron and hole wavefunctions calculated for the 
Sample A. The solutions are obtained for the cases of N= 1 ,  5, and 
1 0, where N is the number of charge pairs involved. Spherical dot is 
assumed in the model. The effect of the graded composition in 
ignored. 
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Figure 6. lOb Electron and hole wavefunctions calculated for the 
Sample C. The solutions are obtained for the cases of N=l ,  5, and 
10, where N is the number of charge pairs involved. Spherical dot is 
assumed in the model. The effect of the graded composition in 
ignored. 



1 7 1  

and 10 .  An increased wavefunction overlap is observed for a higher charge density, 

supponing the measured non-exponential time decay. Due to the confmement of 

electrons in the 1 5  nm quantum well, a larger electron and hole wavefunction 

overlap is obtained for Sample C. This calculation concurs with the observed 

decays in Figure 6.8. 

6.8 Intensity Dependent Photoluminescence 

As the carrier density increases at the GaSb/GaAs interface, a steeper 

confinement potential is induced due to the larger number of the space charges. The 

effect of a steeper potential will increase the electron quantization energy. This 

effect is clearly observed in the intensity dependence PL as shown in Figure 6. 1 1  a. 

With an increased excitation intensity, the PL peak shifts toward a higher energy. A 

similar blue shift from the GaSb heterostructures is also observed by Ledentsov et 

al. ( 1995) and Glaser et at. ( 1996). 

Figure 6. l la The photoluminescence of GaSb/GaAs quantum dots 
at various excitation intensities. The blue shift of the emission 
energy is the evidence of the space charge effect 
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Figure 6. 1 1  b PL peak energy dependence on the cubic root of the 
excitation density. 

Ledentsov et at. ( 1995) have suggested that the shape of the Coulomb 

potential may be approximated using a triangular quantum welL The quantization 

energy of  a triangular quantum well varies linearly with the cubic root of the 

excitation intensity (Weisbuch and Vinter, 199 1 ). In Figure 6. 1 1 b, the self-

consistent quantization energies obtained from the Poisson-Schrodinger Equations 

are compared to the measured energy shifts in the PL spectra. Good agreement is 

obtained at low excitation intensities. At high intensity a larger shift is predicted 
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from the calculation. This discrepancy between the theory and the experiment may 

be attributed to many body effects such as charge screening. The eftect of the 

screening can reduce the range of Coulomb potential. The cubic root dependence on 

the excitation density is valid only for high pump intensity, where the triangular 

potential may be a better approximation for the steeper Coulomb potentiaL 

6.9 Space-Charge Dynamics 

The observed non-exponential decays in Sample A and C require careful 

consideration of the space charge dynamics. The overlap between the electron and 

hole wavefunctions are modeled by considering the dependence of Coulomb 

potential on the charge density. Since the radiative decay rate is proportional to the 

square of electron and hole wavefunction overlap, the time dependent carrier 

density or the PL intensity may be expressed as, 

tin n , 
- = -- oc n x overlap- (n) 
tit r(n) 

(6.3) 

where the dependence of wavefunction overlap on the carrier density is obtained by 

considering the Poisson-Schrodinger Equations for the different number of the 

space charges (Figure 6. 1 2). 

In Figure 6. 13 ,  the numerical solutions to Equation 6.3 is compared to the 

measured TRPL decay at a high pump intensity. Qualitative agreement is obtained 

between the theoretical and the experimental results. During the initial time decay 

where the carrier density is high, a fast decay time is observed. indicating a larger 

wavefunction overlap at the interface. As the camer density decreases, the 
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measured decay rate reduces as the result of a weaker Coulomb potential at the 

interface. 

Number of Charge Pairs 

Figure 6. 1 2  Electron and hole wavefunction overlap as a function of 
the space charge pair. At high carrier density. a larger wavefunction 
overlap can lead to a faster decay rate. 
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Figure 6. 13  Calculated (Equation 6.3) and measured TRPL decays 
for the GaSb/GaAs quantum dots. The calculated curve is offset for 
clarity. 

