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ABSTRACT

CARRIER AND EXCITON DYNAMICS 
IN STRAINED SEMICONDUCTOR BULK AND QUANTUM WELLS

bv*

YOSHIHIRO TAJCTGUCm

Thesis Advisor Professor KaiShum

Co-Thesis Advisor : Professor Robert R. Alfano

In this thesis, I have investigated carrier and exciton dynamics in strained 

semiconductor bulk and quantum well samples. In these samples, the band 

structures were altered by a combination of the built-in and/or externally 

applied stresses and the quantum confinement. External uniaxial compressive 

stress on the bulk and QWs at 4 °K tuned the band structures continuously and 

showed effects on transient carrier and exciton dynamics. I have examined the 

photoluminescence kinetics in time and energy domains using picosecond time- 

resolved photoluminescence spectroscopy at 4 to 300 °K sample temperatures. 

Intra-subband carrier and exciton thermalization, and inter-subband scattering, 

cooling, exciton formation, exciton localization to interface islands, and 

recombination processes were investigated by taking into account carrier-earlier 

scattering, carrier- and exriton-phonon interactions, and spontaneous emission



I investigated the hole thermalization and cooling processes at low lattice 

temperatures in 2 tan and 4 pm thick n-type GaAs epilayers grown on Si 

substrates(GaAs/Si), whose valence bands split to heavy and light hole 

subbands due to built-in biaxial tension perpendicular to the growth direction. 

In both samples, I found the hole temperature decreased exponentially with the 

cooling time of 28 ps. The cooling rate of 0.115 m eV /ps was about six times 

smaller than the theoretically expected rate for the LO phonon emission process. 

The slow energy relaxation was attributed to the non-equilibrium LO phonon 

accumulation in the system.

I investigated the electron thermalization and cooling processes in 

Beryllium modulation-doped multiple quantum wells (MQWs) with 40 A and 

188A well widths fabricated on Si substrates. Because of the combined, effects of 

stress and quantum confinement, a light mass hole (lmh) subband located at 

lowest energy in the 188A MQW while a heavy mass hole (hmh) subband 

located at the lowest energy in the 40A MQWs. I determined the electron 

cooling times and rates to be 46±4 ps and 0.2 m eV /ps in the 188A MQW/Si and 

30 ps and 0.2 m eV /ps in the 40A MQW/Si, respectively. The external uniaxial 

compressive stress applied onto the 188A MQW/Si (maximum pressure was 14 

kbar) altered the electron cooling time due to the change in the electron-LO 

phonon interaction through the hole mass.

I also investigated the exciton dynamics in a 188A single QW /Si 

(SQW/Si) under external uniaxial compressive stress (maximum pressure -13  

kbar) and a built-in tensioned GaAsP QWs. The intrinsic 188A SQW/Si under 

uniaxial compression showed a fast and a slow energy relaxation processes.



V

The fast process arises from the exdton-LO phonon interaction and the slow  

process was attributed to inter-subband scattering. In the GaAsP QW, the 

photogenerated carriers were found to form hot excitons within 30 ps and the 

exdtons relax down to the lowest exdton levels through intra- and inter-subband 

scattering within 39 ps to 100 ps depending on the well width, the exdton mass, 

and the lattice temperature. The exdton localization process into the interface 

islands was found to consist of a fast energy relaxation which was attributed to 

acoustic deformation potential interaction and a slow energy relaxation process 

which was attributed to the exdton trapping process to the widest island which 

is considered to be quasi-zero dimensional square wells.
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1

CHAPTER 1 

INTRODUCTION

Cher the past twenty years, electronics and optics have merged into a 

new field called "photonics'. Electronics use various characteristics of the 

interactions between carriers (electrons and holes) and electric field while optics 

uses the wave nature or energy quanta "photons" of light. Electro-optical 

materials for high speed devices such as m-V semiconductor materials, 

especially GaAs and its alloys, are being widely used for ultrafast electronic and 

optical devices because of their large value of mobilities and excellent linear and 

non-linear optical properties.1'7) The major goal of photonics w ill be the 

development of devices operating at higher speed for faster communications, 

computers, and information processing.

The progress in electronics started in 1948 when a semiconductor 

transistor was invented by Shockley. A major advance occurred in electronics 

in 1969 when Esaki and Tsu**) at IBM introduced the concepts of quantum 

confinement and tunneling. When a device size becomes comparable to the de- 

Broglie wavelength of the electron, quantum mechanical effects determine the 

electron energy states and the electron behavior in the device. The quantum 

confinement is the result of the wave nature of the electrons which produces 

discrete energy levels. Quantum devices were realized due to progress
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in thin atomic layer growth techniques such as Molecular Beam Epitaxy (MBE) 

and Metal Organic Chemical Vapor Deposition (MOCVD). A few tens A thick 

heterostructures, quantum  wells (QWs), superlattices, and III-V m aterial 

epitaxy layers can be grown with desired doping, high purity, and monolayer 

accuracy.

In optics, since the invention of the laser by M aim ann in 1960, 

ultrafast laser technology (based on mode-locking and pulse compression 

techniques) was advanced into the femtosecond time region as shown in  Fig. 

1.1. Laser pu lses w ere  reduced  from  ns (nanosecond: 10 '9 s) to fs 

(femtosecond:!O'15 s) from 1960 to 1990. Today, a 6 fs laser pulse duration can
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be obtained in visible to infrared regioa9) A new candidate for a solid state 

femtosecond laser is semiconductor lasers consisting of III-V materials. GaAs is 

a direct band gap material and population inversion can be created between the 

conduction and valence bands. A GaAs laser was developed in 1975 by 

introducing the double-heterostructure fabrication technique.10) The double­

heterostructure consists of a semiconductor active layer sandwiched by 

different semiconductor materials. Since the double-heterostructure confines 

both carriers and photons in the same layer, electronic excitation creates 

population inversion of excited carriers, enhances stimulated emission, and thus 

produces efficient lasing. In a QW structure, since the carrier density of states is 

larger in both the conduction and valence bands and the transition oscillator 

strength is larger than in a GaAs bulk material, QW lasers can have higher gain, 

low threshold, and emits visible light. QW lasers were introduced in 198.111) and 

opened up lower threshold and high energy photon semiconductor laser 

applications.12) Original GaAs heterostructure lasers required high current 

density because of a high lasing threshold while recent QW lasers generate a 

few mW of laser light powered with a regular battery. Recently, 200 fs pulse 

duration has been obtained by using pulse compression technique.

GaAs QW based electronics and optics have been combined to create 

new photonic devices such as GHz modulated lasers, receivers, and analog to 

digital converters on a single integrated circuit. The ultrafast photonic devices 

based on GaAs and InGaAs compounds are utilized especially in optical 

communications with the help of the dramatic progress in optical fiber 

technology. In optical communications, 1 GHz transmission bandwidth has 

been commercialized and a soliton communication experiment which enables a
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THz bandwidth has been carried out successfully with few hundred km of 

dispersion free single mode optical fiber. Using not only the linear property of 

the GaAs QWs but also their non-linear optical property, QW devices direct the 

current and future developments of novel non-linear photonic devices.

GaAs quantum structures enable the creation of excellent electro-optic 

devices. However, this GaAs based technology has some problems to 

overcome. GaAs is a very rare material, the cost of the mass-production of 

photonic devices becomes large. Since if is difficult to grow a larger diameter 

crystal, a commercially available GaAs wafer size is about 3 inch in diameter. 

Therefore, the size of a photonic device is limited. A GaAs wafer is 

mechanically fragile and has low thermal conductivity which shortens the 

device lifetime and raises the quarities of reliability. On the other .hand, Si 

substrates and epilayers are currently used for commercial integrated electronic 

circuits because of their low cost, good thermal conductivity, mechanical 

hardness, and large wafer availability as well as the fact that Si0 2  is an excellent 

electronic insulating compound. Due to these good electronic properties, Si 

based electronic technology was widely used and introduced this computer era. 

Si based photodiode has excellent characteristics for photon detection with a few  

tens ps time response when a p-i-n junction is fabricated. As a reversed bias 

voltage is applied to the veiy thin intrinsic Si layer sandwiched by the n- and p- 

type doped silicon layers (diode structure), the carriers photogenerated in the 

depletion layer is collected rapidly by the electrodes deposited on both the n- 

and p-type layers. The thinner the depletion layer, the faster the response time 

of the photodiode. Since Si is an indirect band gap semiconductor material, it is 

difficultto make a light emitter such as a laser and a modulator using Si based
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material at this time. To obtair an optical transition in Si between its 

conduction and valence bands, electron-phonon interaction is necessary and the 

light emission probability is small. This Si band structure impedes the 

development of a laser diode using Si material. A combined hybrid 

semiconductor system is needed using GaAs and Si technology to combine the 

superior properties of each material.

When the excellent characteristics of GaAs and Si such as ultrahigh 

mobility and photoemissivity of GaAs and high thermal conductivity, strong 

device hardness, low cost, and large wafer sizes of the Si substrate are combined 

to make hybrid devices on a chip, it would be a major breakthrough for 

electronics and photonics.

GaAs epilayers grown on Si substrates have been attempted. However, 

it was difficult to grow the GaAs epilayer on a Si substrate without dislocations 

or misfits which arise from the lattice mismatch and the difference of thermal 

expansion coefficients between Si substrate and GaAs layers. Recent progress in 

microstructure fabrication techniques enabled the growth of most material on 

different lattice mismatched substrate when a surface of the substrate is covered 

by many layers of a strained superlattice. There were several attempts to 

obtain hybrid devices of Si logic electronics with GaAs laser diodes13-17), 

photodetectors18) and microwave circuits.

The first laser oscillation of a GaAs QW fabricated on a Si substrate has 

been demonstrated in 1985 by Windhom et al.19) followed by Fisher et al.2°) and 

Sakai et al. 21) in 1986. The QW lasers have shown excellent lasing 

characteristics such as a low-threshold and high power output 14_18) These 

lattice mismatches or thermally mismatched devices contain residual strain in
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the material layers when the device was cooled after the high temperature 

fabrication process. Especially, GaAs and Si materials have quite different 

thermal expansion coefficients. The difference causes a large biaxial stress 

perpendicular to the growth direction in GaAs epilayers. When the stress is 

above a critical value, the dislocation of the layers takes place. The built-in 

stress alters the band structures and removes the valence subband degeneracy 

and improves the laser performance. Not only GaAs/Si devices but also 

C&As/lnGaAs1̂  and Gain!/AlGalnP16) heterostructures also contain built-in 

biaxial stresses in well materials and are key structures for diode lasers suitable 

for optical communication and for a pumping source of an optical fiber 

amplifier. The underlying physics in such GaAs/Si systems needs to be 

studied to understand high power laser action and carrier dynamics under the 

stress altered band structure. *

During the early 1920's, the band structures of most semiconductor 

materials were calculated theoretically using quantum mechanics. Kronig and 

Penney used a one-dimensional atomic model to explain the band structure of a 

simple one dimensional crystal in 1930.22) Solving a Schrodinger equation in a 

periodic potential barrier structure to obtain the electron wave functions, the 

origin of the energy band gaps and the periodic band structure has been 

explained as w ill be discussed in the following chapter. The Kronig-Penney 

model was further investigated with a (k»p) approximation as a perturbation 

theory. The k*p approximation simplified the difficult procedure to obtain 

analytic solutions of the wave equation of the many atom system.

It has been well known that stress alters the band structure and changes 

carrier and/or exdton dynamics which determines the ultimate speed and the
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electronic and optical operational efficiency of a device. Since the stress changes 

the separation between the atoms, the jK)tentiai fceid generated by the atoms 

and the surrounding electrons is altered. The closer the distance between the 

atoms, the higher the potential field which alters the band structure. The band 

structures altered by the various types of stress applied on different crystal 

orientations has been determined experimentally and theoretically.

A theoretical analysis of the effect of uniaxial shear stress on the band 

structure of semiconductor materials has been performed by F. Poliak et al.23) 

The valence subbands are split to heavy and light hole bands by the stress and 

the energy band gap between the conduction and valence bands changes 

according to the magnitude of the compressive or tensile stress. The amount of 

shifts are different for each subband. Analyzing the experimental data on the 

energy shifts, deformation potentials have been determined.23)

Over the past ten years, carrier and exdton interactions with phonons in 

non-strained bulk and QWs have been theoretically investigated. Conwell 

analyzed the carrier-phonon interaction in bulk semiconductor in detail.24)* The 

energy and momentum relaxation rates of hot carriers by various phonon 

interactions have been discussed and listed by B. R. Nag.23) In general, the 

carriers loose their momentum through acoustic deformation potential 

interactions, piezoelectric interactions, non-polar or polar optical phonon 

interactions, impurity scattering, and alloy scattering within a few tens of fs to 

ps depending on the lattice temperature. The excess carrier kinetic energy 

above the lattice thermal energy is released to the lattice through these phonon 

interactions within a few hundred fs to a few hundred ps which is much longer 

than the momentum relaxation time. Several scientists have investigated the
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ho* carrier temperature thermalization in bullc GaAs materials 2*) including, for 

example, J. Shin.2”) Due to the dramatic progress in femtosecond laser 

technology, carrier and exdton dynamics have been studied with few tens fs 

time resolution. Carrier thermalization processes as well as many-body effects 

such as screening and band renormalization which occur within one hundred fs 

have been investigated with optical methods.

Quasi-two dimensional exdton dynamics in QWs has also been 

extensively studied because QWs are important for high speed non-linear 

switching and for laser devices. The 2D exdton formation time of 15 to 20 ps 

(by T. C. Damen et al. 28) and by R. Strobel et al. 29\  inter-subband exdton 

relaxation time of 90 ps, and exdton localization time of 130 ps, (by J. Kusano et 

al.30) have been determined. Localized exdton energy relaxation process due 

to acoustic deformation potential (ADP) and LO phonon interactions have been 

studied, (by Masumoto31), Takagahara32), Basu et al.33) Bacher et al.34) ) 2D 

exdton recombination process are discussed by Feldmann et at.35), both 

experimentally and theoretically.

Carriers and exdtons generated in the strained quantum devices 

propagate in a deformed energy band structure36'37). The dynamics of carriers 

and exdtons, induding energy thermalization, cooling, relaxation, trapping to 

interface islands or impurities, and recombination processes through phonon 

interactions should be different from those in unstrained quantum devices. 

Espedally, when GaAs QWs are fabricated on a Si substrate, carrier and exdton 

dynamics in the QW structure is more complex because of the complex valence 

subband structure which is altered by a combination of the spatial quantum
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confinement end Lit stre;s effects. The carrier and exdton dynamics in these 

strained materials has not been fully studied in any detail. As the strained 

devices become applied in photonic devices, the fundamentals of 

understanding the underlying carrier and exdton dynamics needs to be 

understood in such strained material. The research in this thesis is devoted to 

give a barter understanding of stress effects.

In this thesis, I have investigated photogenerated carrier and exdton 

thermalization, cooling, inter-subband relaxation, trapping to interface islands 

or impurities, and recombination processes with phonon interaction in bulk 

GaAs and GaAs QW and GaAsP QW under various internal and external stress 

conditions.

*

The following is the organization of my thesis:

In chapter 2 ,1 discuss the fundamental concepts and models of GaAs 

semiconductor band structure and quantum confinement. I discuss stress 

effects on the fundamental characteristics of the semicondudor band structure. 

In chapter 3 ,1 discuss the carrier and exdton energy relaxation processes. In 

chapter 4, I discuss my experimental setup and equipment characteristics which 

determines the experimental accuracy and its reliability. In chapters 5 through 

8, I describe the research carried out in this thesis on carrier and exdton 

dynamics in various samples under different experimental conditions to 

understand carrier-carrier and carrier phonon interaction under the stress 

altered band structure. In chapter 9 ,1 summarize my accomplishments and 

what I contributed to the knowledge in the field. In chapter 10 ,1 discuss future
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directions of this research. In chapter 11, my publications are listed. In chapter 

1 2 ,1 have tabulated physical constants and material parameters used in this 

thesis. To help understanding technical terms used in this thesis, I have 

attached the glossary in Chapter 13. The appendix presents information on the 

temporal broadening effect in optical elements and the computer programs 

used in the analysis of the data I used in this research program. Finally, I 

present the bibliography.
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CHATTER 2

BAND STRUCTURE WITH AND WITHOUT STRESS

In thir chapter, the GaAs band structure, quantum confinement, and the 

origin of the band structure using Kronig-Penney model with and without stress 

w ill be described.

2.1. Band structure without stress

In this section, I w ill review the band structures of GaAs and AlGaAs. 

The band structures of materials are the allowed energy levels for electrons in 

form of dispersion curves of E vs. k. The curves determine the electron energy 

states and dynamics. The electron position (point) on a band curve gives the 

electron's energy and momentum(e, k). The band structure of a material can be 

altered by mixing different materials, changing the lattice temperature, 

fabricating quantum confinement structure, and generating deformation by 

stress-induced strain. A  new band structure produces new electronic and optical 

characteristics which in turn causes the change of the carrier and exdton 

dynamics.

The band structure of GaAs at room temperature given by John S. 

Blakemore1) is shown in Fig.2.1.1. The valence band consists of three subbands, 

heavy mass hole(hmh), light mass hole(lmh), and split-off (s.o) which shows
a

maxima at the center of first Brillouin zone where the wave vector k=0. The 

split-off band is separated from the heavy and light mass hole subbands due to
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Fig. 2.1.1 Band structure of GaAs without stress.1)
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electron spin-orbital interaction. The heavy and light mass hole subbands 

degenerate at k=0 with the potential energy of Ev. The split-off band locates 

0.34 eV below the heavy and light mass hole subbands. It is clearly shown 

that the band structures are anisotropic along different crystal orientations.

It is important to note that the in-plane mass notations are used for 

heavy mass hole subband (m j=±l/2) and light mass hole subband (mj=±3/2), 

because the photoexcitation is in-plane direction of the epilayers (xy-plane) in 

this thesis. This notation is opposite from those used for the growth 

direction(z-axis).
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The conduction band has three minima along different crystal 

orientations. At the center of Brillouin zone, the minima locates 1.42 eV above 

the valence band maxima at room temperature and is called T-valley. X-valley 

locates 0.48 eV above the T-valley minima along (100) direction and L-valley 

locates 0.29 eV above the T-minima along (111) direction. Since GaAs is a 

zincblende structure, there exists six X-valleys and eight L-valley in a GaAs 

crystal. The band gap is between the T-minima and the valence band maxima 

and is direct transition scheme at energy of. 1.42 eV.

The band structure of GaAs near k=0 is described by following 

equations.2) For the conduction band, its parabolic band structure is described 

as,

where Ec is the energy measured from the conduction band edge, *1cc is the 

wave vector of the conduction electron and m*c is the effective mass of electron 

in the T-valley and is 0.067mo (where mo is the free electron mass). The band 

curvature in Fig.2.1.1. indicate effective carrier mass because the carrier effective 

mass is defined as m*=R2/[d 2E/dk2].

For the valence band, the non-parabolic heavy and light mass hole bands 

are given by,

Ec ( t c) = R 2' t c2 /2m *c (2.1.1)

EvC^v) =K 2 [ai(kx2+ky2)+bikz2]/2m*o (2 .1.2a)

with

ai=Yl-Y2 / 

bi=yi +2y2,

(2 .1.2b)

(2 .1.2c)
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Fig. 2.1.2. Constant energy surfaces for the mj=±l /  2  and mj=±3/2 valence 

subbands under compressive stress which lifts the degeneracy.

for the heavy hole (m j=±l/2 ) and

for the light mass hole (mj=±3/2) where Ev is the hole energy measured from 

the valence band maxima, respectively. For GaAs, yi=6*85 and Y2=2.1. Fig. 

2 .1.2 depicts the constant energy surfaces of the heavy and light mass hole 

subbands under compressive stress which removes the valence band 

degeneracy. The constant surfaces shows the masses along z-axis and xy-plane 

are different. For example, the m j=±l/2 subband effective mass is heavy in kxy 

plane and light along kz direction.

In the conduction band, the effective mass of electron in X-valley is 

0.23mo which is about four times heavier than those in T- (0.067mo) and L-

ai=Yi +  Y2 / 

bi=Y i - 2y2 /

(2 .1.2d)

(2 .1.2e)
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valleys(0.073mo). When the majority carrier effective mass is heavy, a temporal 

response of the electronic device is slow.

When a 2.0 eV photon is absorped by the GaAs bulk material, the 2.0 eV 

photoexcitation creates electron in the conduction T-valley and holes in the 

heavy, light mass and split-off valence bands. The transitions are indicated by 

upward arrows in F ig.21.1. The photoexritation process conserves energy and 

momentum between photon and photogenerated carriers. Since the 

momentum of photon is negligibly small compare with those of carriers, the 

energy conservation is described by,

hv = Ec ffcc)+ Ev ( % )  + Eg (2 .1.3a)

where Eg is the band gap energy. The momentum conservation is given by,

. (2.1.3b)

On the other hand, when an electron in the conduction band recombines 

with a hole in the valence band, photoluminescence with emission photon 

energy of hv' arising from the transitions between the T-valley minima and the 

valence band maxima in a GaAs bulk material is generated in the near infrared 

region(hv'=1.42 eV=873 nm). When there exist impurity or doped ions, the 

radiative transition occurs between the impurity states to one of the band edges. 

The energy and momentum of the transition are also conserved as,

hv = Eg - AE d, a (2.1.4)
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Fig.2.1.3. AlAs band structure

where AEd,a are the donor and/or acceptor ionization energies.

When a phonon assists the transition, the transition energy is determined

hY'

Ej - Ef = hv' ± Ephonon (2.1.5)

where Ei and Ef are the initial and final state of the transition and Ephonon is the 

phonon energy. The plus sign corresponds to a phonon emission while the 

minus sign corresponds to a phonon absorption. The momentum of carriers 

and phonon is conserved during the transition.

The transition probability is determined by the density of states of the 

electron and the holes and the carrier temperature as w ill be described in 

Chapter 3 in detail.
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Fig.2.1.3. schematically depicts a band structure of AlAs. Since the AlAs 

is indirect material, the X-valley is the lowest conduction band minima. The T- 

valley and L-valley are located 0.182 and 0.85 eV above the X-valley minima, 

respectively. 2.0 eV photon can not excite valence electron to T-valley. The 

carrier may be photogenerated only when a high energy phonon is absorbed to 

allow transition between the valence band to the X-valley as described by 

Eq.(2.1.5). The probability is very small at a low lattice temperature because the 

available phonon density is no* h igh  The radiative transition also needs an 

assistance of phonon as depicted by the dashed arrows in Fig.2.1.3. The 

horizontal dashed arrow corresponds to the phonon emission of the X-valley 

electron and the vertical dashed arrow corresponds to the radiative transition. 

Since this transition probability is small, the photogenerated electron in the X- 

valley takes long time to decay to the valence band.

2 .1 .1. Band structure of a semiconductor

The wavefunction ip of an electron (which describes the electron behavior) 

can be obtained by solving a Schrodinger equation using a Hamiltonian H as,

Hip = eip (2.1.6)

where the Hamiltonian is the energy operator and e is the eigen energy for the 

Hamiltonian with the eigen wavefunction ip. To solve the Schrodinger equation 

for real semiconductor materials, it requires an approximation method because it 

is difficult to obtain analytical solution for the complicate potential structure of 

the material ions.
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Fig. 2.1.4 Finite barrier height single quantum well model in one dimension.

Since the potential field of ions of the material can be modeled as three 

dimensional potential wells, it may be easy to start from one dimensional finite 

barrier QW to understand the origin of band structure. A simple QW model is 

extended to periodic potential well structure to approximate the periodic atomic 

ion field as follows.

2.1.2. One dimensional finite quantum w ell model

The discrete energy eigen states of atoms can be simulated assuming a 

square well potential structure in one dimension with a finite well depth Vo and a 

well width Lz as shown in Fig. 2.1.4.

The Hamiltonian of such quantum well is given as,

H = p 2 /2m * + V(x) (2.1.7)

where p is a momentum operator of free electron with mass m* ( in this case the 

m* is free electron mass) and V(x) is the atomic potential distribution. V(x) is 

zero within the well (0<x<L2) and Vq outside the well. Using the momentum



22

n=2
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Lz
Fig. 2.1.5. n= l and n=2 quantized wave function in a one dimensional finite 

potential well model.

operator p=-ihV, the time independent Schrodinger equation (2.1.6) is solved to 

determine the wavefunction t|>(x) of electron inside and outside the well and are 

given by

d2ip/dx2+a2̂ =0 for O s x s L z (2.1.8a)

and

d2̂ / dx2 - p2i|)=0 for x<0 and Lz<x (2.1.8b)

with following notations:

a 2 = 2 m *s/h 2 (2.1.9a)

and

p2 = 2 m*(V0 - 1) /  h 2 . (2.1.9b)

where e is the energy of the electron in the QW and h is the Planck constant 

divided by 2n.

The wavefunction was assumed to have the formula as,
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Tt>(x)= A»sin(ax + 6) forO a:xsLZ/ (2 .1.10a)

q>(x)=B*exp(px) for x < 0 (2 .1.10b)

and

V(x) =- B»exp{-P(x - Lz)} forLz <x, (2 .1.10c)

where A, Q and 6 are constants which satisfy the continuity of ijj(x) and 

1  / m**dij)(x)/dx at x=0  and x=Lz and I i J>(±po)  12=0. By solving the wavefunctions 

wjth toe loundarv conditions, the eigen state energies satisfy a relationship 

given by,

The eigen states in the well can be determined by calculating the relation (2.1.11) 

numerically. The eigen state energies are discrete and are determined by the 

electron mass m*, well width L#  and the quantum number which represents the 

energy states. Fig. 2.1.5. schematically shows the quantized wave functions of 

n=l and n=2 in the finite potential height QW. The wavefunctions are cosine and 

sine function shapes in the well and exponentially decaying function in the 

barriers. To understand the physcal meanings of eigen states and the wave 

function, infinite potential well model is adequate. The eigen states En are given

tan aLz = p /a . (2.1.11)

En = (fiiut)2/ 2m* Lz2. (n=l,2,3----- ) (2 .1.12a)

and the wave functions are expressed as,
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AIAs GaAs AlAs

n=2

Vc

n=l

*P(x) mhh=l 
^(X)nuh=lVv

Fig.2.1.6. Energy eigen states and wave functions in a GaAs/AlAs QW structure.* r

i^n^smCrurx/Lz) . (n=l,2,3—) (2 .1.12b)

Therefore, the quantized eigen states are located higher energy as the m* 

becomes lighter and the well width Lz becomes narrower.

One can extend this one dimensional QW model to a QW structured 

devices.

When the size of semiconductor structure becomes a few hundred A and 

when its size further approaches the size of lattice and Bohr radius of lattice 

atoms, quantum mechanical description of electrons becomes important 

Quantum w ells and superlattice structures are fabricated by growing different 

thin epilayers on a semiconductor substrate. One material has smaller band gap 

than that of the another material. By alternating few tens of monolayers of 

material, a potential well structure is realized. The potential structure confines



25

the motion of electron along the growth direction resulting discrete electron 

energy levels. The confined energy level can be tuned by selecting the 

materials and the well width. In this approximation, the fine potential structure 

of atoms are included in the concept of effective mass of the electrons and holes 

in the materials.

A  GaAs/ AlAs type-I quantum structure consists of a finite potential well 

in the conduction band and a finite w ell in  the valence band as shown in Fig. 

2.1.6. Since the GaAs has low energy band gap than AlAs, the heterostructure 

of AlAs-GaAs-AlAs layers constructs the QW structure. The potential height of 

the conduction and valence bands are determined to be about 2 to 1 ratio of the 

band gap difference between the GaAs and AlAs,that is, V c=2/3(EgAlAs-EgGaAs) 

and Vv=l/3(EgAiAs-EgGaAs)- Fig. 2.1.6 shows some of the quantized states in the 

conduction and valence bands with the wave functions at the states. The 

valence band degeneracy is removed because of the mass dependence of the 

quantized eigen state energy as given by the Eq. 2.1.12. The dashed curve 

corresponds to the wave function of a light hole (lh) and the solid curve 

corresponds to that for a heavy hole (hh) in the valence band.

As an example, the energy eigen states of Lz=T00A GaAs QW is estimated 

using Eq. 2.1.12 for the infinite barrier model. For the conduction 

electron(me*=0.067mo),

Ecnl=56meV, Ecn2=225meV. (2.1.13a)

For the heavy hole (mj=±3/2, mhh*=0«45mo) along z-axis,
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ft 2a

Fig.2.1.7. Periodic finite potential barrier; in Kronig-Penney model.

Emhhi = 9 meV, Emhh2 = 36 m eV, (2.1.13b)

and for the light hole (mj = ±1 / 2, mjh* = 0.082 m o),

»
*

Emlh=l = 42 meV, Emih=2 = 168 meV. (2.1.13c)

2.1.3. Superlattice (Kronig-Penney model)

When a QW structure is repeated more than ten times, the structure is 

usually called a superlattice structure which may be used as a more realistic 

model to understand the atomic band structure. In a superlattice with narrow 

enough potential barriers, the eigen states in the wells form mini-band 

structures because the electron wave functions in the wells leak to neighboring 

wells through electron tunneling. The electrons in the superlattice structure can 

move along the growth direction while the electron in a multiple quantum 

well(MQW) structure with thick barriers can not tunnel easily between the 

neighbored wells. Kronig and Penney calculated the miniband structure using 

one dimensional superlattice model.3)

V o

-c
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Suppose there are infinite number of finite potential square wells with a 

separation (lattice constant) of a=b+c as shown in Fig. 2.1.7. Since the potential is 

periodic as V(x)=V(x+na) where n=0,l,2,3,— / the electron wavefunctions tp(x) 

satisfy the periodicity as i|j(x)=ij>(x+a)=i|>(x+2a)= — . In this case, the wave

function is expressed using a Bloch function u(x) which is periodic function of the

lattice constant, ie. u(x)=u(x+a)=u(x+2a)= as,

ij>(x) = u(x) exp(ikx) (2.1.14)

where k is the wave vector of electron wave function. Using the Bloch function, 

the time independent Schrodinger equation with a Hamiltonian can be expressed 

as,

'  *

Hu»exp(ikx) =eu»exp(ikx) (2.1.15)

Describing the Schrodinger equation with the a  and p as in same manner as the 

single QW case, the wave function for this Kronig-Penney model is give as,

d2̂ / dx2+a2ij)=0 for 0<x<b, a<x<a+b,  (2.1.16a)

and

d2^ / dx2 - p^^O for « x < 0, txx<a, —  (2.1.16b)

Using the Bloch function for the repetitive wave function plug into Eq.s 2.1.16 a 

and b, the Schrodinger equation is simplified with the Bloch function as,

d2u /d x2+2ikdu/dx+(a2-k2)u=0 for 0<x<b, a<x<a+b,— (2.1.17a)
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Fig. 2.1.8. L (e/V o ) vs. e / V o diagram obtained from the Kronig-Penney model.

Forbidden Gap

-ft /a 0

H— Reduced Zone —

Fig. 2.1.9. Band structure calculated from the Kronig-Penney model.
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and

d2u/dx2*2ikdu/dx-((J2+k2)u=0 for « x < 0 , b<x<a. —  (2.1.17b)

To solve these differential equations, the Bloch function in the periodic structure 

is usually assumed as,

u=A»exp{i(a-k)x}+B»exp{-i(a+k)x} for 0<x<b, a<x<a+b,

and

u=C*exp{(p-ik)x}+D*exp{-(p+ik)x}

  (2.1.18a)

for -c<x<0, b<x<a,

  (2.1.18b)

where the A,B,C, and D are determined by the boundary condition of continuity 

of the wave function. To satisfy the boundary conditions, a determinant of 

coupled equations of A,B,C, and D has to vanish. The determinant is zero when

k(e)=l /  a»arccos{L(e/Vo)}. (2.1.19)

with a function L=L(e/Vo) introduced as,

J e |  l-2e/V,

i v J \ r r r .V E/v0-(t/v / h 2 v o

+ cosh • cos
/  2m V 0 e

(2.1.20)
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The Eq. (2.1.19) with Eq.(2.1.20) determined the band structure: Le. E vs. k 

relationship. The L(e/Vo) was calculated as function of e/Vo with 2m /h2 

•V o/ (b /2)2=36 and c/b=0.1 as shown in Fig. 2.1.8. It is dear that there are band 

gaps where L(e/Vo) becomes larger than 1 or smaller than -1. Calculating band 

structure using the results obtained from Fig 2.1.8, a periodic miniband structure 

is depicted in Fig 2.1.9. When the periodic structure becomes the size of lattice 

of the crystal, the dispersion curve desdbes the conduction and valence band 

structure of the crystal. Fig.2.1.9. also shows a dispersion curve for a free 

electron in dashed line which is obtained by E2=h2k2/  2m*. The effective mass 

determined by an inverse of the second derivative of energy with respect to the 

wave vector is negative for the valence band (positive for holes) and positive for 

the conduction band.

If c »  b, the result of k(s) determines the eigen states in the simple QW 

case as discussed previously.

The calculation program to determine the eigen states is attached in 

Appendix 2.

21.4 k * p approximation

A more realistic semiconductor band structure can be obtained by solving 

the Schrodinger equation with the help of experimental results. There are 

several approximation methods such as k»p model4) started from a Kronig- 

Penney model and a tight binding atomic interaction model. Some review  

paper should be refered to help understanding the model calculation in detail.
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The k»p model modifies the Kronig-Penney periodic potential model and 

derives band structures as follows.

The time independent Schrodinger equation expressed with the Bloch 

function can be given by Eq.2.1.15 as Hu»exp(ikr)=eu»exp(ikr). Using p = -iR 

•V , the Schrodinger equation is given by,

{(p+Hk)2 /  2mo+V}u = eu. (2.1.21)

This equation is expanded and rewritten using a perturbation formula as,

( Ho + H i + H 2)u = eu (2.1.22a)

where

H o = p2/2m o + V (zero-order), (2.1.22b)

H i  = h/m o k*p (first order perturbation), (2.1.22c)

and

H 2 = hk2/ 2mo (second-order perturbation). (2 .1.22d)

Kane (1957) used effective mass approximation (parabolic band structure) for the 

second order perturbation around k=0 and obtained the conduction and valence 

bands structure near k=0.4) For the conduction band, the energy states are 

given by,

Ec =Egr + h2k2/2m*c (2.1.23a)

with

mo/m*c = 1 + 2pcv2 /3m o{2/Egr+l/(Egr+Ao)} . (2.1.23b)
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Those for the light mass hole (mj=±3/2) are given by,

Eyi = h^k^/2m*imh (2.1.24a)

with

tt?o/m*imh »• 1, (2.1.24b)

for heavy mass hole subband(mj =±1 / 2) ,

EV2 = h2k2/2m*hinh (2.1.25a)

with

mo/m*hmh =4 p ^ /S in o  Egp-1. (2.1.25b)

For split-off band, the band structure is expressed as,

Eso= -Ao- R2k2 /2m*so (2.1.26a)

with

mo/m *so= 4p2cv/ 3mo(Egr+Ao) -1 , (2.1.26b)

where Ao is the energy separation between the split-off band and the degenerate 

top valence band. The momentum matrix element pcv is between the 

conduction and valence bands and is given as 2p2Vc/mo=21.5 eV for GaAs.

2.2. Strain and stress in semiconductor
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Strain in semiconductor alters the band structure because the three 

dimensional position of atoms are shifted from the original stable positions by 

the stress . There are several way to generate strain in semiconductor either 

externally or internally. When a different material is grown on another material, 

the lattice mismatch between the materials causes a strain at the interface. The 

difference in the thermal expansion coefficients of the materials also generates 

strain in the material when the material is cooled from a sample growth 

temperature (around 700°Q to room temperature. These two mechanisms 

generate biaxial stress in a plane perpendicular to the material growth direction. 

One can apply external hydrostatic or uniaxial pressure depending on the stress 

machine configuration used. Within the elastic limit of the sample, the 

dislocations w ill not be generated.

Pressure X applied to a material is converted into the strain £ in the
•»

material through elastic compliance constants S by Hook's law as,

E = S * X

= Al/1 (2.2.1)

where A1 is the displacement for the lattice constant l.5)

Let's first review the effects of lattice mismatch and thermal expansion in 

a GaAs structure due to presence of secondary semiconductor 

(AlGaAs or Si) to produce biaxial strain. I w ill also review the effect of uniaxial 

stress on a GaAs semiconductor by applying external stress.
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Fig. 2.2.1. Tension generated by the lattice mismatch at the interface between 

materials 1 and 2 .

2 .2.1. Lattice mismatch

At the interface of the lattice mismatched semiconductor heteroStructure 

(material 1 and 2) as shown in Fig. 2.2.1, the material 2 with smaller lattice 

constant forces another materiall with larger lattice constant to shrink while the 

material 1 forces the material 2 to expand. The overall effect results in the strain 

near the interface of materials 1 and 2. The material 1 contains tension while the 

material 2 contains compressive stress along the interface plane between them.

The amount of stress X generated in a QW between well and barrier 

materials is given by,6)

a , -a <1 wl
a

The parameters in the equation are : a l  is an in-plane lattice parameter of the 

strained layers which is given by,
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/ awdw + M b ]
1  \  dw + db j ' (223)

and ai and di (i=w and b) are lattice constants and layer thickness of two 

imter.als, respectjvelj'. K - (Cn+2Ci2 ) /3  and where Qj are stiffness

constants of the material layer observed. Since the carrier in the well material is 

usually important, the K and p are calculated for the well material. The first term 

in the right hand side of Eq.2.2.2 corresponds to a compliance constant and the 

second term corresponds to the strain in Eq. 2.2.1. Eq.2.2.2 shows that the

amount of strain is determined by the layer thicknesses and the difference in the 

material lattice constants. The larger the difference of the lattice constants 

between two layers, the larger the amount of stress. A 0.2% of lattice mismatch 

generates about 1 kbar of stress in the material.

Even for an AlGaAs alloy material which is thought to lattice match to a 

GaAs layer, there exists a biaxial tension in the GaAs layer.7) Fig. 2.2.2 (a) 

shows measured compressive stresses in an AlGaAs layer grown on a GaAs 

substrate as function of the Al concentration. As the Al concentration increases, 

the compressive stress in the AlGaAs layer increases linearly. At the Al 

concentration of 0.35, there exists about 0.8 kbar of compressive stress. The 

lattice constants of GaAs and AlAs are 5.6533A and 5.6611 A, respectively. For a 

GaAs/AlGaAs heterostructure, the tensile strain generated in the GaAs well 

layer depends on the layer thickness of both materials and their material 

compositions.

The magnitude of tensile stress was calculated using Eq.s 2.2.2. and 2.2.3 as 

function of Al concentration and the thickness of AlGaAs layer as shown in



Fig.2.2.2(b). The open drdes with a dotted line are the case when the AlGaAs 

layer thickness is same as the GaAs layer. The dots with a solid line are the case 

when the AlGaAs layer is one thousand times thicker than the GaAs layer. The 

stress linearly increases as the Al concentration increases. The stress approaches 

its maximum as the AlGaAs layer thickness increases. On the other hand, as 

thinner the AlGaAs layer, the GaAs layer shrinks the lattice of the AlGaAs layer 

and generate compression in the AlGaAs layer.

The parameters (lattice constant and elastic stiffness constants) for the 

AlxGai-xAs used in these calculations were given by linear interpolations 

between those of GaAs and AlAs as,

aAlGaAs = 5.6533+0.0078x (A), (2.2.4)

Cn(x) = (11.88+0.14x)*1011 (dyn/cm 2), (2.2.5a)

C i2(x) = (5.38+0.32x)*1011 (dyn/cm 2), (2.2.5b)

and

C4 4 (x) = (5.94+-0.05x)*10H (dyn/cm 2). (2.2.5c)

Using K = (Cn+2Ci2 )/3  and fi = C44/ 2, the values for K and 11 are 

equated as,

K = (7.55+0.26x)*1011

and

H = (2.97+0.025x)*1011

(dyn/ cm2), 

(dyn/cm 2),

(2.2.5d)

(2.2.5e)
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where 109(dyn/cm 2)=lkbar.

Another example of the stressed structure due to the lattice mismatch is 

GaAsP layer grown on AlGaAs layer case. Since the lattice constant of 5.4512A 

of GaP is smaller than GaAs, a GaAsP layer grown on an AlGaAs layer contains a 

tension. In this thesis, I have used GaAsj.yPy /  A lG aAs quantum well structures 

with various phosphor concentration to investigate exdton dynamics under the 

tension altered band structure. The lattice constant of GaAsP alloy can be varied 

by the phosphor concentration. The higher the phosphor concentration, the 

higher the magnitude of tensile stress. Since the thickness of well layer relative 

to the thickness of barrier layers also determines the strain, the thicker the well 

width, the lower the stress.

I calculated the tension generated in GaAsP well layers, containing 5% and 

8% phosphor, grown on a 400A thick AlGaAs layer with a 35% Al concentration 

as function of well width using Eq. 2.2.2 and 2.2.3. and the tensions in two QWs 

were also estimated as shown in Fig. 2.2.3. using the following parameters for 

GaAsP. The parameters in Eq.s2.2.4 and 2.2.5. for the AlGaAs were also used.

The lattice constant for the GaAsi-yPy alloy material is given as function of 

the phosphor concentration (y) by,

aGaAsP(y) = 5.6533-0.2021y . (2.2.6)

The elastic stiffness constants for the GaAsP are,

C n(y) = (11.88+2.24y)*1011 (dyn/cm 2), (2.2.7a)

C i2(y) = (5.38+0.873y)*10n (dyn/cm 2), (2.2.7b)
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Fig.2.2.2. (a) Measured and (b)calculated tensile stresses generated in an AlGaAs 

and a GaAs epilayer grown on a GaAs and an AlGaAs layer respectively. 

(lkbar=109 dyn/ cm2)
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Fig.2.2.3. Tension generated in GaAsP well layers in GaAsP/AlGaAs QW 

structures with various well widths at two phosphor concentration of y=0.05 and 

0.08. The AlGaAs barriers contain 35% of aluminum and are 400A thick.

C44(y) = (5.94+1.107y)*1011 (dyn/ cm2) (2.2.7c)

K(y) = (7.547+0.657y)*10H (dyn/cm 2) (2.2.7d)

and

#i(y) = (2.97+0.5535y)*10H (dyn/cm 2) (2.2.7e)

where 109 (dyn/cm 2) = 1 kbar.