6. 10 Summary 
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Traditionally, the application of the GaSh materials are limited to 

wavelength longer than 2 �m range. Utilizing the effects of strain, near-infrared 

emission wavelength is achieved in GaSb/(Al)GaAs quantum dots. Optoelectronic 

devices suitable for the telecommunication may be achieved using this novel 

GaSb/GaAs quantum dot material. 
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Although the GaSb/GaAs quantum dots are structurally similar to the 

InAslGaAs quantum dots, their optical properties are distinctly different. The 

spatial separation of the electrons and the holes can lead to an increased radiative 

lifetimes, an intensity dependence of PL emission e nergy, and a non-exponential 

TRPL decay. These results support the staggered band alignment estimated from 

the model-solid theory where luminescence originates from the radiative 

recombination between the spatially separated electron and hole pair. 
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Chapter Seven 

Summaries and Conclusions 

7. 1 Looking at the Present 

The present understanding of carrier dynamics in quantum dots mostly 

derived from theoretical calculations. The contribution of this disseration is to 

provide some inital experimental evidences to justify the existing theoretical 

understanding of quantum dot carrier dynamics. The objective of  this chapter is to 

summarize what we have learned from the previous chapters. Since the present 

research on the carrier dynamics in self-organized quantum dots is incomplete in 

scope and idealized in assumption. open questions and future research opportunities 

will be addressed. 

From the experiments in the previous chapters. we have gained some basic 

understandings of carrier dynamics which are intrinsic to the self-organized 

quantum dots. Section 7. 1 of this chapter will summarize our experimental results. 

Some of the ideas for the future research will be discussed in Section 7.2. Based on 

the dynamic processes we have studied. Section 7.3 of this chapter will consider 

the implication for the design of quantum dot lasers. The effects on optical gain and 

modulation responses will be shown in Section 7.4 and 7.5. respectively. Section 

7.6 will conclude this dissertation by summarizing the design considerations for the 

quantum dots lasers. 
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7.1 .A. Carrier CapturelRelaxation Process: Phonon Bottleneck 

From the photoluminescence efficiency (Chapter 4) and the ultrafast 

absorption spectroscopy (Chapter 5), we fmd that the effect of phonon-relaxation 

bottleneck is not as severe as the phonon-relaxation bottleneck theory (Benisty et al. 

199 1) has predicted. The experimental results have shown that the quantum dot PL 

efficiency is comparable to the reference quantum well, and the measured carrier 

capture/relaxation time is similar to the values reported for GaAs quantum well 

( Knox. 1986). This observed fast carrier capture and relaxation process in the self

organized quantum dot indicates that the dominant relaxation mechanism in the 

quantum dots is still not clarified, and that relaxation processes based on other 

scattering mechansims such as Auger-like processes (Bocklemann et al., 1992; 

Efros et aI., 1995) need to be carefully considered. 

From the temperature dependent radiative lifetime study (Section 4.9), we 

observed a reduction in the carrier-LA phonon scattering, qualitively supporting the 

calculation of Bockelmann and Bastard (1992). 

7.1 .B. Radiative Recombination Process 

From the time-resolve photoluminescence of quantum wells and quantum 

dots. we understand that the observed longer radiaitve lifetimes of the self

organized quantum dots can be attributed to the effect of localization. The radiative 

lifetime of quantum structure is determined by three factors: 1 .  material oscillator 

strength, 2. wavefunction overlap of the electron and hole pair, and 3. the ratio of 

coherence length to the Bohr radius of exciton. By comparing our measurement 

results with the published quantum dot carrier lifetimes (Table 3.3), we understand 
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that the radiative recombination rate in quantum dots is significantly reduced by the 

effect of carrier localization. 

7.I .e.  Thermionic Emission Process 

The temperature dependent study has taught us that the effect of thermionic 

emission is significant. The quenching of PL efficiency at high temperature is 

attributed to the onset of thermionic emission process. From the good agreement 

between our experimental results and theory (Bacher et at. 199 1) .  we understand 

the height of the continement barrier will govern the dynamics of thermionic 

emission process. 

7. 1 .0. GaSb/GaAs Quantum dots 

The study of the spatially indirect exciton in GaSb/GaAs quantum dots 

demonstrated the wide wavelength range of the self-organized quantum dots. 

Traditionally. the application of the GaSb materials are limited to wavelength longer 

than 2 I-Lm range. Utilizing the effects of strain. near IR emission wavelength is 

achieved in GaSb/(Al)GaAs quantum dots. 

A reduction of radiative recombination rate is observed in the GaSb/GaAs 

quantum dots, which is attributed to the spatially indirect exciton induced from the 

staggered hand alignment. A significant space charge effect is seen from the 

intensity dependence photoluminescence and time resolved photoluminescence. At a 

higher excitation intensity. a blue shift of the PL emission and a faster decay is 

measured. This space tield effect may be utilized to construct tunable quantum dot 

devices in the near IR region. 
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7.2 Future Research 

The present research on the carrier dynamics in self-organized quantum dots 

is incomplete in scope and idealized in assumption. There are many un-explored 

areas that can offer future research opportunities. 

A more detailed study of the scattering mechanism in quantum dots would 

require a higher signal-to-noise ratio than the experiment present in this disseration. 

With the improvement of the dot growth control, multiple layers of the quantum 

dots with a brighter PL intensity and a higher absorption may allow us to better 

resolve the PL decay and the absorption dynamics on the femtosecond scale. 

The idealized assumption of isotropic strain in the quantum dots needs to be 

further explored. A proper understanding of the strain profile will be necessary for 

the engineering and design of the quantum dot devices. The heights of conduction 

band and valence band offsets are critical to the carrier dynamics and the optical 

gain of the quantum dot materials. 

The study of the spatially indirect exciton in GaSb/GaAs quantum dots 

demonstrated the wide wavelength range of the self-organized quantum dots. 

Traditionally. the application of the GaSb materials are limited to wavelength longer 

than 2 urn range. Utilizing the effects of strain,  near IR emission wavelength is 

achieved in GaSb/(Al)GaAs quantum dots. The space field effect in these dots can 

be utilized to construct tunable laser in the near IR region. 

Today' s  material research is driven by potential device applications. Novel 

materials like quantum dots are expected to fuel the industry' s thirst for better 

device perfonnance. One of the ultimate goal of quantum dot research is to p rovide 

improved material properties for optoelectronic applications. The carrier dynamic 
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studied in this dissertation will influence the potential device parameters. The rest of 

this chapter will discuss how our understanding of quantum dot carrier dynamics 

will affect the perfonnance parameters of quantum dot laser. 

7.3 Quantum Dot Lasers: Looking into the Future 

Semiconductor quantum dot lasers are expected to have a larger differential 

gain. a lower threshold current CAsada et ai. , 1986), and an improved temperature 

characteristic (Arakawa and Sakaki, 1982). Because many aspects in the fabrication 

of the quantum dot lasers are identical to the quantum well lasers, many research 

groups have already successfully demostrated lasing using self-organized quantum 

dot materials (Table 7. 1) .  

Despite this rapid progress, i t  is clear that the device performance for these 

tirst generation quantum dot lasers is far from the quantum well lasers. In this 

chapter, the implications of the carrier dynamics studied in this dissertation will be 

summarized by investigating the potential and the limitations in the quantum dot 

laser. Section 7.4 will discuss the effect of the carrier capture and emission on the 

optical gain in the quantum dot material. The rapid thermal carrier emission process 

in the quantum dots can lead to vastly different optical gain profiles. In Section 7 . 5 ,  

following the analysis of high speed quantum well lasers, the effect o f  carrier 

transport on the high speed potential of the quantum dot laser will be analyzed. 

Section 7.6 will summarize the design criteria for efficient and wide bandwidth 

quantum dot lasers. 
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Reference T Material Threshold 
Notes 

(K) Ncm2 

Moritz et al. 300 G300.s2Illo.oI8PlInP 23* optical pump 

Zaitsev er al. 300 Ino.sGaosAsl AIo.,sGao.ssAs 15 high lli 

low temperature 
Mirin et al. 300 IIlo.3Gao.,As/GaAs 500 dependent lasing 

wavenegth 

Saito et al. 300 IIlo.sGaosAsI AIo.2SGao.,sAs 5 1 20 veSEL 

Fafard et at. 77  Ino6olAlo36Asl AJo.3Gao.,As 700 visible 

Kirstaedter et aL. 77 InAlGaAs 20 high gain 

* kW/cm- . 

Table 7.  1 The summary of published self-organized quantum dot 
laser results. All references are dated in 1996. 
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7.4 Optical Gain in Quantum Dots 

The expression for the optical gain in semiconductor material is given by 

(Yan. Corzine. and Coldren, 1990):  

(7. 1 )  

where p2 is the Kane matrix element, and p is the reduced density of states. The fc 

and fv are the distribution functions of electrons in the conduction band and holes in 

the valence band. In the bulk and the quantum well materials, the occupation 

probability which minimizes the free energy of the free electron (or hole) gas is 

given by the Fermi-Dirac distribution: 

1 
fn.p = (£-£, )/kT l + e  

(7.2) 

where Er is the quasi-Fermi level in the conduction band or the valence band, 

defined within a continous energy states. In a single quantum dot, since the energy 

levels and the distribution function become discrete, the detinition of the Fermi 

energy and the concept of the free electron gas require careful considerations. 