Since the lattice constants are acaAsP=5.6432(y=o.05)/ 5.63713(y=o.08) and 

a A lG a A s(x = 0.35)::::d -6b 60/  a ls  were calculated using Eq. 2.2.3 to be,

a i = (5.6432*LZ +5.6560*400)/ (I* +400), (2 .2 .8a)

for y=0.05 QWs and

ax = (5.63713*LZ +5.6560*400)/ (Lz +400), (2 .2 .8b)

for y=0.08 QWs, respectively.

The tension for a 121A GaAsP(y=0.05) QW used in this thesis is estimated. 

Substituting the ai. determined by Eq. 2.2.8a and Ly=12lA  into the second term 

of Eq. 2.2.2, the strain 8  in the 121A well is calculated to be,

Thus, there exists 0.17 % of strain in the well material. For the GaAsP y=0.05, K= 

7.6107xl011(dyn/cm 2) and */=2.9975xl011 (dyn/cm 2) is obtained from the Eq.s 

2.2.7d and 2.2.7e. The stress generated in the 121A well is calculated to be,

X= 1.1792xl012 • 0.001738

= 2.05 xlO 9 (dyn/cm 2)

= 2.05 (kbar) . (2.2.9b)

Therefore, there exists the built-in tension of 2.05 kbar in the GaAsP well layer in 

the 121A GaAsP/AlGaAs QW sample with y=0.05.

8  = (5.653-5.6432)/ 5.653 = 1.734 xl0-3 . (2.2.9a)
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2.2.2. Thermal expansion

When the thermal expansion coefficients are different between layers or 

between a layer and a substrate, stresses are generated in the layers. Suppose 

anepilayerisgrow n on another material substrate which has a smaller thermal 

expansion coefficient than that of the epilayer, the epilayer shrinks faster than 

the substrate as the sample temperature goes down from a growth temperature. 

As the result, the atoms of the epilayer w ill be stretched in the plane 

perpendicular to the growth direction(biaxial direction). Therefore, the epilayer 

having larger thermal expansion coefficient contains biaxial tension while the 

another layer having the smaller thermal expansion coefficient contains biaxial 

compression. An example is GaAs epilayer grown on Si substrate. A simple 

model is given below.

* t
For a GaAs epilayer grown on a Si substrate, the GaAs epilayer shrinks 

faster (in all direction) than the Si substrate as the sample temperature goes 

down from the sample growth temperature. The GaAs atoms at the interface 

keeps their arrangement against the Si atom as long as no misfit dislocation 

occurs. The GaAs atoms are stretched by Si atoms in the plane perpendicular to 

the growth direction(biaxial direction). The Si atoms are shrunk by the GaAs 

atoms. However, the Si substrate is very thick. Therefore, the Si atoms do not 

move much.

As the results, The difference in thermal expansion coefficients between GaAs 

and Si materials causes built-in tension in GaAs epilayer grown on Si substrate. 

The magnitude of stress in  a GaAs epilayer is evaluated by Chen et al.8) 

experimentally as shown in Fig.2.2.4. The tension in the GaAs/Si sample as 

function of substrate temperature T (°K) was evaluated to be,
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GaAs/Si 
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—  X(kbar)=2.91-0.00422*T(°K)
—  Calculated (X=2.99-0.00494T)
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Fig.2.2.4. The biaxial tension as function of lattice temperature in a GaAs/Si 

sample (by Chen et al.8)).

X=-4.22xl0-3*T+2.91 (kbar). (2.2.10)

using a simple linear fit to the measured data. In Fig. 2.2.4, the open circles are 

measured data by Chen and the solid line is the curve given by Eq.2.2.10.

As the sample temperature increases, the tension decreases because the sample 

temperature approaches toward the sample growth temperature where a lower 

stress was built-in. From Fig. 2.2.4, it was found that there exists a residual 

tensile stress of 0.99 kbar at the growth temperature 650 °C

To evaluate the magnitude of the stress, one uses the lattice mismatch 

equation. The thermal expansion coefficient a  is given as a form a=(Al/l)/AT.
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Therefore, one can determine a strain Al/1 using a rate aAT of lattice expansion 

from the growth temperature Tgrowth-

The magnitude of the built-in stress at a lattice temperature Tl can be 

calculated as,

X = (9K + 6/r] •(a GaATa s)#(r giDM«h-Ti)+XRsid (2.2.11)

where acaAs and <*Si are the thermal expansion coefficients for GaAs and Si, 

respectively. Xresid is the residual stress remained at the sample growth 

temperature Tgr0Wth- The stress X(Tl) linearly depends on the lattice 

temperature. At room temperature Tl=300 °K, there exists about 1.6 kbar of 

tension for the case of GaAs/Si in Fig. 2.2.4.

By taking a derivative of Eq. 2.2.11. with respect to T l, a stress generation 

rate per unit temperature can be estimated. Using acaAs =6.63x10-* (°K_1) and 

asi = 2.4x10-* (°K_1), KGaAs=7.547xlO-* (dyn/cm 2), MGaAs=2.97xlO-11 (dyn/cm 2) 

and the sample growth temperature of 650 °C, the stress generation rate is 

calculated to be 4.94x10*3 (kbar/°K). A fitting curve using the generation rate is 

displayed in Fig. 2.2.4 as a dashed curve. This value is in good agreement with 

the measured slope of 4.25xl0*3 (kbar/°K) shown in Fig.2.2.4.

2.3. Band structure under stress

Since the stress in a material changes the lattice constant between the 

atoms the energy band structure of the material is altered according to the 

magnitude and the type of the stress (compressive or tensile, and uniaxial, biaxial 

or hydrostatic) from that of the non-strained material.9*16) To calculate the 

detail band structure under stress with the k®p approximation, one can refer the
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Fig.2.3.1. Kronig-Penney multiple QW model under compressive stress

Ph.D thesis by Shun Lee,17) papers by Johnson Lee and M. O. Vassel,18'19) and 

by F. H. Poliak, et al.2°) It is beyond the scope of my thesis to go into depth.

The following reviews stress effects on GaAs bulk and QW band 

structures.

2.3.1. Bulk material under stress

To physically understand the effect of stress on the band structure, one 

uses the Kronig-Penney model described in the previous section 2.1. As an 

uniaxial compressive stress applied to the one dimensional periodic potential 

structure, the potential barriers (atomic ions) move closer and thus the lattice 

constant a becomes smaller in the model as shown in Fig.2.3.1. Assuming the 

barrier width c  does not change, the eigen states become higher energy because 

the well width b  simply becomes narrower. On the other hand, when a 

tension is applied to the model, the lattice constant and the well width b  become
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wider and the levels of the energy eigen states becomes lower. This simple 

concept ran be extended to biaxial and hydrostatic stress in three dimensional 

case. However, the calculation of the band structure becomes complicate and 

w ill not be described in detail in this thesis.

In this thesis, the first order effect of stress on the band edge around k=0 

is described. In the following discussion, the value X is positive for tension and 

negative for compression.

As a first order approximation, the energy shifts at k=0 are proportional 

to the stress applied and are given by the following equations:

The hydrostatic stress effect on energy gap between the conduction band 

Ec and the valence band Ev is given by,1)

0 *

A(EC - Ev)hydrostatic = 3a (Sn + 2 Si2) *X

= -10.962®X (meV /  kbar) for strained GaAs.

(2.3.1)

where a is the hydrostatic deformation potential and Sn  and S12 are the 

compliance coefficients. As the result, the hydrostatic dilation shift the energy 

gap to be smaller and the opposite is true for the compression.

The uniaxial stress effects on the energy gap between the conduction 

band edge Ec and either heavy mass hole Ehmh(mj=±l/2) or light mass hole 

Eimh(mj=±3/2) subbands are given by,

A(Ec-Ehmh)uni = { a(Sn+2Si2)’- b(Sn-Si2) }»X

= - 0.6024»X (meV/kbar) for strained GaAs, (2.3.2a)
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Fig. 2.3.2. Uniaxial compression and tension on a GaAs/GaAs sample.

and

A(ErEimh)uni = { a(S n+ 2Si2) + b (S n -S i2) }• X

= - 6.722* X (meV/kbar) for strained GaAs.

(2.3.2b)

where b is the shear deformation potential and X is the uniaxial stress in kbar in 

the layers (X<0 for compressive while X>0 for tension as shown in Fig.2.3.2.). 

Sn=11.6xl(H / kbar, Si2=-3 .7xl(H / kbar, a= -8.7 eV, and b -  -2.0 eV are used to 

calculate the shifts in the strained GaAs1). From Eq.s 2.3.2a and b, the light mass 

hole subband is ten times more sensitive to the uniaxial stress than the heavy 

mass hole subband.

For 2kbar uniaxial tensile stress in a GaAs layer, the hmh and lmh 

subbands move by,

A(Ec-Ehmh)uni — 1*2 meV (2.3.3a)
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Fig. 2.3.3. Euilt-in biaxial tension in a GaAs/Si sample.

and

A(Ec-Eimh)uni — 13.4 meV. (2.3.3b)

A biaxial tension (two dimensional stress along an xy plane perpendicular 

to the growth direction z) can be generated in an epilayer by either lattice 

mismatch or mismatch in the thermal expansion coefficients between 

heterostructure materials as discussed previously. The biaxial stress is the 

combination of a hydrostatic stress and an uniaxial stress. For the case of biaxial 

tension, X(x/y,0)=X(x/y,z)-X(0/0/z) where X(x,y,z) denotes the hydrostatic dilation 

and -X(0,0,z) is the uniaxial compression along the sample growth direction.

As discussed in section 2.2.2, the GaAs epilayer grown on a Si substrate is 

biaxially tentioned.

As the result of the combination of the hydrostatic tensile and the 

compressive shear strain, the energy gap shifts for the heavy Ehmh and light 

hole Eimh subbands in the GaAs/Si are given by:

A(E cEhmh)biax ~  A(Ec*Evhydrostatic +A (Ec*Ehmh)uni
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-  -10.962*X + {- 0.6024•(- X)} 

= -10.36 *X (m eV/kbar), (2.3.4a)

and

A(E c"Elmh)biax — A(EcEv)hydrostatic+A(Ec-Elinh)uni 

= - 10.962*X + {- 6.722* (- X)}

= -4.239»X (meV/kbar). (2.3.4b)

Therefore, the heavy mass hole subband is about twice as sensitive to the biaxial 

tensi'e stress as the light mass hole subband.

The energy shifts for a 2 kbar of biaxial tension are calculated as,

The hmh subband moves closer to the conduction band than the lmh subband.

Table 2.3.1. shows amounts of the energy shifts arising from various 

types of 2 kbar tensions in a bulk GaAs. The energy shifts were calculated using 

Eq.s 2.3.1, 2.3.2, and 2.3.4. Fig.2.3.4. schematically summarizes the effect of

various types of tensile stresses on the band structure of bulk GaAs along the 

growth direction(z-axis, kz) and along an xy plane perpendicular to the z-axis 

(kxy). For 2 kbar hydrostatic tension, the band gap shrinks 22 meV (used 

Eq.(2.3.1.) substituted by X=2kbar) and the valence hmh and lmh subbands are 

still degenerate at k=0. The 2 kbar of uniaxial stress removes the valence band 

degeneracy and moves the hmh and lmh subbands 1.2 and 13.4 meV toward the 

conduction band(used Eq. (2.3.3 a and b ) . The 2 kbar of biaxial tension moves

A(E c-Ehmh)biax ~ " 20.7 meV (2.3.5a)

and

A(E c-Elmh)biax —  meV (2.3.5b)
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Table 2.3.1. Band edge shifts due to 2 kbar of various types of tensions in a bulk 

GaAs material (first order approximation)

Hydrostatic Uniaxial Biaxial

A (Ec - Ehh>
-21.9meV -1.20 meV -20.7 meV

A(E c- E,h ) -21.9 meV •13.4 meV -8.48 meV

GaAs Hydrostatic Uniaxial Biaxial
bulk tension tension tension

X(x,y,z)=0 X(x,y,z)=X0  X(x,0,0)=Xo X(x,y,0)=X0

Fig.2.3.4. Band structures of GaAs without stress and with hydrostatic, uniaxial, 

and biaxial tension. In these cases, anti-crossing effects are neglected.



50

the hmh and lmh subband 20.7 and 8.5 meV toward the conduction band(used 

Eq.(2 3.5a)). Therefore, the lmh subband locates at a lowest energy in the 

valence band under the uniaxial tension while the hmh subband locates at a 

lowest energy in the valence band under the biaxial tension.

The GaAs/Si sample at 4 °K lattice temperature contains 2.91 kbar of 

stress as calculated in the section 2.2.2. Titus, the lmh and hmh subband energy 

difference should be about 17.8 meV using Eq.s 2.3.4 and 2.3.5 as,

ACfitrEhmhlbiax^CEcrElnihlbiax^^l^l *X

=-6.121*2.91

=-17.8 meV . (2.3.6)

The experimental result shows a difference of 14 meV which is slightly smaller 

shift than the theoretically expected value of 17.8 meV. This may be explained 

by existence of dislocation at the interface as seen in Fig. 2.4.1(a). The dislocation 

might reduce the stress.

2.3 .2, QW Band structure under stress

In a GaAs/AlGaAs QW structure, the energy states in the GaAs well 

along the growth direction (z-axis) are quantized. The energy levels generate 

higher quantized states represented by their quantum numbers while the 

dispersion in the plane perpendicular to the growth direction (xy-plane) remains 

same as bulk GaAs. The eigen energy of quantized states of the QW depend on 

the effective masses along the growth direction as discussed in section 2 .1.2 . 

When the GaAs/AlGaAs QW is grown on a Si substrate, the band structure is 

determined not only by the quantum confinement but also the biaxial tension in
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the GaAs well layer. The tension shifts the conduction and valence bands and 

alters the splitting energy between the quantized hmh and lmh subbands in the 

valence band. The biaxial tension compensates the quantization because the 

energy shifts due to the stress are negative so that the lifted subbands are shifted 

to lower energy and the energy separation between the hmh and lmh subbands 

becomes smaller. At a certain amount of the tension and the quantum 

confinement, the valence subbands becomes degenerate as similar manner as a 

bulk GaAs and are quantized along z-axis. It should be emphasized that the 

hmh and lmh notations are defined in the xy-plane and the mass of the hmh 

(lmh) subband along z-direction is iight(heavy).

The effect of the biaxial tension and quantum confinement effects on the 

band structure along the growth and xy-plane directions around k=0 are 

schematically shown in Fig. 2.3.5 (a) to (e). Note, that the lowest hmh 

subband(mj=±l /  2 ) is shown in thick solid lines and the lowest lmh 

subband(mj=±3/2) is shown in thin solid lines in the valence band. The split-off 

band and higher quantized states are not shown in the band structures and the 

band mixing, interaction, which causes the anti-crossings, is not taken into 

account.

Fig. 2.3.5. (a) shows a band structure for a GaAs bulk without strain. The 

heavy and light mass hole subbands are degenerate in this system. The energy 

band gap is shown by Eg (1.42 eV at room temperature) and the energies of the 

conduction and valence band edges are indicated by dashed lines.

For the case of bulk GaAs /  Si,11"13) about 2.9 kbar of biaxial tensile stress 

exists in the GaAs at 4 °K lattice tefnperature as discussed in the section 2.2.2. 

From Eq. 2.2.10, the built-in tension at room temperature is estimated to be 1.6



GaAs bulk Biaxial GaAs QW 188AGaAs 40AGaAs
tension QW/Si QW/Si

X(x,y,z)=0 X(x,y/0)=X0  X(x,y,z)=0 X(x,y,0)=X0 X(x,y,0)=X0

(a) (d)(c) (e)(b)

Fig.2.3.5. Schematic band structures of bulk GaAs and quantum well with and

without biaxial tensile stress. In these cases, anti-crossing effects are neglected.
0 ,

kbar. Fig.2.3.5 (b) shows the band structure for the bulk GaAs/Si. The tension 

shifts the valence and conduction bands closer and splits the J=±3/2 valence band 

into the hmh and lmh subbands. As the result, the band gap energy becomes 

smaller and is determined by the energy separation between the conduction band 

edge and the hmh subband edge. The band gap shifts between the conduction 

band edge and the hmh is 1.403 eV ( A(EC-Ehmh)biax="17 meV ) while that for the 

lmh is 1.413 eV ( A(Ec-Eirnh)biax=-7 meV ) at room temperature. The energy 

separation between the hmh and lmh subbands at k=0 is about 10 meV.

In a GaAs QW grown on a GaAs substrate(no strain in the layer), the 

quantum confinement lifts the subbands higher energy in both conduction and 

valence bands and splits the valence subbands according to the well width and 

the effective masses in die growth direction as shown in Fig. 2.3.5 (c). Since the
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hmh (lmh) mass along the growth direction (kz direction) is light (heavy), the 

quantization acting on the growth direction lifts the hmh (lmh) strongly 

(weakly). As the result, the lmh locates lower energy than the hmh along the 

xy-plane due to the asymmetric structure of m j=±l/2 and mj=±3/2 subbands.

In the cases of GaAs QW /Si as shown in Fig.2.3.5.(d) and (e), the GaAs 

w ell epilayer contains biaxial tensile stress. The tension shrinks the band gap 

and shifts the hmh and lmh subbands to lower energy separately as shown the 

figure (a). On the other hand, the quantum confinement lifts the conduction and 

the valence subbands higher energy as shown in the figure (b). As the same 

manner, the conduction band is lowed by the hydrostatic component of the 

stress and is lifted by the quantization. The energy level of the conduction band 

is determined by their joint effect. The tensile stress and the confinement act on 

the band structure in opposite direction. Therefore, the band structure in the 

tensioned QW is determined by the balance between the quantum confinement 

and the stress induced subband splitting. In real cases, the effect is more 

complicate as shown in the paper by J. Lee. 17»18) The tension in the GaAs layer 

is 2.9 kbar at 4 °K lattice temperature and thus the band shifts due to the stress 

are similar for any QW structures grown on Si substrates. The energy states, 

therefore, are tuned by the quantization determined by well width. In a QW /Si 

with 188A well width as shown in Fig. 2.3.5. (d), both lmh and hmh subbands 

are quantized along the z-axis and do not shift much from the bulk band edges 

because the confinement is weak. When a well width is 40A, the quantization is 

strong, the hmh subband shifts to higher energy than the lmh subband. The 

confinement give enough energy shift to the valence subbands to compensate 

the energy shift due to the stress as shown in Fig. 2.3.5. (e).
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The stress induced band shift for the case of a 121A GaAsP/ AlGaAs QW 

with y=0.05 is calculated using the magnitude of stress determined in the 

previous section. Since the calculated stress of 2.05 kbar is biaxial tension(see 

Eq. (2.2.9b), the energy shifts are estimated approximately using Eq. 2.3.4 (there 

is negligibly small difference in the amount of shifts of hmh and lmh subband 

between GaAsP and GaAs because the phosphor concentration is small) as,

A(E trEhmh)biax = -10.36*2.05 = - 21 meV (2.3.7a)

and

A(E c-Elmh)biax = ” 4.239*2.05 = - 8.7 meV. (2.3.7b)

The energy split between the hmh and lmh subband is calculated to be -(21-8.7)= 

-12.54 meV from the difference between Eq.s 2.3.7 (a) and (b). Since a 121A 

GaAs reference QW (no built-in stress) shows 11 meV of confinement shift, the 

GaAsP 121A should show -12.54-11=-1.54 meV energy difference (which is 

almost degenerate) in the PL excitation absorption spectra. The experimental 

data shows the degeneracy as expected as w ill be discussed in Chapter 8 .

As demonstrated in Fig. 2.3.5. (a)-(e), one can tune the band structure 

using the combination of quantum confinement and stress effects. The tuning 

parameters depend on material composition, quantum well width, and the 

substrate material. The band structure of semiconductor material can be 

artificially controlled as required.
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2.4. Dislocation

Another important characteristics of a strained sample is the dislocation 

and defects at the boundary between the layers because they may cause non- 

radiative recombination and defect scattering. To avoid the dislocation, a few jim 

thick buffer layers are usually grown between the substrate and the epilayer to 

compensate the built-in stress and to avoid defects.

Because of the built-in strain in GaAs/Si, there exists dislocations in the 

GaAs epilayer as shown in Fig.2.4.1.(a) taken by T. Soga et al.21) with a 

transmission electron microscopy ( TEM) for a GaAs epilayer directly grown on 

a Si substrate and in Fig.2.4.1(b) for a superlattice buffered GaAs epilayer on a Si 

substrate. As clearly shown in both figures, the dislocation can reach more than 

0.5 //m from the interface. Using the strained superlattice structures as buffer 

layers, the density of dislocation can be decreased.
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Fig.2.4.1 (a) Cross-section of TEM image of GaAs/Si sample grown by MOCVD 

method by T. Soga (b) cross-section of TEM image of GaAs/Si buffered by 

GaAso.72Po.28/GaAs strained superlattice.
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CHAPTER 3 

CARRIER ENERGY RELAXATION

The carrier energy relaxation process through carrier-phonon and 

exdton-phonon interactions and carrier recombination processes through 

spontaneous emission w ill be reviewed in this chapter.

3.1. Introduction

In an intrinsic GaAs, all valence bands are occupied by electrons at 

absolute zero temperature. As the lattice temperature increases, the electrons 

in the valence band start gaining kinetic energy from the thermally excited 

vibration of the lattice (called "phonon"). The energy distribution of the 

electrons f(E) at a lattice temperature T iJs described by Fermi-Dirac distribution 

function as,

f (E )  - _______ 1_______
(E-Ef) / k ^

1 + e  (3.1.1)

where kg is the Boltzmann constant and Ef is the Fermi energy level of the 

electrons. A hole distribution function is described by l-f(E) because the hole is 

a vacancy of an electron.

The lattice vibration is characterized by phonon (quantized vibrational 

mode) which follows Bose distribution given by,
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N(Tq)=l/{exp(R too/kgTq) -1} (3.1.2)

where Tq is the phonon temperature and too is the phonon angular frequency.

The capacity of band to contain a number of electron is called density of 

staies p(E). The higher the density of states, the larger the number of electron 

to be accumulated in the state. The product of the electron distribution function 

f(E) and the density of states p(E) determines the electron population at an 

electron energy n(E) in the band structure which is given by,

n(E)=p(E)«f(E) . (3.1.3)

The hole population can be estimated similar way as for the electrons by 

using the hole distribution function and the hole density of states.

The density of states for a QW is different from that of bulk materials 

because the band structure are quantized and split into subbands. The detail on 

this matter w ill be discussed in Chapter 3.6.2.

When an external perturbation such as an electric field or an optical field 

is applied to a thermally equilibrium state, the carriers and exdtons at the state 

w ill be excited to higher energy at different momentum as shown in 

Fig.3.1.1.(a). In this thesis, I used an ultrafast optical pulse field as the 

perturbation from a femtosecond laser whose photon energy hv is larger than 

the band gap energy Eg. The excess energy Ek above the band gap energy 

obtained from the optical perturbation is given by,
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Fig. 3.1.1 Energy relaxation processes of carriers in GaAs after ultrashort pulse 

photoexdtation.

Ek=hv-Eg (3.1.4)

The excess energy becomes the kinetic energy of the electron and the hole. 

Assuming parabolic band structures for the conduction and valence bands, the 

kinetic energies for the electron (Ee) and hole (Eh) are given by,

Ek =Ee+Eh

=h 2kc2/  2mc*+ h  ̂ y 2/  2mh* . (3.1.5)

where me* and mh* are the effective masses of the conduction electron and the 

valence hole, respectively. Since the momentum of carriers and photon are 

conserved during the transition(kc=kv, the momentum of photon is negligible
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compare to those of the elctrons and holes), the excess energies for the carriers 

are calculated as,

Eh=Ee#mc*/mh* (3.1.6)

Substituting Eq.3.1.6. into Eq.31.5 with Eq.3.1.4, the electron and hole kinetic 

energies are determined to be,

Ee-(hv-Eg)/(1+m ^ /  mh*) (3.1.7a)

and

Eh=hv-Eg-Ee . (3.1.7b)

For 2.0 eV pumping photon energy, Ee in a GaAs (Eg=1.5 eV) assuming 

parabolic band structures is calculated to be 440 meV. The kinetic energy of 

hole at the initial time is determined to be 60 meV because the effective masses 

are 0.067mo for the conduction electron and 0.45mo for the valence hole.

From the kinetic energy, the carrier temperature can be estimated

using,

Ee(h)=3kBTe(h)/2 . (3.1.8)

The initial electron temperature with the 2.0 eV photon excitation is calculated to 

be Te=3400 °K and the initial hole temperature is estimated to be 500 °K.

These photoexdted carriers relax to thermally equilibrium state by 

loosing their energy to the lattice, other carriers and impurities through carrier*
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carrier scattering and phonon emission as shown in Fig.3.1.1.(b). The cooled 

electrons within the conduction band or donor level around k=0 recombine 

with holes in  the valence band or acceptor level. As the result of the 

recombination, the transition energy Eq is re-emitted as a photon hv'=Eq as 

shown m Fig.3.1,1. The transition may occur with canier-carrier scattering or 

phonon assisted recombination.

As the kinetic energy transferred to other carriers or states, the cooled 

electrons and holes located within their Coulomb field can form a meta-stable 

state, which is called "exdton", and it shows hydrogen atom like optical 

properties. The exdton decays with its lifetime depending on its mass and 

binding energy. During the kinetic energy release process, the carriers and 

exdton interact with phonon and other carriers either elastically or inelastically. 

For the elastic scattering, the carriers and exdtons loose their momentum while 

the inelastic process changes the carrier and exdton kinetic energies. These 

energy release and momentum exchange processes are called "Scattering" in 

general as similar manner as atomic collision in the nudear physics. Since the 

scattering process conserves energy and momentum before and after the 

interactions, the hot carriers and exdtons can interact only certain phonons and 

other partides and satisfy the conservations. (The band structure and the 

phonon dispersion relation determine the coupling of carrier and phonon.) The 

momentum loss process is called momentum relaxation process while the 

energy loss process is called energy relaxation process.

The photogenerated hot electrons, holes, and exdtons in semicondudor 

samples are scattered and thermalize in femtosecond to picosecond time scale
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and finally reach thermal equilibrium states as described above. Since the 

momentum of carrier can be immediately changed by one phonon scattering, 

the momentum relaxation time is usually much faster than the energy 

relaxation time.

In the following sections, I will discuss the carrier and exdton energy 

relaxation and their spontaneous emission process.

3.2. Carrier-carrier scattering

Hot carriers and exdtons can exchange their energies with other carriers 

and exdtons through collision (carrier-carrier and exdton-exdton interaction) 

and their interaction becomes significant above the carrier density of higher 

than 1018 cm'3 When there exists a lot of cool carriers before the 

photoexdtation, the photogenerated hot carriers mainly loose their energy to 

the cool carriers through the collision. The collision process is elastic and its 

energy exchange rate is determined by the mass difference between the 

colliding carriers. This process does not transfer carrier kinetic energies to 

lattice directly. However, it may couple with other scattering mechanisms 

which transfer the earned energy to the lattice and enhance the other scattering 

rates.

When an electron having a high kinetic energy inddents into a cold 

electron gas, the inddent electron looses its kinetic energy through electron- 

electron (e-e) elastic scattering. Since the e-e scattering exchanges their energies 

at a rate given by,12)



where Ne is cold electron density, e is the electron charge, eo=8.854x1014(F / cm), 

£  i? the kinetic energy of incident electron, and me is the electron effective mass. 

Af dear from f  q 3.2.1, the higher the electron density, the larger the energy 

exchange rate. The heavier the mass and the lower the kinetic energy, the 

smaller die energy relaxation rate. Tnis relation can be extended to e-hole 

scattering,. The energy r elocation due to the e-lmh is much faster than that for 

e-hmh because of the mass difference.

3.3. Energy relaxation through phonon interactions

The lattice vibration causes perturbation in the periodidty of the crystal 

potential. The vibration effect is to scatter a free carrier from its current state to 

a new state. The scattering is treated using a time-dependent perturbation 

theory. The scattering probability S(k, Id) from a state Ek with a wave vector k 

to Ek' with another wave vector Id is described by,

where I M(k, kO 12 is a matrix element between the k and kf states, hcoq is the

S(k, k >(23t/fi) I M(k,kO 12 d(Ek - E^ ± h  coq (3.3.1)

phonon energy, the plus and minus signs correspond to phonon absorption and 

emission, respectively. The matrix element is given by,

M (k ,k ')— I Xn,^AVXnj i f l  • 6 (k-k'±Ftcoq) (3.3.2)
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where Vc is the crystal volume and Xn'qk, and Xn^k are the wave function for

the electron-phonon system after and before the scattering. The phonon 

occupation number changes from nq to nq'. AV is the perturbation due to the 

scattering and arises from the alteration of the position of the crystal atoms 

from the equilibrium position when the lattice vibrates. There are several 

scattering mechanism such as acoustic deformation potential interaction, 

piezoelectric scattering, alloy scattering, polar and non-polar optical phonon 

interaction, impurity scattering, and inter-valley scattering. These scatterings 

are fundamental energy transfer mechanism for the hot carriers to either cold 

lattice or to other cold particles. The inter- and intra-valley scatterings occur 

between different valleys and within the same valley, respectively. The inter­

subband scattering is the scattering between different subbands and is in the
»p

same category.

To estimate the scattering probabilities, the matrix elements are the 

important parameters. The square of matrix element IM12 of these scattering 

processes were equated by Nag1) and are given as follows.

For acoustic phonon deformation interaction, the IMI 2adp is given by,

I M 1 2ADP = E i2 R o)q (nq  or n q + 1 ) /  (2Vcps2 ) (3.3.3a)

where Ei is the deformation potential and s is the longitudinal acoustic velocity.

The acoustic phonon also induces a potential arising from piezoelectricity. 

The IM12pZ for the piezoelectric scattering is given by,

IMI 2pz = e2h2pZ‘h (n q  or n q  +  1 ) /(2 V C p  e2o>q), (3.3.3b)
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where lipZ is the suitably averaged constant derived from the piezoelectric 

tensor, q is the phonon wave vector, and e the permitivity.

The electric field created by the electron couple to the lattice atoms 

through an electric dipole interaction which causes out-of-phase atomic motion 

(LO phonon). For such optical phonons, the nonpolar optical phonon 

interaction matrix element IMI ̂ op for non-polart materials is given by,

IM12nop= Do2 H (no or no + 1 )/ (2VC p coo), (3.3.3c)

where Do is the optical deformation potential constant and no is the optical 

phonon occupation number.

The optical phonon induces polarization potentials in polar paterials and* r
the matrix element IM 12p0p for such polar optical phonon is given by,

IMl2pop=lie2ioo(Ko0-l-Ks-l)(noorno+l)/(2Vceoq2) . (3.3.3d)

where coo is the optical phonon angular frequency, p is the mass density, and 

K<»,s are the dielectric constants at optical frequency and steady state, 

respectively.

The matrix element IM12 ^  of the impurity scattering is given by, 

IM |2imp = e 4 / ( l k - k ' l ^ l A 2 )2/(V ^e2) , (3.3.3e)

where k and k' are the electron wave vectors before and after the scattering.

The matrix element IM 12jV for the inter-valley scattering is given by,
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IM |2 iv=Di2 li(niorni+l)/(2VcpcDi) , (3.3.3f)

where nj is the inter-valley phonon occupation number, Dj is the inter-valley 

scattering deformation potential, and a>i is the angular frequency of the inter­

valley phonon.

Finally, the alloy scattering matrix element IM12aiioy is given by,

where Vo is the volume per atoms in the crystal, cq is the concentration of 

atoms of one type, Eab is the scattering potential.

The detailed delivations of these matrix elements are discussed in Ref. 10.»p
As listed above, the scattering processes depend on the mechanical, 

optical, and electronic properties of the semiconductors. The larger the matrix 

elements become, the larger the scattering probabilities for the carriers and 

phonons become.

Since the carrier-phonon interaction is the main process for cariers to 

loose and gain there energies except photon-carrier interactions, the energy 

relaxation of the carrier can be estimated by using these scattering matrix 

elements as follows and the energy relaxation through these scattering 

processes was reviewed by Conwell10) and Nag.1)

They described the energy relaxation processes starting from Fermi's 

Golden rule for a phonon emission and absorption process as:

IMI 2aUoy = 2 V0 a i( l-a i)  Egb2/  Vc (3.3.3g)
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dE
dt ( M f *  N * W U >  {h<vs<wa] absoiption

(3.3.4)

where k and k' are the wave vectors of initial and final phonon states, hcoq is 

the phonon energy, and S(k,k') is the scattering probability between the initial k 

and final k' states given by Eq. 3.3.1. Since the phonon density is hardly 

measured directly from experiments, the PL kinetics are being analyzed to 

determined the carrier and exdton energy relaxation rates. In this thesis, I have 

evaluated the carrier and exdton energy relaxation rates from time resolved PL 

spectrum.

Following sections describe the energy relaxation through various kinds 

of phonon interactions.

3.3.1. Acoustic deformation potential (ADP) interaction

This mechanism dominates the energy relaxation process when energies 

of carriers are much less than the optical phonon energy. At a low lattice 

temperature below 40 °K, acoustic deformation potential (ADP) interaction 

determines the energy relaxation rate for these warm electrons. In a simple 

parabolic band, the average energy relaxation rate per electron due to the ADP 

averaged over a Fermi distribution at an electron temperature of Tc is estimated

by1):

, (3.3.5a)
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with Fermi integral

(3.3.5b)

where Ei is the ADP for conduction band, m* the electron effective mass, p the 

density of material, T l die lattice temperature, e=(E-Ec)/kBTo ii^EF-Ec)/kBT<> 

and r(j+l) is the gamma function of (j+l)th order. For non-degenerate (when 

the carrier density is less than the effective density of states) semiconductor 

material, r i« 0  thus Fj(t])~exp(ri) and the ratio of the Fermi integral becomes 1.

From Eq.s 3.3.5, the electron energy relaxation through the ADP 

interaction is determined by the electron effective mass, material density, and 

electron and lattice temperatures. For strained material, since the change in 

electron effective mass and material density is small, the energy relaxation rates 

for strained and non-strained semiconductor materials are not so much 

different.

3.3.2. Piezoelectric scattering

For piezoelectric semiconductors, the piezoelectric scattering also 

dominates the electron energy relaxation at a low  lattice temperature. The 

relaxation rate is given by1),

(3.3.6)
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where e i4  is the piezoelectric coupling constant, eo the free space permittivity, 

and Kg the static dielectric constant As the same manner as the ADP 

interaction, the ratio of Fermi integrals is 1 for non-degenerate piezoelectric 

semiconductors. Thus, the electron energy relaxation through piezoelectric 

scattering is determined by electronic property of material such as Kg, ei4, 

electron effective mass, and electron and lattice temperatures. For the strained 

semiconductor materials, the piezoelectric scattering is not affected by stress so 

much. The piezoelectric constants for GaAs and AlAs are given by -0.16 and - 

0.225 (C/m*), respectively. The AlAs shows stronger coupling to the 

piezoelectric scattering than GaAs.

3.3.3. Optical phonon

Above 100 °K of a lattice or an electron temperature in GaAs, the polar 

optical phonon interaction dominates the electron energy relaxation process 

because ho)Lo~37 meV which corresponds to a Debye temperature of 430°C. 

The relaxation rate for a non-degenerate semiconductor is given by,

\d t /o p
V2m* e 2 lh \ 3/2h a)LO| '  1  1  ' •

'  X „ - X c
e - 1

4Eoh2 .  ) K» K*. e X o - l  _

[(xJ,/2ex-/2K0(*c/2)]

(3.3.7)

with Xc=ha>Lo/ hgT o xo=ha>Lo/kBTL where Koo,s are optical and static dielectric 

constants, hcoLO is the optical phonon energy, and K o(x) is the modified Bessel 

function of zero order. The energy loss rate is determined by the electron 

effective mass, the difference between the optical and static dielectric constants, 

and the electron Tc and lattice T l temperatures. Therefore, the lighter the
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electron mass, the smaller the energy loss rate. A  Frohlich coupling constant 

which indicates the strength of LO phonon interaction is defined by,

The Frohlich coupling constant in T-valley for GaAs and AlAs are given by 

0.068 and 0.126, respectively. The LO phonon in AlAs couples with an electron 

in T-valley twice stronger than in GaAs. In X-valleys for GaAs and AlAs, the 

coupling constants are similar values such as 0.152 and 0.166, respectively.

3.3.4. Non-polar optical phonon

Electrons interact with optical phonon through optical defprmation 

potential scattering. This process is called "non-polar optical (NPO) scattering". 

For electrons with s-symmetiy around k=0, the matrix element for the NPO 

scattering vanishes in IH-V semiconductors such as GaAs and its alloy. When 

electrons at a high energy have a p-symmetry component to their wave 

function, the electrons are scattered by NPO interaction and loose their 

energies. The coupling strength of NPO phonon to electrons for GaAs and 

AlAs are given by phenomenological optical deformation potentials which are 

same value of 5.9 eV for both materials.

3.3.5. Momentum and energy relaxation through phonon interaction

The relative momentum relaxation times for different phonon scattering 

process in non-parabolic band are depicted in Fig.3.3.1 as function of lattice 

temperature calculated by Nag.1) At a low lattice temperature, the impurity

( h /2 m o)jjq) ho)LO (3.3.8)
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Fig.3.3.1 Relative momentum relaxation time through various scattering process 

for non-parabolic band, (after Nag D)

scattering dominates the momentum relaxation. The alloy, acoustic phonon, 

and non-polar optic phonon scatterings are weaker scattering mechanisms. As 

higher temperature, the acoustic and non-polar optic phonon interactions 

dominate the relaxation.

The energy relaxation rates for acoustic and polar optical phonons in a 

GaAs are illustrated in Fig.3.3.2 as function of electron-hole plasma temperature 

at lattice temperature of 2 °K (calculated by Goebel and Hildebrand 1978). At 

non-equilibrium, the carriers or excitons can have a thermal distribution 

represented by a carrier or exdton temperature which is different from the
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Fig. 3.3.2 Electron-hole plasma energy relaxation rates through interactions 

with acoustic and optical phonon at various electron-hole plasma temperature 

with a lattice temperature of 2 °K for a bulk GaAs.(after Goebel and Hildebrand

)

lattice temperature. When the carriers do not have enough kinetic energies 

Eic=kBTc below 40 °K temperature, they mainly interact with lattice through 

acoustic deformation potential interaction. Ter (40 °K) is the critical temperature 

where the energy relaxation rate becomes same for the acoustic and optical 

phonon scatterings. The energy relaxation rate at Ter (shown in Fig. 3.3.2 as 

dashed lines) is around 0.1 meV/  ps. The energy relaxation rate for LO phonon 

interaction is typically larger than 0.1 m eV /ps at higher carrier temperature 

than 40 °K

A LO phonon interaction time is a few tens of femtoseconds. When a lot 

of phonons are created within a short time, the phonons distribution function 

described by Boltzmann distribution could be hot so that the hot phonons 

regulate the carrier and exdton scattering.2-9)
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3.3.6. Hole energy relaxation

Hole energy relaxation process is much more complicate and can not be 

simply equated as for electrons because of band degeneracy, anisotropy, 

warping of band structure, and symmetry problem of wave function. For 

simplifiedmodels1), Eq.s 3.3.5,3.3.6, and 3.3.7 for the electron divided by 2 can 

be applied for the hole energy relaxation rates. This means the hole energy 

relaxation rates through various scattering are typically twice slower than the 

electron in the conduction band.

3.4. Carrier energy distribution change through phonon interaction

To demonstrate the carrier-phonon and carrier-carrier interaction on low  

density hot electron gas, P.H. Maksym and C  J. Hearn1) calculated the electron 

distribution at various delay times after a photoexdtation and showed the 

transient carrier distribution dearly. Fig.3.4.1 and 3.4.2. show dynamic carrier 

density change for hot and warm carrier cases, respectively. In the case of 

Fig.3.4.1, a GaAs sample at 1 °K lattice temperature is photoexdted with a 5 ps 

pulse and hot carriers having 40.9 meV kinetic energy with 1016 e/cm3 electron 

density are generated. The kinetic energy of carriers are higher than LO 

phonon energy (ha>LO=37 meV). Within the pulse duration, there appears a 

phonon replica at 37 meV below the photoexdtation energy. The fast energy 

relaxation at 1 °K lattice temperature is induced by LO phonon emission to the 

lattice followed by acoustic phonon emission as the carrier looses its kinetic 

energy through LO phonon emission. Then, the carriers thermalizes and re­

distributes as Boltzmann distribution in a few ps. Therefore, a time-resolved PL 

spectroscopy with a 10 ps time resolution may hardly observe the LO phonon
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Fig.3.4.1. Calculated carrier density change by energy relaxation through LO 

and acoustic phonon interaction, (after Maksym and Hearn1))

emission process directly but the carrier-carrier and acoustic deformation 

potential interaction should be observed.

Suppose a near resonance exdtation experiment ie: the inddent photon 

energy is little above the band gap energy/ is carried out at 1 °K lattice 

temperature with low  photoexdtation density. The acoustic phonon interaction 

takes place and shows slow energy relaxation process as shown in Fig.3.4.2. 

The warm electron re-distribution process though acoustic phonon emission is 

dearly depicted. The warm electron takes about 50 ns to reach equilibrium 

described by Boltzmann distribution because of the acoustic phonon energy is 

low compare with a LO phonon energy.

Substantial researches has been carried out to investigate hot electron or
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Fig.3.4.2. Calculated carrier density change by energy relaxation through acoustic 

phonon interaction in a GaAs at IK lattice temperature. The photogenerated 

electron density is 1011 /cm 3, (after Maksym and Hearn1))

hole thermalization rates10), impurity scattering rate, electron-electron scattering 

rates, electron-hole scattering rate, hole-hole scattering rate, heavy hole-light 

hole scattering rate, X-T or X-L inter-valley scattering rates, surface 

recombination rate, exdton formation rate12), and so on by taking into account 

phonon interaction. If the carrier and exciton distribution function at various 

delay time is directly measured and compared with the theoretically calculated 

distribution function with certain carrier-carrier and carrier-phonon scattering, 

the energy and momentum relaxation mechanism can be determined in detail. 

However, it was difficult to distinguish individual scattering process because the 

band structure is complicated with existence of impurity, defect, and built-in 

potential or strain and many scattering processes occurs at the same time within
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100 ps. Therefore, the energy relaxation process has not been well determined 

individually.