The Fermi energy (or the chemical potential) of a free eiectron gas is detined 

as Ef == aU/aN, which is the energy change required when adding or removing 

another electron in the next empty state. For a quantum dot with only a single 

bound state. the chemical potential of the quantum dot is given by the energy of the 

continement barrier. Therefore, the occupation probability in a quantum dots is 

simply given by (E-Ef) = (-Llli) in Equation 7.2. 
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The above result can also be detennined analytically from the carrier 

dynamics model of the thennal emission and capture. The occupation probability IS 

obtained by solving the steady state rate equation in a quantum dot 

Jf - = 
l - f _ � _  f 

= 0 (7.3) 

where rratliativ", is the spontaneous emission lifetime, rCaplUTI!' is the carrier capture 

time, and rl!'scape is the thennionic emission time. Assuming the spontaneous 

emission rate is several orders less than the carrier capture rate, an expression for 

f( E) is obtained. 

f( E) = 
1 1 

:= -
I 

+ rCllpnlr� rcaplUre r 
+ l + � X 

(7 .4) 

re�cap� rratlailVl!' r�scape 

Equation (7.4) may be further simplfied by employing the thermionic emission 

theory discussed in Chapter 4 (Equation 4. 1 ). 

f( E) = 
1 

I -tlEII.:T • + e  
(7.5) 

where LlE is the confinement energy of the quantum dot. This result is identical to 

the one obtained from the statistical arguement. From Equation (7.4) and (7.5), two 

distinct carrier distributions can occur in the inhomogenously broadened quantum 

dot ensemble. The optical gain resulted from the two different cases will dictate the 
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device properties of the quantum dot lasers, such as internal quantum efficiency, 

differential gain. spectral position. and temperature characteristics. 

7.4.A Strong Confinement I Low Temperature (e-M/kT « 1)  

For the case of strongly confmed carriers. the gain profIle essentially 

follows the size distribution of the quantum dots (Figure 7 . 1a). Peak gain occurs at 

the maximum o f  the dot size distribution. Since the occupation probabilities are 

identical in all dots. the increase of the material gain requires the filling of all 

quantum dot states. 

No = maximum ground state 
occupancy of all dots 

, " , No , � 

O.8*No 

I O.4*No 

O. l *No 

Energy (me V) 

Figure 7 . 1a Gain spectra vs. carrier density in quantum dots with a 
strong quantum confinement. These theoretical curves is obtained 

from Equation (7. l )  and (7.5), in the limit of e·L\EIkt « 1 .  
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7.4.8 Weak Confinement I High Temperature ( e  -AE/kT » 1) 

For the case of shallow confinement. the effect of the thennionic emission 

will lead to the redistribution of carriers in the quantum dot ensemble. Quantum 

dots with a lower energy will have the highest occupation probability. Figure 7. 1 b 

illustrates the gradual tilling of carriers in the quantum qot distribution. 

No = maximum ground stale 
occupancy of all dots 

I 
l 
, 

\ 

\ No l 
.. 

Energy (meV) 

.. 
.. ..  

Figure 7. 1 b Gain spectra vs. carrier density in quantum dots with a 
weak quantum confinement These theoretical curves is obtained 

from Equation (7. 1 )  and (7.5). in the limit of e·t.\EII.1 » 1 .  
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7.4.C Differential Gain 

The peak gain vs. carrier density from Figure 7. 1 a and b is plotted in 

Figure 7 .2. For the case of the shallow carrier confinement. a higher differential 

gain is observed at lower carrier density. The peak gain saturates once 50 % of dots 

are tilled. Higher gain can only be obtained from the filling of the excited states. 

Unlike the shallow continement case, the peak gain in the strong 

continement case can be reached only when all dots are filled. A higher quantum 

efficiency is obtained from the shallow confmement case. Less carriers are required 

to achieve the threshold condition. 
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I I I I I I I I I I 
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• 

o • 
• 

• Strong Confinement 
o Weak Continement 

I I I I I I 

0.6 0.8 1 .0 

Carrier Density (x No cm-3) 

Figure 7.2 Peak gain vs. carrier density in the quantum dot lasers. 
Solid dots are strong continement case (Figure 7. l a),  and open 
sq uare are the weak confinement case (Figure 7 . 1  b). Higher 
differential gain can be obtained from the weaker continement case. 
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7.5 Transport Effect on Modulation Reponse of Quantum Dot Lasers. 

In spire of the higher quantum efficiency may be obtained from the shallow 

confinement case, the effect of the fast thermionic emission can limit the modulation 

response. Nagarajan et. al. ( 1992) have derived the modulation response for the 

quantum well lasers by considering the effect of carrier transport. 

where 

( 1 J 1 M(w) oc . � � . 
1 + jmrcaprurt! OJ; - or + jWr (7.6) 

(7.7) 

where wr is the resonance frequency, y is the damping factor, So is the photon 

density, go is the differential gain, and e is the gain saturation factor. The transport 

factor X in Equation (7.7) is identical to the occupation probability derived in 

Equation (7.4). Equation (7.6) and (7.7) suggest several potential high speed 

limitations of the quantum dot laser. 