3.5. Average carrier and average carrier kinetic energies

A PL spectrum 1(E) is determined by the carrier (or exdton) population as 

function of energy E and is proportional to the product of a carrier (or an 

exdton) density of states p(E) and a carrier (or an exdton) distribution function 

f(E) at a carrier (or exdton) temperature and a lattice temperature. The PL 

spectrum is given by,

Since averaged carrier dynamics is observed in a PL measurement, the 

average energy of carrier at various delay times after the photoexdtation is 

important.

An average carrier and exdton energy <E> can be calculated using the 

density of states p(E) and the distribution function f(E) as11),

Using the relation of Eq.3.5.1, this average carrier and exdton energy is 

rewritten using the PL spectrum I(E, t) at a delay time t as,

1(E)« p(E)*f(E). (3.5.1)

00 oo

(3.5.2)

00 oo

(3.5.3)
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Further, since an average carrier and exdton kinetic energy at various delay 

time after the photoexdtation is determined by the energy transfer rate to the 

lattice, the average carrier and exdton kinetic energy <Ek(t)> is also calculated 

with resped to delay time t from the PL spectrum I(E, t) using,

E?. E2

<£k(t)>=E iI(E/ t)#E dt " E° (3'5’4)

where Ei and E2 are low  and high energy edges of the PL spectrum because the 

experiment is carried out within a certain PL energy region, and Eo is the lowest 

carrier and exdton state energy determined from a steady state PL peak 

position at the same lattice temperature at which the time-resolved PL 

measurement is carried out.

Therefore, the PL kinetics measured in this thesis gives the average 

carrier and exdton dynamics.

3.6. Carrier recombination through spontaneous em ission

Spontaneous emission and absorption are the quantum mechanical 

interactions between photons and carriers and arise from carrier transitions 

between eledron-hole, donor-hole, acceptor-eledron, and exdton annihilation 

as depided in Fig.3.6.1. The transition rates between two discrete states (an 

initial and a final states) are described by Fermi's Golden rule which is given by

w=T'lH'*|2p(E<)®(E'E‘+E')
t (3.6.1)
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Fig.3.6.1 Banc structure and radiative transitions between the conduction and 

valence bands.

where W is the transition rate per unit volume per unit energy, I H’jf 12 is the 

time independent part of matrix element of the interaction Hamiltonian 2H'if 

sincot (between photon and electron), p(Ef) is the density of the final state, and Ej 

and Ef are the energy levels of the initial and final states. The energy and 

momentum between initial and final states have to be conserved and the 

energy conservation is represented by the delta function. The following is 

simple approach to give a form of emission process.

The interaction Hamiltonian Hi for an interaction between photons and 

electrons as in the cases of photoemission and photoabsorption is given by a 

product of electron momentum operator f? and vector potential X  of photon 

as,
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H t = - -3 -A  • p
m . (3.6.2)

where q is the electron charge and mo is the free electron mass. The photon 

couples with an electron within the material. The vector potential for a photon 

with an energy of hmis given as,

A =e*
2h
_ 2

%
sin (mt-k»r)

(3.6.3)

where e is polarization vector, eo is dielectric constant in vacuum, p is the 

refractive index, k is the wave vector, and r is the position vector. The 

electronic properties of the material determines the coupling strength and the 

interaction Hamiltonian. Substituting Eq. 3.6.3 into Eq.3.6.1, the interaction 

Hamiltonian can be expressed as,

Hj = —
1 m .

2h
 2

(ed4 m j
U*p) sin (cot-k*r)

(3.6.4)

Therefore, the matrix element using the time independent part of the 

interaction Hamiltonian is given by,
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lM4
(3.6.5)

with an assumption that the h*r « l .  The transition rate between the two 

energy states can be rewritten as,

where the factor 2  in front of the right hand term arises from the spin of 

electron.

Since the spontaneous transitions conserve energy and momentum of 

electron and hole, there exists selection rule. The matrix element IMjfl2 

contains the k-selection rule as,

(3.6.6a)

The density of final state is given by,

(3.6.6b)

(3.6.7)
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where V is a volume of the semiconductor, I Mb I is the average matrix 

element for the Bloch states. (2 1 Mb 12/hu>m is called as "Oscillator strength" 

which determines the transition strength-) The delta function is non-zero when 

kc=kv- The momentum of electron and photon (-0) are conserved.

According to the k»p theory by Kane, the average matrix element for 

the Bloch state is giver* by,

where A is the split-off separation energy between the degenerate band and the 

sprit-off band. The matrix element is a function of energy band gap, the 

energy separation of the split-off band, and the effective mass (in this case 

electron in the conduction band). For a GaAs bulk, |  is evaluated to be 1.327 at 

room temperature.

For impurity transition such as donor level to valence band and 

conduction band to acceptor level, the matrix element is described as,

12m ((Eg+2A/3)

(3.6.8a)

I M if 12=64jia*3(l+a‘2kb2H V -l*  I M b 12 (3.6.8b)

where a* is the effective Bohr radius( a*=4jieh2 /m *q2), kb is the band structure 

of either conduction or valence band as final state, and V is the volume of the 

system.
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3.6.1 Spontaneous em ission from bulk GaAs

H ie equilibrium carrier distribution in bulk semiconductor like GaAs is 

described by Fenni-Dirac distribution with a Fermi energy level which 

characterizes the instantaneous distribution. The total number of electrons n in 

a parabolic conduction band(E=h2k2/2mc) is determined by an integral as,

where pc(E) is the density of states using an effective mass mo EfC is a quasi- 

Fermi level in the conduction band, ks is the Boltzmann constant, and T is the 

electron temperature. By substituting summation of the photoinjected 

electron number An and the residual electron number no into n=no+An, a quasi- 

Fermi level in the parabolic conduction band Efc after the photoexcitation can be 

determined. If the electron temperature is extremely high so that electron 

distributes within X- or L-valley, the integration has to include the valleys.

A quasi-Fermi level in a parabolic valence band can also be determined in 

the same manner. Since the valence band consists from three subbands such as 

hh, lh, and sprit-off bands, it is required to integrate the hole distribution in the 

three bands. The total hole number p in the valence bands is determined using 

a quasi-Fermi level Efy as,

l+expKE-E^/kjjT}
(3.6.9a)

with

(3.6.9b)
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p= y I  dE
i—hCTK 901 l+€Xp { (E - E fy jJ/kgT  }

(3.6.10)

where pvi is the hole density of states, Efo the Fermi energy, and T the hole 

temperature in the subband, respectively. The Fermi level in the valence band 

measured from the valence band edge is determined by substituting p=po+Ap 

where po is the residual hole concentration and Ap is the photoinjected hole.

From Ec.s 3.6.9 and 3.6.10, the electron and hole distribution functions 

are uniquely determined using the Fermi energies at the carrier temperature.

For the case of the direct parabolic conduction to heavy mass hole 

parabolic subband transition around k=0, the spontaneous emission rate r(E) 

per unit volume is given by,13)

1/
(E -Eg)^fc(Ec) f v(Ev)

(3.6.11a)

with

(3.6.11b)

and
m cm v

(3.6.11c)

where mv is the effective hole mass. Eq.s 3.6.11b and c are obtained for the 

parabolic band structure from the momentum conservation (kc =kv ,because
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Fig. 3.6.2. Spontaneous emission PL spectrum for a conduction to valence band 

transition calculated at various carrier temperature using Eq. 3.6.12a for a non­

degenerate direct band gap semiconductor.

the momentum of photon is negligibly small) and from the energy 

conservation which requires,

h2 kc2/2m c + h2kv2 /2m v = E-Eg (3.6.11d)

Letting

Ec = h2 kc2/2m c (3.6.11d)

Ev—Ec* me/my (3.6.11e)

Substituting Eq.s 3.6.11d and e into Eq.3.6.11d, Eq.3.6.11b and c are obtained.

To obtain an entire spectrum, the spontaneous emission rates r(E)s times
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photoexcitation volume Vc for all transition have to be integrated with a 

condition of transition selection rule and an electron and hole distribution 

functions. Therefore, the spectrum 1(E) is given by,

For a non-degenerate direct band gap semiconductor case, the carrier 

distribution function is approximated by Boltzmann distribution function. The 

fundamental PL spectrum 1(E) can be approximated to be,14)

where Tc is the carrier temperature. Since the high energy tail arises from high 

kinetic energy carriers in the bands, one can determine the carrier temperature 

from the high energy tail of the PL which is single exponential curve as function 

of carrier kinetic energy.

For a non-degenerate indirect band gap semiconductor, the high energy 

tail is given as,14)

Fig.3.6.2. illustrated a spontaneous emission PL spectrum arising from a 

transition between a parabolic conduction and a parabolic valence band with a 

band gap Eg. The high energy tails indicate their carrier temperatures clearly. 

The higher the carrier temperature, the larger the high energy tail in the 

spontaneous emission spectrum.

(3.6.12a)

1(E)-  exp{-(E-Eg )/k BTc}*(E-Eg )V2 (3.6.12b)

1(E) ~ exp{ - (E - Eg )/kB Td»(E - Eg )2 . (3.6.12c)
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3.6.2. Spontaneous em ission from QWs

In a GaAs quantum confined structure, the band structure along the 

growth direction is quantized into discrete energy levels as shown in Fig.3.6.3. 

The dispersion curve in the xy plane perpendicular to the growth direction is 

still considered to be parabolic for both conduction and valence subbands 

around k=0. The number of electron or hole states per unit area in the xy 

plane m conduction subband is given by,

PidE = ̂ |
M (3.6.13)

where pj is the electron or hole areal density of states in the xy plane and k is 

the electron or hole wave vector along the xy direction.
t

For the parabolic band in the xy direction, the areal density of state is 

given by,

m •a

pi=_̂*h (3.6.14)

because of E=K2k2/2m d and dlc2=2jtkdk, where diq is the effective mass of 

electron or hole in i-th subband. Therefore, the density of state per unit 

volume of i-th subband is given using the well width Lz by,
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Fig.3.6.3. Radiative transitions in a GaAs/AlGaAs QW showing n=m transitions 

determined by selection rule. (n=m or n-m=even)

„  _  Pi  _  m ci
5 c i  ^  2

2 nh Lz . (3.6.15)

A density of states in a bulk GaAs was proportional to square root of the 

energy as given by Eq. 3.6.9b. It is obvious that the density of states in 

quantum structure is energy independent and thus the total density of states in 

a quantum well increases stepwise at each i-th subband and the density of states 

is proportional to the effective mass and inverse proportional to the well width

Lz. Fig.3.6.4 schematically shows (a) a potential structure, (b) dispersion curve

along the z-axis and xy-plane, and (c) the densities of states in the conduction 

and valence bands of a GaAs/AlGaAs QW /Si. The densities of states are 

steplike functions increase at each quantized subbands. Note, the density of 

states in a narrower well is larger than the wider well.
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Fig. 3.6.4. (a) potential structure along z-axis and its quantized states, (b) 

dispersion curves along z-axis and in xy-plane, and (c) density of states in a 

biaxially tensioned GaAs/ AlGaAs QW /  S i.

The Fermi level in the quantized conduction band can be determined by 

integrating a product of the density of states and the electron distribution 

functions for entire subbands as similar manner as the bulk case discussed in 

section 3.6.1. The electron distribution function may be approximated to be a 

Boltzmann distribution. Once the Fermi level is determined, the electron 

distribution function at a lattice or carrier temperature is determined uniquely. 

Experimentally, the product of density of states and distribution function can be 

evaluated from an absorption spectrum or a PL excitation spectrum because the 

absorption spectrum is proportional to the product
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A spontaneous emission spectrum from a quantum well structure is 

determined from the transition rate W of the entire subbands. The matrix 

element I Mtf 12 is given by,

where I Mb I is an average matrix element for the Bloch states of the bands in 

xy plane, A is a unit area, and the delta function 6nm arises from selection rules 

for the confined states (n, m) in the growth direction(n=m or n-m=even). The 

even eigen states to even eigen states and odd states to odd states transitions 

are allowed in the quantum well transitions and even to odd or vice versa are 

forbidden because a spatial overlap integral of the wavefunction for an even 

and an odd quantized states are zero. The average matrix element I Mbi 12 for 

an n to m transition is given by (similar as Eq. 3.6.8. except Eq=Eg+AEc+AEv 

where AEj (i=c,v) are eigen states in conduction and valence bands)

where A is the spin orbit split-off energy and Eq is the energy separation of 

eigen state energies in the allowed transitions between conduction and valence 

bands.

Using Eq.s 3.6.15,3.6.16, and 3.6.17, parabolic subband structures in the 

xy plane, Ec and Ev for the energies from the conduction and valence band 

edges, the emission spectra for the quantum structure is given by,

(3.6.16)

(3.6.17)
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fc(E c) f v (Ev )
m0 Egh c (3.6.18a)

with

Ec= E l ( E - E q) Ev= ^ - ( E - E , )  m c M m v ’ (3.6.18b)

and

m cm v
m r= ------------

m c+ m v (3.6.18c)

where f , (Ej) ( i = c and v) are Fermi distribution functions of the conduction 

electrons and the valence holes. Eq.s 3.6.18b and c are obtained from the 

momentum and energy conservation of carrier and photon by assuming 

parabolic band structure for both conduction and valence bands as same 

manner as the bulk case discussed in the previous section.

Taking into account all (n,m) transitions, the entire PL spectrum can be 

calculated by integrating Eq. 3.6.18 for individual transitions.

3.6.3 Real spectrum

To fit the measured PL spectrum, the line shapes arising from 

homogeneous and inhomogeneous broadening have to be taken into account. 

The homogeneous line broadening arises from finite band width of the energy 

states and transition lifetime. The faster the transition rate, the wider the line 

width broadening. The broadening is usually fit with a Lorentzian. The
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Fig. 3.6.5. PL emission spectrum with homogeneous and inhomogeneous line 

broadening.

inhomogeneous broadening arises from many factors. For a bulk case, the 

spectral resolution of system mainly dominates the line broadening. For a QW 

case, an interface roughness due to monolayer fluctuation causes the 

broadening which is usually given by Gaussian distribution function. 

Therefore, the spectrum 1(E) measured is expressed as a comvolution formula 

as,

1(E) = { { 2 r(E)* L(E)} * G(E)dv
Jvc (3.6.19a)

where L(E) and G(E) are the homogeneous and inhomogeneous broadening 
and * denotes convolution.
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To calculate the spectrum convoluted with the broadening factors, one 

needs to take Fourier transforms of the rfE), L(E), and G(E) and calculate the 

product of them because the Fourier transform of the spectrum 1(E) is given by 

the products of the Fourier transforms of each component as,

5(I(E)}=iRr(E)}«irfL(E)}*J(G(E)} . (3.6.19b)

After calculating the product one needs to take an inverse Fourier

transform of the product to obtain convoluted spectrum 1(E).

As an example, a spectrum is shown in Fig.3.6.5. The spectrum shows a 

low energy tail arising from the line broadening factors and a high energy tail 

due to the hot carrier temperature. If the broadening are not wide, one still can 

extract the carrier temperature from the high energy tail using a, single 

exponential function of Tc. That is,

1(E)- exp{ - ( E - Eg) / ke Tc) (3.6.20)
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CHAPTER 4 

EXPERIMENTAL METHODS

In this thesis, two experimental techniques were used. These are : the 

steady state photoluminescence (PL) spectroscopy and the time-resolved PL 

spectroscopy at low sample temperatures. These methods were used in 

conjunction with mechanical uniaxial compression apparatus. The steady 

state PL spectroscopy is used to investigate and to characterize the optical 

properties of a semiconductor sample accurately. The time-resolved PL

spectroscopy gives three dimensional information of the PL kinetics. These
* 0

are time on a picosecond scale, PL energy in sub-meV accuracy, and PL 

intensity down to single photon counting level. A state-of-the-art 

femtosecond laser system was used for time resolved portion of this thesis. 

The time-resolved PL spectroscopy for a sample under externally applied 

uniaxial stress enables the investigation of the carrier and exdton dynamics 

within the stress tuned band structure.

4.1. Steady state PL spectroscopy

A diagram of the steady state PL spectroscopy at low  lattice 

temperature is shown in Fig. 4.1.1. A CW laser beam with a typical beam 

diameter of 3 mm is modulated with a mechanical chopper and is focused 

onto the semiconductor samples through a biconvex BK7 lens with a focal 

length of 20 cm. The laser spot diameter on the sample is 100 to 150 pm.
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Fig.4.1.1 Steady State PL Measurement setup

The penetration depth of the laser beam depends on samples and 

photon energy of the laser. For example, the He-Ne laser can penetrate 

about 0.3 Mm in GaAs bulk material. The intensity distribution I(t) of the 

penetrated beam in the GaAs is determined by incident laser intensity Io and 

the absorption coefficient a  of the GaAs and is given by,

I(x) = Iq .exp(-ax) (4.1.1)

where x is the penetration depth in the GaAs layer. Fig.4.1.2. depicts the 

photon absorption depth (1 /a ) in the GaAs layer as function of the incident 

photon energy. As the photon energy increases, the absorption depth 

decreases exponentially.
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Fig.4.1.2. Photon absorption depth in a GaAs material1).

A central laser wavelength was selected using a narrow band pass 

filter(NBPF) and its incident laser beam intensity was varied using neutral 

density filters to investigate carrier density effects on the PL spectra. The 

photogenerated hot carriers thermalizes, becomes cool, recombine, and emit 

PL which energy corresponds to the sum of the kinetic and potential energy 

of the electrons and holes recombined. The PL from the samples are collected 

using a set of plano-convex lenses to avoid spectral aberration which reduces 

collection efficiency and distorts spectral information. The collected PL is 

introduced to a spectrometer (SPEX1681B). To cut the scattered laser light, a 

color filter (a #7-59 filter to cut off X <700 nm was mostly used in this research) 

is placed in front of the spectrometer. The PL signal at the output of the 

spectrometer is detected by a GaAs photocathode photomultiplier (PMT: 

Hamamatsu R943-02). This PMT has low dark noise characteristics to detect 

the red to near infrared PL spectrum. The excitation laser beam was chopped



100

at a frequency which determine a reference frequency for a lock-in amplifier. 

The modulated output electric signal from the PMT is connected to the Lock- 

'in amplifier (Stanford SR575) that is controlled by a personal computer(IBM- 

P Q . The PC computer software accumulates, analyzes, and displays the 

steady state PL spectrum on a TV monitor.

Since the lattice temperature determines the band structure and the 

carrier and exdton dynam ic, the stability of the lattice temperature is very 

important. In this research, the samples were placed into an optical dewar 

with e temperature controller.

Polarization of the emitted PL can be also investigated by inserting a 

polarizer between the collection lenses. To avoid the polarization dependent 

reflection of the spectrograph, a de-polarizer is required to be inserted after 

the polarizer. By observing PL emission from a sample edge, one can 

determine the origin of PL spectrum(ie: from e-hh or e-lh transition) because 

the light wave propagation and absorption along the layer is determined by 

the selection rule of transitions available in the sample.

4.1.1. CW Laser

The CW lasers used in this thesis were a He-Ne and an Ar ion lasers. A 

CPM laser (see Chapter 4.2), a mode-locked YAG laser, second harmonics 

(SHG) of CPM laser, SHG of theYAG laser, SHG of the amplified CPM laser, 

and a synchronously YAG pumped dye laser were also used for the steady 

state experiments. Prior to the experiments, it was confirmed that the steady 

state PL spectra obtained by the CPM pulse laser photoexdtation at low  

intensity show similar features as those obtained from the PL exdted by the



101

He-Ne laser which center wavelength of 632.8 nm is close enough to that of 

the CPM laser at 625 nm. The photoexdtation power was varied from 1 mW 

to few Watt depending on semiconductor samples to be investigated. A 

narrow band pass filter (NBPF) with a 10 nm band width (centered at the laser 

peak wavelength) was used to select only its central frequency component. 

Otherwise, the wide spontaneous emission components from the laser cavity 

contaminates the PL spectra from the samples. Espedally, when an optical 

amplifier for the CPM laser is on, the amplified stimulated emission (ASE) 

from the amplifier cavity strongly distorts the PL spectrum.

4.1.2 Lock'-in am plifier detection

The lock'-in amplifier is an electronic device that works in frequency 

domain for electronic signal and requires a reference frequency fr which is

provided usually as a mechanical chopping frequency of photoexdtation laser 

beam. Fig. 4.1.3 schematically shows a typical electronic signal spectrum from 

the PMT. There exists noise arising from background light, thermal emission 

from the photocathode of the PMT, and 1 /f  electronic noises generated in the 

electronic circuits. The lock'-in amplifier cuts all frequency components except 

the reference frequency components from the input signal. The filter band 

width is as narrow as 10Hz. As the result, the PL signal modulated at the 

reference frequency is extracted from the electronic input signal accurately 

and is amplified with a high gain electronic amplifier. To eliminate the 

electronic and optical background noise and achieve excellent signal to noise 

ratio, the lock'-in amplification is one of the powerful technique. To achieve
j __

best operation for the lock'-in amplifier, the PMT is required to use a 1MQ 

load resistance Rl. Since the photoemitted and multiplied photoelectrons
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Fig.4.1.3. Frequency distribution of incident electronic signal into a lock'-in 

amplifier with a reference frequency fr. The lock'-in amplifier has narrow 

band width as shown.

through the PMT act as a current source with a current Ipmtv the output 

voltage Vout from the PMT is converted by the load resistance R l by Ohm's 

law, Vout=lpMT*RL- The temporal response of the PMT using 1MQ load is as 

slow as 10 its. The slow response does not affect the measurement as long as 

the reference frequency is lower than the PMT response frequency of around 

100 kH z(=l/10ps). When a 500 load resistance is used instead, the output 

signal voltage becomes 20000 times lower but temporal resolution of the PMT 

is improved to be a few ns which is the ultimate time response of the PMT. 

The 50 O resistance is good to measure a ns PL decay profile of a sample 

directly on a high speed oscilloscope. In this thesis, 1MQ resistance was used 

most of the time for the steady state measurements.
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4.1.3. Optical dewar

A stainless steel dewar from Janis Research Corp. (model #ST-4 ) was 

used in this research. Its structure is schematically depicted in Fig.4.1.4. The 

dewar consists of an outside stainless container with four quartz windows and 

of an inside stainless container attached to a cold finger. The sample house 

between the two containers is evacuated to maintain low sample temperature 

and to avoid water condensation and freezing of the samples. To avoid 

heating due to the infrared light goes into the sample region, an aluminum 

cylinder covers the sample and the cold finger. The inner surface of the cold 

finger which directly connected to the inside container is cooled by cold 

Helium gas transferred from liquid Helium reservoir tank placed outside the



dewar. Note that this dewar uses the cold helium gas not liquid Helium to 

cool the sample. Since the sample to be investigated is attached to the cold 

finger, the sample temperature can be cooled down quickly. To install 

samples, the inside container is removed from the outside container. The 

samples pasted on a copper plate is attached to the cold finger directly. One 

or multiple semiconductor samples cut into 5 mm x 5 mm pieces can be pasted 

by a glue on the copper plate. Then, the inside container is placed back into 

the outside container. H ie sample region is evacuated to 10*1 torr with a 

mechanical vacuum pump and then to 1(H torr with a diffusion pump. It 

takes about 30 minutes to reach 10-6 torr from the atmosphere pressure. 

Once the vacuum reach 10*6 torr and the vacuum valve on the dewar is dosed, 

the cold Helium gas is transferred to the dewar through the gas transfer tube 

inserted into the Helium reservoir tank. The "cryopump effect" lowers the 

vacuum to better than 10*7 torr. It takes about 5 minutes for the dewar to 

be ready to be cooled. When it is ready, it comes a booming sound from the 

gas exhaust port then the sample temperature starts going down. The 

sample temperature reaches to 4 °K within 20 minutes after the sound. Once 

the sample temperature shows 4 °K, one can dose a valve on the transfer 

tube to regulate the a mount of Helium gas flow so that one can use 30 litters 

of liquid Helium in the reservoir tank for two to three days.

4.1.4. Temperature controller

A cryostat (LakeShore Cryotronics #805) temperature controller 

connected to the dewar is a key device to maintain sample temperature and 

can change the sample temperature from room temperature to near liquid 

Helium temperature. A built-in heater (high resistant wire) rounded
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around the cold finger can raise the temperature by supplying electric current 

through it and heat it up. Using a semiconductor temperature sensor (Si 

diode sensor DT-470) and the current feedback circuit built-in the controller, 

the temperature at the sensor position, thus the sample temperature, can be 

maintained within 0.1 °K accuracy. It takes longer time to warm up the 

sample even ten degree with the built-in heater. During the warm-up, the 

sample temperature may be lower than the sensor temperature because the 

cold finger has certain heat capacitance which delays the warming up of the 

sample. After the controller indicates the desired temperature on the sample, 

it may take 5 more minutes for the sample to reach the temperature.

4.1.5. Glue

It may be worth write to discuss the glue used to paste samples onto 

the copper plate for the dewar. The glue must be a special glue that works at 

liquid helium temperature and is a non-fluorescent material. If the glue 

fluoresce around visible to near infrared, it affects the measurement and data 

analysis. One needs to be careful to select the glue for this purpose. In this 

research, GE 7031 adhesive & insulating varnish from Insulating Materials 

Department at St. Schenectady, N.Y. was used.

4 .2. Picosecond Time-resolved PL spectroscopy

In this section, I w ill discuss in detail the experimental setup for 

picosecond time-resolved PL spectroscopy. An experimental diagram is 

shown in Fig. 4.2.1. It consists of the CPM laser, a narrow band pass filter , 

neutral density filters, a laser beam focusing lens, an optical dewar and 

ayostat, a pair of PL collection lenses, a color filter, a spectrograph, and a
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Fig.4.2.1 Time-resolved photoluminescence spectroscopy setup

streak camera system2*7) with an electronic triggering photodiode and an 

electronic delay circuit. It is important to note that the difference in the setup 

between the steady state and the dynamic PL spectroscopies involves the 

lasers and the detectors. The steady state uses the CW lasers and the PMT 

with the lock'-in amplifier connected to the IBM-PG The dynamic 

measurement uses an ultrafast CPM pulse laser system and a high speed 

temporal detector : a streak camera. It is quite easy to re-configure the 

experimental setup from the steady state to the dynamic measurement by 

removing an output slit of the spectrometer and replacing the PMT with the 

streak camera.

Laser pulses from the CPM laser photogenerates carriers in a 

semiconductor sample placed ’in the optical dewar. To eliminate 

contamination of amplified stimulated emission (ASE) from the CPM laser and
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an optical amplifier, a narrow bandpass filter (NBPF) is inserted when an 

experiment is earner out at around 670 nm where the ASE covers. The 

photoexdtation power is controlled by the neutral density filters to investigate 

carrier density effects on the carrier and exdton dynamics. The photoexdted 

carriers in a semiconductor sample recombine and emit PL after the short 

pulse optical perturbation. The PL from the sample is collected into the 

spectrometer (operates as a spectrograph) and is dispersed onto an input slit 

of the streak camera. To avoid artifact "Ghost" signal arising from the 

scattered light of the fundamental laser beam in the spectrograph, a color 

filter (#7-59) is set in front of the spectrograph to eliminate the CPM laser 

beam component and transmits near IR PL components. One has to be 

careful to select the color filter not to distort the PL spectrum.

A part of the laser pulse is fed into a photodiode to generate electronic 

trigger pulse for the streak camera to be synchronized with the laser pulses. 

The streak camera resolves time information of the PL spectrum giving three 

dimensional information; ie. time-wavelength-intensity of the PL. The 

carrier and exdton dynamics are investigated from the PL kinetics with 10 ps 

time resolution which is a typical time resolution of the synchroscan streak 

camera. The lattice temperature of the samples placed in the optical ayostat 

is controlled from liquid Helium temperature to room temperature to 

investigate temperature sensitive scattering mechanism in which phonon 

involved in the transition.

Following sections describe each experimental components in detail.
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4.2,1 Ultrashort laser system

For an untrashort laser to photoexdte carriers in semiconductor 

samples, the pulse duration and laser intensity stability are very important 

parameters to obtain good results in the time-resolved PL spectra.

The configuration of the colliding pulse mode-locked (CPM) laser7) is 

shown in Fig. 4.2.2. The laser generates 80 fs pulses at a repetition rate of 

82MHz. The central wavelength of the laser is 625 nm corresponding to 2.0 

eV photon energy which is enough to excite the valence electrons into the 

conduction band in GaAs structured materials. The pulse duration is shorter 

than the time resolution of the streak camera and is shorter than the carrier 

interaction time with other carriers and lattice.

A gain medium, Rhodamine 6G dissolved in ethylene glycol 

(CH2OHCH2OH) solvent flowed-1 as a jet stream, is photoexdted(pumped) by 

a polarization matched Argon ion laser beam with an average power of 3 W 

at 514.5 nm. The fluorescence from the gain dye is confined in a six mirror

At ion laser
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cavity (M l to M6 ) to lase. Two additional components are inserted in the 

cavity to mode-lock and to shorten the laser pulse duration.

First key component is a saturable absorbing dye jet which acts as 

ultrafast shutter. The dye is DODCI (,3’-Diethyloxadicarbocyaine Iodide) 

dissolved in ethylene glycol and has non-linear absorption characteristics. The 

DODCI absorbs lasing photons until it saturates. Therefore, a high density 

photons can pass through the DODCI and weak photon such as background 

ASE (amplified stimulated emission) is absorbed. The non-linear absorption 

acts as cii ul*T;ifast shutter and shortens the pulse duration because the 

photons around the envelope of the pulse is absorbed. The shortened pulse 

w ill be amplified by the gain dye during second round trip in the cavity. 

Then, the pulse shortening will take place for the amplified pulse, again by 

the DODCI saturable absorber. The gain saturation shortens the tail of the 

pulses. After hundreds of round trips, the pulse duration becomes shorter 

than 100 femtosecond. The arrangement of the gain dye and the saturable 

absorber dye is determined to achieve stable amplification and absorption. 

The distance between the dye jets are set to be one fourth of the laser cavity 

length so that each pulse traveling counter directions in the cavity w ill be 

amplified at same gain and meet exactly at the saturable absorber jet to 

enhance the non-linear absorption effectively.

Next important additional component is a four prism pairs inserted in 

the cavity. Since the optical components such as mirrors, dye jets and air in 

the cavity are positive dispersion materials which broaden the pulse in time 

arising from group velocity dispersion and widen the spectrum due to non­

linear Kerr effect in the dye jet where the photon density is high enough to
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Fig. 4.2.3. Four prism configuration to create negative dispersion property.

cause non-linear optical effect. Since the dye solutions have small Kerr non- 

linearity in their refractive index, the laser pulses in the cavity are positively 

chirped. The linear dispersion effects arising from the group velocity 

dispersion occurs in optics such as glass plates, non-linear crystal plates, prism, 

and lenses are described in Appendix A.1 in detail. When the red component 

of light travels at leading edge of the pulse, the pulse is called positively 

chirped or up-chirped (because the frequency increases in time). A pulse with 

the blue component traveling at leading edge is called negatively chirped or 

down-chirped. When the positive chirp in the cavity is compensated by 

inserting a negative dispersion material in the cavity, the laser pulse can be 

compressed to be Fourier transform limited and be shortest for the band 

width of the laser cavity. Four prism pairs made of SF11 high refractive 

index glass acts as such negative dispersion elem ent

The four prism configuration is shown in Fig. 4.2.3. The amount of 

negative dispersion is mainly determined by separations between the prism 

#1 and #2 and between the prism #3 and #4. As discussed in Appendix A.1, 

the pulse fronts of the counter propagating pulses in the cavity are tilted after
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the prism #1 and #4 because of the group velocity difference between the air 

and the prism glass. The spectrum of the pulse spreads along the spatial 

direction parallel to the optical table. The tilted and spectrally spread pulses 

enter the prism #2 or #3, respectively. Since the prisms #2 and #3 delay the 

red components of the laser pulse more than the blue part of the laser, the 

prism pairs #3 and #4 causes the negative dispersion and can compensate the 

positive dispersion of the laser pulses in the cavity. By tuning the position of 

the prism pairs, the CPM laser can generate pulses as short as 27 fs.9) Using 

smaller refractive index prisms, one may compensate third order chirping 

components10) and obtain an ultrashort pulse as short as 17 fs in a Tirsapphire 

laser.

Since the CPM laser operates at a balanced wavelength determined by 

pumping power of Argon ion laser, gain of Rhodamine 6G, saturable 

absorption of the DODCI, mirror reflection, and prism configuration, the 

CPM laser does not allow wavelength tunability and can not be used for a 

resonant photoexcitation experiment.

4.2.2. Pulse duration measurement using an optical autocorrelator

A femtosecond optical autocorrelator is used to evaluate the pulse 

duration of Are CPM laser pulses. The diagram of the dispersion free 

autocorrelator is depicted in Fig.4.2.4. The incident beam is split into two parts 

with a thin Pelicle beam splitter. The two beams travel different optical arms, 

reflected by the comer mirrors and focused onto a lOOfim thick KDP crystal 

mounted on a quartz glass plate (shown in the inset of Fig.4.2.4) by a concave 

m inor. The radius of curvature of the concave mirror is 10 cm and the focal 

point becomes 5 cm. The generated SHG signal is reflected by a small piece of
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Fig. 4.2.4 Optical dispersion free autocorrelator configuration and a 100/un 

KDP crystal mounted (inset) on a quartz glass plate.

mirror toward a PMT through a SHG transmission narrow band pass filter. 

By varying one optical arm length with an electric shaker having /un accuracy, 

the autocorrelation function of incident laser pulse is generated as the 

intensity profile of the SHG signal as function of the arm length(which 

corresponds to delay time between two pulses overlapped on the KDP 

crystal). A 1.5/un arm length change corresponds to 10 fs delay time of the 

autocorrelation function. The output electronic signal from the PMT is lead



113

into an oscilloscope to obtain the SHG intensity profiles as function of time. 

In this case, the time is determined by the speed of vibration of the shaker and 

the amount of the arm length change. After the SHG intensity trace is 

obtained on the scope, one can determine the pulse duration by assuming a 

pulse intensify shape as a square of sech. The measured duration at full 

width at half maximum (FWHM) of the trace is divided by 1.55 ( this value is 

determined from autocorrelation function of sec^h) to obtain the pulse 

duration of the laser pulse. The typical pulse duration of the laser was 80 to 

100 fs.

To determine the autocorrelation trace shape, the following calculation 

procedure is carried out. For a simple Gaussian pulse case, the electric field 

of the collinearly superposed laser beams on the KDP crystal is expressed as

E(t,T)tot=E(t)+E(t+r) (4.2.1)

The SHG intensify is given by

I(t,x)SHG = E(t,x)tot • E(t,x)tot x ( E(t,x)tot • E(t,x)tot )*

= I I(t,x)tot I2  • (4.2.2)

The time integrated intensify I(x) of the SHG on the scope can be obtained by 

integrating Eq.4.2.2. with respect to time t as,

+ o o

I(x)SHG =  / I ( t , x ) SHG d t . (4.2.3)
H30
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The autocorrelation function as function of the delay time x is given by,

Eo2 Vx/2io [ 1 +2 expKx/to)2}

+ 4 exp{-{A2+3(T/to)2}/4} cos{A(x/10)2/2} c o s o j t  

+ exp{-(l +A2)(x/ to)2}cos2arc]. (4.2.4)

The first term 1 in the right hand side parenthesis is non-correlated term, the 

second term is the intensity correlation term, and the last two terms are 

coherent fringe terms.

By using slow detector or non-collinear configuration of autocorrelator, 

intensity autocorrelation function can be obtain by ignoring the (coherent 

fringe terms from Eq. 4.2.4 and its shape is schematically shown in Fig. 4.2.5. 

The intensity correlation curve is give by,

Ifr)5HG=Eo2Vjrto/2[ 1+ 2exp{-(x/to)2}] (4.2.5)

From this equation, the delay time at half intensity of the peak SHG signal 

for the intensity correlated portion is expressed as,

to(FWHM)AC=21in2 to

= 1.38629 to (4.2.6)

using the incident pulse duration to. Therefore, one can determine the 

incident pulse duration with the measured SHG signal width to(FWHM)AG
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Fig. 4.2.5 Autocorrelation trace of femtosecond 

pulse obtained using a non-collinear autocorrelator.

Since the pulse duration and the spectrum bandwidth is related by the 

uncertainty principle (or Fourier transformation), one may use a spectrum 

analyzer to evaluate the spectral bandwidth of the laser at the same time as 

the auto-correlation is measured. The spectrum analyzer consists from a 

spectrograph which disperse the laser spectrum onto a Si photodiode array 

and electronic signal analyzer connected to the diode array ( Hamamatsu 

Photonic MicroChannel Analyzer: PMA). By tuning the position of four 

prisms in the laser cavity, one can see dramatic change in the spectrum and 

autocorrelation shape. At the optimum position achieving a shortest pulse 

duration, the spectrum analyzer shows a widest spectrum while the scope 

shows a narrowest SHG intensity trace at the same time.
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4.2.3. Streak camera system

A streak camera system consists from a camera body, a SIT image pick­

up camera, an image processing computer (temporal analyzer, TA) which 

digitizes and stores streak images (time-resolved PL spectra) into a memory 

to be analyzed. The schematic diagram with other peripherals are displayed 

in Fig. 4.2.6.

The streak camera body incorporates a streak tube which is a vacuum 

tube consisting of a photocathode, an acceleration mesh electrode, an 

electrostatic focus electrode, an anode aperture, a pair of deflection plates, a 

microchannel plate (MCP), and a phosphor screen as depicted in Fig.4.2.7. The 

photocathode instantly converts incident photons into photoelectrons 

through photoemission. The photoemission time has not been evaluated yet. 

However, it is believed that the time is in few tens of fs. The cpnversion 

efficiency is called as "quantum Effidency(QE)" and is defined as a ratio 

between number of photoelectrons emitted and number of incident photons 

onto the photocathode. For a S-20 type photocathode, a typical 

photocathode quantum efficiency at 600 nm is about 20% which means that 1 

photoelectron in average w ill be emitted when 5 photons at 600 nm illuminate 

the photocathode. Since the mesh electrode and the MCP have finite opening 

area of about 60% each, number of the photoelectron passing through the 

mesh and MCP decreases to be 36% of the incident photoelectrons. As the 

result, the total detectability at 600 nm is about 7% of incident photons.

The primary photoelectron has a kinetic energy of about 0.3 eV 

determined by the difference between the photon energy and the work 

function of the photocathode. The photoelectrons are accelerated toward the 

pair of deflection plates by the potential of about 10 kV applied between the
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photocathode and the anode aperture electrode. The accelerated 

photoelectrons are focused onto a surface of the MCP by the electrostatic lens 

field created by the combination of the mesh, the focus electrode and the 

anode aperture at a focus mode of streak camera (no-deflection). The 

voltage applied to the focusing electrode is adjusted so that an image on the 

photocathode is projected onto the MCP. The MCP is a heavy glass plate 

with a lot of tiny through holes ( microchannels) from its input to output 

surfaces. The diameter of each channel is 25pm which limits the time and 

spatial resolutions of the streak camera. A  photoelectron entered into a 

channel is multiplied by secondary electron emission at the inner surface of 

the glass material. Since a high voltage is applied across the MCP, the 

electrons are kept being multiplied until they reach the output surface. The 

multiplication gain is around 1000 to 5000 and is determined by the applied 

high voltage. When two MCPs are arranged in tandem and applied twice 

the high voltage, the multiplication gain can be larger than 105 which enables 

single photoelectron counting. The multiplied electrons are accelerated again 

and hit the phosphor screen of the streak tube and gives fluorescence image( 

Streak image).

For streak mode (dynamic operation), rapid ramp or sinusoidal 

voltage is applied to the pair of deflection plates synchronously with the 

incident photons. The photoelectron reached the deflection field later is 

deflected more than the photoelectrons coming earlier. The dynamic 

deflection converts the time information at the photocathode into the spatial 

information on the output phosphor screen.

The following sections discuss in detail die key parameters of the 

streak camera.
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Fig. 4.2.8. Typical spectral sensitivity of S-20 and S-l type photocathodes.

4.2.3.I. Spectral sensitivity

The spectral sensitivity is most important parameter to be specified. S-20, 

S-25, S-l or other types of photocathodes can be incorporated in a streak tube. The 

photocathode can not be replaced The sensitive wavelength region were 

extended from X-ray11) to far infrared12). Even 14 MeV fast neutrons generated 

by a laser fusion experiment were detected by a neutron streak camera with 

around 20 ps time resolution.13) Once the photocathode type is selected, the 

quantum efficiency (QE) at different wavelength (given by a ratio between 

number of photoelectrons emitted and number of photons incident) and dark 

electron noise level are determined. Usually, S-l photocathode emits more dark 

electrons because its work function is very low so that thermal electrons can 

escape from the photocathode with higher probability. Fig.4,2.8. shows the 

typical QE curves of S-20 and S-l photocathodes used for Hamamatsu streak 

cameras. S-20 photocathode has sensitivity from 300 to 850 nm while S-l

S-20

S-l
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photocathodes used for Hamamatsu streak cameras. 5*20 photocathode has 

sensitivity from 300 to 850 nm while S-l photocathode has sensitivity from 

300 nm to 1.6 /im. In this research, both S-20 and S-l type streak cameras 

were used.

4.23.2. Time resolution

Next important parameter is the time resolution. A  synchroscan streak 

camera C1587 from Hamamatsu has four streak speed ranges. A fastest 

sweep range gives 8  to 10 ps time resolution and 600 ps time window on the 

output screen of the streak camera while the slowest sweep range gives about 

30 ps time resolution and 1.8 ns time window. Since the synchroscan streak 

mode can accumulate the optical signal for a long time at a high repetition rate 

synchronized with the laser, it gives an excellent signal-to-noise ratio and the
t

photoexcitation intensity can be weak as few tens pW. Therefore, high carrier 

density effects such as screening and carrier-carrier interaction can be 

neglected for the sample analysis under the weak photoexcitation.

A single shot streak camera plug-in for Hamamatsu C1587 gives 1.5 ps 

time resolution with 200 ps time window. For the single shot measurement, 

360 fs time resolution was achieved experimentally.3) Since it is one shot 

measurement, the photoexdtation power becomes high to obtain reasonable 

PL signal from the sample to be investigated. For a case of semiconductor 

sample, such intense photoexdtation may introduce more complicated carrier 

density and hot phonon effects.
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Fig. 4.2.9 Dynamic range of a streak camera defined as the range between the 

noise level to the incident intensity where the output pulse duration is 

appeared to be 20% wider.
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4.2.3.3. Dynamic range

Another important factor to be taken into account is the dynamics 

range. When the peak power of the incident pulse increases, corresponding 

pulse width of the output time-resolved image becomes wider and degrades 

the time resolution. The time broadening arises from Coulomb electron- 

repulsion between the photoelectrons in the photocathode and during flight 

of the electrons in the streak tube. Therefore, it is safe to limit the incident 

light intensity within certain range. The range is called "dynamics range”. 

The conventional dynamic range is determined from a weakest detectable 

signal intensity to an signal intensity which broaden the temporal profile 20% 

wider as shown in Fig.4.2.9. For the synchroscan streak camera, the 

dynamical range is very wide because the individual optical phenomena can



Fig.4.2.10 Time resolved pulse images within (pulse image obtained at early 

time) and out of the dynamic range ( broadened pulse image at the later time) 

of a femtosecond streak camera(from Hamamatsu).

be very weak so that the electron repulsion w ill not take place. The lowest 

detectable signal level for the synchroscan streak camera is limited by the 

readout noise of the SIT camera. When a cooled CCD camera (which has very 

small noise level) is used to readout the streak image, the thermal electron 

noise from the photocathode (~ 2x10*1° electron/ps) limits the detectability. 

Thus, the dynamics range is more important characteristics for a single shot 

streak mode. A typical 2 ps single shot streak camera has dynamical range 

of 100. Fig.4.2.10 shows an example of un-broadened and broadened pulse 

images measured with a femtosecond streak camera. When the pulse 

intensity is out of the dynamic range, the pulse width becomes wide as 

shown at the later time of the streak time while the pulse within the dynamic 

range is shown to be narrow(early streak image).



123

4.2.3»4. Time spread in  the streak camera

There are several parts of the streak camera which causes un-wanted 

time spread either optically or electronically. A total time spread is given by 

an equation as,

2 2 2 2 2 2 
Ttotal“Tl + T2 +  x 3 + Tjitter+Toptic£t (4.2.7)

where each time spreading component is assumed to be Gaussian function, x\, 

T2, T', are photcelectror. i:spersion term, time spread due to deflection electric 

field, and time spread due to finite slit width of the streak camera, 

respectively. The three parameters are determined by the streak tube 

structure and its operating voltage, xi and T2 are within a picosecond and are 

negligible for a synchroscan streak camera, xs depends on the slit width of the 

streak camera, fitter arises from timing mismatch between the optical 

phenomena and the electrical pulse to trigger the streak camera. When the 

intensity of individual laser pulse fluctuates, the amplitude of electronic signal 

from the photodiode varies accordingly. Since the synchroscan streak 

camera amplifies the trigger signal from the photodiode directly to generate 

deflection signal applying to the deflection plates, the fluctuation causes a 

fluctuation on the deflection speed thus generates the jitter. ibptics is the 

group velocity dispersion term occurs in the optical components of the streak 

camera.

Using the slit width of 30 fim, 13 is determined by the ultimate spatial 

resolution of the streak camera W (which is about 50 fim) and the sweep 

speed V of the streak camera, ie t 3=W /V. The ultimate time spread 13 at 

fastest sweep speed of the synchroscan streak camera is around 6  ps.
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The Tjitter determines the time resolution of the measurement. To 

avoid the trigger jitter due to the mis-coupling between the laser and the 

photodiode, one requires adjustment of the photodiode position against the 

laser beam and the incident power of the laser into the photodiode. The laser 

beam is required to be incident perpendicular to the photodiode. The power 

required to achieve best trigger condition may be 1 to 3 mW. After setting 

the conditions, then fine position adjustment is the key to achieve best time 

resolution. For the synchroscan streak camera, one needs to set the streak 

speed to slowest first and obtain a streak, image onto the TV monitor by 

optimizing the electric trigger delay. The pulse image duration on the 

monitor may be within 7 channel on the temporal analyzer. One rotates the 

photodiode to achieve 5 channel duration of the streak image. Then, one 

switches to the fastest sweep speed and repeats the same adjusting procedure 

until the pulse duration of the streak image at the fast sweep speed becomes 

within 10 channel(the best resolution achieved was 6.5 channel).

Optical time spread Optics occurs at the input optics of the streak 

camera and a window for the streak tube. Since the input optics is a 

complicate combination lens, the amount of glass for the optics is thick. 

Therefore, the femtosecond phenomena incident of the streak camera could 

be temporally spread by the wavelength dispersion characteristics (Group 

dispersion) of the input optics. The detailed measurement for the group time 

delay in the streak camera input optics was carrier out by Staerk at Max- 

Planck Institute using a tunable short pulse laser as shown in Fig. 4.2.11.14) 

Fig. 4.2.12 shows a time profile of two pulses at 530 nm ( second harmonics of 

Nd:YAG laser at 1.06 pm) and 320 nm (third harmonics of the 1.06 pm laser 

pulse). This figure displays the group delay effect caused by the input optics
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Fig.4.2.11. Optical pulse delay at different incident wavelength into input 

optics of streak camera measured by Staerk el al. at Max-Planck Institute.
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Fig.4.2.12. Group delay effect at 530 nm and 350 nm laser pulses, generated 

by taking second and third harmonics of a Nd:YAG laser, occured in an input 

optics of a 2 ps streak camera(Hamamatsu C1370).
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of a streak camera.15) Since the group refractive index at 530 nm is smaller 

than the value at 350 nm, the 530 nm laser pulse (strong light) arrived 40.2 ps 

earlier than the 350 nm pulse. This group delay was evaluated using a 

Nd:YAG laser and a 2ps streak camera(Hamamatsu C1370).

As seen in the figure, the blue light delays more than the red light as 

expected from the consideration in Appendix A l. Therefore, a careful time 

resolved measurement for blue ultrafast phenomena is required.

4.2.3.5. Streak trace overlap

When the streak camera is used at the synchroscan mode and 

measures a longer PL decay from a sample, the back trace of the 

synchroscan deflection can cause an overlap of the long decay tail on the initial 

sweep image resulting a requirement of complicated data analysis.

The regular synchroscan deflection uses a sinusoidal deflection along 

vertical direction synchronized with the incident laser pulses as shown in 

Fig.4.2.13. The deflection signal deflects the photoelectron downward first. 

After a half period of the laser repetition (it's 6 ns in the case of the CPM 

laser), the deflection returns upward and traces same location on the screen 

as the downward deflection trace. When the PL profile has longer decay than 

the half period of the laser repetition, the long PL tail on the upward 

deflection overlaps on the downward PL profile. As the result, the PL time 

profile is distorted by the overlap of the long PL decay tail. A circular scan 

operation solves this overlap problem. Two synchronized sinusoidal 

deflection signals are applied to both vertical and horizontal deflection plates 

incorporated in the streak tube so ’that the deflection trace shows either circle 

or ellipse depending on the streak speed and phase difference between the
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Fig.4.2.13. Synchroscan deflection signal and its linear region shown on the 

output screen of the streak camera.

vertical and the horizontal deflection signals as shown in Fig. 4.2.14. The
*

circular scan operation shifts the long decaying PL upward trace to the outside 

of the streak image area so that the initial PL profile still remains original PL 

profile.

Fig.4.2.15. show the difference in the streak image profile incorporating 

a long decay component between that without circular operation(dashed line) 

and that with circular operation(solid line). To evaluate its overlap effect on 

the streak profile, a simple analysis was done as follows. Suppose an ideal 

profile was given by,

f(t)={2-exp(-0.1t)-exp(-0.03t)}*{exp(-0.0001t) +exp(-0.03t)} (4.2.8)



Fig. 4.2.14. Circular scan operation which enables to avoid overlap of long 

decay component from t2 to t3 on the initial sweep image during to to ti.

which contains 10 and 300 ps rising components and 300 ps and 10 ns decay 

components. The overlapped streak image at a delay time x on the image is 

give by the summation of the intensities,

F(t) = f(t0+x) + f(tjx) + f(t4+x) + f(tyx) + • • • • •  (42 9)

It is very hard to evaluate the original function f(t) from the overlapped streak 

profile F(x) unless the function f(t) is well known function such as single
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Fig. 4.2.15. Overlap effect of back trace of synchroscan streak mode when the 

PL decay time is as longer as 10 ns. Intensity profiles without circular 

scan(Dashed curve) and with circular scan(solid curve).

exponential decay curve. Therefore, when one expects to observe a long 

decay component from a sample, it is a key to use the circular scan operation.

Since the circular operation distorts the PL time axis because of the 

circular trace, there is a software to correct the temporal distortion. To 

correct the trace, one needs to take a continuous trace of CW light source. 

The software analyze the curvature of the trace and uses the obtained 

curvature to correct the streak image.

Using this circular scan and the software, one can measure long
a

decaying PL profiles. However, if the decay time is longer than the period of
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Fig. 4.2.16. Time axis calibration using a Michelson interferometer to obtain 

two pulses with well defined interval.

the laser repetition, it still hard to correct the overlap of the PL profile because 

of pile-up of the PL long tail.

4.2.3.6. Streak camera time axis calibration

A streak camera from Hamamatsu operates in either synchroscan or 

single shot mode by changing its plug-in unit. It is important to calibrate its 

time axis with short pulse trains of which separation is well defined with sub- 

picosecond time accuracy. A  Michelson interferometer or an etalon can be 

used as the accurate train pulse generator.

A Michelson interferometer consists from one beam splitter and two 

plane mirrors as shown in Fig.4.2.16. An incident short pulse onto the beam 

splitter is split into two. The split beams travel each optical arm, and are 

reflected back to the beam incident direction. When the arm lengths are 

different with 1.5 mm, the traveling time of the two split beams within the 

arms is different with 10 ps. The two pulses obtained from the Michelson



131

n
Etalon Mirror Intensity = (R1*R2)

Reflectivity 

R1 R2

n=3 n=2 n=l

Time

d
Time Interval: dT = 2d/c

Fig. 4.2.17. Train pulse generation through etalon mirror.

interferometer can be well calibrated in time when an accurate translation 

stage is used for the displacement of one of the plane mirror.

The etalon consists of two mirrors facing parallel each other with a 

space d between them. The mirrors have reflections of R1 and R2, 

respectively. As a short pulse incident on the etalon as shown in Fig.4.2.17, 

some portion of the laser pulse transmits through the first input mirror and a 

part of it is reflected by the second mirror with reflection R2. The remaining 

part of the laser pulse through the second mirror gives a leading pulse of the 

train pulse (n=l). After the round trip in the etalon, a part of the reflected 

pulse from the second mirror toward the first mirror is reflected by the first 

mirror with reflection of R l. This process repeats until all photons escape

from the etalon cavity. As the result, successive train pulses (n=l,2,3,-----) are

obtained through the second mirror. The interval between the successive
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Fig. 4.2.18. Streak image and its intensity profile obtained for the train pulses 

from the etalon.

pulses are determined by the round trip time of the pulse in the etalon by 

dT=2d/c where c is the velocity of light in the air. By changing the space 

between the mirrors accurately, pulse trains with a variable pulse interval can 

be obtained.

To calibrate the time axis of a streak camera using the train pulses from 

the etalon, the streak camera is synchronously triggered by the incidence 

pulse into the etalon and obtains an train pulse image on its output screen as 

schematically shown in Fig.4.2.18. First, one needs to measure the channel 

interval between the train pulse images p i and p z  then the streak time 

(ps/ch) is calculated using the calibration time interval of the train pulses dT 

and the interval channel of the streak image of the train pulses p2-pi- The 

streak time obtained is given to the position at ( pi+p2 ) /2  channel of the 

streak time axis. Repeat the procedure until peak position of the train pulse 

image (p3, p4, —  ) can be hardly determined. Then, change the timing 

between the optical train pulses and the streak camera trigger by either 

optically or electrically. There is a delay box for the electric trigger signal to
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Fig.4.2.19. Time calibration curve obtained for a shynchroscan streak camera 

using a Michelson interferometer.

be delayed. One may increase the delay switch 250 ps. Then, obtain another 

shot of the train pulse image on the streak camera. Repeat the procedure at 

least 20 times so that entire screen of the streak camera output axis is filled 

with the calibration points.

Using a software "Criket graph" (a statistics program) on Macintosh 

computer, plot the streak time vs. the middle position of the train pulse 

images ( pi+p2 )/2 . Use a second order polynomial to fit the streak time 

distribution of entire streak camera screen. The fit curve is the time 

calibration curve for the streak speed. If one needs another streak speed, 

repeat the whole sequence for the streak speed. Fig.4.2.19 shows an example 

of the streak time calibration curve measured for a synchroscan streak 

camera. The open circles are evaluated streak time and the solid curve is the
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fit using a second order polynomial fit by a least square method. The 

equation of the second order fitting curve is given in the figure.

The time axis calibration is required when a new streak tube is installed, 

when a new SIT or CCD camera is attached to read out streak images, and 

when the laser repetition rate is changed by a laser re-alignment. When the 

laser repetition rate is changed, die streak camera is required to time its RF 

amplifier to the resonance frequency to avoid non-linearity of the streak 

sweep speed. Turn the SWR and Power meter switch to SWR, and use 

insulated tuning screw driver to tune real(R) and imaginary(X) part of the 

amplifier to achive minimum SWR value. This procedure changes the streak 

speed. Therefore, the time axis calibration is required after the tuning.

For the synchroscan streak camera, the Michelson interferometer 

method usually gives accurate calibrations.

4.2.3.7. Photocathode sensitivity uniformity

The spectral sensitivity of the streak tube is supplied from Hamamatsu 

when the tube is shipped. The sensitivity w ill not change dramatically unless 

someone send strong laser beam into the streak camera and bum the streak 

tube photocathode or MCP. If one needs to know the degradation of the 

streak camera spectral sensitivity, ask Hamamatsu to calibrate it, again. In 

case, one wants to calibrate by oneself, it is important to have spectrally 

calibrated uniform light source such as a tungsten collimated lamp of which 

spectral distribution is determined by Black body radiation. Using well 

calibrated and spatially uniform narrow band pass filters to cover the input slit 

of the streak camera and a diffusing plate which scatters the light randomly as 

shown in Fig.4.2.20, one can accumulate the image to get the light incident on
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Fig.4.2.20. An experimental setup to evaluate uniformity of spectral 
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Fig.4.2.21 Spectral sensitivity of a synchroscan streak camera measured using 

a tungsten collimated lamp and calibrated narrow band pass filters.
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the streak camera at the focus mode. The image displays the uniformity of 

spectral sensitivity of the photocathode. The intensity of output images at 

various wavelength determine a spectral sensitivity of the evaluated streak 

camera. Fig.4.2.21. shows an evaluated spectral sensitivity curve for a 

synchroscan streak camera using this method. The open circles are the 

measured output intensity while the solid curve was obtained by the second 

order polynomial fitting method.

4.2.4. Spectrometer and spectrograph

4.2.4.I. Operational principle

An spectrometer consists from an input slit, a collimating concave 

mirror, a ruled reflection or holographic grating, a focusing concave mirror, 

and an output slit. The light incident on the input slit is diffracted toward the 

collimating mirror to obtain parallel light beam incident onto the grating. 

The collimated light is diffracted by the gTating. The diffracted monochromatic 

components is focused onto the output slit by the focusing concave mirror. 

In this case, aluminum concave mirrors are used to collimate and focus the 

light to avoid the color aberration. Since the diffraction angle for each 

wavelength component is different, the focus position for the each 

wavelength component is arranged along horizontal direction perpendicular 

to the output slit. When the output slit is removed, one can use the 

spectrometer as a spectrograph.

Using a set of collimating and focusing lenses in front of the sample, an 

image of the sample PL is projected onto the input slit. The image size on the 

input slit is around 100 pm determined by the laser beam diameter on the 

sample and the magnification factor of the set of collimating and focusing
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lenses. To achieve highest coupling efficiency between sample and the 

spectrometer, a collection lens having same focal length of the concave 

mirror may be used.

4L2.4.2. Time spread of reflection grating

It is known that the spectrometer with a reflection or holographic 

grating causes time spread for ultrashort light pulses. The time spread is 

determined by geometrical optics for the incident beam and grating 

arrangement As shown in Fig.4.2.22, the incident light is diffracted to certain 

direction that satisfy the Bragg's condition. The Bragg's diffraction is given

ty /

d (sin y - sin <l*m ) = m X (4.2.10)

where d is the blaze width, 6b is the blazed angle, y is light incident angle, 

is the diffraction angle from the normal to the grating, m is the order of 

diffraction, and X, is the diffraction wavelength. A grating is specified by a 

blazed wavelength where the diffraction efficiency is maximum of the 

diffraction spectral distribution function. The relationship between the blaze 

wavelength X© and blaze angle 6b is given by

 =sm  Gg
^  (4.2.11)

Therefore, when one needs to purchase a grating, the blaze wavelength and 

number of grating grooves per mm g are the key parameters to determine 

which grating is suitable to the experiment Once the Blaze wavelength and
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Grating

Fig. 4.2.22. Reflection grating structure and light diffraction.

number of grooves/m m  are determined, the blaze angle is determined from 

Eq. 4.2.11.

Since the diffraction direction is not along reflection direction (Eq. 

4.2.10), a time delay for a plane incident wave occurs. To evaluate the time 

spread, a plane wave incident on a square grating is considered as illustrated 

inFig.4.2.22. From its geometry, the difference in flight distance between 

edges A and B are calculated and gives time delay At between the edges as,

( W sin v + W sin G> )
A t = --------------------------- —

c ' , (4.2.12)
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Table 4.2.1 Time spread due to the square grating with different number of 

grooves and different grating width.

w
# of groovM 's^

1 cm J2cm. 2cm

600 1.74 ps 2.46 ps 3.48 ps

1200 3.48 ps 4.92 ps 6.96 ps

where c is the velocity of light in the air and W is the grating width or light 

beam diameter in the unit of meter. Using Eq.s 4.2.10. and 4.2.12, the delay 

time At is derived to be,

At = W»( 2 sin y + Xg ) / c , (4.2.13)

where g is the number of grating grooves per meter. Taking a derivative of 

Eq. 4.2.13 with respect to light wavelength X, a time spread 8t due to the wide 

spectrum of the incident light is evaluated as,

8t = W »g AX /  c (4.2.14)

The time spreads are calculated in Table 4.2.1 using AX=87 ran for 600 and 

1200 grooves/m m  square gratings with W =l, V2 and 2 cm. The larger the 

number of the grooves and the larger the grating size, the larger the time
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Fig.4.2.23. Ultimate spectral resolution determined by the streak camera and 

spectrograph resolutions

spreads. Therefore, the selection of a grating is important to obtain suitable 

time resolution for a time-resolved spectroscopic measurement.

4.2.4.3. Spectral resolution of the system

Spectral resolution of the time-resolved spectroscopy system is 

determined by the combined resolution of spectrograph and streak camera. 

The experimental results are shown in Fig. 4.2.23. When a 600 grooves/m m  

ruled reflection grating is used. The figure shows the relationship between 

the input slit width of the spectrogTaph (in fim) and the output spectral 

resolution of the streak image(in nm). The open circles are measured spectral
a

resolution data at the slit widths and the solid curve indicates linear 

relationship between the output spectrum width and the input slit width.
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Above 300 #im of the slit width, the spectral resolution is determined by the 

spectrograph while the resolution is determined by the spatial resolution of 

the streak camera below 300/im of the slit width. The minimum spectral 

resolution of the system is evaluated to be 0.9 nm for the 600 grooves/mm  

grating. Therefore, the optimum slit width to achieve relatively good 

resolution is 50/im input slit width. It is difficult to use a narrower slit width 

below 50 /;m because the output signal intensity becomes too weak to 

observe. One can optimize the input slit width according to the signal 

intensity. At that time, the spectral resolution of the system may be 

degraded.

4.2.4.4. Spectral calibration

For the time-resolved spectroscopy, the spectral calibration is most 

important procedure. If one forgot to calibrate and move the streak camera, 

spectrograph or collection lenses, it may be impossible to achieve high 

spectral accuracy for the data analysis.

To calibrate the spectral axis on the streak image, one may use a Ne or 

Hg lamp which atomic emission lines are well established and their values are 

available on NuclearTables. The calibration light source is placed in front of 

the sample. The light source may be covered by a black paper with an 

aperture where a part of the light can pass through. This aperture enables to 

calibrate the spectral axis accurately. When the spectral lines are obtained on 

the TV monitor, fix the light source and integrate the image. Fig. 4.2.24. (a) to 

(c) show the spectral profiles of the integrated images at different central 

wavelengths such as 600, 700 and 800 nm using the 600 grooves/m m  

reflection grating for a Ne lamp. The numbers in parenthesis in the figures
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are peak position on the TA and the numbers above for each position are the 

corresponding atomic line wavelength in nm for the Ne lamp. By fitting the 

peak positions on TA and the atomic lines (open circles) with a simple linear fit 

using a program "Criket graph" in a Macintosh computer, one can make a 

calibration curve (solid lines) as shown in Fig. 4.225. (a), (b) and (c) 

corresponding to the data in Fig. 4.2.24 (a), (b), and (c), respectively. To 

achieve higher accuracy for spectral axis calibration, several lamps or lasers 

may be used.
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Fig. 4.2.24. Spectra of Ne lamp observed at (a) 600 nm, (b) 700 nm, and (c) 

800 nm spectral regions, respectively, using 600 grooves/nun reflection 

grating in SPEX spectrometer 1681B. The numbers in parenthesis in the 

figures are peak positions onTA and the numbers above for each position are 

the corresponding atomic line wavelengths in nm.
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Fig. 4.2.25. Spectral calibration curves for Ne lamp obtained for the data 

shown in Fig. 4.2.24. (a), (b) and (c), respectively. Open circles are measured 

peak positions on TA and solid lines are fit curves by simple linear fitting with 

"Criket Graph" program in a Macintosh computer.
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4.3. External pressure apparatus

Applying uniaxial external stress to semiconductor samples, the carrier 

and exdton dynamics under various deformed band structure has 

investigated in ps time domain at low temperature. This w ill give information 

on carrier-carrier scattering and carrier relaxation process under stress which 

are not extensively studied. The maximum stress obtained for a GaAs 

MQW/Si sample was 14 kbar along {001} direction. Typically, the maximum 

stress can be around 10 to 16 kbar which corresponds to more than 10000 

times higher pressure than atmospheric pressure of 1.013 bar.

4.3.1. Cryostat w ith stress apparatus

The experimental setups for the steady state and the time-resolved PL 

spectroscopies under external stresses are the same as these discussed in 

previous sections 4.2.1 and 2 except for addition of a stress-cryostat dewar. A 

variable uniaxial stress can be applied onto semiconductor samples using the 

stress apparatus. The stress apparatus with dewar was obtained from Prof. 

Poliak of the Brooklyn college of CUNY. The operation of the stress 

apparatus and sample preparation for external stress experiments were 

performed with help of Mr. Hao Qiang from the Brooklyn College.

The stress cryostat (Janis Research Inc. Model# 8DT) also can vary 

sample temperature. However, since the heater locates on the high heat 

resistive material of the liquid Helium needle at the bottom of the cryostat, 

the heat-up is required to be very careful and takes a long time. Rapid 

heating process may destroy the cryostat The solder between the heater 

plate and dewar is melt and breaks the vacuum sealing. In the experiments I 

have done, I broke the cryostat twice because the heater current was high
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Fig. 4.3.1 Stress dewar structure.

while there was not enough liquid Helium flow. The damage can be repaired 

by using a high power solder iron and a solder without flux. In the 

experiments under external stress, I have used the dewar at liquid Helium  

temperature.

After a sample is mounted on a stress jig and is inserted into the dewar, 

the stress cryostat requires pre-cooling by using liquid nitrogen. To avoid 

water condensation and freezing of ice in the dewar, dry helium gas is 

necessary to be circulated to purge the wet air from the dewar for at least 30 

minutes with Helium needle valve open so that the helium gas can dry the
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inside of liquid helium tank. Then, liquid nitrogen is transferred into the 

liquid nitrogen tank and fill up to the top of the dewar. It may take 20 

minutes. It is very important to pay attention to the stress arm while the 

sample is cooled. Because of the temperature difference from the room 

temperature, the stress arm shrunk and may damage the sample. Then, 

liquid Helium can be transferred to the Helium tank. At that time, the 

Helium needle valve should be closed but not tightly to avoid the freezing of 

the needle valve. One of the most simple but important process to maintain 

the liquid helium, one need to dose the transfer input with a rubber cap. The 

tiny rubber cap prevents moisture and warm air to get into the Helium tank 

and enable to maintain the liquid helium cooled and dean. I have tried an 

experiment without the cap. It was very difficult to maintain a stable 

temperature. It also took a very long time to achieve 4 °K lattice temperature.

4.3.2. Stress apparatus

The PL from the strained sample is collected from the direction 

perpendicular to the strained axis and is time-resolved. Observing the PL 

from the sample while changing the magnitude of the external stress on the 

sample, the carrier and exdton dynamics is resolved spectrally and temporally 

at various lattice temperatures.

Fig. 4.3.2 shows a schematic diagram of the uniaxial stress apparatus. 

A sample is cut to 3 mm x 10 mm along certain crystal axis and is placed in the 

stress jigs (Fig. 4.3.3.) The sample placed between a pair of stress jigs is set 

on an arm of a lever. By changing a load applied on the another arm of the 

lever, the force applied onto the sample can be controlled mechanically and 

continuously. The load in the real case is given through a spring coil. The



150

Lever

Fixed to the dewar

Loads

Fig. 4.3.2. Schematic diagram of compressive stress apparatus.

amount of force applied to the sample through the stress transfer rod is 

determined by the expansion of the spring coil and the ratio between the 

distance of the load to the support and the distance of support to the transfer 

rod. In this apparatus, the ratio is 10.

Because of Hook's law ( F=kD where F is force, k is a spring constant 

with the gravity acceleration factor g=9.8 m /  s2* and D is the displacement of 

the coil), the amount of force generated on the coil can be determined by the 

spring constant and the expansion D of the coil length. The spring constant is 

calibrated to be W /D=3.01 where W is weight loaded and D is the 

displacement of the spring. After the spring calibration, one just needs to 

measure the displacement of the coil D accurately to determine the amount of 

force F applied to the stress transfer rod. To determined the amount of 

stress applied onto the semiconductor sample, the cross section A of the
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Fig. 4.3.3 Stress apparatus diagram. The stress can be applied to in-plane of 

samples.

semiconductor sample has to be measured accurately because the pressure is 

calculated by F/A. The stress X is calculate by,

X=10*F*9.8/A. (4.3.1)

The maximum stress one can apply is around 16 kbar which is much higher 

stress than any built-in stress of 3kbar.
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CHAPTERS

HOLE DYNAMICS IN GaAs/Si UNDER BIAXIAL STRESS

5.1. Introduction

A GaAs device grown on a Silicon substrate (GaAs/Si) is one of the 

important structure for future photonics devices. The hybrid of GaAs high 

speed opto-electronic devices and Si electronic devices enables diode-lasers and 

Si photodetectors to be integrated on a chip for ultrahigh speed computation and 

communication applications. Since the thermal expansion coefficients between 

GaAs epilayer and Si substrate are quite different, it generates a built-in biaxial 

tension in the GaAs epilayer. The stress alters the band structure .of GaAs 

material, removes the degeneracy of the valence band, and thus alters carrier 

dynamics.

As discussed in Chapter 2, the light (Imh) and heavy mass holes (hmh) are 

degenerate at k=0 in the momentum-energy space for a non-strained GaAs bulk. 

The holes dominate optical and electrical characteristics for n-type doped GaAs 

bulk devices. Since the hole mass is heavier than the electrons in conduction 

band, the hole mobility is low and the response of the devices are slow. The 

hot hole dynamics photogenerated in the device is dominated by phonon 

emission, hole-hole, and hole-electron scattering processes. Since the lmh and 

hmh co-exist at the bottom of the valence band jn  the non-strained GaAs bulk, it 

was difficult to evaluate the separate interaction of heavy and light mass hole
a

dynamics.
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When a stress is applied to a GaAs bulk material, the band gap energy 

changes and the valence subbands are split according to the magnitude and the 

type of stress. The stress may be hydrostatic, uniaxial or biaxial and compressive 

or tensile stresses. As a biaxial tension (compression) is applied onto the GaAs 

bulk device, the band gap decreases (increases). The biaxial stress is a two 

directional stress in xy-plane perpendicular to the growth direction. The 

degenerate valence subband is split to the hmh and lmh subbands at k=0  by the 

stress. The lmh edge locates lower (higher) energy than the hmh edge. In this 

modified band structures, the hmh and lmh dynamics at the lowest energy can 

be separately investigated by analyzing a photoluminescence (PL) kinetics after 

photoexcitation by a short optical pulse.

In this chapter, the hole dynamics in 2pm and 4pm thick n-type GaAs 

separately grown on Si substrates (GaAs/Si) has been investigated using steady 

state and time-resolved PL spectroscopy techniques. The stronger PL was 

obtained from the 4pm thick GaAs/Si compare with the 2pm thick GaAs/Si. 

This indicates that the 4pm thick GaAs layer contains less non-radiative centers 

arising from dislocations caused by the strain.

5.2.2pm thick n-type GaAs/Si

In this section, the hmh and lmh inter- and intra-valley thermalization 

processes in a 2 pm thick n-type GaAs/Si (in which a built-in biaxial tension splits 

the valence subbands) were investigated on a picosecond time scale.
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5.2.1 Sample and experimental setup

A 2 pm intentionally Si-doped (1x1016 cm-3) n-type GaAs grown on five 

periods of Ino.5Gao.5A s/GaAs (20 A /20 A) superlattice as buffer layers deposited 

on a {100} Si substrates cut 4° toward <110> (GaAs/Si) is used for this research, 

l l ie  arrangement of the Si substrate creates least amount of defect at the 

boundary.1) This bulk GaAs/Si was grown by a MBE machine at Univ. of Illinois 

at Urbana-Champaign by Prof. Morkoc's group. The GaAs epilayer contains 

about 2.3 kbar of biaxial tension arising from the difference in thermal expansion 

between GaAs and Si substrate (as discussed in Chapter 2.2.2). Since the biaxial 

tension X(x,y,0) splits the valence subbands according to Eq.s 2.3.4a and b in 

Chapter 2, the separation energy between the hmh and lmh is given by AEhmh- 

lmh=-6.121 »X (meV). From the steady state PL spectrum, the separation AEhmh- 

Imh is measured to be 14 meV. Therefore, the biaxial tension incorporated in the 

sample is estimated to be 2.3 kbar. The hmh (m j=±l/2) is located below the lmh 

(mj=±3/2) by 14 meV as shown in Fig. 5.2.1. In this sample, although the 

superlattice is fabricated between Si and GaAs epilayer as buffer layers, the 

density of dislocation and defects may not be negligible.

The sample was mounted in an optical cryostat, was cooled down to 23 °K 

lattice temperature, and was photoexdted by a CW Ar laser beam (514.5 nm=2.4 

eV photon energy) for steady state measurements and by a CPM laser pulses 

(2.0 eV photon energy with about 80 femtosecond pulse duration) for time- 

resolved PL measurements. The average photoexdtation powers were 10 mW 

for both cases. The laser beam was focused onto the sample by a lens with a 20 

cm focal length. The focus spot diameter was around 100 pm. The 

photogenerated carrier density was estimated to be about 5xl015 cm*3 which
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Fig. 5.2.1. (a) Band structure of biaxially tensile strained bulk GaAs with Si dopant 

and (b) structure of GaAs/Si sample.

» *

was similar order of density of the dopant. The PL emitted from the sample was 

collected into a 25 cm spectrometer and spectrally resolved.

For the steady state measurements, a GaAs photocathode photomultiplier 

tube (PMT) detected the PL at the output of the spectrometer. The spectral 

resolution was about 5A. The output signal was processed with a lock'-in 

amplifier and was analyzed with a personal computer.

For the time and spectrally resolved PL spectroscopy, the spectrometer in 

the steady state was modified to be a spectrograph by removing the output slit of 

the spectrometer. The spectrally dispersed PL was focused onto an input slit of 

an S-l synchroscan streak camera with 10 picosecond(ps) time resolution.

To avoid the time spread due to the grating in the spectrograph, a 600 

grooves/m m  reflection grating was used for the time resolved measurements 

instead of 1200 grooves/m m  used for the steady state measurements. The time
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resolution of the 600 groove/m m  grating was estimated to be 7ps as discussed 

in Chapter 4. A color filter (#7-59, which transmits longer wavelength above 700 

nm) was used to cut the fundamental laser beam at 625 nm in front of the 

spectrometer (spectrograph).

5.2.2. Experimental results

5 .2.2.1. Steady state PL spectrum

A CW A t laser beam photoextites electrons into the conduction band and 

creates holes in the valence subbands as shown by upward arrows in Fig.5.2.1.(a) 

The electrons in the donor level recombine with the photogenerated holes 

around k=0  shown by downward arrows and emit PL photons.

Since Si dopant is a type IV material, Si can be either donor (attached to 

Ga side) or acceptor (attached to As side) and its ionization process can be 

treated as hydrogen atom. The ionization energy Ej0n for donor and acceptor 

can be determined by,2)

Eion = - m* q4 / 8  n2 h 2  (e e o )

-  -13.6 m*/ e2  m0 (5.2.1)

where m* is the effective mass of either conduction electron for the donor or 

hole for the acceptor, q is the electron charge, h is Planck constant, e and eo are 

dielectric constants of material and in air, and n determines the ionization level. 

Using e=13.1 and mh*=0.45mo, Ei0n=35*6 meV for the acceptor while Ei0n=5.3 

meV for the donor with me*=0.067mo.

A steady state PL spectrum'from the GaAs/Si sample at 4.3 °K lattice 

temperature is obtained as shown in Fig.5.2.2. The spectrum shows several PL
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Fig. 5.2.2. A steady state PL spectrum from the 2|/m  GaAs/Si sample 

photoexcited by an Ar ion laser at 4.3 °K lattice temperature.

peaks. The major ones are at 1.5005 eV (826 nm), 1.4864 eV (833.8 nm), 1.4685 

eV (844 nm), and 1.4515 wV (853.9 nm).

The peaks at 1.5005 eV (about 5 meV lower than band gap energy) and 

1.4864 eV are attributed to the transition between Si donor level to lmh and hmh 

subbands, respectively. The energy separation between the peaks is 14 meV. 

The peak at 1.4685 eV (about 36 meV smaller than band gap energy) is arising 

from the transition between the conduction band and the redidual carbon 

acceptor level.

From the energy separation between Si-hmh and Si-lmh transitions of 14 

meV, the magnitude of the stress X built-in the sample can be calculated by 

using relations of energy separations AEc-hmh, c-lmh for conduction band to hmh 

and lmh subbands as(refer Chapter 2.2.2),

AE c-hmh = -10.36 X (meV/kbar)

and

(5.2.2)



AE c-lmh = - 4.239 X (meV /  kbar). (5.2.3)

Therefore, the energy difference AE(X)=AEc-hmh(X)-AEc-imh(X) gives the amount 

of separation energy between the subbands under the tension X.

AE(X) = -6.121 ®X (meV) (5.2.4)

From the measured separation of 14 meV, the magnitude of the biaxial tensile 

stress at 4 °K lattice temperature is estimated to be 2.28 kbar.

5.ZZZ  Tim e-resolved PL spectrum

As a result of the time-resolved PL spectroscopy using CPM laser pulses 

at 23 °K lattice temperature, a time- and energy-resolved PL image is obtained
p

around 1.5 eV and is shown in a three dimensional (3D) display in Fig.5.2.3. The 

time-resolved 3D image is noisy because the PL intensity from GaAs epilayer 

was very weak and the S-l type photocathode of the streak camera generates 

more thermal electrons. The GaAs epilayer might contain non-radiative 

recombination centers (misfit dislocation) and trap the photogenerated carriers. 

That may be why the PL decay time is faster compare with the PL decay time for 

a 4pm GaAs/Si sample. The 4pm GaAs/Si sample contains less dislocations as 

w ill be discussed in the section 5.2.

The time-resolved 3D PL spectrum in Fig. 5.2.3 is integrated in time 

between t=-7 ps and 520 ps. The time-integrated PL spectrum is shown in Fig. 

5.2.4. to compare with the steady state PL spectrum to identify the transitions on 

the 3D PL spectrum. The PL peaks due to Si-donor to hmh and lmh transitions
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Fig. 5.2.3. Three dimensional display of the tim e-resolved PL spectrum from 

2|im thick n-type GaAs epilayer grown on a Si substrate photoexcited by CPM 

laser pulses at the lattice temperature of 23 °K.
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Fig. 5.2.4. The time integrated PL spectrum between -7 ps to 520 ps of the 3D PL 

image of 2(im GaAs/Si shown in Fig.5.2.3. at 23 °K lattice temperature.
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Fig.5.2.5. Initial PL kinetics from the 2/zm GaAs/Si sample at 23 °K lattice 

temperature, integrated from (a).0 to 3 ps, (b).6 to 9 ps, and (c).14 to 17 ps, 

respectively.
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are shown dearly while the other peaks are not seen in Fig.5.2.4. The lifetime of 

the acceptor and other impurity transitions might be longer than 5 ns so that 

most of the PL photons from the impurity transitions are out of the observing 

time window. Since the time window corresponds to 3% of laser pulse interval 

of 12.2 ns, 97% of the long decay PL is out of the time window. The time- 

resolved PL spectrum within the observing time scale mainly gives transition 

dynamics between the donor level to the hole subbands.

At the initial time after the photoexdtation, the PL intensity of the donor- 

lmh transition rises faster than that of the donor-hmh transition as shown in Fig.

5.2.5 (a), (b), and (c). Then, the peak intensities become same at 6  ps after the 

photoexdtation as shown in Fig. 5.2.5 (b). The peak intensities between hmh 

and lmh transitions remain similar until 17 ps as shown in Fig. 5.2.5 (c).

To verify the PL kinetics, the PL intensities between 1.482 and 1.499 eV for 

the hmh transition and between 1.499 and 1.529 eV for the lmh transition were 

integrated along the spectral axis and their PL intensity profiles are shown in Fig.

5.2.6 where the solid curve is the profile for the Si-domor to lmh transition while 

the dashed curve is for the Si-donor to hmh transition. There exists a noise on 

the Si-lmh PL profile around 6 ps. However, the rise time of the Si-lmh 

transition is indeed faster than that of Si-hmh transition. The rise times for the 

Si-hmh and the Si-lmh transitions assuming single exponential rising were 

evaluated to be 18.3ps and 11.0 ps, respectively. In Fig. 5.2.6, the PL intensity for 

the hmh reaches its peak about 5 ps later than that for the lmh subband. This 

peak delay w ill be explained in the section 6.2.4. The PL profiles showed single 

exponential decay curves and their decay times were evaluated to be 20.0 ps and 

17.4 ps for the hmh and the lmh transitions, respectively.
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Fig. 5.2.6. Temporal profile of the donor to hmh transition integrated between 

1.482 and 1.499 eV (dotted curve) and the donor to lmh transition integrated 

between 1.499 to 1.529 eV(solid curve) at the lattice temperature of 23 °K,.

5.2.3. D iscussion

5.2.3.1 Hot carrier dynamics model

A carrier transition model was used to explain the PL kinetics. When the 

laser pulse photogenerates electron-hmh or electron-lmh pair in the xy-plane as 

depicted in Fig. 5.2.7. At that time, the momentum (kc=kv) and energy for the 

photon-electron-hole system are conserved. Thus, the photoexdted e-hmh pair 

satisfies an energy conservation relation as,

hv = h2k2/2 me* + h2 k2/2mhmh* + Eg (X) (5.2.5)

and the photoexdted e-lmh pair satisfies a relation as,
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Fig. 5.2.7. Diagram of photogenerated electron and hole thermalization and PL 

emission dynamics.

hv = R2 k'2/2me* + h* k'2/2 rnjmh* + Eg(X) - AE(X), (5.2.6)
* »

where m*i (i=e, hmh, and lmh) are effective masses and AE(X) is the stress 

induced energy separation between the hmh and lmh subbands(~14 meV). The 

energy band gap Eg(X) is also stress dependent. Using the kinetic energies of 

electron Ee = h2k2/2me* for the e-hmh pair and E'e =h2k'2/2me*r for the e-lmh 

pair, Eq.s 5.2.5. and 5.2.6. are rewritten as,

hv = Ee/(1  + me7mhmh*) + Eg(X) (5.2.7)

and

hv = E'e/ (1+me*/mimh*)+Eg(X)-AE(X). (5.2.8)

Therefore, the electron kinetic energy gained from the photoexdtation is 

determined by the band gap energy and the mass ratio between the electron 

and hole. The hmh and lmh gain the remaining kinetic energies. For 2.0 eV
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photoexdtation, the electrons gain 280 meV and 450 meV for hmh- and lmh- 

electron transitions while the hmh and lmh gain 230 meV and 60 meV for the 

transitions, respectively.

The photogenerated hot carriers collide with residual cold electrons and 

relax toward the bottom of each subbands rapidly through carrier-carrier, 

carrier-impurity, and carrier-phonon scattering with conserving their 

momentum and energies.

When a hot electron inddents into residual cold electron gas, the kinetic 

energy E of the inddent electron is transferred to the electron gas. The energy 

exchange rate due to the scattering process is given by,3)

/dE\ 4jc N e q 4
\d t /e-e is I V I

(5.2.9)
2  I *  \ 1 ' 2  e0 (2m eEj

where N e is the residual electron density, q is the electron charge, eo=8.854xlO-14 

(F/cm ), E is the kinetic energy of inddent electron, and me* is the electron 

effective mass. From Eq.5.2.9, the heavier the mass and the lower the kinetic 

energy, the smaller the energy relaxation rate. The energy relaxation due to the 

hot lmh-cold electron interaction is much slower than that for hot hmh-cold 

electron because the in-plane mass of lmh is lighter than hmh.

The initial hot hmh can release six LO phonons to reach the bottom of 

valence band while the initial hot lmhs emit one to two LO phonons. During the 

relaxation, the lmhs scatter into the hmh subband by emitting phonons. The 

relaxation rates for the hmh and lmh through phonon interaction are different
A

because of the effective mass dependence on the interaction as discussed in 

Chapter 3 . After the electrons and holes relax to low energies, the quasi-
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Fig. 5.2.8 Five energy level model including initial hole intra-subband

t
thermalization, inter-subband scattering, and recombination scheme.

Fermi-Dirac distributions in both conduction and valence bands are established 

and are described using an electron and a hole temperatures, respectively. 

Finally, both electron and hole temperatures are cool down to the lattice 

temperature. The excess carriers recombine and emit PL photons.