1 .  The roll-off of the frequency response is dependent on the carrier capture 

time in the quantum dot. A servere reduction of 3 dB bandwidth can occur if the 

effect of a phonon relaxation bottleneck is significant 
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2. For the case of a quantum dot laser with a shallow continement. the 

effect of transport will significantly reduce the differential gain and increase the 

spontaneous emission lifetime. resulting in reductions in the 3 dB bandwidth and 

damping factor. 

3. Due to the limited packing density and the small dot volume. the effect of 

the gain saturation may be important at a high photon density. Other possible 

conuihuting effects such as spectral hole burning and carner heating have yet to be 

explored in the quantum dot laser. 

7.6 Quantum Dot Laser Design Considerations 

To properly design the quantum dot laser for its potential application. one 

needs to carefully consider the carrier dynamics presented in the previous chapters. 

The radiative lifetime o f  the carriers in the quantum dots will govern the threshold 

properties of the quant um dot laser. A longer upper state litetime will enhance the 

popUlation inversion and lead to a lower threshold current. The carrier lifetime is 

determined not only from the oscillator strength of the material but also the 

coherence area and overlap of the wavefunctions. 

To minimize the potential bandwidth reduction due to the phonon-relaxation 

bottleneck. a fast carrier capture time may he obtained by selecting the confinement 

energy of the lasing dots to be a multiples of LO phonon energy. 

For the high speed design of the quantum dot laser. one needs to reduce the 

effect of thermionic emission by selecting a larger confinement energy. Because the 
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threshold gain condition requiring the filling of all dots, this isolation of the carriers 

in the quantum dots will increase the threshold current and reduce the quantum 

efficiency. This trade off of threshold current and quantum efficiency can only be 

circumvented by improving the size distribution of the quantum dots. Increasing the 

dot density hy using multiple layers of quantum dots or high packing density can 

only increase the threshold carrier density by creating excess energy levels do not 

contribute to the peak gain. 

For the case of the quantum dot laser with shallow confinement energies, 

the efficient transport of the carriers to the lasing dots can occur due to the fast 

thermionic emission process in the non-lasing dots. A lower threshold and a higher 

l/uantum erticiency may be obtained in CW operation than the larger confinement 

case. In this case, higher material gain can be obtained using multiple layers of dots 

since the excess energy levels above the lasing mode does not need to be tilled. 

Despite the difficulties in attaining an efficient quantum dot laser that is 

comparable to the performance of a quantum well laser, there are other incidental 

adventages associated with the self-organized quantum dot lasers. Because the 

significantly larger strain can exist in the self-organized quantum dot than quantum 

welL a wider wavelength range may be achieved by extending the limits for mistit 

dislocations by lateral strain relief. Quantum dot photolumiescence at 1 .3 JlI11 has 

been demonstrated by Mirin et at. ( 1996) using InGaAs/GaAs materiaL Using 

GaSb/GaAs quantum dots, we have observed 0.9 � light emission. These 

wavelengths cannot be obtained previously from quantum well structures using 

similar materials. The complete spectral range of the seU-"organized quantum dot 

material has yet to be explored fully. The idea of obtaining 1 .3 Jlm light source 
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using only GaAs materials may ease the integration of high speed optoelectronic 

sources with high speed circuits. 

The temperature dependence of lasing wavelength can also be modified 

signiticantly. Mirin et al. ( 1996) have shown that an improved temperature 

dependence of lasing wavelength can be obtained using self-organized quantum 

dots. By halancing the temperature dependent bandgap energy shift with the level 

tilling effect in quantum dots, a nat temperature dependent lasing wavelength can be 

achieved. 

The major improvement in the area of the quantum dot laser will depend 

signiticantly on the growth control and the reduction of size flucutation. Without 

this progress, quantum dot lasers cannot utilize the desired advantage derived from 

the 00 continemenL On the other hand, the broad spectral width of spontaneous 

emission is uncharacteristic among the semiconductor materials. One may utilize 

this large hand width to produce wavelength tunable and modelocked quantum dot 

lasers. 

The future applications of the quantum dot materials are limited only by our 

knowledge of the fundamental physics. With the proper understanding of the self

organized quantum dots, the potential uses of these artificial atoms are only limited 

hy our imaginations. 
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