5.2.3.2. Initial hot carrier thermalization model

Since there exists enough cool electrons at a low lattice temperature, the 

photogenerated hot electrons thermalize rapidly through electron-electron 

scattering and LO phonon emission within few ps. The photoexdted electron 

system establishes a quasi-Boltzmann distribution very quick after the 

thermalization is over as shown in Fig.3.4.1. However, since the minority
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carrier in this system is the holes, the fast electron thermalization process can be 

hardly observed from the PL measurements.

Fig.5.2.8. depicts a simple five energy level model of the initial hole 

dynamics by intra-subband thermalization to the bottom of each subband, inter­

subband scattering from the irnh to hmh subband, and recombination process. 

This model neglects inverse processes such as a cool hmh scatters into a cool lmh

subband. The hot holes relaxed down to the bottom of each subband with time 

constants Tr(hh, or Ih) and become cool holes. The lmh scatters to the hmh 

subband with a scattering time X8(lh). The cool holes in each subband 

recombine with a decay time Td(hh, or lh). The PL intensities of the donor-hmh 

and donor-lmh transitions reveal the population of cool holes. Their rise and 

decay times are determined by combination of the relaxation, inter-subband 

scattering, and recombination decay times.
*

The carrier populations at these energy levels can be determined from a 

series of rate equations. For the hot lmh level, the population decreases by the 

thermalization as,

d N ^ q h ) N foflh )

dt T,(lh) (5.2.10)

while the hot hmh population decreases by the hmh thermalization as,

dNfojfhh) Nfojfhh)

dt x ĥh) (5.2.11)

The population of cool lmh increases by the lmh thermalization and decreases by 

the inter-subband scattering and recombination decay as,
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dNcJNO Nfeflh) kt ^
— ai— -  - N « ^

1 1 — + -----
Ts x<flhh  (5 .2 .12)

The cool hmh increases due to the inter-subband scattering and the hot hmh 

thermalization and decreases by the recombination as,

d N ^ f ih )  Nfcfth) [ N ^ f lh )  N ^ fo h )  

dt x /h h ) xs x<j(hh) (5.2.13)

where Nhot,cooKlh, hh) are the population of hot or cool lmh and hmh states, 

respectively.

The rate equation was solved analytically to describe the population at 

each energy state. Since the PL time profiles observed are determined by the 

population at the cool hmh and the cool lmh states, the populations at the states 

are important. The population at the cool lmh level is derived to be,

r-Jcoolflh) = — ^  -  *a *exp( - i){ l-ex p ( - 1 ))

with
l B_ i  JL
a x/lh) t*

and
1 1  1 — ■ — + 
xx x s T ^ h )

(5.2.14a)

(5.2.14b)

(5.2.14c)

The population of the cool hmh state is given by,
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NcooiQih) NhoitUObO *a*c(l-exp (-|))
rqj. I xtfih) 1 *1 b'l T,(lh) ' 11 e»

*1 Td(hh) /

(5.2.15a)

with
l . _ J  1 _
b T&&) # (5.2.15b)

1 _ 1 1
c %  Ty(hh) # (5.2.15c)

and
1 „ 1 1
d x,(lh) Td(hh) # (5.2.15d)

tf
From Eq.5.2.14, the PL profile for the Si-lmh transition should increase single

exponentially with the combined rise time of a. The decay also be a single 

exponential with the decay constant of Tx. Eq.5.2.15 determines the PL profile

for the Si-hmh transition. It indicates that the profile decays single exponentially 

withTd(hh) and rises with the combination of the three time constant of b, c and

d where b dominates the rise profile.

The data in Fig.5.2.5. (a) to (c) and Fig.5.2.6. indicate that the lmh

population at the bottom increased faster than that for hmh. Since the PL

intensity for the lmh increases within 6  ps after the photoexdtation as shown on 

the data in Fig.5.2.5, the lmh relaxation time should be around 6  ps. The data in 

Fig.5.2.6 shows that the rise time for the lmh subband is about 11 ps while that 

for the hmh subband is 18 ps.
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By comparing these measured result displayed in Fig.s 5.2.5 and 5.2.6 with 

the population rate equation 5.2.14 (a), I find the decay and the rise times for the 

Si-lmh transition are,

a = llp s  (5.2.16a)

and

Tx=17.4ps. (5.2.16b)

By substituting these value into Eq.5.2.14b, the lmh intra-band relaxation time is 

determined to be,

Tr(lh)=6.7ps. (5.2.16c)

For the hmh transition, the decay time is determined to be,

Td(hh)=20ps. (5.2.16d)

Assuming Td(lh)=Td(hh)=20 ps, the inter-subband scattering time Xs is 

determined from Eq.5.2.14c to be,

c=Ts=133ps. (5.2.16e)

Using Xd(hh) and Tr(lh) for Eq. 5.2.15d, d is determined to be,

d= 10.08 ps. (5.2.16f)
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Since the rise components d and c do not contribute much as seen in Eq. 5.2.15a, 

the rise time of 18 ps for the hmh PL is dominated by b (the combination Tr(hh)

and Td(hh)). Therefore,

1 /  18(ps)-l /Tr(hh)-1 /Td(hh) . (5.2.16g)

The hmh intra-subband relaxation time Tr(hh) is evaluated to be 9.5 ps.

The peak positions for the hmh and the lmh PL are found to be 4.5 ps

different as shown in Fig. 5.2.6. This time delay arises from the slow hole

feeding from the lmh subband through the slow inter-subband scattering, (the

second term on the right hand side of Eq.5.2.15a)

The initial kinetic energies are 60 and 230 meV for the lmh and hmh,

respectively. The average intra-subband energy relaxation rates are estimated

to be 9 and 24.2 m eV /ps for the lmh and hmh by dividing the initial kinetic 

energies by the Tr(lh, hh), respectively. Assuming the intra-subband relaxation

process is due to LO phonon interaction, the relaxation rate is depending on a 

square root of hole mass as given by Eq.3.3.8. The estimated relaxation rates for 

the hmh and lmh subbands are 2.7 times different while the square root of mass 

difference between the lmh and hmh is 2.3 times (V0.45/ 0.082=2.3) which is in 

reasonably agreement with the estimated energy relaxation rates.

Since the subband separation between hmh and lmh is about 14 meV due 

to the biaxial strain and the inter-subband relaxation time was evaluated to be 

134 ps, the inter-subband thermalization rate is calculated to be about 0.1 

m eV /ps which may be dominated by acoustic phonon interaction.
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Since the system time resolution is about 10 ps, further investigation is 

still required to conclude the relaxation times for the lmh and the hmh.

5.2.3.3 Hole temperature cooling

After the holes are thermalized and reached same hole temperature Th, 

the hole cooling occurs. This process is evaluated by fitting experimentally 

obtained PL spectra sliced from 3D PL image at various delay times with 

calculated spontaneous emission PL spectra from Fermi's golden rule assuming 

an equilibrium hole temperature.

The GaAs band structure dispersion under a stress remains same and 

shifted to a lower energy. The band structures for the hmh and lmh are given

(5.2.17a)

where aj and bj are given by,

3j = ±1/2 (± 3/2) = Y1" Y2 (Y1 + Y2) (5.2.17b)

bj=±l/2(±3/2) -  Y1+ 2 Y2 (Y1-2Y2) (5.2.17c)

where Y l =  6.85, Y 2 = 2 . 1  are Luttinger parameters for GaAs.

The quasi-Fermi levels in the conduction and valence bands are 

determined using the relationship given by Eq.s 3.6.9 and 3.6.10.
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For the conduction electrons, the electron distribution function fc is 

determined by a Boltzmann distribution function because the electron density is 

much less than the effective density of state ~1021 cm-3 as,

£' = N ‘ exp ( - i S ; (5.2.18a)

with the effective density of states of the conduction band as,

N c = 2

/ * \3 /2
2jcm c kBTL

(5.2.18b)

The density of states is given by Eq. 3.6.9b. Therefore, the quasi-Fermi
t

level Efc in the conduction band is determined by,

N n  +An = 4 Jt

(5.2.19)

where Nd + is the ionized donor density, An is photogenerated electrons, and Efc 

is the quasi-Fermi level. The ionized donor density is determined by the lattice 

temperature Tl and is given by,

N d =
N t

(ND/N<) •  exp(Ed/  k BTL) + l (5.2.20)
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where N q is doping density and Ed is the donor ionization energy. At 23 °K 

lattice temperature, the effective density of states is 9.2X1021. The density of 

ionized donor is negligibly small amount(7% of the total doped ions). The most 

donors are neutral(not ionized). The initial donor electron density of 1016 cm*3 

and the injected electron-hole pair density of 5xl015 cm*3 are used. Substituting 

the election density of 10V* into Eq.5.2.19, the quasi-Fermi level is determined to 

be Efc- 135 meV.

The quasi-Fermi level in the valence band is determined as same manner 

as the quasi-Fermi level in the conduction band using Eq. 3.6.10. Since the 

Carbon acceptor may not be ionized at the lattice temperature, the 

photogenerated holes determine the quasi-Fermi level in the valence band by 

following equation as,

An= Y  I 4n
i=nlvlh |

J 0

, 3 / 2
f2mj\ 1/2  KT 
— ) E N v<iexp W i ldE

k BAL
(5.2.21)

where the siunmation runs for the hmh and lmh subbands, A, for the hmh is 

zero and A; for the lmh is 16 meV in this case. The calculation is rather 

complicate to determine the quasi-Fermi level in the valence band. Therefore, 

the quasi-Fermi level of the valence band was kept as a fitting parameter and 

was determined by the fit in the analysis. The quasi-Fermi level was 22 meV.

Once the quasi-Fermi levels in the conduction and valence bands are 

determined, the transition probabilities between the conduction and valence 

bands and between the Si donor to the valence band can be determined using 

Eq.3.6.11.
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Since the measurement was carried out at the 23 °K lattice temperature, 

most of doped electrons located at the donor level. The density of electron in 

the conduction band was 7% of the total doped electrons. Therefore, the 

contribution of the conduction to valence band transition to the total PL intensity 

profile is small. The Si-lmh and Si-hmh transitions dominate the PL spectrum. 

Thetefoie, the following fitting calculation is only for the transition between the 

donor to the hmh and lmh subbands.

The matrix element of the donor to the valence band transition is given 

by Eq. 3.6.8b which is,

where a* is the effective Bohr radius and is given by a*=4jteh2/m*q2 and I Mb 12 

is given by Eq.3.6.8a which is ,

Therefore, the transition probability of the donor to the valence band is given

IMjf 12 = 64jia*3 (1+a*2 kb2)-4V'1* IMb I2 (5.2.22a)

= 1 m 0 Eg (5.2.22b)
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2
W<E) = A /ij |Mbfa*3 ( n „ - N d)*

dkv6(E-Ee-EJ fvfkv) 4 + |  dk^»(E-Ee-Ef A)- fv(kv)
(l+a*2 k 3 (l+a*2kj)4

(5.2.23)

where the Fermi distribution function fv in the valence band is approximated to 

be a Boltzmann distribution function (fv=exp{-(E-£fv)/kBTh}) because the density 

of photogenerated holes are much less than the effective density of holes. The 

kinetic energy of holes is determined by the hole dispersion curve given by Eq. 

5.2.17.

By integrating Eq.5.2.23 with respect to the wave vector along all crystal 

orientation within die valence band structure given by Eq.s 5.2.17a7 b, and c, the 

total PL spectrum arising from the donor to the valence subbands can be 

evaluated using the transition probability function given by,

W (E )= A E ^ -
An

v ± l /2
-•exp/ - E~E & ±l/2+ E d ' 

B̂Th

•64jtaBN D* E ~E &i+ E d

±l/Z±3/2 (a . or fc.)
T72*G(E-E&,+Ed)

(5.2.24a)

w ith

G(x)= dy

{ g a - ( g a - g b ) y 2} (5.2.24b)
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where

2m o a?B
g a (b )=  1+"

h 2 ai ( b j) . (5.2.24c)

and the valence hole distribution function was approximated by a Boltzmann 

distribution because the density of carrier is much smaller compare with the 

effective density of valence states(non-degenerate).

For the fitting, the electron temperature Te is assumed to be same as the 

thermalized hole temperature Th-The calculated spectra were convoluted with a 

Lorentzian homogeneous line broadening factor I\ Therefore, the number of 

fitting parameter is two: Th and T. The broadening factor was determined to be 

a constant value of 0.953 meV to fit the experimental spectra. Fig.5.2.9. (a) and (c) 

show the measured PL spectra sliced from the 3D PL spectrum at the time delay 

of 19-21 ps and 51~54 ps, respectively. The fitting curves are shown in Fig.5.2.9. 

(b) with Th=140 °K and (d) with Th= 85 °K calculated for the spectra (a) and (c), 

respectively. Since the density of states for the lmh is three times larger than 

the hmh subband, the difference in the hole temperature gives large difference 

in the lmh peak intensity. Therefore, Th can be determined accurately by fitting 

the lmh intensity accurately.

The evaluated hole temperatures Th at various delay times are depicted in



In
te

ns
ity

 
(n

or
m

al
iz

ed
)

179

I9~+ 21  ps

785 815 845 875

51-» 5 « p s

785 815 845 875

Wavelength (nm)
Fig.5.2.9. Measured PL spectra (a) at 19-21 ps (c) 51 -54 ps and calculated curves 

using (b) Th=140 °K and (d) Th=85 °K to fit (a) and (c), respectively.
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Fig-5.2 .10. Hole cooling process analyzed with Fr ohlich interaction

equation (solid curve) and with non-equilibrium phonon taken into 

account(dashed curve).

Fig. 5.2.10. as open circles. The hole temperature cools down exponentially and 

reaches about 56 °K within 100 ps. Since the lattice temperature is 23 °K in this 

case, the hole temperature should becomes 23 °K after long enough delay time. 

To estimate energy relaxation time and rate, a single exponential function was fit 

to the subtracted curve after subtracting 56 °K from the data points. The energy 

relaxation time was found to be 28 ps. Fitting a simple linear relaxation, the 

energy relaxation rate (hole cooling rate) was determined to be 0.12 m eV/ps. 

The order of this energy relaxation rate is due to LO phonon at a 80 °K carrier 

temperature as discussed in Chapter 3.
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The Frohlich interaction theory in a non-degenerate bulk semiconductor 

was investigated to understand this energy relaxation process. The average 

energy relaxation rate due to LO phonon interaction was given (for example, by 

Shah) as,4)

ha>Lo
FCTL/Eh)

with

3P , (5.2.25a)

[(xh)I /2 eXh/2 Kol*h/2 )]
(5.2.25b)

' 1 • eXL‘Xh_ 1*

K00 . * XL- 1  .

where 0  is a factor determining oscillator strength for donor-lmh 

transition(0=O.4),Eh is the hole kinetic energy, T l is the lattice temperature, and 

F(Tl, Eh) is a function determined by T l and Eh. XL=Rc*>Lo/kBTL and Xh=K 

Wo/kBTL* T° compute the curve, an initial hole temperature ThO was given 

first. Then, calculate the energy relaxation rate <dTh/dt> at Tho- After lps, the 

hole temperature decreases with a value calculated by <dTh/dt>x lxlO -12 °K. 

The hole temperature Thl after the 1 ps delay time is determined to be Thi=Tho- 

<dTh/dt>x lxlO*12. Continuously calculating the hole temperature as function 

of delay time, the hole temperature relaxation curve was obtained.

The solid curve is a theoretically expected curve. The experimentally 

obtained energy relaxation rate was found to be about 6  times slower than the 

expected energy relaxation time from the Frohlich interaction theory.
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The relaxation speed may be slowed down by non-equilibrium LO 

phonon or by acoustic phonon interaction. Suppose the electron system looses 

its average kinetic energy to lattice through LO phonon emission with a rate 

given by Eq.3.3.7. After the photoexdtation, the electron system temperature 

Te decreases by the LO phonon interaction and is given as,

£Te_ _l_/dEA
dt _'kB \ar/

= -PoFCTe,T p) _ (5.2.26a)

where F(Te,Tp) is a function given by,

(5.2.26b)

1/ 2

where Xp/e=ELo/kBTp,e and Ko is the Bessel function of zero order. The phonon 

system gains the energy from the electron system and looses the energy 

through LO phonon decay to acoustic phonons. The phonon temperature Tp is 

given by,

dTD _  _  N dCTd) dTD-s E = p0Fcre,Tp)- p vx.pj 
x dNCTp)
tp p (5.2.26c)

where Np(Tp) is the phonon occupation number at the phonon temperature Tp 

and Tp is the LO phonon lifetime. .> As the phonon lifetime is assumed to be 

long, the energy transfer from the electron system to the phonon system is 

regulated by the non-equilibrium phonons.



183

Solving Eq.s 5.2.26 with respect to the electron temperature/ the electron 

average energy relaxation process was investigated. Fig. 5.2.10. shows a slow 

(~8ps) phonon lifetimes shown in a dashed curve. The dashed curve fits to the 

obtained electron temperature cooling data. The non-equilibrium hot phonons 

are built-up due to the 8ps phonon lifetime in the hot electron gas. The cooling 

rate is equivalent to that of GaAs calculated from a material parameter and 

cooling rate was found to be six times smaller than that expected rate without 

non-equilibrium phonon effect.

To further investigate the hole energy relaxation process, average hole 

kinetic energy <Ek(t)> was evaluated from the 3D PL spectrum using,

E2 E2
I(E, t)»E dE/ ̂ I(E , t) dt - E0 (5.2.27)

where Ei and E2 are low and high energy edges of the PL spectrum because the 

experiment is carried out within a certain PL energy region, and Eo is the lowest 

donor-hmh transition energy determined from a steady state PL peak positions 

at the same lattice temperature. By subtracting Eq=1.4949 eV, the average hole 

kinetic energy <Ejc(t)> was calculated as shown in Fig. 5.2.11. The average hole 

energy relaxation time was evaluated from the <Ek(t)> data to be 26.6 ps by 

fitting a single exponential curve as shown in Fig.5.2.11. This time constant 

agrees with the result of hole temperature cooling analysis using the 

spontaneous emission spectra fit as shown in Fig.5.2.10. Therefore, the hole 

cooling time was confirmed to be 27±2 ps. The average energy analysis

<Ek(t) > = J
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Fig. 5.2.11. Average hole kinetic energy relaxation for

the 2fim GaAs/Si at 23 °K lattice temperature. The kinetic energy is calculated 

by subtracting 1.4949 eV from <E>.

(requiring no fitting procedure) was confirmed to be useful method to 

determined the hole cooling dynamics.

5.2.4. Summary

The hole dynamics in a 2/xm thick n-type GaAs/Si under a built-in biaxial 

tension has been investigated. The internal stress enabled me to study the lmh 

and hmh dynamics separately in a GaAs bulk.

The hot lmh and hmh intra-subband relaxation (thermalization) times 

were evaluated to be about 6.7 and 9.5 ps, respectively. The hot hole 

thermalization rate was estimated to be between 9 and 24.3 m eV/ps. The 

relaxation rates were found to depend on the hole mass as the Frohlich 

interaction theory predicts. After the hmh and lmh thermalize to k=0, the warm



hole system is cooled to the lattice temperature with a hole cooling time of 27±2 

ps and with a hot hole cooling rate (assuming linear energy relaxation to lattice) 

of 0.12 m eV/ps. The hole cooling time were further confirmed using the 

average hole kinetic energy calculation. The hole cooling or energy relaxation 

rate was analyzed in terms of non-equilibrium LO phonon interaction and was 

found to be 6  times slower than the theoretically expected rate. I performed 

additional experiment on 4pm thick GaAs/Si sample to obtain better signal to 

noise ratio and make the dynamics discussed here more accurate.
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5.3. 4pm thick n-type GaAs/Si

5.3.1. Introduction

Hole dynamics in the strained GaAs/Si with 2pm GaAs epilayer thickness 

has been investigated and discussed in detail in the previous section 5.2. Since 

the sigriaJ-fco-noise ratio for the time-resolved PL spectrum for the 2pm GaAs/Si 

was poor, a thicker GaAs epilayer was required to repeat same experiment 

under higher signal-to-noise ratio. In this section, 4pm thick GaAs epilayer 

grown on a Si substrate was investigated as same manner as the 2pm thick 

GaAs/Si. This sample should have less non-radiative process because the 

photoexdting region is away from the interface between GaAs and Si substrate 

where defect density is higher. The built-in stress should be about the same 

order at 4 °K.

For the case of the 2pm thick GaAs/Si sample, I found that the lmh 

subband locates about 14 meV lower in energy in the valence band than the 

hmh subband at 4 °K lattice temperature. The energy separation arises from 2.3 

kbar of the built-in tension. The initial hole intra-subband thermalization time, 

inter-subband scattering, and recombination with donor electrons were found to 

depend on the subband characteristics. The intra-subband relaxation times for 

the lmh and hmh subbands were determined to be 6.7 and 9.5 ps, respectively. 

The inter-subband transition from the lmh to hmh subbands is estimated to be 

134 ps. The lmh and hmh recombination lifetimes including non-radiative 

recombination were assumed to be same and determined to be 20  ps.

Since the stronger PL from the sample was observed from the 4pm thick 

GaAs/Si sample, the hole dynamics can be investigated with higher signal-to- 

noise ratio in more detail.
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5.3.2. Sample and experimental setup

The 4 pm thick GaAs epilayer doped with Si at 3.5 x 1016 cm-3 was grown 

on a {100} Si substrate 4° tilted toward <110> by a MBE machine and was 

annealed at 820°C for 10 minutes to release residual stress and to remove 

dislocations at the interface. The sample was fabricated by Prof. Morkoc's 

group at University of Illinois, Arbana-Champaign.

Only time-resolved PL spectroscopy was carrier out with the 4pm thick 

GaAs/Si sample. The CPM laser beam with 10 mW(2.0 eV photon energy and 

80 fs laser pulse duration) photoexdted the sample placed in an optical cryostat 

dewar which was cooled to be 4 °K Helium temperature. The PL from the 

sample was collected into a 25 cm spectrograph (SPEX1681B) incorporating a 600 

grooves/m m  reflection grating blazed at 1pm. The streak camera coupled to 

the spectrograph incorporated S-20 photocathode which generates much less 

thermal electron and has similar spectral sensitivity at the PL wavelength region 

compare with the S-l type photocathode streak camera used for the evaluation 

of the 2pm thick GaAs/Si. The streak camera was synchronized with the laser 

pulses from the CPM laser operated at 82 MHz repetition rate.

5.3.3. Experimental results

A  time-resolved PL spectrum of the 4pm GaAs/Si at 4 °K lattice 

temperature is shown in Fig. 5.3.1 in a 3D display. Comparing with the PL 

spectrum obtained for the 2 pm GaAs/Si as shown in Fig.5.2.3, it is dear that the 

PL signal intensity is much stronger and shows dear PL kinetics. The PL profile 

is similar to the 2pm GaAs/Si sample. This feature indicates the 4pm GaAs/Si 

contains less density of defects (which causes less non-radiative decay) in the
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Fig. 5.3.1. Time-resolved PL spectrum in three dimensional display for the 4pm 

thick GaAs/Si sample obtained at 4 °K lattice temperature.
f ,

photoexdtation region. Two peaks arising from the Si-hmh and Si-lmh 

transitions were observed.

Integrating the 3D PL spectrum from t=0 to 500 ps, the time integrated 

PL spectrum shows three distinguish PL peaks originated from Si donor level to 

heavy mass hole (hmh) at 1.484 eV, Si donor level to light mass hole (lmh) at 

1.501 eV, and a conduction band to Carbon acceptor transition at 1.4685 eV. The 

energy separation of the hmh and the lmh subbands is 17 meV. The spectrum 

dearly shows same features as 2pm GaAs/Si sample. Using an equation which 

determines the energy split arising from the biaxial tension X in kbar,

»■>

AEc-hmh"AEc-lmh= ("10.36+4.239) *X
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Fig. 5.3.2. Time integrated PL spectrum from t=0 to 500 ps for the 4pm GaAs/Si 

at 4 °K lattice temperature, showing three peaks corresponding to donor to 

hmh, donor to lmh, and conduction band to Carbon acceptor transition^.

= -6.02  »X (meV). (5.3.1)

The magnitude of built-in stress is calculated to be 2.8 kbar which is 0.5 kbar 

higher than that for the 2pm thick GaAs/Si case (2.3 kbar). Since the 4pm thick 

GaAs sample was annealed at 820°C for 10 minutes, the residual strain and the 

density of defects decreases. After the annealing, the sample was cooled down 

to the measurement temperature of 4 °K, the less density of defect may prevent 

to release its strain arising from the thermal expansion coefficients between 

GaAs and Si. As the result, the annealed 4pm thick sample contains higher 

strain than the 2pm thick sample without annealing.
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Fig. 5.3.3 Initial PL spectral change for the 4/im GaAs/Si at 4 °K 

lattice temperature.

To investigate initial hmh and lmh thermalization process, as discussed in 

the previous section 4.1, the PL spectral change at an initial time are obtained 

from the 3D PL spectrum (Fig.5.3.1.) is demonstrated in Fig. 5.3.3. The PL from 

the donor-lmh transition increases faster than the donor-hmh transition. The 

lmh and hmh PL intensities become same around 4 ps.

To observe the hmh and lmh thermalization process dear, the PL 

temporal profiles of the Si-hmh and Si-lmh transition peaks are shown in Fig. 

5.3.4 (a) for short time window and (b) for long time window with the 

conduction band to the Carbon acceptor transition profile. The Si-lmh transition 

PL increases slightly faster compare with the Si-hmh PL. The rise times for the Si- 

hmh and the Si-lmh transitions were obtained by fitting a single exponential to 

the rising profiles and are determined to be 8.3 and 5.6 ps, respectively. The 

peak positions (indicated by arrows) differ about 6 ps as shown in Fig,.5.3.4 (a).
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Fig. 5.3.4 Temporal profiles for the donor-hmh, the donor-lmh, and conduction 

electron-carbon acceptor transitions in the 4/tm GaAs/Si (a) at the short time 

window and (b) for the long time window.
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This feature was also observed for the 2pm GaAs/Si in the section 5.1. Another 

feature observed in Fig.5.3.4 (b) is that the PL profiles for the Si-hmh and Si-lmh 

transitions show two decay components while the conduction electron-Si 

acceptor transition profile shows almost single decay profile. Fitting a single 

exponential function to the PL profiles at early delay time and later time/ the 

two decay components were determined. The fast decay components for the Si- 

hmh and Si-lmh transitions were evaluated to be 28.2 and 25.9 ps while the slow  

decay components to be 246 and 353 ps, respectively.

5.3.4.Discussion

To compare the hole dynamics investigated for the 2 pm thick GaAs/Si 

sample in section 5.1, the experimental data obtained for the 4pm thick GaAs/Si 

was examined using the similar model as the 2pm thick GaAs case.

5.3.4.1 Initial hole relaxation and slow  recombination tail

Using same five energy level model as the 2pm thick GaAs/Si case, the 

intra- and inter-subband relaxation times, decay times were evaluated from the 

4pm GaAs/Si PL time profiles. According to the solution of the rate equations 

Eq.s 5.2.14c, 5.2.15b, 5.2.15c, and 5.2.15d, the time constants are determined by 

following equations.

The rise time of the Si-lmh transition is determined as,

x ilh ) x 5.58
* } * (5.3.2)

where the decay time of the Si-lmh transition Tx is given and was observed by,
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Fig.5.3.5. A hole temperature dependent intra-subband relaxation and 

recombination model.

1 1 — =— +
T x Ts

___
“ 25.9 (5.3.3)

From the Eq. 5.3.2 and 5.3.3, the intra-subband thermalization time Tr(lh) is 

determined to be 4.59 ps.

The rise time for the hmh transition is determined by,

Tj(hh) tj^hh) 8*32
(5.3.4)

and the decay time is assumed to be Td(hh)=28.2 ps(neglecting the slow decay 

component). Thus the intra-subband thermalization time for the hmh is solved
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to be 6.42 ps. Assuming the lmh decay is same as that of the hmh of 28.2 ps, 

the inter-subband scattering time is estimated from Eq. 5.3.3 to be 318 ps.

The PL time profiles in Fig. 5.3.4.(b) show two decay components for the 

hmh and lmh transitions. In the 2/im thick GaAs/Si sample, I have adopted a 

five energy level model which describes direct transitions between the donor 

level to the bottom of the valence subbands and showed single and fast decay 

components. This five energy level model with simple relaxation processes can 

not explain the slow decay components.

When the hole temperature dependence on the intra-subband hole 

relaxation processes is taken into account as schematically depicted in Fig.5.3.5, 

the fast and slow decay components can be understood as follows.

At the initial time, the hole system is hot and interacts with LO, phonon. 

The hot holes becomes warm and relax to the bottom of the valence band. As 

the hole temperature becomes cooler, acoustic phonon interaction becomes 

dominating process. Since the acoustic interaction is slow process, the 

relaxation time determines the PL decay time not the lifetime of the holes. 

Namely, the acoustic phonon interaction becomes the bottle neck for the PL 

time kinetics. Using this model, the slow and fast PL decay profiles are 

explained. For the 2 /im thick GaAs/Si case, this process might be present. 

However, the signal to noise ratio was so poor that it was hardly resolved.

5.3.4.2. Average energy relaxation

The non-equilibrium phonon effect on the PL long decay profiles and the 

average energy relaxation process Were investigated. The average hole energy
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<E(t)> for the 4 pm GaAs/Si at 4 °K lattice temperature was calculated from the 

3D PL spectrum using the equation,

E2 E2

<E(t)>=E iI(E/t)*EdE/

where Ei and E2 are low and high energy edges of the PL spectrum. The 

average energy (thick curve) evaluated is shown in Fig. 5.3.6. with the spectrally 

integrated PL time profile(thin curve) between El and E2. The fast energy 

relaxation was found to be over within 100 ps. The non-equilibrium phonon 

must be established within the time scale and the accumulated LO phonon 

should decay quick after the energy relaxation is over because the LO phonon 

lifetime is a few ps.

To determine the average hole kinetic energy <Ek(t)> relaxation time, the 

PL peak energy 1.487 eV is subtracted from the average hole energy <E(t)> as 

shown in Fig. 5.3.7. By fitting a single exponential curve to the evaluated 

average hole kinetic relaxation curve between 55 and 75 ps delay times, the 

average energy relaxation time was extracted to be 12.6 ps. The average hole 

energy relaxes down from 1.497 eV to 1.487 eV within 50 ps. The rapid average 

hole energy relaxation is due to LO phonon interaction as same as the 2pm 

GaAs/ Si case in which the energy relaxation time was 28 ps. The relaxation time 

for the 4pm GaAs/Si is found to be twice faster than the 2pm GaAs/Si. Since 

the density of dislocations in the 4pm thick GaAs/Si are much less than the 2pm 

GaAs/Si, the non-radiative process generates much less phonons in the 4 pm 

GaAs/Si. The reason why the energy relaxation becomes faster may be due to 

the LO phonon density is lower for the 4pm GaAs/Si case so that the phonon re­

absorption effect is negligible.

(5.3.5)
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Fig.5.3.7. Average hole kinetic energy relaxation within 100 ps delay time. 

Experimental data are shown in thick solid curve while a single exponential fit 

between 55 and 75 ps delay time is shown in thin dotted curve.



Assuming a linear energy relaxation, the hole energy relaxation rate is 

calculated to be 0.2 m eV /ps which corresponds to the energy relaxation rate for 

LO phonon interaction and is larger than that of the 2/im GaAs/Si.

5.3.5. Summary

Hole dynamics under a built-in biaxial tension in a 4pm thick GaAs bulk 

grown on a Si substrate has been investigated using the time-resolved PL 

spectroscopy at a low lattice temperature to confirm the hole dynamics 

investigated in the 2pm GaAs/Si as discussed in the previous section.

The intra-subband hole thermalization time for the hmh and the lmh 

subbands were estimated to be 8.5 and 5.6 ps, respectively and the feature that 

the lmh relaxes faster than the hmh to the bottom of the subband was confirmed 

to be true. The inter-subband transition time was found to be very slow  

compare with the intra-subband thermalization times. The recombination time 

for the 4pm GaAs/Si was found to be slower than that of the 2pm GaAs/Si 

sample. The difference in the decay times was attributed to the difference in the 

density of dislocations which causes non-radiative decay. By using thicker 

epilayer, the effects of the non-radiative transition on the PL kinetics can be 

reduced. The fast and slow decay profiles were explained in terms of LO and 

acoustic phonon interactions during the hole intra-subband relaxation processes. 

The hole average energy relaxation time was evaluated to be 12.6 ps assuming 

single exponential relaxation from the average hole energy calculation. The hot 

hole cooling rate was determined to be 0.2 m eV /ps which was twice larger value 

than that in the 2pm GaAs/Si because the number of dislocation is less in the 

4pm GaAs/Si sample and the LO phonon density is low to be reabsorbed by the
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5.4. Conclusion

In this chapter, the hole thermalization and cooling process in the n-type 

GaAs/Si have been investigated. It has been demonstrated that the built-in 

tension removed the valence subband degeneracy and enabled the separate 

evaluation of the hmh and lmh dynamics.

Tables 5.4.1 and 5.4.2. summarizes the measured rise and decay time 

constants and the evaluated hole intra- and inter-subband relaxation, 

recombination times, and average energy relaxation times for the 2pm and the 

4pm GaAs/Si samples, respectively.

Table 5.4.2 clearly shows qualitatively the same hole dynamics between 

the 2pm and 4pm GaAs/Sis. The hot hole intra-subband thermalization time for 

the lmh subband is about 1.5 times faster than that of the hot hmh. The energy 

relaxation rate during the intra-subband relaxations for the lmh and the hmh 

subbands were estimated to be 9 and 24.2 m eV/ps which revealed the rates 

were determined by the LO phonon scattering which depends on the hole mass. 

The inter-subband transition from the lmh to the hmh subband was found to be 

about ten times slower process than the intra-subband relaxations. The donor- 

hole recombination were fast process with a lifetime of around 20 to 30 ps. The 

2pm GaAs/Si shows faster recombination time which can be understood from 

the difference in the density of dislocation (creates non-radiative decay channel) 

in the photoexdted region. The slower recombination time for the annealed 4 

pm GaAs/Si indicated that the 4 pm GaAs/ Si has less non-radiative centers.
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Table 5.4.1 Experimentally evaluated time constants from the PL time profiles 

for the 2|im and 4pm thick GaAs/Sis.

Rise Time (ps) Fast Decay (ps) Slow decay (ps)

hh lh hh lh hh lh

2pm
GaAs/Si 18.0 11.0 20.0 17.4 — ------

4pm
GaAs/Si 8.32 5.58 28.2 25.9 246.3 353.2

Table 5.4.2. Estimated hole intra-subband relaxation times and recombination 

tim es using the cascading energy relaxation m odel and the average energy 

relaxation times for the 2pm and 4pm thick GaAs/Si.

Tr (hh) 
(ps)

Tr(lh)
(ps)

Ts
(ps)

Td(hh)
(ps)

Td(lh)
(ps)

T relax
(ps)

2pm
GaAs/Si 9.5 6.7 134 20 20 26-28

4pm
GaAs/Si 6.42 4.59 318 28.2 28.2 12.6
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CHAPTER 6

2D ELECTRON DYNAMICS 

IN Be MODULATION-DOPED GaAs MQW/Si UNDER STRESS

6.1 Biaxially tensioned Be modulation-doped MQW/Si

6.1.1 Introduction

Electron dynamics governs the transport and optical properties in a p- 

type photonic semiconductor devices. Hot electrons can be generated in the 

semiconductor by electric field or by light. These hot electrons release their 

excess energies through carrier-carrier scattering and phonon emission. When 

the kinetic energy of the electrons are higher than 500 meV abpve the 

conduction band edge in GaAs, the electrons scatter into the X- and L-valleys 

through inter-valley scattering which lowers the electron mobility because of 

the larger effective masses in the X- and L-valleys. The electron energy 

relaxation processes in bulk materials and 2D systems (such as QW and 

superlattice) have been extensively investigated theoretically and 

experimentally. With the recent progress of femtosecond time resolved 

spectroscopy techniques, ultrafast electron-phonon interaction process is being 

studied. The energy relaxation time in a GaAs bulk varies from sub-picosecond 

to few tens ps depending on the electron and lattice temperatures. The fastest 

energy relaxation of 0.35 ps was measured at 77 °K lattice temperature with 150 

°K carrier temperature. Shank et al.1*2) investigated the electron energy 

relaxation under strong photoexdtation using the femtosecond laser pulse 

pump and supercontinuum probe method and found electron re-distribution to
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quasi- Boltzmann distribution within few ps. When electrons are confined in a 

quantum well structure, the movement of the electron is allowed only in-plane 

direction perpendicular to the well growth direction and becomes two 

dimensional (2D) electron gas. The energy relaxation process of such 2D 

electron gas has also been investigated by Shank et al. in 1982.

The hybrid between GaAs and Si devices are very important for future 

photonic application to achieve high speed and efficient photonic devices. When 

the p-type GaAs QW device is grown on a Si substrate, the strain induced by 

the difference in the thermal expansion between GaAs and Si alters the 

quantized band structures and the electron dynamics that has not been studied 

in ps time scale, yet.

*
In this section, the hot electron cooling dynamics has been investigated 

using two modulation Be-doped GaAs multi-quantum well samples grown on Si 

substrates (p-type MQW/Si). By changing the well widths of the QW 

structures, the change in the electron energy relaxation dynamics interacting 

with cool light or heavy holes at the lowest valence subband was investigated. 

The modulation doping is known to cause band warping due to the charge 

transfer to well region. However, the warping effect is neglected in my 

discussion.

6.1.2. Samples

Fig.6.1.1. shows schematic band structures of two QW samples with 

primary radiative transitions indicated by downward arrows. The multiple QW 

(MQW) with well widths of 188A (in Fig.6.1.1.(a)) and 40A (in Fig.6.1.1.(b)) were
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Fig. 6.1.1 Band structures of the (a) 188A and (b) 40A multiple QW grown on Si 

substrates. The central 50A regions of the AlGaAs barriers are Be modulation 

doped.

fabricated individually on {100} Si substrates tilted 4° toward <011> direction 

with a 2pm of GaAs buffer layer. One sample consisted from 20 periods of 

MQW with 40A well widths separated by 250A Alo.35Gao.65As barriers in which 

central 50A were doped with Be atoms to supply enough holes to the valence 

band in the wells. The density of light holes (lmh) in the well is estimated to be 

1.9xl012 cm'2. The another sample consisted of 20 periods of multiple QWs 

with the 188A w ell widths and 250A AlGaAs barriers in which central 50A 

regions were also doped with Be. The heavy hole density in the 188A MQW is 

about 2.5x1012 cm'2. Since the impurity was doped only in the barrier, the 

im purity scattering which dom inates energy relaxation at a low  lattice 

temperature is negligible for the dynamics analysis. The samples were grown by 

a MBE machine at Univ. of Illinois at Urbana-Champaign by Prof. Morkoc's 

group.
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The MQWs are under about 3 kbar of built-in biaxial tensile stress at 4 °K 

lattice temperature as same as a GaAs/Si sample. The hmh subband (mj=±l/2) 

located at lower energy in the 188A MQW while the lmh subband (mj=±3/2) 

located at lower energy in the 40A MQW as the results of the combination of 

the stress and the quantum confinement effects. The band structure in the 40A 

MQW is similar as regular QWs where the lmh subband is located at lower 

energy.

6.1.3 Experimental method

To evaluate the electron dynamics, the time-resolved PL spectroscopy 

technique with 10 ps time and 1 nm spectral resolutions was used to analyze PL 

kinetics.

The two samples were placed together in an optical cryostat at 4 °K 

lattice temperature and photoexdted separately by CPM laser pulses with 100 fs 

pulse duration and 2.0 eV (625 nm) photon energy. The PL from each sample 

was collected into a 25 cm spectrograph incorporating a 600 grooves/m m  ruled 

reflection grating blazed at 1pm. The PL was spectrally dispersed and coupled 

into an input slit of a streak camera to be time-resolved. The streak camera 

operated synchronously with the laser pulses at 82 MHz repetition rate. The 

photocathode of the streak camera was S-20 type which has higher quantum 

effidency around 700 to 800 nm than S-l type photocathode as shown in 

Fig.4.2.8. The temporally and spectrally resolved PL spectra at various lattice 

temperatures were stored into an image processing computer (TA) to be 

analyzed.
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6.1.4 Experimental results

The experimental 3D PL spectral profiles for the 188A and the 40A MQWs 

at 4 °K lattice temperature are displayed in Fig. 6.1.2(a) and (b), respectively.

Fig. 6.1.2.(a) for the 188A MQW shows a strong peak arising from the 

conduction band to the hmh (e-hmh) transition and a shoulder on high energy 

side of the PL profile is due to the transition between the conduction band to the 

lmh subband(e-lmh). The e-hmh transition PL has a long decay profile while 

the e-lmh transition shows a fast decay. The initial PL spectrum shows two 

features. First, the initial PL spectrum is very wide which indicates that the 

carriers in the system is hot. Since there are two primary transitions, the high 

energy tail of the spectrum shows two exponential structures. Next, the PL 

shoulder due to the e-lmh transition increases faster than the e-hmh transition. 

The feature is similar to that in the n-type GaAs/ Si discussed in Chapter 5.

For the 40A QW in Fig.6.1.2 (b) shows two distinguishable peaks arising 

from the conduction band to lmh (e-lmh) at low energy and hmh subband 

transitions (e-hmh) at high energy. The energy separation between the 

subbands for the 40 A QW was measured to be 41 meV. The e-lmh transition 

of the PL spectrum at the initial time after the photoexdtation is found to 

increase faster than the e-hmh transition. The PL spectral profiles are similar as 

those for regular QWs because the band structure of the 40A MQW/Si is similar 

as the regular QWs except the subband separations are altered by the tension.

6.1.5. D iscussion

To explain the PL kinetics mentioned above, the electron cooling process 

(electron energy relaxation process) in the strained QW w ill be modeled.
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Fig. 6.1.2. Three dimensional display of the time-resolved PL spectrum from (a) 

the 188A MQW/Si and (b)the 40 A .MQW/Si at the lattice temperature of 4 °K.
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Fig.6.1.3. (a) and (b) schematically show the band structures (neglecting 

band mixing) and photoexdtation scheme of the 188A and 40A MQW/Si 

samples. In the figures, n and mi(i=hmh and lmh) represent quantum 

numbers for the conduction and valence bands, respectively. The upward 

arrows indicate photoexdtation. The arrows along the dispersion curves 

correspond to the carrier relaxation process. The downward arrows represent 

the transitions with PL emission. During the photoexdtation, the photon 

energy is conserved as carrier potential and kinetic energies. The energy 

relaxation occurs through carrier-carrier scattering and phonon scattering. The 

PL transition between the conduction and valence subbands are determined by 

the transition selection rule. The shadow represents the modulation doped cool 

holes. The valence subband structures are different between Fig.6.1.3. (a) and 

(b). The mhmh=l subband (m j=±l/2) locates at the lowest energy in the 188 A 

MQW/Si while the mimh=l subband (mj=±3/2) locates at lowest energy in the 

40 A MQW /  Si. The higher subbands in the valence bands in the 188A and 40 A 

QWs are overlapped complicatedly. A detail valence band structure in a 200 A 

GaAs QW induding the band mixing effect was given by J. Lee.5'6) In this 

thesis, the simple band structure model shown in Fig. 6.1.3. was used to explain 

the electron and hole dynamics in these QWs.

For the 188 A MQW/Si, the weak quantum confinement lifts the 

subbands to higher energy from the bulk GaAs/Si band structure. Along the 

growth direction, the energy levels are quantized. The electrons and holes can 

move only along xy-plane (plane perpendicular to the sample growth 

direction). Since there exists about 2.5xl012 / cm2 cool hmhs in the well, the 

photogenerated hot carriers collide with these cold hmhs
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Fig. 6.1.3. Band structures of the (a) 188A MQW/Si and (b) 40A MQW/Si with 

modulation doped-in holes in the valence bands.
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and transfer their energies to the cold hole system. In the conduction band, the 

electrons also collide with the cold holes and transfer their energies to the cold 

hole system. The collision can not transfer the kinetic energy of electron to the 

heavy weighted holes efficiently because the effective masses between the 

electrons and holes are much different. The electrons mainly release their 

energies to lattice through electron-phonon interaction. After the carrier 

thermalization, the hole system becomes warm and can be represented by a 

warm hole temperature. The thermalized electrons are also warm at the 

electron temperature and cooled down to the lattice temperature by emitting 

phonons.

In the 40 A MQW/Si, the quantization lifted up the subbands and 

compensates the tension effects. The band structure becomes similar as 

regular QWs in which the lmh subband are located lower energy. Due to the 

modulation doping, there exist cold lmhs at 4 °K with 1.2xl012 cm-2 density. 

The photogenerated hot carriers are scattered by the lmhs, emit phonons, and 

be thermalized. The holes in the higher quantized subbands relax down to the 

lowest subband through hole-hole scattering or emission of phonons. After 

the carriers are thermalized, the whole electron and hole system is cooled down 

to the lattice temperature.

The average electron cooling processes for the MQW/Si were 

investigated with the system time resolution of 10 ps. To understand the 

carrier cooling process, the electron and hole temperatures at various delay 

time were extracted from the 3D PL spectra by fitting calculated spontaneous 

emission spectra assuming an electron (Te) and hole temperatures (Thmh and

Tlmh)*



210

The spontaneous emission spectrum W(E) of a conduction electron at E 

transiting to the valence subbands is calculated from a Fermi's golden rule 

under the energy and momentum conservations as,

where I Mcv 12 is the transition matrix element, p(Ev) is the density of states of 

the valence subbands, and the delta function represents the energy 

conservation. To obtain whole spectrum, the distribution of the conduction 

electron is required to be taken into account.

First, the Fermi level in the conduction band is determined by using an 

integration of electron population in the conduction band with the electron 

temperature Te as,

where no is the residual electron density (no=0 in this case), An is 

photogenerated electron density, E is the energy measured from the conduction 

band edge, Ef is the quasi-Fermi level to be obtained, and kg is the Boltzmann 

constant. pe(E) is the density of states of conduction band in a QW and is given

W(E) = 2 n /h  •  I Mcv 12P(EV) 6 (E-Ec+Ev) (6.1.1)

no + An=Jpc(E)/{l+exp( E -Ef )/kBTe} dE (6.1.2)

pc(E) = m | In  R *Lz •  y(E) (6.1.3)
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where m£ is the effective electron mass, K is Planck constant divided by 2ji, Lz 

is the well width, and y(E) is a step function which increases at each quantized 

level. In case that the photogenerated electron density is low enough compare 

with an effective density of states of conduction band (non-degenerate), the 

Fermi-Dirac distribution can be replaced by a simple Boltzmann distribution 

function (f(<E)=An/Nc»exp(-E/kBTe) where Nc=pc(E)kBTL is effective density of 

states at the lattice temperature T l). Solving Ef using Eq.6.1.2. and 6.1.3, the 

electron distribution function is determined. A quasi-Fermi level in the valence 

band is also calculated with same manner as for the conduction band. Since the 

valence band consists from quantized hmh and lmh levels, the quasi-Fermi level 

is determined by integrating the hole distribution in the subbands.

The matrix element for the transition between the conduction and 

valence subbands is given as,3)

where V is a volume of the semiconductor, I Mb I is the average matrix 

element for the Bloch states. The delta function represents the selection rule and 

is non-zero when kc=kv. According to the k*p theory by Kane, the average 

matrix element for the Bloch state is given by,

I Mcv I 2=8jc3/V » I Mb 12 6 (kc - kv) (6.1.4)

12m <(Eq+2A/3)
(6.1.5)
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where A is the split-off separation energy and Eq is the energy gap between the 

quantized conduction and valence subbands. The average matrix element 

depends on the transition energies governed by the selection rule.

Using Eq.s 6.1.1, 6.1.3, 6.1.4, and 6.1.5, the spontaneous emission 

spectrum between a conduction and a valence subband is given by,

W(E) = 16ji2/Z q2E I Mb 12m ?/ (mo2 eoh4 fc (Ec) fv(Ev)/ (6.1.6)

where

mr =mSmJl/(mS + m fi), (6.1.7)

Ec = m* /  me‘ (E - Eq), (6.1.8)

and

Ev = mr* /mi? (E - Eq). (6.1.9)

To obtain whole transition spectrum, W(E) is summed over the individual 

transitions.

Therefore, a fitting spectrum I(E, Te, Thmh, Timh) at a delay time is given 

I(E,Te, Thmh/ Tlmh) = [ 2  W(E, Te, Thmh/ Tlmh)] *L(E)*G((E) ,

(6.1.10a)

with

L(E)=Ey/(E2+Ey2) (6.1.10b)

and



G(E)=exp(-E2/Eih2), (6.1.10c)

where EY and Eih are the broadening factors due to the homogeneous and 

inhomogeneous line width broadenings, respectively.

To fit the data with the model, a measured PL spectrum at a time delay is 

selected from the 3D PL image, normalized after the spectral sensitivity 

correction of the system, and is compared with the Eq.6.1.10 assuming the line 

broadening factors (EY and Ejh) and the electron and hole temperatures (Te, 

Timh/ and Thmh)* Since the determination of the quasi-Fermi level in the 

valence band is not straight forward, I assumed a quasi-Fermi level for the 

valence band to compute the spectrum. The program was written for 

Hamamatsu temporal analyzer and listed in Appendix 2.
r

The transitions to be considered in the 188A MQW/Si are nc=l to 

nhmh—1/ nc=l to nimh=l/ and nc=l to nimh=3 while those for the 40A MQW/Si 

are nc=l to nhmh=l and nc=l to nimh=l where npj denotes quantized subband i 

(c for conduction and hmh and lmh for the valence subbands) with the quantum 

eigen state number j determined from the selection rule(odd number of 

quantized electron states to odd number of quantized valence band states or 

even number conduction bands to even number valence quantized states.)

Fig. 6.1.4. (a) and (c) show the measured PL profiles of the 188A MQW/Si 

at a delay time of 37 ps and of 40 A MQW/Si at a delay time of 29 ps, 

respectively. The fitting results for these experimental PL spectra are shown in 

Fig.6.1.4. (b) and (d) corresponding to the PL spectra (a) and (c), respectively. 

The parameters used for the fitting curve (b) were Te= Timh=67 °K and 

Thmh=4.3 °K while those for the fitting curve (d) were Te=15.3 °K and
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respectively, and fitting curves (b) and (d) for (a) and (c), respectively, using 

spontaneous emission curves convoluted with inhomogeneous line broadening 

and well width fluctuation.
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Timh=Thnih=7.3 °K. The fit were so exact that the fitting curve and experimental 

data can not be distinguished when these curves are superimposed. Fitting the 

calculated spectra to the measured PL spectra at various delay times, the 

electron temperature as function of the delay time were evaluated.

The electron temperatures in both MQWs are depicted in Fig. 6.1.5. with 

open circles for the 188A MQW and with squares for the 40A MQW, 

respectively. The electron cooling from 100 °K to 40 °K takes 150 ps in the 

188A MQW while it takes 100 ps in the 40 A MQW to be cooled from 30 °K to 4 

°K. The electron cooling time assuming a single exponential cooling for the 

188A MQW was evaluated to be 43.7 ps while that for the 40A MQW was 29.9 

ps. The initial electron temperatures for the MQWs were found to be 103 °K 

and 79 °K for the 188 A and the 40 A MQWs, respectively. The initial 

temperature difference between the 188 A and 40 A MQWs arises from the 

difference in the electron-hole interaction and from different well width. The 

hot electrons collide with cold lmh in the 40 A MQW and with cold hmh in the 

188 A MQW as discussed previously. Since the coupling between a hot 

electron and a lmh is stronger than that between a hot electron and a hmh due 

to the mass difference, the cooling rate of hot electron in the 40 A MQW is 

larger. After the thermalization, the electron and hole system cooled down by 

transferring the energy to the lattice through phonon interaction.

Using LO phonon Frohlich interaction and energy transfer rate equation 

between the electron system and LO phonon system, the cooling processes for 

the MQWs were simulated as same manner as the 2/un GaAs/Si case discussed 

in Chapter 5.2.

After the photoexdtation, the electron system looses its average kinetic 

energy to lattice through LO phonon emission with a rate given by Eq.3.3.7 and
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Fig. 6.1.5. Electron thermalization in the modulation Be-doped GaAs MQW/Si 

with Lz=18lA (dots) and Lz=40A (squares). Non-equilibrium LO phonon is 

taken into account (solid line) while dashed line is without the non-equilibrium 

phonon effect.

the electron system temperature Te decreases. The average energy relaxation 

rate is given as,

d T e _  1
dt

= -PfCT^Tp)
(6.1.11a)

where F(Te,Tp) is a function given by,

(6.1.11b)
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where Xp/e=ELo/kBTp,e and Ko is the Bessel function of zero order. The phonon 

system gains the energy from the electron system and looses the energy 

through LO phonon decay to acoustic phonons. The phonon temperature Tp 

is given by,

d T , N_vTJ dT_

where Np(Tp) is the phonon occupation number at the phonon temperature Tp 

and Tp is the LO phonon lifetime. As the phonon lifetime is assumed to be 

long, the energy trasfer from the electron system to the phonon system is 

regulated by non-equilibrium phonons.

Solving Eq.s 6.1.11 with respect to the electron temperature, the electron 

average energy relaxation process was investigated. Fig. 6.1.5. shows the 

calculated curves using a fast (~0 ps, shown in a dashed curve) and a slow (~8ps, 

shown in a solid curve) phonon lifetimes. The solid curve fits to the obtained 

electron temperature cooling data. The non-equilibrium hot phonons are built- 

up due to the 8ps phonon lifetime in the hot electron gas in the 188A QWs. The 

cooling rate is equivalent to that of GaAs calculated from a material parameter 

was found to be six times smaller than the rate without non-equilibrium  

phonon effect

The average electron energy <E(t)> was evaluated from the PL data as 

shown in Fig. 6.1.6. to confirm the energy relaxation process for the 188 A  

MQW. The average energy <E(t)> for the 40 A  MQW/Si was not given here 

because the interface roughness was found to dominate the average energy 

relaxation process. By subtracting the steady state PL peak energy 1.480 eV
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Fig. 6.1.6. Average electron energy relaxation in the 188 A 

MQW/Si sample at 4 °K lattice temperature extracted from the PL data.

from the <E(t)> and fit a single exponential curve for the average electron 

kinetic energy, the average electron kinetic energy relaxation time was 

determined to be 50ps which is close to the electron cooling time evaluated 

from the spontaneous emission spectra fit. Therefore, the electron cooling 

time in the 188 A Be-modulation doped MQW/Si is confirmed to be 46±4 ps. 

The initial energy relaxation rates are calculated from the evaluated cooling time 

and the relaxation energy which is defined by the energy difference between 

the initial and the cooled carrier kinetic energies. The rates are evaluated to be 

8.6 (m eV)/43.7 ps=0.197 m eV /ps and 3.4 meV/29.9 ps =0.1137 m eV /ps for the 

188A and the40A MQW/Si samples, respectively.
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6.1.6. Conclusion

Differences in the hot electron thermalization processes through e-lmh 

and e-hmh interaction has been investigated using the 188A and 40A MQW/Si 

samples. It was confirmed that the combination of stress and quantum 

confinement altered the lowest valence subband to be hmh and lmh for the 

samples. The electron thermalization processes are found to be much different 

between the samples because of interaction carrier mass difference and hot- 

phonon effect co-existing within the well. The electron cooling times were 

determined from the spectral fit to be 44 ps and 30 ps for the 188A MQW and 

the 40A MQW samples, respectively. The average energy relaxation time 

assuming a single exponential were evaluated to be between 46±4 ps for the 

188A MQW. The energy relaxation rate in the 188A MQW/Si was evaluated to 

be about 0.197 m eV /ps which is 1.7 times larger than that in the 40A MQW.
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6.2. External uniaxial stress on Be-modulation doped 188A MQW/Si

6.2.1. Introduction

It is well known that the stress generated in a semiconductor material 

alters its band structure and the carrier dynamics. The lattice mismatch between 

the epilayer and the substrate causes not only defects or dislocations but also a 

strain at the interface. When the heterostructured sample is cooled to a room 

temperature from its growth temperature around 700°C, the difference in the 

thermal expansion coefficients of the layers causes the biaxial stress along the 

interface plane. Further, external compressive stress can be applied onto the 

semiconductor sample hydrostatically or uniaxially.

When uniaxial compressive stress is applied to a quantum well (QW) 

structure whose valence band is already split into hmh and lmh subbands, the 

quantized energy gap further increases and the valence subbands are lifted up 

to higher hole energy. Since the hmh subbands (m j=±l/2) are more sensitive to

the compressive stress, the lowest hmh subband catches up the lowest lmh 

subband (mj=±3/2) at a certain magnitude of the stress (crossover stress). At 

the crossover stress, the valence band becomes degenerate at k=0 (if no band 

mixing occurs) as similar as a bulk GaAs except the quantization flattens the 

band structure along the QW growth direction. The electron and hole 

thermalization and cooling processes in a semiconductor QW device under 

stress are important processes and determine the electronic and optical 

characteristics of the strained QW. The carrier dynamics under the stress has 

not been studied in picosecond time scale yet. Since the band structure can be 

tuned by externally applied stress, one can In this section, the electron 

cooling process in a semiconductor QW structure under both biaxial tension and 

was investigated. The photoluminescence (PL) kinetics from the sample was
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Fig. 6.2.1. (a) Sample and (b) band structures

external uniaxial compression control the carrier dynamics if the carrier 

thermalization and cooling processes under the stress is understood.

analyzed using picosecond time-resolved PL spectroscopy technique.

6 .2.2. Sample and experimental setup

The sample was a Be-modulation doped 188A multiple QW grown on a Si 

substrate (MQW/Si) which was also used to investigate the electron dynamics 

under built-in biaxial tension in the previous section. The 188A MQW structure 

was fabricated on {100} Si substrates tilted 4° toward <011> direction with a 2j*m 

of GaAs buffer layer as shown in Fig.6.2.1.(a). The MQW consists from 20 

periods of QWs with 188A w ell widths separated by 250A Alo.35Gao.65As 

barriers in which central 50A regions were modulation-doped with ion- 

inplanted Be atoms to supply enough holes to the valence band in the wells as
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shown in Fig.6.2.1.(b). The density of heavy holes (hmh) in the well is 

estimated to be 2.5X1012 cm*2.

The sample was cut to a 3 mm x 8 mm size to fit into a stress apparatus 

placed in an optical dewar. The sample cooled to 4 °K lattice temperature was 

photoexdted by laser pulses from a CPM dye laser at 82 MHz with 100 fs pulse 

duration and 2.0 eV photon energy. Since the dewar is large and heavy, the 

dewar was placed on the floor. The laser beam was sent down to the floor and 

focused onto the sample through 20 cm focal length BK7 lens. The laser spot 

size on the sample was around 200//m. The photogenerated carrier density was 

estimated to be about 2x108 cm*2. The PL from the sample was collected into a 

25 cm spectrograph using two plano-convex lenses. One lens was placed on the

floor and collimated the PL from the dewar. The collimated PL was refleded*

upward to the optical table on which the spectrograph and a streak camera 

were set. Another lens focused the collimated PL into the input slit of a 

spectrograph which incorporated a 600 grooves/m m  reflection grating blazed 

at lfim. To cut the fundamental scattered laser beam, a #7-59 visible cut and IR 

transmitting color filter was placed in front of the spectrograph. The 

spectrograph dispersed the PL spectrum onto the input slit of a streak camera 

which time-resolves the PL spectrum. The time resolution was 10 ps and the 

spectral resolution was 1 nm. Since the compressive stress applied onto the 

sample lifts the quantized band edges to higher energies, the spectrograph was 

initially set to show the PL at the lower energy side on the streak image so that 

the observing spectral region could cover the shifted PL spectra at a higher 

stress. The stress machine was operated with a help of Dr. Hao Qiang from the
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Brooklyn college. The 188A MQW/Si sample was compressed up to 14 kbar. 

Then, the sample destroyed.

6.2.3. Experimental results

The steady state band edge shift due to the uniaxial stress was measured 

prior to this time-resolved measurement using an intrinsic 188A single QW at 

room temperature by a modulated photoreflection spectroscopy by Hao 

Qiang4) at the Brooklyn College. The modulated photoreflection spectra under 

various stresses along [100] direction are depicted in Fig. 6.2.2. and reveal 

several important features. Since the built-in tension lowered the subbands and 

the quantum confinement lifts the subbands to higher energy, the lowest hmh 

subband located about 20 meV below the lmh subband at the external stress 

X=0. As the uniaxial stress increases, the hmh subband (11HH transition)r
»

moves to higher energy in valence band and finally across the lmh 

subband(HLH). At the cross over stress of 1.3 kbar at room temperature, the 

hmh and lmh subbands showed anti-cross arising from the band mixing.5'6) 

Further increasing the stress, the hmh subband across the nt=2 to nh=2 

transition (22LH) at 10 kbar. It is interesting to know what is happening on the 

carrier dynamics at the crossover stress region where the carrier masses may 

not be ordinary heavy or light hole masses. The energy gap between the 

conduction and valence subbands under uniaxial stress along [100] direction are 

given in first order approximation as discussed in Chapter 2.3 as,

AEc-hmh = { a(Sn+2Si2) - b(Sn-Si2) }•(- X)

= - 0.6024•( -X) (meV/kbar) for strained GaAs, (6.2.1)
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Fig. 6.2.2. Band edge energy shifts due to the externally applied uniaxial stress 

measured with modulation PL spectroscopy by Hao Qiang5).

and

AEc-imh = { a(Sn+2Si2) + b(Sn-Si2) }•(- X)

= - 6.722•(- X) (meV/kbar) for strained GaAs. (6.2.2)

where S n , S12, a, b, and X are compliance coefficients, hydrostatic and shear 

deformation potentials, and external uniaxial stress in kbar, respectively. Since 

the positive direction of X is tensile stress, the compressive stress of X is 

negative value. Sn=11.6xl(H  kbar1, Si2=-3.7xl(H kbar1, a= -8.7 eV, and b= -2.0 

eV are used to calculate the shifts in a strained GaAs7).
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The transition energies at 4 °K lattice temperature have been calculated 

by Hao Qiang 7'8) and are shown in Fig. 6.2.3. The anti-crossing stress for the 

hmh and lmh subbands moves to around 2 kbar (it was 1.3 kbar at room 

temperature). At 7.5 kbar, the 11HH transition acrosses 13LH transition 

showing anti-crossing. Fig. 6.2.4. shows the calculated valence subband 

structure by Ha.o Qiang. The hole subband structure around 2 to 3 kbar is 

complicated and may contribute a change in the hole dynamics. Note that the 

notation for the transitions are different from those by Hao Qiang. The 

transitions dominating the PL kinetics after the carrier thermalization are 

thought to be two or three lowest transitions in my cases.

The time-resolved PL spectra in 3D displays under uniaxial compressive 

stresses of 0, 2.2, and 7.6 kbar are shown in Fig. 6.2.5. (a), (b), and (c), 

respectively. The PL spectra show some differences between them. Especially 

when the stress is 7.6 kbar where the lowest subband are supposed to be same 

as that under 2.2kbar, the higher energy PL peak intensity remains strong for a 

longer time than that under 2.2 kbar stress.
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Fig.6.2.5.3D time-resolved PL spectra under (a) 0 kbar, (b) 2.2 kbar, and (c) 7.6 

kbar of uniaxial compressive stresses at 4 °K lattice temperature.

*

6.2.4. D iscussion

To evaluate electron temperature cooling process under the uniaxial 

stress, I have used the spontaneous emission spectral fit procedure to the 

obtained PL time profiles. The spontaneous emission spectra are calculated 

using the same equation described in the previous section. Since the band 

structure is altered by the uniaxial compression, the transitions at 9.6 kbar of 

the stress are 11LH and 13 LH. The fitting results are shown in Fig.6.2.6 (a) and 

(b). The gray curves are experimental results and the solid curves are the 

fitting curves. It is dear that the initial spectral profile is wide compare with the 

spectrum at t=110 ps. Within 100 ps, the electron temperature cooled down to 

40 °K. The electron temperature as function of delay time is plotted in Fig.

6.2.7. The open drdes are the electron temperatures under 9.6 kbar of stress 

determined from the fit while the gray dots are those without the external
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Fig.6.2.7 Electron temperature cooling under 0 and 9.6 kbar of uniaxial stress.

It is clear that the electron temperature cooling time of 75 ps under 9.6 kbar of 

stress is faster than that of 100 ps without stress.

The band structure under 9.6 kbar of stress is similar as the 40A MQW/Si 

as discussed in the previous chapter. Since the well width is different from the 

40A case, it is not straight forward to compare the electron cooling process in 

the 188A MQW under 9.6kbar of stress. However, the electron cooling time 

becomes faster when the lowest subband was altered to lmh band as similar as 

the 40A MQW/Si case.

To further evaluate the electron cooling dynamics under various 

compressive stresses, average electron energies as function of delay time were 

calculated from the time-resolved PL spectra obtained at 4 °K lattice 

temperature. A 2D PL spectrum I(E,t) at a delay time t is selected from the 3D

stress. The solid lines are exponential fits for the electron temperature coolings.
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time-resolved spectrum and determines the average carrier energy at the delay 

time by using,

E2 E2
<E(t)> = I(E, t)»E dE/

where Ei and E2 are the low and high energy edges of the PL spectrum at the 

delay time t because the experiment was carried out within a certain PL energy 

region.

The time-resolved PL spectra were analyzed using Eq. 6.2.3 and the 

average electron energies as function of delay time under various stresses are 

depicted in Fig. 6.2.6. (a) and (b). The figures show several features on the 

average energy relaxation process under the external stresses.

As the magnitude of stress increases, the average energies shift to higher 

energies because the band edge energies are lifted. After 7 kbar of stress, the 

transition energy does not move much. This indicates that the lowest transition 

has become the conduction band to the lmh subband which is less sensitive to 

the compressive stress.

Another noticeable feature is that the initial average energies above 9 

kbar of stress increase, first reach their peaks, and then start relaxing their 

energies to lower energies within 30 ps after the photoexdtation.

Subtracting the values <E(t)> at 300 ps delay time from the <E(t)> curves 

under different stresses, the initial average electron kinetic energies under the 

stresses were evaluated and are shown in Fig.6.2.9.(a) and (b) corresponding to 

the original <E(t)> data in Fig. 6.2.8. (a) and (b), respectively.

Ei
I(E, t) dt (6.2.3)
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in valence subbands.

The average kinetic energies under 0 and 2.5 kbar stresses are single 

exponential relaxation curves while those under higher stresses becomes non­

single exponential. The highly stressed (X>9 kbar) average kinetic energy 

curves show the initial energy peaks as discussed previously.

It is clearly observed that the carrier relaxation process after 2.5 kbar is changed.

To estimate the energy relaxation rates under the stress, the average 

electron kinetic energy relaxation times were determined using simple 

exponential fits to the evaluated curves although they show fast and slow  

relaxations. The relaxation energies AEs which are defined as the energy 

difference between the peak <Ek(t)> and <Ek(t')> at a long delay time t\ The
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Fig.6.2.11. Average kinetic energy relaxation rates under various compressive 

stresses.

evaluated energy relaxation times and the relaxation energies AEs are shown in 

Fig. 6.2.10. The open circles are average energy relaxation times while the dots 

are the relaxation energies as defined above. The dotted lines in Fig. 6.2.10. 

indicate the anti-cross stress (between the m=l hmh and m=l lmh subbands) 

and crossover stress (m=l hmh to m=3 lmh subband), respectively. As the 

stress increases from 2 to 5 kbar, the relaxation time becomes slower and then 

fast again between 6 to 10 kbar. Around 12 kbar the relaxation time becomes 

slowest. The relaxation energy decreases as the stress increases from 2 to 5 

kbar and stays almost same energies.

Fig.6.2.11. depicts the average kinetic energy relaxation rates obtained by 

taking ratio between the relaxation energies AE and the relaxation times Trelax
a

at the various stresses. The dotted lines indicate the anti-crossing and crossover 

stresses between subbands as depicted in Fig. 6.3.8. After the crossover of the



236

lowest hm h and lmh transition, the relaxation rate drops down to about half of 

that before the crossover and increases when the 11HH and 13LH subband anti­

cross. The uniaxial compression lifts the conduction subbands linearly. Such 

linear shift may not cause this complex change of the relaxation process. On 

the other hand, the stress lifts the valence subbands complex way as depicted in 

Fig. 6.2.4. Therefore, the energy relaxation during the cooling depends on the 

valence subband structure and the relaxation rate becomes larger when the 

hm h subband located at a  lower energy.

To understand the energy relaxation kinetics, a five energy level model 

was adopted. The model energy diagram is depicted in Fig. 6.2.12. The higher 

energy levels Ei to E4  contains numbers of carriers N j to N4 , respectively. The

carriers in the levels relax to lower energy levels as depicted by arrows with 

time constants Tri  to T 14. The carriers in the E3  level scatter to E4 level with a

scattering time Ts. When this model is compared with the real carrier

relaxation process, the Ei to E3  and the E2  to E3  relaxations correspond to hot

earner intra-valley thennalizations in two different subbands, the E3  to E4

transition corresponds to inter-subband scatterings, the E3  and E4  to the ground

level are radiative recombination processes.

These carrier relaxation processes are simulated by following rate 

equations to determine carrier populations at the levels.

The change in the carrier population at Ei level is given by,

d N j N j
-5 — —

11 (6.2.4a)

and that at E2  level is equated as,
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d N 2 N 2

12 . (6.2.4b)

The carriers at the Ei and E2 levels relax to lower energy levels single 

exponentially.

The carrier population in the E3 level increases due to the relaxation from 

the Ei level and decreases due to the scattering to E4 levels and the 

recombination to the ground level. The rate equation is given by,

dt
T i3  T s  T r l (6.2.4c)

The carrier population in the E4 level increases due to the relaxations 

from the E3 and E2 levels and decreases only by the recombination process. The 

population is equated as,



dt
(6.2.4d)

When one determines an average carrier energy from a PL spectrum, 

the radiative energy levels are considered to be taken into account. Since the Ei 

and E2 levels correspond to hot carrier states which were assumed not to give 

radiative recombinations. The average carrier energy in this five level model is 

determined by the populations in the E3 and E4 levels. The average carrier 

energy is given by,

<E(t)>
(6.2.5)

Solving these rate equations, the populations at the levels are 

determined to be the followings as,

Ni(t)=Nio* exp(-t/Tri), (6 .2 .6a)

N2(t)=N20*exp(-t/Tr2) , (6 .2 .6b)

N3(t)=N3o*exp-t/Tx)+N io/Tri #Tc*(exp(-t/Tx)-exp(-t/Tri) ) , (6.2.6c)

and

N4(t)=[ N40+N30/Ts*Ta*{l" exp(-t/Ta)}

+N2o/Tr2*Tb*{l- exp(-t/Tb)}

+N io/T ri*Tc*{Ta*{l- exp(-t/T a)}-Td*{l- exp(-t/Td)}}].exp(-t/Tr4),
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with

1/T x = l /T r3+1/Ts , (6.2.7a)

1 /T a^ /T x-l/T rf , (6.2.7b)

l/T b ^ /T ^ l/T r t  , (6.2.7c)

1/T c= l/T ri-1 /T x , (6.2.7d)

and

1 /T d= l/T ri-1 /Tr4 , (6.2.7e)

where Nios (i=l,2/3/ and 4) are the initial carrier populations at the energy levels

El to E4, respectively. Substituting Eq.s 6.2.6 and 6.2.7 into Eq. 6.2.5, the

average carrier energy in the five level system is determined.

The initial carrier populations are assumed to be constants as Nio=10,

N20=30, N30=0, and N4o=200 . Since the calculated average carrier energies will

be normalized later, the numbers for the initial carriers are relative values but 

not absolute carrier populations. The hot carrier relaxation times Tri  and Tr2

are assumed to be 5 ps and 8  ps, respectively. The carrier recombination times 

Tr3 and Tj4  are assumed to be 300 ps and 20 ps, respectively. The most

important parameter to determine the average energy relaxation process is the 

carrier scattering time Ts which is kept as a variable.
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Fig.6.2.13. Calculated average energy using the five level model with the 

scattering time Ts as a variable.

Fig. 6.2.13. shows the calculated curves using Ts=100,50, and 30 ps with a solid, 

a dotted, a dashed curves, respectively. The figure shows several important 

features. First, the average energies change non-single exponentially. Next, 

the average energy curves become a single exponential as the scattering time 

becomes shorter from 100 ps to 30 ps. And the initial average energy peak 

delays as the scattering time becomes longer. Although the model is too 

simple using only discrete five levels, the real average energy relaxation 

process is simulated.

Comparing these calculated curves with the measured data shown in Fig. 

6.2.9, the following concepts are deduced.

First, for the energy relaxation under 0 and to 2.5 kbar stress, they 

showed simple exponential and no initial peak as similar case as the fast
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scattering time case as Ts=30 ps in the simulation. This implies that the inter­

subband scattering time for the lmh to hmh subbands under these stresses is 

fast. As the stress increases, the measured average energy relaxation curves 

shown in Fig. 6.2.9. (b) become similar as the calculated curve with Ts=100 ps.

Thus, the inter-subband scattering time from the hmh to lmh subband becomes 

slower. The inter-subband scattering under 0 to 2 kbar stress is the transition 

from the lmh to the hmh subband in the valence subband while that under 

higher stress is the hmh to the lmh subband or the higher hmh to the lower 

hmh subband. Although the simulation is preliminary, the inter-subband 

scattering process from the lmh to hmh subband was suggested to be slow  

while that from the hmh to the lmh subband is faster.

6.2.5. Conclusion

The carrier energy thermalization and cooling dynamics in a 188A 

MQW/Si sample under various external uniaxial compressive stresses has been 

investigated using picosecond time-resolved PL spectroscopy. The electron 

cooling time under 9.6 kbar of compressive stress becomes faster than that 

under 0 stress. The energy exchange between hot electron and lowest valence 

hole (either hmh or lmh) determines the electron cooling process as similar 

mammer as the previous 188A and 40A MQW/Si results. The average electron 

relaxation process was found to depend on the lower valence subband structure 

under different stresses.

Using a simple five energy level model to simulate the inter-subband 

scattering time effect on the average energy relaxation process, it was found 

that the non-single exponential process and the average energy peaking
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behavior were due to the slow inter-subband scattering time. The slow inter­

subband scattering causes the peak average energy positions to be delayed.

Therefore, the stress altered band structure causes the carrier energy 

relaxation times to be changed. The average carrier relaxation times were 

affected by the slow inter-subband scattering from a lmh to a hmh subband.
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CHAPTER 7

2D  EXOTON DYNAMICS IN INTRINSIC GaAsSQW/Si

7.1. Introduction

Quasi-two dimensional (2D) exdton dynamics in GaAs single QW and 

MQW has been studied extensively. 2D exdton formation time in a 80A MQW 

was determined to be shorter than 20  ps by T. C  Damen et al. 1) and in a 50A 

QW to be 14.4 ps by R. Strobel et al. 2) The light mass hole inter-subband 

exdton relaxation time to heavy mass hole exdton was evaluated to be 90 ps in a 

86 A MQW, heavy mass hole exdton formation time to be 190 ps, and exdton 

localization time to be 130 ps by J. Kusano et al.3) using a rate equation analysis 

fit to the PL time profiles. Takagahara theoretically studied the 2D exdton 

dynamics considering various phonon interactions4). The 2D exdton 

recombination process was extensively studied by Feldmann et at.5) both 

experimentally and theoretically. Exdton decay times were found to vary from 

200 ps to 2  ns depending on well width, exdton photoluminescence linewidth 

(related to exdton binding energy) and exdton masses (exdton binding energy is 

also determined by the exdton mass).

Exdton dynamics in an intrinsic GaAs QW determines optical and 

electronic properties of the QW at a low  lattice temperature below 100 °K where 

the exdtons can exist because of the exdton binding energy of 10 to 20 meV 

which is higher than the lattice thermal vibration energy. When a stress is 

applied to the QW structure either internally (built-in) or externally (from 

outside), the exdton dynamics can be altered because of the band structure
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Fig.7.2.1. (a) Sample and (b) band structures of the 188A SQW/Si

change. There is a need to understand the effect of stress on exdton dyhamics to 

improve the intrinsic device.

In this chapter, the exdton dynamics under built-in biaxial and external 

uniaxial stress in an intrinsic GaAs single QW with 188A well width grown on a Si 

substrate was investigated using the time-resolved PL spectroscopy with a stress 

apparatus.

7.2. Sample and experiments

An intrinsic 188A single QW structure sandwiched by 250A Alo.35Gao.65As 

barriers was fabricated on a (100) Si substrates tilted 4° toward <011> direction 

with a 2/im of GaAs buffer layer as shown in Fig.7.2.1 (a) for the sample 

structure and (b) for the band structure along growth direction. As the result of 

the difference in the thermal expansion coeffidents between GaAs and Si
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substrate, the GaAs QW is strained biaxially about 2 kbar as same manner as 

MQW/Si samples investigated in Chapter 6 except the barrier for the SQW/Si 

was not modulation doped. This SQW/Si sample was grown by MBE at Univ. 

of Illinois, Arbana-Champaign by Prof. Morkoc's group. The band structure as 

function of uniaxial stress at room temperature was determined from the 

modulated photoreflecticn spectroscopy as shown in Fig. 6.2.2. under 

collaboration with Hao Qiang and F. H. Poliak6) at the Brooklyn College.

The sample was placed in a stress apparatus and inserted into an optical 

dewar to cool the sample to 4 °K under a compressive stress. The sample was 

uniaxially compressed up to 14 kbar. The sample in the dewar was photoexdted 

by laser pulses from a CPM dye laser operated at 82 MHz with 10 mW average 

power, 100 fs pulse duration, and 2.0 eV photon energy. The laser beam was 

focused onto the sample through 20 cm focal length lens to obtain 2.5xl012 cm-2 

photogenerated carrier density. The PL arising from the exdton annihilation 

was collected into a 25 cm spectrograph conneded to a streak camera with an S- 

20 photocathode which has high sensitivity at observing region of 800 nm. The 

time- and spectrum-resolved PL was stored into an image processor (TA) to 

analyze the exdton dynamics from the PL kinetics.

7.3. Experimental results

As the compressive stress increases, the PL peak shifts to high energy 

and the time-resolved PL spectra did not show dramatic change as same manner 

as doped- MQW/Si case. Fig. 7.3.1 shows the PL spectra under 0 and 9.3 kbar 

stresses. The 0 kbar spectrum shows three peaks at 1.486,1.4997, and 1.5109 eV 

while the 9.3 kbar PL spectrum shows two peaks at 1.5006 and 1.5134 eV. These
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Fig.7.3.1. PL spectra for the SQW/Si under uniaxial stress of 0 kbar and 9.3 kbar at 

4 °K lattice temperature.
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Fig.7.3.2. PL intensity profiles for the SQW/Si under uniaxial stress of 0 kbar and

9.3 kbar.
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transitions can be identified from the calculated transition energies. For the 0 

kbar stress, the peak at 1.4997 eV arises from the annihilation of hmh exdton 

while the peak at 1.5109 eV arises from the annihilation of lmh exdton. For the

9.3 kbar PL spectrum, the peak at 1.5134 eV arises from the lmh exdton 

annihilation. The low  energy peaks for both cases may be unknown impurity 

bound exdton annihilation or conduction to valence bands transitions of the 

GaAs buffer layer. It is dear that the hmh subband moves to high energy but 

the lmh subband is in-sensitive to the compressive stress and stays at almost 

same energy level.

Fig.7.3.2. shows the PL time profiles integrated between high and low  

energy PL edges under 0 and 9.3 kbar of stresses. The rise time for the profile 

under 9.3 kbar is faster than that at the 0 stress. The PL time profile of the 0 

kbar case shows slow rising component in contrast to the 9.3 kbar profile. The 

exdton annihilation decay time is found to be un-changed by the stress and 

estimated to be 170 ps.

7.4. D iscussion

7.4.1. Initial exdton dynamics

The band structures in the xy and z directions without stress (0 kbar) and 

under 9.3 kbar of uniaxial compressive stress are schematically shown in Fig.

7.4.1. The lowest subband for the 0 kbar case is the hmh while that under 9.3 

kbar stress is the lmh because the compression lifted the hmh subband to higher 

hole energy and exceeded the crossover stress. The 2.0 eV photons from the 

pump laser photoexdte the carriers(solid arrows). The hot carriers (e >1cbTl) 

thermalize towards the bottom of each subband shown by the thick arrows in
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Fig. 7.4.1. Band structures of the 188A SQW/Si (a) under 0 kbar and (b)under 9.3 

kbar uniaxial compressive stress at 4 °K
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Fig.7.4.1. The carriers in high energy subband scatter to lower energy subbands. 

During the thermalization and cooling, these carriers form exdtons. These 

warm exdtons release energies by emitting phonons and reach the lowest 

exdton levels near k=0. The exdtons recombine and annihilate photons as 

depicted by the downward gray arrows. The difference in the exdton dynamics 

between the 0 kbar and 9.3 kbar cases mainly arises from the structure change in 

the lowest exdton bands.

The PL rising profiles in Fig. 7.3.2 are different because the hole 

thermalization and inter-subband scattering time are different. In the previous 

section 6.1, it was found that the lmh thermalization is faster than the hmh 

thermalization. The inter-subband scattering is one order of magnitude slower 

than the thermalization time for the scattering from the lmh to the hmh 

subband. The slow scattering time is determined from the slow rising portion 

of PL profile. In the strained SQW/Si, the 9.3 kbar stress PL profile did not show 

a dear slow rising component. This observation means that the inter-subband 

scattering from the hmh to the lmh subband is faster than that from the lmh to 

the hmh. The band structure under 9.3 kbar has less bottlenecks (band mixing) 

on the hole dynamics than the lower stress structures (Fig.7.4.1) The faster loss 

rate can be expected for highly strained sample. This effects will be discussed in 

the next section.

7.4.2. Exdton average energy relaxation

To determine the exdton energy relaxation process, the average exdton 

energy was calculated from the PLs using the equation (as discussed in Chapter 

3.5) given by,
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Fig. 7.4.2. <E(t)> for the SQW/Si without stress and under 9.3 kbar of stress at 4 

°K lattice temperature.

where I(E,t) is a 2D PL spectrum at a delay time selected from the 3D time-and 

spectral resolved PL image, and e is the exdton annihilation energy. Fig. 7.4.2. 

shows the calculated average exdton energies as function of the delay time 

under 0 kbar stress (thick solid line) and under 9.3 kbar stress (thin solid line) for 

the QW at 4 °K. The average exdton energy relaxation under 0 kbar stress 

dearly shows a fast and slow relaxation components while that under 9.3 kbar 

stress shows only fast relaxation process.

Fitting exponential curves (single and double) to each average exdton

relaxation curves, a fast and slow relaxation times and the relaxation energies 

(defined as the energy difference at the initial time and at the end of the

OO oo

(7.4.1)
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Fig. 7.4.3. The fast and slow relaxation rates under various uniaxial compressive 

stresses. The open circles are for fast relaxation rates and the dots for the slow  

relaxation rates.

relaxation) are evaluated. Fig. 7.4.3 shows the evaluated fast and slow  

relaxation times. From this figure, there is one order of magnitude difference 

between the relaxation times for the fast and slow relaxation components. In the 

band calculation result, there occurs a band mixing around 3 kbar, the 

bottleneck on the hole dynamics are expected. The fast relaxation component 

changes its time around 3 kbar to be slower while the slow component changes 

its time around 1 kbar. The fast relaxation time becomes slowest at the 2.3 kbar 

stress. The 3 kbar stress corresponds to the stress where the lmh and hmh 

subbands cross over. The fast component becomes slower after 4 kbar of stress 

where the lowest valence subband changed from hmh to lmh subband tuned by 

the uniaxial stress. The difference in the fast relaxation process can be due to 

the exdton mass difference.
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Fig.7.4.4. The exdton relaxation energy for fast (dots) and slow (open circles) 

relaxation profiles. The open squares are total relaxation energies.
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The relaxation energies extracted from various PL spectra under different

uniaxial stresses are depicted in Fig. 7.4.4. The dots correspond to the fast

relaxation energies measured from the peak average energy to the end of fast

relaxation process around 100 ps while the open circles are for the relaxation

energies due to the slow relaxation process. The open squares are the total

relaxation energies. At 2.3 kbar of compressive stress, the fast relaxation energy

reaches its peak and then becomes lower. On the other hand, the relaxation

energy for the slow component becomes the lowest at the 2.3 kbar stress.

Taking the ratios between the evaluated relaxation times Tr̂ iavS and the

relaxation energies AEs, the average exdton energy relaxation rates (AEs/Treiax)

are calculated and shown in Fig. 7.4.5.

The following model explain^ the fast energy relaxation component which 

was attributed to exdton-LO phonon interaction.
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Fig.7.4.5. Average exdton energy relaxation rates for the fast and slow  

components in 188A SQW /Si under various compressive stress.
t

Lee et alT) discussed 2D exdton energy relaxation process through 

various phonon interaction mechanisms. Spector8) introduced an exdton 

linewidthr0p arising from exdton-LO phonon interaction and is given by,

rop = 4Nq2M(o0pb6/hK'Lz2 • I{2n/Lz,(2M(oop/h)i/2} • fo(2McooP/h ) (7.4.2a)

with

I(x,y)=(n2/  xy2) • [l+y2/2(x2+y2)-x5/  2py(x2+y2)2{\ -exp(-2jty/  x)}] (7.4.2b)

and

fo(z) = [ {p2+(2mh2z/M2)}-3/2. {p2+(2mc2z/ M2)}-3/2]2 , (7.4.2c)
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Fig. 7.4.6. Exdton energy relaxation rate as function of hole mass

t

where N  is the number of thermal phonon(Bose-Einstein factor), q is the electron 

charge, M=mc+mh (md conduction electron effective mass, mh : hole effective 

mass), Lz is the well width, 0 is a variable with an order of 3 /a* (a*: Bohr 

radius), l/K '=l/K oo-l/K s (Koo: optical dielectric constant, IQ: static dielectric 

constant), and a)0p is the LO phonon angular frequency.

The energy relaxation rate due to this interaction is given by,

Using Eq.s 7.4.2 a,b, c and 7.4.3, the energy relaxation rate due to the exdton -LO 

phonon interaction is calculated as function of exdton mass as shown in Fig.

d<Ek(t)>/ d t= 2Top*cobp (7.4.3)
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Fig. 7.4.7. Effective hole mass in a 220 A QW under [100] uniaxial compressive 

stress calculated by J. Lee9-10)

7.4.6. The figure shows that the heavier the exdton mass, the larger the energy 

loss rate.

To understand the experimentally measured energy relaxation rate, a 

band structure calculation by Lee et al.9'10) gives an important aspect on the 

lowest energy hole subband mass. According to the band structure calculation 

for a 220 A quantum w ell under uniaxial compressive stresses, the lowest 

valence subband changes from the hmh to Imh subband after a cross over stress 

as shown in Fig. 7.4.7. Note, their notations for the hmh and lmh subbands are 

different from my notations. The hmh effective mass increases linearly above 

the crossover stress while the lmh effective mass decreases slowly and does not 

change much after the crossover stress. This exdton mass change, which alters 

the energy exchange rate, exactly matches to the change in the fast energy 

relaxation process as shown in Fig. 7.4.5. Namely, the energy relaxation
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increases up to the crossover stress and becomes unchanged after the crossover 

stress. Therefore, I can conclude that the fast energy relaxation process arises 

from exdton-LO phonon interaction which depends on the lowest exdton mass.

The slow energy relaxation component was attributed to a slow inter­

subband exdton scattering process. As discussed above, the inter-subband 

scattering time from the lmh to the lower hmh exdton subband is slow as 130 to 

300 ps. Although the exdton energy relaxation due to LO phonon interaction is 

fast, the inter-subband scattering time slower down the energy relaxation. This 

process is proved by the faster energy relaxation rate after the crossover stress 

where the lmh subband becomes the lowest valence subband.

7.5. Conclusion

The exdton dynamics in an intrinsic 188A GaAs SQW/Si has been 

investigated. The exdton energy relaxation was found to consist of a fast and a 

slow relaxation processes. The fast relaxation is attributed to the LO phonon 

scattering with exdton showing the lowest exdton mass dependence and is 

explained by the exdton-LO phonon interaction model. The heavier the lowest 

exdton mass, the larger the average exdton relaxation rate. The slow energy 

relaxation process is attributed to the result of slow inter-subband scattering in 

the valence band. Since the lmh to hmh inter-subband scattering time is slow as 

130 to 300 ps, the exdton relaxation rate at later time is dominated by the inter- 

subband scattering time. In addition, the lmh thermalization time is also 

confirmed to be faster than the hmh thermalization time. This result is 

consistent with the hole dynamics in the n-type GaAs/Si cases.
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CHAPTER 8

2D EXCITON DYNAMICS IN BIAXIALLY STRAINED GaAsP QWS

8.1. Introduction

Quasi-two dimensional (2D) exdton dynamics in intrinsic GaAs quantum 

w ells (QWs) are important to determine the operation of intrinsic optical and 

electronic devices. Recent progress in ultrafast optical computation techniques 

has been realized using ultrafast non-linear optical phenomena assodated with 

exdton screening and exdton Stark effects when a voltage is applied along the

growth direction of a QW. The following 2D exdton dynamics in varipus kinds
»

of QWs has been extensively studied. The 2D exdton formation time in a 80A 

multiple QW (MQW) has been determined to be shorter than 20 ps by T. C. 

Damen et al.1*2) and that in a 50A QW to be 14.4 ps by R. Strobel et a l.3) Kusano 

et al.4) photoexdted an intrinsic 86 A GaAs MQW with a wavelength tuned laser 

and observed initial carrier kinetic energy dependence on the exdton PL time 

profiles. They modeled the exdton formation, inter-subband scattering, 

localization (migration into interface islands arising from monolayer fluctuations 

during the sample fabrication), and recombination processes using a coupled rate 

equation and determined the rates of the individual process in the MQW. The 

light mass hole (lmh) exdton inter-subband relaxation time to heavy mass hole 

(hmh) exdton was evaluated to be 90 ps, hmh exdton formation time to be 190 

ps, and the localization time to be 130 ps. After the 2D exdton is formed, the 

exdton localization is the dominant energy relaxation process and strongly



affects the PL kinetics. K. Fujiwara et alA?) discussed the 2D exdton localization 

process by using roughness controlled samples by growth interruption method. 

The inter- and intra-island exdton localization processes were found to give 

strong effects on the PL kinetics. Bacher et al.8) also observed that the exdton 

localization process is the dominant process below 40 °K lattice temperature in a 

series of very thin InGaAs/InP QWs. Masumoto et al. investigated an average 

exdton energy relaxation process in a growth interrupted GaAs/AlGaAs MQW 

and analyzed in terms of acoustic deformation potential (ADP) interaction of the 

localized 2D exdton with the cool lattice9) by extended a theory of surface carrier 

kinetics by Hess and Sah10). They found one order of magnitude difference in a 

localized exdton energy relaxation rates between the experimental result and the 

ADP interaction theory. The theory further predicts that the exdton relaxation 

rate through ADP interaction depends on well width, exdton m ass,, material 

density and ADP value. Takagahara theoretically studied the exdton localization 

dynamics into the interface roughness considering various phonon interactions 

with the exdton.11) Basu et al.12) extended Takagahara's work and showed that 

the longitudinal optical phonon interaction at low lattice and exdton 

temperatures does not rule the exdton localization process into the island and 

ADP interaction dominates the process. The 2D exdton recombination process 

was extensively studied and discussed by Feldmann et at.5) and its recombination 

rate was theoretically derived. Exdton decay times were determined to be 

from 200 ps to 2 ns depending on well width, exdton photoluminescence(PL) 

linewidth, exdton binding energy, and exdton mass.

In this chapter, exdton dynamics under biaxial tension in an intrinsic 

GaAsi-yPy/AlxGai-xAs QWs(GaAsP QWs) with different w ell widths and 

phosphor concentrations were investigated using the time-resolved
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spectroscopy, exdton population rate equations, and average exdton energy 

relaxation calculations. The dynamics investigated are exdton formation, 

exdton inter-subband relaxation, localization into interface islands, and exdton 

annihilation recombination. The acoustic deformation potential interaction of 

localized 2D exdtons at interface islands was studied using y=0.05 GaAsP QWs 

w ith various well widths at various lattice temperatures.

8 .2 . Sam ple

Two samples were grown on (100) GaAs semi-insulating substrate 

oriented 2° off toward (110) by atmosphere pressure MOCVD with growth 

interruption at 750°C substrate temperature.13) Each sample consists of a 1 fim 

un-doped GaAs buffer layer, a 0.4 fim Alo.35Gao.65As barrier layer, single 121A 

wide GaAs QW, and a series of GaAsj_yPy QWs with nominal widths of 48, 79, 

and 121A separated by 400A Alo.35Gao.65Al barriers as shown in Fig.8 .2 .1 (a) for 

the sample structure and (b) for the band structure along the growth direction. 

Two samples contain either 5% or 8 % of phosphor in the GaAsP well materials. 

Because of the lattice mismatch between GaAsP and AlGaAs as discussed 

previously, the stress in the GaAsP wells is tensile while that in AlGaAs barrier is 

compressive. The magnitude of the tension in the well depends on its phosphor 

composition and well width. The samples were grown at Univ. of Massachusetts 

at Amherst by Prof. K. M. Lau's group and were obtained under collaboration 

w ith Dr. E. S. Koteles of GTE.
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Fig. 8.2.1. (a) Sample and (b) band structures of the GaAsP QWs

8.3. Experimental setup

The samples were placed in an optical cryostat and were photoexdted 

separately by the laser pulses from a CPM laser. The laser pulses were 100 fs 

pulse duration with 2.0 eV photon energy at 82 MHz repetition rate. The laser 

beam with 10 mW average power was focused onto the samples through 20 cm 

focal length lens. The spot size was around 150 pm. The photogenerated carrier 

density was an order of lxlO16 cm*3. The PL from the sample was collected into 

a 25 cm spectrograph, dispersed onto an input slit of a streak camera(S-20), and 

time-resolved. To avoid the scattered laser beam to get into the spectrograph, a 

color filter (#7-59) was placed in front of the spectrograph. To evaluate fast and 

slow PL kinetics, the time-resolved PL was measured at two sweep speeds of the 

streak camera. The observed time windows were 600 ps and 1.8 ns, respectively. 

The sample temperature were varied from 4 °K to room temperature to 

investigate the exdton dynamics at different lattice temperatures.



263

8.4. Experimental results

8.4.1. Steady state PL and PLE spectra

The steady state PL and PL excitation (PLE) spectra of the two samples at a 

low lattice temperature were measured by my collaborator E. S. Koteles14) at 

GTE for y=0.05 and y=0.08 QWs as shown in Fig.8.4.1(a) and (b), respectively. 

The dotted curves are the PLE spectra and the solid curves are the PL spectra. 

The strong exdtonic absorption features in the QWs were dearly demonstrated 

on the PLE spectra. Since the tension lifts the hmh subbands to higher hole 

energy than the lmh subbands, the lowest exdton subband in the QW can be 

either degenerate, heavy or light mass exdton13/14) determined by the balance of 

the stress effed and the quantum confinement. Namely, the exdton levels in the 

121A GaAsP QW with y=0.05 and 79A GaAsP QW with y=0.08 are degenerate 

because the stress effed compensated the quantum confinement energy. For the 

121A GaAsP QW with y=0.08, the hmh subband locates lower than the lmh. 

Other QWs have similar band structures as an ordinary QW except their eigen 

states are lowed by the stress. That means the lmh subband locates at a lowest 

energy. The peaks of the PL spectra shift around 10 meV from the lower PLE 

exdton absorption peaks indicating exdton localization to interface islands 

arising from w ell width fluctuation during the sample growth procedure.15) The 

absorption profiles reveal the transition selection rule dearly. Namely, the lmh 

subband (mj=±3/2) transition rate is three time larger than that of the hmh 

subband (m j=±l/2). From the difference, one can tell which absorption peak 

corresponds to hmh or lmh exdton transition.

<3
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Fig. 8.4.1. The steady state PL and PLE spectra for 121A GaAs and GaAsP QWs 

(a) with y=0.05 and (b) y=0.08 phosphor concentrations, respectively.
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various phosphor concentrations in the well materials.

The energy separation between the lowest hmh and lmh subbands were 

evaluated from the PLE spectra and are depicted in Fig. 8.4.2. with expected 

curves which take into account the stress with various well w i d t h s . 1 4 )

Since one monolayer (ML-2.83 A) well width fluctuation changes its eigen 

state energy about 1 meV for a 121A QW case and the lateral size of the interface 

islands may be around the Bohr radius of the exdtons, the exdton PL peaks from 

the island having different ML widths are not separated with the spectral 

resolution of the experimental setup.
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Fig.8.4.3. Temperature dependence on the PL spectra of the y=0.08 GaAsP QWs.

The steady state PL spectra at various lattice temperatures from 4 °K to 

room temperature were also measured. The PL intensities decrease as the lattice 

temperature increases as shown in Fig. 8.4.3.

8.4.2. Time-resolved PL spectra

The time-resolved PL spectra of the two samples are shown as three 

dimensional (3D) displays in Fig.8.4.4. (a) for y=0.05 QWs and (b) for y=0.08 

QWs, respectively. Since the 3D PL spectra were obtained at a spectral region 

where all PL spectral range for the four QWs could not be covered, Fig. 8.4.4.(a) 

shows three peaks originated from e-hmh transition from the 121A GaAs QW, 

121A and 79A GaAsP QWs with y=0.05 while (b) shows only two peaks 

originated from the 121A GaAs QW and 121A GaAsP QW with



267

GaAsP QW J L 79A GaAsP QW
y=0.05

121A GaAsP QW

121A GaAs QW

1.65 1 .60  1.55 1.50
Energy (eV)

(a)

Time (ns)

121A GaAsP QW

GaAsP QW  
y=0.08

121A GaAsQW

1.65 1 .60  1 .55

Energy (eV)

.9
Time (ns)

1.50

(b)



268

79A GaAsP QW

121A GaAsP QW48A GaAsP

GaAsP QW a™ /  
y=0.08

Time (ns)

1.75 1,70 1.65

Energy (eV)
(C)

Fig.8.4.4. Three dimensional time-resolved spectra of (a) the 121A GaAs QW, 

the 121A and 79A GaAsP QWs with y=0.05, (b)the 121A GaAs QW and the 121A 

GaAsP QW with y=0.08, and (c) the 79A and the 48A GaAsP QWs with y=0.08.

y=0.08. The PL 3D spectra for the 121A, 79A, and 48A GaAsP QWs with y=0.08 

are shown in Fig. 8.44(c) at a different spectral range. The observed time 

windows were 1.8 ns.

The sample qualities between the two samples were found to be almost 

same because the PL and PLE behaviors of the 121A GaAs QWs on both samples 

were similar. Each PL shows differences in rise and decay profiles. The 

differences arise from the differences in exdton formation, thermalization,
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Fig. 8.4.5. Dynamic Stokes shifts of the PL peak energy observed for the 121A 

GaAsP QW with y=0.08.

localization and recombination processes determined by the well materials, well 

widths, and the stress altered band structures. These processes w ill be explained 

in the following section.

8.4.3. Dynamic Stokes shift

For the initial time after the photoexcitation, it was found that the PL 

emission peak energies Ep(t)s red-shift as function of delay time which are called 

dynamic Stokes shifts.16) The dynamic Stokes shifts AE(t)=Ep(t)-Ep0») for these 

QWs show double exponential shift behaviors in time as shown in Fig.8.4.5. 

Fig.8.4.6. schematically depicts the interface structure of a GaAsP/ AlGaAs QW 

with localized and delocalized exdtons shown as a circle and an oval,
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Fig.8.4.6. Monolayer fluctuation of interface in GaAsP/AlGaAs QW structure 

and schematic view of localized and delocalized exdtons.

respectively. The ML fluctuation generates interface islands which lateral size can 

be same order of the well width. As a photogenerated electron-hole pair looses 

their energies and form an exdton, the exdton moves in the QW and reaches a 

widest well arising from the ML fluctuation of the GaAsP material. Since the 

widest well has the lowest energy states among the entire well structure, the 

localized exdton further looses its energy in the wider well. These energy 

relaxation processes are called localization. The origin of the two shifts 

components were attributed to the inter-islands (the free exdton moves around 

and finds a wider well) and intra-island localization (the localized exdton looses 

its energy in the wider well) processes to either widest islands, defects or 

impurities as discussed by Fujiwara et al.6'7) The localized exdton may be 

trapped at an interface impurity or a defed state in the widest well. Since the 

energy states of the impurity and defed states are lower than the quantized state 

of the widest well, the exdton looses the kinetic energy further. The most 

dominating exdton energy relaxation process after exdton formation was 

determined to be exdton localization process. To estimate the localization times 

for the 121A GaAs, 121A GaAsP QWs with y=0.05 and y=0.08, single exponential 

shift curves were fit to the data by a least square fitting method although there
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were fast and slow localization processes. The localization times were 

determined to be 31±5 ps, 36±5 ps, and 68±5 ps for the 121A GaAs, 121A GaAsP 

QWs with y=0.05 and y=0.08, respectively.

8.5. D iscussion

8.5.1. Exdton binding eneigy

As the lattice temperature increases, the exdtons delocalize and dissociate 

by the thermal lattice vibration. The exdton delocalization is the process that the 

localized exdtona are kicked out from the localized state to free moving exdton 

state. The process does not change the PL intensity much. When kuTL>Eb, the 

exdtons dissodate. Since the dissodated electron-hole pairs show weak radiative 

recombination strength compare with the exdtons, the PL intensity arising from 

the dissodated electron-hole pairs are weak. As the result, the annihilation PL 

intensity decreases depending on the exdton binding energy. Exdton binding 

energies Eb in these samples were evaluated from temperature dependences on 

the steady state PL intensities (shown in Fig.8.3.4). The exdton PL peak 

intensities were plotted as function of 1/T l CTu  the lattice temperature) as shown 

in Fig.8.5.1. If the exdton binding energy is high, the PL intensity remains strong 

at higher Tl because the exdtons are hardly dissodated. Fig.8.5.1. shows the 

binding energy difference dearly between the exdtons of the bulk GaAs and 

those in the QWs. Using an exdton dissodation equation, the exdton binding 

energies were estimated as follows.

Exdton population is determined by the balance between exdton 

formation, decay, and dissodation. The exdton population increases due to the 

exdton formation from photogenerated electron-hole pairs with a generation
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Fig. 8.5.1. Exdton PL peak intensities as function of inverse of lattice 

temperatures.

rate g. The exdton population decreases due to exction recombination and 

dissodation. Assuming the exdtons having kinetic energy higher than the 

exdton binding energy Eb, the exdton population rate equation is given by,

c • e:
 * _ ^ . + 6

dt x T 6
To , (8.5.1)

where c is the exdton population, x is the exdton annihilation decay time, g is 

the photogeneration rate, and xq is the fitting parameter to be determined. For 

a steady state, dc/dt=0, thus,
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(8.5.2)

Fitting the calculated curve using Eq.8.5.2 to the experimentally obtained exdton 

dissodation curves shown in Fig. 8.5.1, the exdton binding energies were 

determined. The exdton binding energies for the 121A GaAs QW and the 

121A GaAsP QWs with y=0.05 and bulk GaAs were evaluated to be, 18, 28 and 6 

meV, respectively.

For the bulk GaAs, the exdton binding energy can be estimated assuming 

a hydrogenic model which gives a series of ionization energies En as,

where N  is 1,2,3— , #r1=me‘1+mh'1, q is the electron charge, eeo is the dielectric 

constant of GaAs, and ft is the Planck constant divided by In. For a 2D exdton in 

a QW, the binding energy is given by,

En=-R‘y /N 2 (8.5.3)

with a Rydberg constant given by,

R*y=pq2/2eeo2 ft2 (8.5.4)

En20 = - R*y/ (N + l/2 )2 (8.5.5)

where N=0,1,2,3,— . Therefore, the 2D exdton binding energy for the QW is 

four times larger than that for the bulk. From the Rydberg constant, the heavier 

the exdton mass, the higher the exdton binding energy. Using Eq.s 8.5.4 and
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8.5.5, the 2D exdton binding energies for the confined hmh and lmh exdtons 

and that in the bulk are theoretically expected to be 11, 19 and 4.7 meV, 

respectively. Although the evaluated energies are slightly different from the 

theoretical values, the features agree qualitatively. Therefore, the exdton in the 

121A GaAsP QW with y=0.05 is hmh exdton.

8.5.2. Exdton dynamics m odel

In this section, I am going to evaluate the exdton formation time, inter­

subband scattering time, and annihilation decay time from the time resolved PL 

spectra as shown in Fig.8.4.4. Espedally, when the PL intensity profiles at the 

lowest emission energy is analyzed(the PL arises from the localized 2D exdton 

annihilation), these time constants determine the PL profiles. Therefore, I w ill 

analyze the PL profiles at the lowest emission energies using a following exdton 

dynamics model.

The 2.0 eV photons exdte electrons and holes high above from each 

subband edge. The hot carriers relax down toward the bottom of each subband 

and form exdtons. The exdtons further relax their energies and scatter to lower 

subbands. At the lower subband, the exdtons lo c a liz e  to the lower energy states 

which are in the wider islands. During these processes, the exdtons annihilate 

and emit PL photons. The PL spectrum is determined by the population of 

exdtons (determined by the exdton density of state and exdton distribution 

function) and the recombination rate at the energy.
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Fig. 8.5.2. Energy diagram of the six level model transition schematics.

When the tim e-resolved PL spectra profiles at the low est exciton 

annihilation recombination energies are analyzed, the rise times of the PL 

temporal profiles are determined by the free carrier intra-subband relaxation, 

exdton formation, exdton inter-subband scattering, exdtonlocalization processes 

while the decay is determined by the exciton annihilation recombination and un­

known non-radiative recombination.

This exciton dynamics was analyzed with a set of six coupled rate 

equations evaluating the population of electron-hole gas, the lmh and hmh 

exdtons, and the localized exdtons as shown in Fig.8.5.2. By fitting the PL time 

profiles obtained for the QWs at the lowest em ission energies (correspond to 

localized exdton recombination) using the solution of the rate equations, time 

constants for each relaxation process were determined.
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The six energy level model was the similar approach as Kusano et al.4) 

The energy levels consist of a free lmh-electron level, a free hmh-electron level, 

lowest lmh and hmh exciton levels, localized exciton level at the interface islands, 

and a ground state.

For the calculation, several assumptions were made following:

(1) the hot free carriers relax down to each band edge rapidly within 

system response time.

(2) there is no inter-subband scattering during the hmh or lmh exciton 

formation.

(3) the relaxed exdtons only in the lower subband localize at the interface 

islands.

(4) the ratio between the photogenerated lmh-electron and the hmh- 

electron populations are introduced as 1 to 3 which is determined by the 

transition selection rule. The initial populations at the hmh and lmh 

exdtons and at the localized state are zero.

(5) the hmh and lmh exdton formation times in a QW are assumed to be 

same(Tix=Thx).

(6) the exdton annihilation times are much slower than other energy 

relaxation times so that the exdtons annihilate only within the wide 

islands.

In the following rate equations, the parameters N]b(t), Nhb(t), Nix(t), 

Nhx(t), and Nj(t) are the populations of free lmh-electron pairs, free hmh-

electron pairs at each subband edges, lmh and hmh exdtons, and localized 

exdtons, respectively. The Ti*, Thx, Tr, Xj, and Td are the exdton formation 

times from free carriers to hmh or lmh exdtons (Tix= Thx from assumption (5)),
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the exdton inter-subband scattering time from a high to a lower subband, the 

exdton localization time, and the exdton annihilation decay time, respectively.

Assuming the lmh subband locates at higher energy than the hmh 

subband, the carrier population of the free lmh-electron state Nib(t) decreases to 

form lmh exdtons:

dNiritt) _ Nlb(t) 

dt Ti* , (8.5.6)

with a formation time Ti* The population of the free hmh-electron state Nhb(t) 

decreases to form hmh exdtons with a formation time Thx- The rate equation is 

given by:

dNhb(t) N hb(t)
dt Tb* . (8.5.7)

The population of the lmh exdton Nix(t) increases due to the formation from the 

free carriers and decreases due to the inter-subband scattering to the lower hmh 

exdton state. Nbc(t) is given by:

dNi^t) _  Nltft) Nljt(t)

dt T»* Tr . (8.5.8)

The hmh exdton population Nhx(t) increases because of the lmh exdton inter- 

subband scattering, and exdton formation from the free carriers and decreases 

due to the exdton localization to the interface islands. The rate equation is given 

by:



x r Thx Ti . (8.5.9)

The population of the localized exdtons Nj(t) is given by:

dN,<t) _  Nhx(t) Nj(t)

(8.5.10)

where first term is from the hmh exdton localization and the second from the 

localized exdton annihilation. The values of TjS for the QWs have been

determined from the dynamic Stokes shifts discussed above.

The coupled rate equations Eq.s 8.5.6 to 8.5.10 are solved analytically and 

their solutions determined the population as function of delay time as:

Nix=(Nibo/Tix*a+Nixo)»exp(-t/Tih)-Nibo/Tix*a«exp(-t/Tix), (8.5.11c)

Nhx=NhxO#exp(-t/Ti)+b/(l/Thx-l/Ti)«{exp(-t/Ti)-exp(-t/Thx)} 

+c/(l/Tih-l/Ti)«{exp(-t/Ti)-exp(-t/Tih)} 

-d/d/T ix-l/TO M expH /Til-expH /Tix)}, (8.5.11d)

Ni=Nio*exp(i/Td)+l/Ti*NhxO/(l/Ti-l/Td)*{exp(-t/Td)-exp(-t/Ti)}

Nib=Nibo»exp(-t/Tix) (8.5.'lla)

Nhb=NhbO*exp(-t/Xhx) (8.5.11b)

and

+ e/ (1 /Xhx-1 /Tj) •{exp(-t/Ti)-exp(-t/Thx)}

-e/(l/Ti-l/Td)*{exp(-t/Td)-exp(-t/Ti)} 

+f/(l/Tih-l/Ti)*{exp(-t/Ti)-exp(-t/Tih)}
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-f/(l/Ti-l/Td)*(exp(-t/Td)-exp(-t/Ti)} 

-g/(l/Xix-l/Xi)«{exp(-t/Ti)-EXP(-t/Tix)} 

+bl/(l/Xi-l/Xd)»{exp(-t/Xd)-exp(-t/Xi)} (8.5.11e)

with

and

a .l/(-l/T ih + l/X ix )

b-Nhbo/Xhx

c*Nibo/Xix*a+NixO

d»Nibo/Xbc*a

e-b /X i/a /X d-l/X hx)

f-c/X i/(l/X d-l/X ih) 

g-d /X i/d /X d -l/X ix)

(8.5.12a)

(8.5.12b)

(8.5.12c)

(8.5.12d)

(8.5.12e)

(8.5.12f)

(8.5.12g)

The localized exdton PL time profile I(t) observed at the localization state is given 

by:

Kt) =
Nj(t)

(8.5.13)

From Eq. 8.5.11e, the PL profiles consist from seven rising components 

and one decay component. The PL profiles of the 121A GaAs and 121A GaAsP 

QWs with y=0.05 and 0.08 were evaluated and compared to the exdton dynamics 

under different band structures but with the similar well configuration.

To determine the exdton formation, relaxation, localization and 

annihilation decay times, the calculated curves using Eq.s 8.5.11e and 8.5.13 were 

fit to the measured PL time profiles with four fitting parameters such as Xix, Xhx, 

Tr,andX d. The exdton localization times XiS were already determined from the
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dynamic Stokes shifts as discussed in section 8.4.3. Since the time scale of the

annihilation decays are one order of magnitude slower than those of exdton 

formation, relaxation or localization processes. Once Tds are obtained by the fits 

accurately, Tix, Thx/ and Tr are the remaining parameters to be obtained. As 

mentioned above, the Tbc and Thx are assumed to be same for the fitting. 

Therefore, there are two fitting parameters, Tix and Tr, to be obtained after the 

determination of the Tds. The fitting results for the three time profiles are

shown in Fig.s 8.5.3 (a) to (c). The measured PL profiles are displayed with thick 

solid curves while the fitting curves are in thin solid or dashed curves. To 

demonstrate the fitting accuracy, there show several fitting curves with slightly 

different fitting parameters.

The localized exdton annihilation decay times in the 121 A GaAs QW, the 

121 A GaAsP QW with y=0.05, and the 121 A GaAsP QW with y=0:08 were 

found to be 650,1400, and 950 ps, respectively.

The 2D exdton lifetime was evaluated by Feldmann5) as,

Td « (l/E^P) *(M //i)•  ACD/{l-exp(-A(T)/kuT)} (8.5.14)

The exdton formation times were estimated to be 70, 10, and 5 ps, 

respectively. The exdton formation times for the 121 A GaAsP QWs with 

y=0.05 and y=0.08 were within 20 ps and consistent with the result obtained by 

Damen et al.1) and similar to the result obtained by Strobel et al.3) On the 

other hand, the formation time of the 121A GaAs QW was found to be longer 

than the other formation times and was similar to the result obtained by Kusano 

et al.4) The lmh to hmh in the 121 A GaAs QW and hmh to lmh exdton inter- 

subband scattering times in the 121 A GaAsP QW with y=0.08 were found to be
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Fig. 8.5.3. Measured PL time profiles (thick solid curves) of (a) the. 121A GaAs 

QW, (b) the 12lA GaAsP QWs with y=0.05, and (c)the 12lA GaAsP QWs y=0.08 

and the fit curves to data (thin solid or dashed curves).

Table 8.5.1. The exdton dynamics parameters obtained by fitting to the lowest 

localized exciton time profiles for the 12lA AlG aAs/G aAs QW and 121A 

AlGaAs/GaAsi-yPy (y=0.05 and 0.08) QWs.

in ps GaAsQW y=0.05 y=0.08

rlx, Thx 70 5 10

xr 60 6 30

t i 31 36 68

x d 650 1400 950
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60 and 30 ps, respectively. In the fitting procedure for the 121A GaAsP QW 

with y=0.05, the exdton inter-subband scattering time from the hmh to lmh 

exdton within the degenerate state is assumed to be finite value and is found to 

be 6 ps. From the results, the hmh to lmh exdton inter-subband scattering time 

is faster than that from the lmh to hmh. Kusano et al.4> have determined the 

hmh inter-subband scattering time to lmh exdton to be 190 ps which is much 

longer than the result obtained in this work. Since the energy separation 

between the exdton subbands are much smaller than the LO phonon energy, the 

relaxation processes is most likely due to acoustic phonon interaction, 

where E ^ is the exdton binding energy, M=me+mh, j/'1=me'1+mh'1/ A(D is a line

width at the lattice temperature T.
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8.5.3. Average exdton kinetic energy relaxation

In order to analyze the exdton energy relaxation qualitatively, average 

exdton kinetic energies as function of delay time were evaluated from the PLs of 

the individual QWs. The temporal feature of the exdton kinetic energy 

relaxation was found to be determined by combination of alloy, ADP interaction, 

and weak LO phonon interaction in general.

Before start discussing the exdton localization, it is important to note that 

the spectrally integrated PL intensities between the high and low PL edges reach 

their maximum within 50 to 70 ps and stay at same intensity within 200 to 300 ps 

time range, as shown in Fig.8.5.4. by a gray curve, except for 48A QW which 

decays faster because of higher recombination rate as shown in 3D display in Fig.

8.4.4. ( c ) . Therefore, the exdton recombination does not affed the exdton 

relaxation process within 100 ps time range.

The average carrier and exdton kinetic energy <Ek(t)> is calculated as 

function of delay time t from the 3D PL spectrum I(E, t) using,9)

E2 E2
<Ek(t)>=^* I(E, t)*E dE/^T(E, t) dt - E0 (8.5.15)

where Ei and E2 are low and high energy edges of the PL spectrum because the 

experiment was carried out within a certain PL energy region, and Eo is the 

lowest carrier and exdton state energy determined from the steady state PL 

peak position at the same lattice temperature.
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Using Eq. 8.5.15, the average exdton kinetic energies for the GaAsP QWs 

with y=0.05 were evaluated and are displayed in Fig. 8.5.5 in semi-logalithmic 

scale with 100 ps time window after the photoexdtation. The initial exdton 

energies for three QWs were around 9 meV.

There are two key features on the exdton energy relaxation process.

First, the average exdton kinetic energies reach their maximum within 20 

to 30 ps and the maximum position comes later for narrower QWs. The rising 

and complex profile of exdton kinetic energy within the 30 ps may be attributed 

to the result of the exdton formation and exdton inter-subband relaxation 

because the exdton formation time was about 20 to 30 ps according to the result 

of Damen.1) My previous results in the section 8.5.2. show that the inter- 

subband scattering time is in similar order.

The most important result to be emphasized is that the average exdton 

kinetic energy profile shows a non-single exponential relaxation process. There 

are fast and slow components for each profile. The energy relaxation profiles 

within 30 to 100 ps and 200 to 500 ps for those QWs were fit with single 

exponential curves. The fast exdton relaxation component are displayed as 

function of nominal well width in Fig. 8.5.6. The relaxation times increase as the 

w ell width increases. Note that the data for 121A GaAsP QW are slightly off 

from the linear relationships between Lz and xre]ax for both relaxation 

components.

  a
The fast relaxation process was attributed to inter-island localization due 

to ADP interaction while the long components to intra-island localization process
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as Fujiwara introduced4). As an exdton relaxes down to a wider interface 

island, the exdton binding energy and magnitude of ADP interaction is changed 

according to the island well width. Therefore, the exdton energy relaxation 

curve should not be a single exponential. As the exdton is trapped in a widest 

interface island, the exdton looses a freedom to move around. The exdton is 

confined in a square well as in a zero dimensional(OD) state. Thus, the long 

intra-island localization process may be quasi OD exdton energy relaxation 

process similar to a quantum dot case. The OD exdton energy relaxation may be 

slow process. The time of 1 to 8 ns of

intra-island localization time obtained by Fujiwara6/7) may also correspond to the 

exdton relaxation time in the quasi OD exdton state.

To understand fast exdton energy relaxation process at the interface due 

to APD interaction, Masumoto9) introduced an exdton energy relaxation 

equation as:

<Ek(t)>=kBTL + AE •exp(-t/Treiax) (8.5.16a)

with

x , =«pLz/2M*b*2 
relax (8.5.16b)

and

AE=kB«>(Te(0)-TL) , (8.5.16c)

where Tl is lattice temperature, Te(0) is initial exdton temperature, AH is defined 

as a relaxation energy, M* is exdton mass, D* is exdton ADP, h is Planck constant 

divided by 2n, p is material density, Lz is well width, and x relax is exdton energy 

relaxation time. The Eq.8.5.16c predicts that the exdton energy relaxation 

through ADP interaction is determined by the difference between the Te(0) and
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Fig.8.5.6. Lz dependence on the exdton energy relaxation times of the QWs. 

Open drdes are evaluate data for QWs while the lines are theoretical curves 

using heavy (dotted line) and light exdton mass(dash line). The solid line is just 

for eye guide.

Tl . Its relaxation time is proportional to Lz and well material density and is 

inverse proportional to (M*D*)2. The wider the well widths, the slower the 

relaxation process.

The exdton energy relaxation times were calculated using following 

parameters to compare with the experimental data. Eq.s 8.5.16 contain four 

parameters such as M, D*, p, and L* The p and Lz are known parameters 

determined from the experimental and growth conditions. M* and D* are fairly 

known for regular materials. The p, M* and D* for GaAsP were determined by
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linearly interpolating those values of GaAs and GaP materials and are p=5.037- 

1.177y, M*hh=0-62+0.17y, M*ih=0.074+0.066y, and D*=9.44+0.32y, respectively, 

where y denotes phosphor composition in the well material. M*hh and M*ih 

denote heavy and light exciton masses. The dotted, and dash lines in Fig. 8.4.7 

are calculated curves using relaxation time from Eq. 8.4.16b using heavy exciton 

mass and light exciton mass, respectively. It is shown that the relaxation times 

fairly agree with theoretical values. These results indicate that the exdtons in the 

121A GaAsP QW are lighter than the heavy mass exdtons but heavier than the 

light exdton mass. The difference from the light mass exdton relaxation time 

may be originated from a combination effed of degeneracy and the alloy 

scattering which accelerates the relaxation process. It is true that as the 

phosphor composition approaches to zero; ie. 121A GaAs QW, the relaxation 

process can be determined only by ADP interaction and its relaxation .time was 

about 450 ps which was not far from the relaxation times of 400 ps of 121A 

GaAsP QW. Therefore, the contribution of alloy scattering for the exdton 

relaxation time to y=5% QW is within 10% of the total relaxation times.

To further confirm that the fast exdton relaxation process is dominated by 

ADP interaction, I have evaluate the fast exdton relaxation energy at a higher 

lattice temperature. The relaxation energy should decrease linearly as lattice 

temperature increases as predided by Eq.s 8.5.16c In Fig. 8.5.7, the energy 

relaxation for the 79A and 121A GaAsP QWs within 100 ps are depided as 

function of IcbTl in meV. The dashed and dotted lines are linear relationships 

between the relaxation energies and the kgTL for each case. The fast exdton 

relaxation energy decreases linearly as Tl increases. The difference of 2 meV in 

initial average exdton kinetic energy between 79A and 121A QWs may arise 

from difference in the quantized subband structures under the stress.
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Fig. 8.5.7. The exdton relaxation energy for the 79A (open drdes) and 121A 

(dots) QWs at various lattice temperatures. The dashed and dotted lines show 

linear relationships between the relaxation energies and kgTL for each QWs.

By taking a first derivative of the average kinetic energy Eq.8.5.16a with 

respect to the delay time, the energy relaxation rate as function of delay time is 

obtained as,

where AE(TL)/xrelax corresponds to the initial energy relaxation rate and is 

inverse proportional to Lz (obtained by substituting Eq.8.5.16b into the 

Eq.8.5.16a). The initial relaxation rates due to ADP interaction in the QWs are 

evaluated from the experimentally obtained AE(Tl) and trelax- These values are 

depicted in Fig. 8.5.8 as the open drdes with error bars. The peak energy 

relaxation rates for the 48,79, and 121A GaAsP QW are evaluated to be about 8 x

d<Ek(t)>/dt=-AE(TL)/Tre!ax*exp(-t/Trelax) (8.5.17)
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Fig. 8.5.8 Energy relaxation rate determined from the evaluated '• 

AE(TL)/'treiax (open drdes) and the fit curve AE(TL)/Trelax=5xl09/L z  (eV/s).

107 7,5 x i 07 and 3 x io7 eV /s, respectively. The solid curve is a calculated 

curve using AE(Tl)/Treiax=5xl09/Lz (eV /s) where 5xl09 (eV «A/s) is a fit

parameter which is about one third of the theoretically calculated value 1.4 xlO10 

(eV• A / s) assuming AE(Tl)=9 meV and M*=M*hh- The evaluated initial energy 

relaxation rate is found to follow the inverse proportional relationship as the 

theory for the ADP interaction predicts within twice the error bars which are 

mainly determined by fluctuation of <Ek(t)>.

8 .6 . Conclusion
a

The hmh and lmh exdton formation from electron-hole pair, hmh(lmh) 

exdton to lmh(hmh) exdton inter-subband scattering, exdton localization to



292

interface islands, and exdton annihilation were investigated in same structures 

consisting of a non-strained 121A GaAs/AlxGai.xAs (y=0 with x=0.35) and 

strained 121A GaAsi-yPy/AlxGai_xAs (y=0.05 and 0.08 with x=0.35) single 

quantum wells using time-resolved PL spectroscopy. From the dynamic 

Stokes shifts, I have determined the exdton localization times to the interface 

islands arising from the w ell width fluctuation. Using the solution of the six 

level coupled rate equations to fit the measured PL time profiles of the different 

QW samples at the lowest PL emission edges, the hmh and lmh exdton 

formation times, the hmh (lmh) to lmh (hmh) exdton inter-subband scattering 

times, and the exdton annihilation times were evaluated for strained quantum 

wells.

The 2D localized exdton energy relaxation dynamics in.,strained 

AlGaAs/GaAsP (y=5%) QWs was also investigated at various lattice 

temperatures. Since the valence subbands were altered by the built-in stress, 

lowest exdton states were found to be either degenerate, light mass, or heavy 

mass exdton determined by the nominal well width. The 2D exdton kinetic 

energy relaxation was found to consist from a fast and a slow time relaxation 

processes at 4 °K. The fast relaxation components within 30 to 100 ps after the 

photoexdtation were attributed to inter-island localization through acoustic 

deformation potential interaction. Using exdton-ADP interaction model to 

understand how exdton looses its energy in interface islands, it was confirmed 

that the localized exdton relaxes its energy by ADP interaction with a weak alloy 

scattering which contributes 10% of the total relaxation time. Exdton mass
a

dependence on localization process has been observed as theory predicts. The
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relaxation time was confirmed to be determined by the lattice temperature and 

well width.

The slow  relaxation process was attributed to intra-island localization 

process and is suggested to be quasi zero dimensional exdton behavior.
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Carrier and exciton energy relaxation dynamics in semiconductor bulk 

and quantum well structures under built-in biaxial tension and external 

uniaxial compressive stress have been investigated using picosecond time- 

resolved photoluminescence spectroscopy.

I have confirmed that the built-in and external stresses in 

semiconductor microstructures can tune the band structures and dramatically 

change the carrier and exciton dynamics. The PL kinetics arising from the 

carrier and exciton energy relaxation and recombination processes were 

mainly determined by the lower energy states which were altered by the 

stress. The transient carrier and exciton dynamics under different stresses 

were observed by applying an external uniaxial stress onto a semiconductor 

sample. The photoluminescence kinetics in the strained semiconductor were 

strongly affected by the strain induced band structure changes. In other 

words, the carrier and exciton dynamics in semiconductor structures can be 

tuned by the stress. Using the knowledge obtained on the carrier and exciton 

dynamics under stresses investigated in this research, new types of strained 

photonic devices w ill be developed.



The main results on the carrier and exdton dynamics under various 

types of stress investigated in this research are summarized as follows.

The n-type GaAs grown on Si substrates, which incorporates about 3 

kbar of biaxial tension and removes valence band degeneracy, reveals 

fundamental knowledge on hmh and lmh thermalization processes, inter­

subband hole scattering, and hole cooling (average energy relaxation). The 

carrier thermalization and cooling process was analyzed with cascade 

relaxation models using a series of rate equations. The hole cooling process 

was analyzed by fitting the measured PL spectra with spontaneous emission 

spectra calculated from Fermi's Golden rule as function of delay time. The 

average energy relaxation of the hole system was evaluated from the PL 

kinetics.

Rate equation analysis confirmed that the light mass hole (mj=±3/2) 

thermalizes within 5 to 7 ps which is faster than that of the heavy mass hole 

(m j=±l/2) within 6 to 10 ps due to the mass difference on the carrier-carrier 

scattering. The inter-subband scattering time is found to be around 130 ps to 

300 ps which is one order of magnitude slower than the intra-subband 

relaxation times. The hmh and the lmh recombines with residual electrons 

originated from donor within 20 to 30 ps.

The spontaneous emission spectral analysis indicated that the holes take 

about 100 ps to be cooled down to few meV above the lattice temperature 

through Frdhlich interaction with emitting LO phonons. During the period,

the holes release their energies to the lattice with a rate between 0.1 and 0.2
  »>

m eV/ ps. The hole kinetic energies relax down exponentially with 26 to 28 ps
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relaxation time which is still about six times slower than an expected time 

from the theory of Frohlich interaction.

The electron dynamics in a Be-modulation doped 188A (the lowest 

valence subband is hmh) and 40 A GaAs/ AlGaAs (the lowest valence subband 

is lmh) multiple quantum wells has been investigated using the time-resolved 

PL spectroscopy method. The electron interacting with cold light mass hole 

transfers its kinetic energy to the light mass hole more efficiently than the 

electron to heavy mass hole because energy transfer through elastic collision 

depends on mass difference between two colliding particles. In the 188 A 

MQW, the electron cooling time due to collision with Imhs was found to be 43 

to 50 ps. Since the LO phonons are accumulated in the system, the electrons 

take six time longer time to cool down to equilibrium temperature than the 

theoretically expected relaxation time. For the 40A MQW, the electrons in 

the system cool down to the lattice temperature with 30 ps cooling time 

assuming a single exponential relaxation process and showed no phonon 

accumulation effect. Applying uniaxial stress along [100] direction onto

the 188A MQW/Si at 4K, the electron dynamics was confirmed to be changed 

according to the valence subband structure altered by the compressive stress.

To understand the change in the electron relaxation time under various 

uniaxial compressions along [100] direction.

The exciton dynamics in a GaAs single QW grown on a Si substrate 

under uniaxial compression and a series of biaxially tensioned GaAsP QWs 

have been investigated. Applying uniaxial compressive stress on the biaxially 

strained GaAs QW /Si, the band structure was tuned so that the lowest



exdton subband would be either heavy or light mass exdton. Since there was 

found anti-crossing of band edges from the steady state modulation PL 

spectroscopy, the heavy and light mass exdton may not co-exist at the same 

energy level. The average exdton energy relaxation process under various 

subband structures was found to consist of a fast and a slow processes. The 

fast process is attributed to the energy relaxation due to LO phonon 

interaction where the exdton mass affects the relaxation time. The exdton 

relaxation time above the crossover stress becomes half of the relaxation time 

below the crossover stress when the lowest exdton band was switched to the 

light mass hole subband (where the exdton mass is heavy) as LO phonon 

interaction theory predicted. Further, it was confirmed that the lmh or light 

mass exdton thermalizes faster than the hmh or heavy mass exdton in the 

same manner as the hole in n-type GaAs/Si. The lowest hole or .exdton 

mass mainly determines the carrier and exdton thermalization process within 

10 to 100 ps time scale.

The balance between the stress effect and quantum confinement alters 

the band structure and was found to affect the PL kinetics. From a six level 

rate equation model analysis giving the PL time profile at the lowest 

localization state, the exdton formation time, inter-subband relaxation, and 

annihilation recombination process were investigated. The exdton formation 

time was found to be within 5 to 10 ps under biaxial stress. The exdton takes 

about 6  to 30 ps to scatter down to the lowest exdton subband. The exdton 

takes about 650 ps to 1.5 ns to recombine and annihilate a photon.

The PL from strained GaAsP having interface roughness is found to 

show dynamic Stokes shift arising from the two dimensional exdton



localization to the interface roughness and islands. The exciton localization 

process was found to be a multiple exponential relaxation process and consists 

of inter- and intra-island localization processes. The fast energy relaxation 

process was found to release energy to the lattice through acoustic 

deformation potential interaction whose strength was experimentally 

confirmed to be determined by well width, well material composition, and 

lattice temperature. The slow intra-exdton localization process was 

suggested to be a zero dimensional exdton process, where the exdton is 

trapped in square potential well as a quantum dot.
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There are several important topics left to be investigated using stress 

effects.

First, it is important to investigate the carrier and exciton energy 

relaxations under various types of stress at different lattice temperatures. In 

this thesis, 1 have investigated the dynamics mainly at low lattice 

temperature. However, for real device applications, room temperature 

carrier and exciton dynamics are required to be studied. I have already 

measured the PL kinetics at various lattice temperatures for several samples 

but did not discuss the results in this thesis. Further data analysis w ill give 

more knowledge on the dynamics at higher lattice temperature.

Secondly, the photoexdtation intensity dependence on the carrier and 

exdton dynamics are also important because the carrier-carrier interaction and 

the quasi-Fermi level after photoexdtation, are sensitive to the carrier density 

in  the stress tuned band structure. I have measured some samples under 

various photoexdtation intensities. The data analysis is required to 

understand the carrier-carrier interaction and the quasi-Fermi level effects on 

the PL spectrum and kinetics.

Thirdly, since the 2.0 eV photoexdtation used in this research was too 

high giving too much excess energies to the carriers and exdtons, many kinds



of scattering mechanism were involved which made analysis more 

complicated. Using a tunable ultrafast laser such as Ti: Sapphire laser and 

Forsterite laser(giving tunable wavelength region from 700 nm to 1.3 (im), 

resonant and non-resonant carrier and exciton photoexdtation experiments 

can be carried out to investigate hot or warm carrier energy relaxation 

process in various structures. When the phonon energy is tuned below and 

above a transition energy, the energy relaxation and inter- and intra­

subband scattering processes can be better understood more.

Using higher time resolution techniques (such as pump & probe 

methods with a femtosecond tunable laser, the fast carrier and exdton 

dynamics such as hole burning, band renormalization, screening effed, 

exdton formation time, intra-subband thermalization time under various 

stresses can be investigated. Since the stress alters the band structure to one's 

needs, particular carrier and exdton dynamics can be studied selectively.

As another key feature of strained QWs is the effed on the non-linear 

optical properties as function of the stress. This work is interesting because 

the stress can tune the band structure continuously. When a strained intrinsic 

QW in which the hmh locates lower energy is exdted by a pulses below the 

absorption, the virtually exdted exdtons may show different nonlinear 

behavior because of the mass difference from the exdtons in ordinary QW. 

Switching valence band mass from hmh to lmh may show interesting non­

linear effects on self-phase-modulation and four wave mixing.
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Physical constants and Material parameters

The following parameters were used for data analysis: mechanical, 

electrical and optical parameters. It was difficult for me to find parameters 

for GaAs, AlGaAs, and GaAsP tabulated in a paper. Therefore, it w ill be 

convenient if I tabulate the parameters for those semiconductor materials I 

used.

12.1 Physical constants 

Table 12.1 Physical constants

Parameter symb unit value

Avogadro's
Number N a m olecules/m ol

23
6.02217 x 10

Boltzmann's
Constant kB eV/K -5

8.62 x 10

Electron Charge e C
*19

1.60219 x 10

Free electron 
mass mo H

-31
9.10956 x 10

Permittivity of feee 
space eo F/cm

-14
8.854x10

Permeability of free 
space

\xo H /cm
-8

1.257x10

Planck's
Constant

h J#s
-34

6.62620 xlO

Velocty of light in 
vacuum

c m /s
8

2.997925 x 10
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Table 12.2 Pressure units

bar dyn/cm N / m 2 Pa torr

6 5 5
1 10 10 10 750.0638
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12 .2. Material parameters

The parameters are mainly for GaAs, AlAs, and GaP and are sited from 

Adachi's papers and some other books listed in the reference later. In this 

thesis, I needed the parameters as function of lattice temperature, material 

composition, and amount of stress. However, there was none regarding the 

stress dependence on the parameters.

Table 12.3 Band gap energy as function of lattice temperature

GaAs AlAs GaP

EgCO

-4 2 
5.405x10 T

1.519-
T+204

(eV)

-4 2 
6.0x10 T 

3.169------------------
T+204

(eV)

not found

EgCX)
-4 2 

4.60xl0T
-4 2 

6.0 xlO T
-4  2 

5.771x10 T

T+204
(eV)

2.239-
T+204

(eV)

T+372
(eV)

Eg(L>

-4 2 
6.05x10 T

1.815-----------------
T+204

(eV)

not found not found



Table 12.4 Material parameters 1

at 300 K
^ " "^ ^ ^ M aterials

param eters^*^,^ Si GaAs AlAs GaP

Atomic Weight 28.09 144.63

Break down field
(V/cm) ~3xl05 -4x105

Crystal structure Diamond Zincblende Zincblende
2

Density (g /  cm) 2.328 5.32 (5.36) 5.6611 4.130

Dielectric /T,  . 
Constant es(K s) 11.9 13.1 10.06 11.1

Effective density of 
state in conduction 2.8 xlO 19

17
4.7x10

in valence band 1.04xlJ9 18
7.0x10

Effective mass (unit 
of m o ) electrons

ml=0.98
mt=0.19 0.067 0.150 0.17

light hole 0.16 0.082 0.150 0.14

heavy hole 0.49 0.45 0.76 0.79

Lowest energy gap 
(eV)

1.12 1.424 2.168 (X)
3.169 (i)

2.25 (X) 
2.74(y)

Lattice constant (A) 5.41953 5.6533 5.6611 5.4512



Table 12.5 Material parameters 2

Materials 
Par am eters*'*ll̂ N^_ Si GaAs AlAs GaP

Melting point (°C) 1415 1238 1740
Thermal expansion 
(1 /°C) 2.6  xlCf6

-66.4x10 5.2xl0~6 5.91 x 10'6

Elastic Stiffness 
Constant

C ll (xlO^(dyn/an) 11.88 12.02 14.120

C12 5.38 5.70 6.253

C44 5.94 5.89 7.047

LO phonon Energy 
fmeV)

63 36.25 50.09
TO phonon Energy 
(meV) 33.29 44.88 t *

Valence band deform 
potential (eV)

tion

a 2.7 2.6 3.0

b -1.7 -1.5 -1.5

d -4.55 -3.4 -4.6



Table 12.6. Material parameters 3

*̂***̂ >>* ^ ||< Materials 
Param enters^'^N^,^ Si GaAs AlAs GaP

Intravalley defoemation 
potential (eV)

inT  valley 6.8 6.3

in X valley -2.5 -2.3

in L valley 0.23 0.55
Intervalley deformation 
potential (eV/cm ) xlcP

between T and X valleys 0.5-1.1

between T and Lvalleys 0.15-1.0

between L and Xvalleys 0.34-1.1

between X and Xvalleys 0.27-1.1 1.47

between L and L valleys 1

Exriton Rydberg 
Energv (eV) 4.7 17.0

Exciton Bohr 
Radius; (A)

115 42
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Table 12.7. Material parameters 4

Materials
GaPGaAs AlAsParamenters

Refractive Index
atfc=l iim______

Thermal C<
3.1783.655 3.452

Thermal Conductivety 
(VV/cm/deg.)
Dielectric permittivity at 
optical freq. £«>, K°°

0.770.910.441.5

8.16 8.4611.1

Tetrahedral distance (A) 2.36 2.44

Intrinsic carrier .3  
concentration (cm ) 8x101.45 xlO

thermal conductionThermal Diffusivity 0.9 0.44 density) specific heat
0.35Specific heat (J/g °C) 0.7
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GLOSSARY

In this glossary, I w ill list technical and physical terms used in this thesis and 

briefly explain the terms.

Acoustic deformation potential (ADP)

A crystal potential change induced by an acoustic 

vibration mode of lattice.

A phonon having a acoustic vibration mode.

A two dimensional stress applied to a sample from 

two direction. Its unit is in kbar.

A periodic electron wave function which reflects the 

periodic crystal potential.

Average number of particles(Spin is equal to 1) with 

an energy of hco at a given temperature T.

A stress generated in a heterostructure having 

lattice mismatch or mismatch in their thermal 

expansion coefficients.

Carrier energy relaxation

Energy loss process of a photoexdted hot carrier to 

the lattice or other carriers.

Cold electron gas Electrons in a n-type doped semiconductor

material at a low lattice temperature. The electron

Acoustic phonon 

Biaxial stress

Bloch function

Bose distribution

Built-in stress
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Confined energy level 

Crystal orientation 

de Broglie wavelength 

D ensity o f states 

Double heterostructure 

Effective mass 

Exdton

Exciton dynamics

Frohlich interaction 

Hamiltonian 

Heavy hole

Heterostructure

gas arised from the donors is described by the low 

temperature distribution function.

Discrete energy levels in a QW structure arising 

from the quantum confinement 

A direction in a crystal which consists of many 

atoms.

The wavelength of a particle wave k=h/m v having a 

momentum mv, where h is the Planck constant. 

Capacity of aquiring carriers per unit energy per unit 

volume

A structure in which one material is sandwiched by 

other different material.

Carrier mass determined by the crystal potential in a 

given direction.

Hydrogen-like atomic energy states of an electron 

bound to a hole.

Exciton temporal behavior determined by the 

interactions among themselvs and with other 

particles.

Same as optical phonon interaction 

An energy operator.

An electron vacancy in valence band having 

heavy effective mass determined by the band 

structure.

A structure of a material grown on another 

different material.
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Hot carriers 

Hydrostatic dilation 

Hydrostatic stress 

Impurity scattering 

Inter-subband scattering 

Inter-valley scattering

k vector

Kronig-Penney model

Lattice constant 

Lattice mismatch

Light hole 

LO phonon em ission

Carriers described by a distribution with a higher 

temperature than lattice temperature.

A  stretching stress applied to a sample from all 

direction equally. Its unit is given in kbar.

A stress applied to a sample from all directions 

equally. The unit is in kbar.

Interaction between carriers and impurities or doped 

atoms exist in a semiconductor material.

A carrier scattering from one subband to another 

subband through phonon interaction.

Carriers scattereing between valleys in a conduction 

band where there are three band minima called r-, 

X- and L-vallyes.

A  vector representing the momentum of a carrier.

A crystal potential model modeled as a series of 

square potential barriers in one dimension by 

Kronig and Penney.

A spatial period of a crystal structure in a given 

direction.

A  difference in the lattice constants between the 

two different materials at the interface of 

heterostructure.

An electron vacancy in valence band having light 

effective mass arising from the band structure.
a

Emission of longitudinal optical vibration mode 

from a hot carrier interacting with lattice atoms.
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Metal Organic Chemical Vapor D eposition (MOCVD)

A  thin atomic layer growing method using metal 

organic gas flew on a heated substrate to grow an 

epilayer.

Molecular Beam Epitaxy A  thin atomic layer growing method using atomic 

(MBE) beam in vacuum chamber to grow the epilayer on

heated substrate.

M ultiple quantum w ell A  QW structure which repeats many single QW 

(MQW) along the growth direction

Phonon energy An energy of quantized lattice vibration mode.

Optical deformation potential

A  crystal potential induced by optical phonon.

Piezoelectric scattering Phonon scattering through piezoelectric effect.
/

Phonon scattering Interaction of carriers with the lattice which emits

various kind of vibrational mode.

Phonon wave vector A vector representing phonon momentum.

Photoem ission A  process when carriers in the semiconductor

recombine and emit the excess energy as photons.

Photoexdtation Exritation of carrier to high energy states by optical

stimulation.

Photogenerated carriers Free carriers generated by light illuminated on a

semiconductor sample.

Photoluminescence(PL) A photons emitted when electrons in the conduction

and holes in the valence band recombine.

Photon Quantized light wave

Polar optical phonon interaction
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Interaction of carrier with lattice in a polar 

semiconductor material like GaAs inducing a 

lattice vibration in optical mode.

Quantum confinem ent Quantum mechanical quantization of energy states

as the well width of a double heterostructure 

becomes narrower.

A double heterostructure of material whose low  

band gap material thickness becomes thinner than 

200A and the electron energy states become 

discrete (quantized).

A QW structure used to achieve high energy and 

low threshold semiconductor laser.

Transitions of electrons in the conduction to holes 

in the valence band resulting in photons.

An equation describing carrier behavior in a 

potential structure, assuming a wave nature of 

carrier.

Spontaneous em ission process

A process when carriers recombine and emit 

photons, spontaneously.

Stokes shift An energy shift of PL from an original position.

Stress induced band shift Band structure change when a stress is applied to a

samplearising from the crystal structure change.

Thermalization A  process of hot carriers loosing their excess energy

to lattice. Their distribution function becomes 

Fermi-Dirac distribution.

Quantum w ell (QW) 

QW laser

Radiative transition 

Schib dinger equation



Uniaxial stress A stress applied to a sample in one direction. The

unit is given in kbar.

Valence band degeneracy A band structure whose heavy and light valence

subbands have a same energy level at k=0
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APPENDIX

A. 1. Time spread in  optics 

A.1.1. introduction

When a femtosecond laser pulse propagates in condensed matter material 

or even in a gaseous media, the arrival time of the pulse and the laser pulse 

shape w ill vary due to group velocity (GV) and group velocity dispersion (GVD) 

of the material media1). These effects are caused by wavelength dependent 

properties of index of refraction of the media. GV and GVD become more 

apparent when the length of the materials become long or when the duration of 

the laser pulse becomes extremely short in the femtosecond time regime. GV 

and GVD become real problems especially in the field of optical communication 

because the transmission capacity of the fiber cable is limited by the pulse 

duration and shape of the signal after propagating the long distance in a fiber.

A.1.2. Index of refraction

The index of refraction of a material as function of wavelength determines 

how light propagates in that material. The Sellmeier's equation or polynomial 

fitting using measured index values describes the index of refraction as function 

of wavelength.

A modified Sellmeier's equation using Drude model of charge driven 

harmonic oscillator as discussed by Feynman et al.2) is given by:

2
1 a *■n <t>= 1 +A-----------

v  2 2 
(X, - Xq) (A.1.1)



Table A.1.1. A and Xq values for various kinds of optical materials.
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BK7 Quartz KDP Water Air LaSFN9

A 0.50531 0.44920 0.49823 0.32494
2.725 

x 10 0.81149

Xg(nm) 87.7397 84.4218 88.3755 92.3268 76.4875 125.896

KD*P Urea LiNbQ, CdSe C S 2 Acetone

A 0.49569 0.46918 1.20464 1.45176 0.58464 0.34913

XQ (nm) 84.7532 110.161 159.123 250.009 158.416 97.0437

where A and Xo are the constant and the resonance wavelength for a given 

material, respectively. The values of A and Xo for various materials are 

calculated using typical refractive indices listed in several optical catalogue and 

optics handbooks3) are tabulated in Table A.3.1. Using these values for 

materials, the index of refraction at various wavelengths can be calculated.

A1.3. Group velocity and group velocity dispersion

An optical pulse contains many frequency components, and each component 

travels with its phase velocity determined by the index of refraction. This wave 

assemble travels together as a group in the form of a wave packet.

The phase velocity v<> of wave is determined by its angular frequency to and 

propagation constant k as;
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(A. 1.2)

The group velocity Vgl) is the velocity of plane of constant amplitude of group 

of waves and is given by (X/iuj>«dn4> /d X «l)

where X is a wavelength in vacuum.

From Eq. A.1.3, the group index ng at a wavelength X is defined by;

Differentiating n$> given by the modified Sellmeier's Eq.(A .l.l) with respect 

to X and substituting the result into Eq.(A.1.4), the equation for the group index 

of refraction is obtained;

dco c
Vg dk

(A.1.3)

2 2 2

 ------+ 2A
2 2

X(ĵ
n g= 1 +A.

2
( X  -  X q ) 2 2a - X q ) (A.1.5)

which depends on A and Xq for the given material.

The calculated index of refraction n$> and the group index of refraction ng 

for BK7 glass are displayed in Fig.A.1.1. The group index of refraction differs 

significantly from the phase index of refraction in the ultraviolet region.
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Fig. A.1.1. Phase and group refractive index of BK7 glass.

A.1.4. Pulse propagation in dispersive medium

The propagation time difference between the plane of constant phase and 

plane of constant amplitude for a pulse traveling in a dispersive material of 

length L is given by,

Td(L)= (ng-n^O L/c . (A.1.6)

Using the modified Sellmeier's equation and the group index from Eq.(A.1.5), 

the retardation time is obtained as;



2 2
L 2 A X 0 X
C /  \ 2

(-  4  .
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(A.1.7)

From Eq.(A.1.7)# Td(L) is always positive for k •* Xo, which means that the 

plane of constant amplitude travels slower than the plane of constant phase.

A.1.5. Gaussian pulse propagation

When a Gaussian pulse of electric field

E (z,t) = E0exp 21n2t
;xp^i(tot - k z )^

m (A.1.8)

with the pulse duration tin in Full Width at Half Maximum propagates in a 

dispersive material, the pulse field becomes broaden.

Following Yariv4)̂  the output field shape is still Gaussian upon passing 

through a media of thickness L with a duration time tout of the form:

,  . ( t - L / v ) 2 .
E(z,t) = — / 1 .  _ exp I ------- --------- t exp (icot)

/ W 81" 2/ 1 \ , 3 2 1 n 2 ,l2

(A.1.9)

*in I 21n2 t2
1 m

where a is the GVD term which is equal to d ^ /d to 2 /2  = k"/2.
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The expression for a using the modified Sellmeier's equation is:

3 2 2 4
1 d / l \  ^ (3X^.

a = - — ( —  = A---------------- -
2d<o\?J » 2 2

2jic1[X - X<) (A.1.10)

where X is the central wavelength of the pulse spectrum.

The output pulse duration:

* n  \ - T il  (81n2aL)2 A/ 1  T 7W 1̂  W  ti n +  ------- -  Vt^+xCL)

in  . (A.1.11)

is obtained from FWHM of the intensity profile from Eq.(A.1.9). The intensity 

profile of the Gaussian laser pulse after traveling in dispersive plate is obtained 

from Eq.(A.1.9) using E E* =I(t).

The value of x(L) is defined using Eq.(A.1.10) as,

2 2

t ( l )  = 2  ln  2 j 3 I 6A*<^ +2A*-o I L

(>.-4
This equation can be simplified as:

(A.1.12)

t ( L ) - r L
, (A.1.13)

where 8  is defined as a constant determined by the material and the central



3 2 4

Table A.1.2. B values for various materials.

BK7 Quartz KDP Water Air LaSFN9

300 nm 5.13042 4.12711 5.15520 3.77653 0.00195 23.8764

410 3.26164 2.65289 3.27028 2.36250 0.00129 12.8118

530 2.36833 1.93566 2.37234 1.70341 0.00095 8.65788

620 1.97433 1.61670 1.97693 1.41611 0.00080 7.01974

1060 1.10460 0.90754 1.10534 0.78847 0.00045 3.74253

1300 0.89378 0.73474 0.89427 0.63745 0.00036 2.00340

KD*P Urea LiNbOg CdCe CS 2 Acetone

300 nm 4.60033 9.00928 88.1385 3843.05 34.7548 4.64847

410 2.95388 5.23815 37.5086 295.221 17.9500 2.85696

530 2.15436 3.66001 23.1523 115.118 11.1045 2.04417

620 1.79895 3.00579 18.1449 77.2961 8.71007 1.69431

1060 1.00951 1.63837 9.13225 30.4555 4.38982 0.93844

1300 0.81726 1.31976 7.25814 23.2755 3.48975 0.75802

-25 ,
B( X ) x 10 ggC j  m
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wavelength A. of the laser pulse. Values of B for different materials are listed in 

Table A.1.2 at various wavelengths.

The output pulse duration can be simply related:

the material at the laser central wavelength, the output pulse duration tout can 

be determined using Eq.(A.1.14). Fig. A.1.2. and Fig. A.1.3. display the calculated 

tout as function of the incident pulse duration for various dispersion conditions 

for BK7 glass and for air, respectively.

The central wavelength of the laser pulse was set to 600 nm. As the pulses 

travel longer into the material, the peak intensities decrease and the pulse 

durations become wider. The shorter the incident pulse, the quicker the pulse 

broadening and reduces its peak intensity as compared to a wider pulse.

The intensity profile at z=L is obtained from Eq.(A.1.9):

(A.1.14)

Once we know the incident pulse duration tin, thickness of material L, and B of

I(L,t) =
321n2al2 

21n2+ *2

2(t-L /V g)2

in , (A.1.15)

The intensity profile at z=L reforming in terms of B is given by,
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ICUt) =

V 77®
exp,

m

■ * © . (A.1.16)

The pulse intensity profile at time t and path L is calculated from Eq. (A.1.16).
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Fig.A. 1.2. Pulse broadening due to GVD in BK7 glass.
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Fig. A.1.3. Pulse broadening due to GVD in air.
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A.1.6. GV and GVD effects in  different structured optical elem ents

When the thickness of the material varies across the plane of constant 

amplitude, the time retardation Td(L), the pulse duration tout(L) and intensity 

profile I(L,t) after propagating through these regions become a functions of the 

pathlength L over which the laser pulse travels.

A .l.6.1. Plates

The most common optical elements found in experimental setups are beam 

splitters and optical filters. The pulse propagation effects through these platelike 

materials are important to evaluate. The output pulse duration tout(L) for 

various incident pulse durations of Gaussian femtosecond pulse passing through 

BK7 glass, KDP and air with various thickness L are calculated at the central 

wavelength of 600 nm using Eq.(A.1.14). In the calculation for KDP, the index of 

refraction for ordinary ray is used considering the phase matching condition.

Some of the salient results are: a 10 fs pulse at 600 nm becomes 20 fs

wide after traveling about 2 m of air while for only 25 mm of BK7 glass 

broadens a 10 fs to 500 fs. On the other hand, a 3 mm KDP crystal set at phase 

matching angle causes a 10 fs pulse broadens to 60 fs while for 100 pm crystal the 

pulse broadens only to 10.2 fs. A  5 jzm BK7 glass plate causes 98.7 atto second ( 

as: lxlO*18 sec) broadening for a 10 fs pulse.

A .l.6.2. Prism

Another common optical element found in a femtosecond laser cavity 

nowadays is prisms. Four Prisms are used in CPM laser cavity to produce
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Fig. A.1.4. Retardation time of pulse front due to the GV in prism.

pulses as short as 27 fs duration®) by controlling the chirp of pulses and 

compensating GVD in the laser cavity.

A pulse ray trajectory analysis is useful to determine the pulse propagation 

pathlength in the prism. The pulse is refracted at the surface determined by 

Snell's law. The velocities of the pulse in air and the prism are the group 

velocities of the air and the prism glass material.

Time retardation Td(L) for a short laser pulse at 620 nm incident at yo off a 

prism made of BK7 glass as shown in the inset of Fig. A.1.4 is found to be:

2 2 
V n 2AXn X.

T d ( L >  C ,  2  2 . 2 C ( X - e i . e A >

(*■*•<>) . (A.1.17)



As shown in Fig.A.1.4, the larger the value of yo, the longer the 

pathlength in the prism and larger the retardation time. Therefore, the plane of 

constant amplitude after the ray emerging from the prism declines from the 

plane of constant phase with a retardation angles 6r which is computed for this 

case to be 1.4724°. This time retardation as function of incident position along 

the prism surface causes a time spread when the time profile of the whole plane 

wave is measured after the prism. Using the retardation angle, the time spread 

determined by maximum retarded time is calculated to be about 857 fs in the 

case of the beam diameter of the laser is 10 mm with corresponding longest 

pathlength of 11.39 mm in the prism.

The longer the pathlength in the prism, the wider the output pulse duration 

becomes due to GVD. Using the pathlength L into Eq.(A.1.14), the pulse 

broadening as function of the incident position Yq is given by:

The pulse broadening for 10 fs to 100 fs pulses for 10 fs steps are computed and 

displayed in Fig. A.1.4. for a BK7 glass prism. A 30 fs pulse duration increases 

by factor of 5 when the yo position changes from 0 to 10 mm. Larger effects 

arises for shorter pulses.

(A.1.18)
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Incident
Pulse GV+Aberration+GVD

Lens

Loop of Time !!
Fig. A.1.5. Complex loop of pulse front after a convex lens.

Therefore, the pulse duration measured at the output of a prism is a 

combined effect due to both GV and GVD with respect to space across the rear 

surface of the prism.

A .l.6.3. Lenses

The most common optical element which can be found in an optical setup is a 

lens.

As an ultrashort pulse propagates in a lens, the pulse front starts converging 

into the focal point after emerging from the lens. The pulse profile at the focal 

point is affected by not only GV and GVD but also spherical aberration of the 

lens. The pulse traveling through the optical axis is retarded more than that 

from the edge due to GV. As schematically shown in Fig.A.1.5, the plane of 

constant amplitude becomes a complex profile near the focal point which causes

(A.1.19)
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the pulse to spread. The spherical aberration which is a characteristics of 

convex lens arises from the mismatch between the radius of convex and the 

index of refraction. If the index of refraction of lens is too high, a beam traveling 

through the edge of the lens has shorter focal length than one near the center. 

Since both the aberration and the GV retardation are parabolic, the plane of 

constant amplitude becomes looped around the focal point When the pulse 

duration time is measured at the focal point, the loop causes a time spread due 

to time delay of aberration. For example, a 30 fs laser pulse centered at 600 ran 

having a 20 mm beam diameter is incident onto the lens. The pulse near the 

focal point becomes about 100 fs due to GV and aberration. When the laser 

beam is reduced to 1 mm incident on the lens at 5 mm from the optical axis, the 

time spread is about 30 fs.

In addition to the pulse spreading due to GV and the spherical aberration, the 

pulse duration after passing through the lens is broadened by GVD. The 

duration time of the pulse passing through the center of the lens becomes wider 

than that through the edge of the lens. According to the numerical 

calculations, the duration time of a 30 fs pulse passed through the optical axis is 

broadened to be 100.5 fs and the pulse entered at yo=10 mm away from the axis 

is broadened to 64.7 fs.

The propagation time retardation, spherical aberration and the pulse 

broadening effects are schematically illustrated. The actual pulse profile at the 

focal point is complex and is determined by combination of GV, aberration, and 

GVD. Therefore, the pulse duration time measured at the focal point is 

determined by both the loop and the pulse broadening. Because of these
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effects, lenses should not be used to focus femtosecond laser pulse below 30 fs 

to excite material. In this case, the pulse duration at the focal point can be 140 fs 

for 30fs incident pulse. Lens causes serious pulse broadening effects and can 

not keep the original temporal resolution to give information of the materials 

such as lifetime or relaxation times on a femtosecond time scale.

Focusing of pulses below 30 fs should be accomplished by concave mirrors 

which has small aberration problem.

Care is really required when a combination lenses is used for any femtosecond 

experiments. Metallic concave mirrors seem to be best for the femtosecond 

experiments but we must investigate this further.



A.1.7. Reference in appendix
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2). RP.Feynman, R.B.Leighton, M.L.Sands;”The Feynman Lecture on Physics I 

" Addison-W esley Publishing Company, Inc (1965)

3). For example, KDP data: A. Yariv and Pochi Yeh "Optical waves in crystal" 

Wiley Intersdence Publication (1984), BK7 data: Ed. Tokyo Astronomical 

Observatory "Rika Nenpyo", Maruzen Co. Ltd. (1985), Optical glass data: 

Catalogue from Spindler Hoyer(1989), Other nonlinear materials data: Ed. 

The Laser soriety of Japan" Laser handbook", Ohmsha (1982)

4). A.Yariv : "Optical Electronics" CBS College Publishing (1985)

5). J.A. Valdmanis, RX.Fork, and J.P.Gordon, Optics Letter 10,131 (1985)
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A.2 Computer programs

In this appendix 2, several computer programs for Hamamatsu Temporal 

Analyzer C2280, IBM, and Macintosh cpersonal computers are attached.

The language I have used to write following programs are several kind of 

"BASIC' languages. Hamamatsu TA accepts HBASIC, C-language, assembler, 

and machine language while IBM and Macintosh currently accept C-language, 

assembler, machine language, GWBASIC, Quick BASIC, and so on. Since the 

programming with BASIC language is very easy. Therefore, I have adopted 

"BASIC" language. If one uses to write the program with C-language, the 

computation speed can be very fast.

A cable connecting TA and IBM through RS232C is regular DB25 

connection cable while a cable connecting TA and Macintosh is DB25 to Mini DIN 

8 Male cable. To buy them, DB25 cable # GD0250-1 from MISCO company (1- 

800-USMISCO) and Mini DIN8/DB 25 cable #ACC0593 from MacWarehouse (1- 

800 -255-6227) are recommended.

The index for the program is listed bellow.

A.2.1 Communication program

A.2.1.1 "IBM.BAS" for Hamamatsu C2280TA 

A.2.1.2 "Mactran.BAS" for Hamamatsu C2280TA 

A.2.1.3."Bitran.BAS" for Hamamatsu C2280TA 

A.2.1.4. "TATrans" in Macintosh Quick Basic(b)

A.2.1.4 "prlist.BAS" for Hamamatsu C2280 TA 

A.2.2. Data Analysis Program
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A.2.2.1 "FitBAS" for Hamamatsu C2280TA 

A.2.2.2 "Specfit.BAS" for Hamamatsu C2280TA 

A.2.2.3 Average carrier energy analysis program’Avee.BAS" for 

Hamamatsu C2280 TA 

A .2.3. Theoretical calculation programs 

A.2.3.1. Six level rate equation 

A.2.3.2 Quantum well Eigenstate Level 

A.2.3.3. Superlattice Miniband calculation program

A. 2.1. Communication programs

Time-resolved images are analyzed either by TA or other computers. 

When the image data or a part of the image data needed to be transferred to 

other computers, programs which can read the data file in TA and communicate 

with other computer are important. Therefore, I have written several programs 

connecting TA with IBM and Macintosh computers through RS232C interface 

port. TA runs a program in HBASIC while IBM runs a communication 

program in GWBASIC and Macintosh runs another communication program in 

QuickBASIC



A.2.1.1. Program Name "IBM.BAS" in Hamamatsu C2280 TA

This program is used to transfer streak camera data such as temporal or 

spectral intensity profiles in ASCII format to IBM computer. On the IBM 

computer, there is a program named "TA.BAS" in GWBASIC which will work 

together with this program to communicate each other.

1 0 ’------------------------------------------
20* IBM transfer byTAJG
30'-----------------------------------
40 PRINT
50 PRINT" Transfer ASCII data to IBM ”
60PRINT" "
70 PRINT " Did you convert the data to ASCII ?"

90 INPUT "Input your DATA FILE NAME = ",FD$ 
100 OPEN "r,#l,FD$
110 FOR 1=0 TO 511
120 INPUT #1,W
130 IF EOF(l) THEN GOTO 170
140 INPUT #1,IN
150 RSPRINT W,IN
160 NEXT I
170 CLOSE #1
180 END



A.2.1.2. Program Name "Mactran.B AS" in Hamamatsu C2280 TA

This program is used to transfer streak camera data such as temporal or 

spectral intensity profiles in ASCII format to Macintosh computer. On 

theMadntosh computer, there is a program named 'TA trans" in Quick BASIC 

which will work together with this program to communicate each other.

1 0 ’-------------------------------------------------------------------------
20' Macintosh data transfer 
30' 6 /23 /92  byTaki

401-------------

60 PRINT" Transfer ASCII data to Mac"
70PRINT" "
80 PRINT" Convert the date to ASCII ?"
90 PRINT “*******************************************” 
100 INPUT "Input your DATA FILE NAME -  ",FD$ 
110 OPEN T^LFD S  
120 FOR 1=0 TO 2000 
130 INPUT #1/W$
140 IF EOF(l) THEN GOTO 200 
150 RSPRINT W$
160 FOR 11=0 TO 5 
170 PRINT" "
180 NEXT II 
190 NEXT I 
200 CLOSE #1 
210 FOR 1=0 TO 20 
220 PRINT" "
230 NEXT I
240 RSPRINT "END"
250 END



339

A .2.1.3. Program Name "Bitran.BAS" in Hamamatsu C2280 TA

This program enable to transfer profile data saved through "TA.68K" 

streak camera image analysis program. The saved data are written in binary 

format. This program read the binary data saved in a floppy disk, convert the 

binary data to ASCII format, and transfer the ASCII data to either IBM or 

Macintosh computer.

10’ --------------------------------------------------------------------------------------------------------------

20' TA data transfer program 
30 * 6 /25 /92  by Taki
40'----------------------------------------
50 PRINT ”*********************************************
60 PRINT" TA Data transfer Program "
70 PRINT " (Binary data to ASCII)"
80 PRINT "~******************************************" 
90 DIM PRF(1024)
100 FREE
110 ALLOC &H12000&
120 INPUT "Input your Data File Name ? ",F$
130 OPEN’D r ,# l,F $
140 PNT=FRE(1)
150 •-----------------------------------------------------------
1601 Data direct read from floppy disk
170------------------------------------------------------------
180 FOR J=1 TO 600
190 DIRECT READ #1,PNT
200 PNT=PNT+128
210 IF EOF(l) THEN GOTO 230
220 NEXT J
230 FOR 1=1 TO 24
240 PRINT" "
250 NEXT I 
260'-
270' Initial values for parameters 
280'-
290 PRFMAX=0 
300'-
310' data process 
320'--------------------
330 PN=FRE(l)+28+128+36 
340 X=PEEK(PN)
350 PRINT "*****************
360 PRINT " # of window — ",X



530 P n S n + 2
540 PRINT "window left edge right edge"
550 PRINT"------------------------------------------------------------- "
560 X=X-1
570 FOR J=0 TO X
580 WN=PEEK(PN) •
590 PN=PN+4 
600 WL=PEEK(PN)
610 PN=PN+2 
620 WR-PEEK(PN)
630 PRINT WN, WL,WR 
640 PN=PN+2 
650 NEXT J
660*-------------------------------------
6701 window select 
680'------------------------------------
690PRINT”-----------------------------------------------------------------
700 PRINT" Which window do you want to analyze? "
710PRINT"-----------------------------------------------------------------
720 INPUT WNS
730PNT=FRE(l)+28+128+36+2+8*(X+l)+2+512*4*WNS
740*---------------------------------
750' Data
760’--------------------------------
770 PRFMAX=1
780 FOR 1=0 TO 511
790 PRF(I)=PEEK(PN/TL)
800 PNT=PNT+4 
810 NEXT I 
820 CLOSE #1
830 PRINT "********************"
840 PRINT ” Data loaded!!"
850 PRINT  
860GCLR
870’----------------------------------------- ---------------
880' IBM computer data transfer
890'---------------------------------------------------------
900 p r in t  " = = = = = = = = = — = = = = = = = = = = = :
910 PRINT" Is your IBM computer in operation (y/n)? " 
920 PRINT " = = = = = = = = = = = = = = = = = = =
930 CD$=INKEY$
940 IF CD$="y" OR CD$='Y’ THEN GOTO 960 
950 GOTO 930
960 PRINT"---------------------------------------"
970 PRINT " Start sending data to IBM"
980 PRINT"---------------------------------------"
990 FORID=0TO511 
1000 RSPRINT ID,PRF(ID)



1010 FOR KK=0 TO 4
1020 PRINT" "
1030 NEXTKK
1040 NEXT ID
1050 PRINT ....... « « « « .« »
1060 PRINT" FinishtransferingData!!"
1070 PRINT ••****************************"
1080 RSPRINT "END"
1090’---------------------------------------------------
1100' another window
1 1 1 0 '-------------------------------------------------------------
1120 PRINT"-----------------------------------------------------------------------
1130 PRINT" Do you want to analyze another window(y/n)? "
1140 PRINT"-----------------------------------------------------------------------
1150 INPUT V$
1160 IF V$="Y" OR V$="y" THEN GOTO 300 
1170 END



A.2.1.4. Program Name ’TA Trans” in Macintosh Quick Basic(b)

This program works together with either "Bitrans.BAS" or "Mactrans.BAS" 

program in Hamamatsu C2280 TA.

TA Data transfer program 
7/17/91
6 /2 3 /9 2  modified 

by Taki

DIMx$(2000)
INPUT "New Data File Name? ”,£$

OPEN "COM1:%00/N/8,1/CS,DS/CD" AS #1 
OPEN f$ FOR OUTPUT AS #2

10 PRINT ”------------------------"
PRINT" Ready to start(y/n)?"

PRINT"-------------------------"
INPUT st$
IF st$="y" OR st$="Y" THEN GOTO 20 

GOTO 10
20 ’ --------------------------------------------------------------

’ Raw Data transfer

FOR i=0 TO 2000 
INPUT #l,x$(i)
IF MID$(x$(i)/2/3)="END" THEN GOTO 30 

NEXT i 
30 CLOSE #1 

n=i-l 
FORi=OTOn 

PRINT #2, x$(i)
NEXTi 

CLOSE #2 
END



A.2.1.5. Program Name ’TA.BAS" in IBM PC in GWBASIC

This program works together with either "Bitrans.BAS" or TBM.BAS" 

program in Hamamatsu C2280 TA.

10' -----------------------------------------------------------------------------------------------------------------------------------------------------------------

20' Tmafer program between TA and IBM
30’-----------------------------------------------------------
40 OPEN "COMl:9600/N/8/l /CD/DS,CD" AS #1 
50 INPUT "Inout your file Name = ",F$
60 OPEN F$ FOR OUTPUT AS #2
70 FOR 1=0 TO 511
80 INPUT #1,X,Y
90 PRINT #2, X,Y
100 NEXT I
110 CLOSE
120 END



A.2.1.5. List out program "Prlist.BAS" in Hamamatsu C2280 TA

This program list-out any ASCII file format through RS232C printer 

connected to Hamamatsu C2280 TA. The files and Data are required to be 

converted to ASCII format before they are transferred to the printer.

20 ' list the program

50 PRINT " Program listout through RS-232C"
60 PRINT
70 PRINT" Did you change File Type to Asdi? "
80 INPUT" (Y /N ) ",H$
90 IF H$="y" OR H$="Y" THEN GOTO 120
100 PRINT "&&&&& Please change the file type to ASCII using &&&&&" 
110PRINT” SAVE'FILENAME’, A "
120 INPUT" Input program File name = ",F$
130 OPEN T,#1,F$
140 M=1
150 RSPRINT CHR$(27)+"N"+CHR$(10);
160 RSPRINT"---------------------- "
170 RSPRINT F$
180 RSPRINT"---------------------- "
190 FOR 1=0 TO 1000 
200 LINE INPUT#1,X$
210 RSPRINT X$
220 IF EOF(l) THEN GOTO 250
230 GOSUB270
240 NEXT I
250 CLOSE#l
260 END
270’ SUBROUTINE 
280 FOR J=1 TO 50 
290 PRINT" "
300 NEXT J 
310 M=M+1 
320 RETURN



A.2.2. Data analysis programs

To analyze streak images on TA, following programs enable to 

investigate various parameter from the streak image directly. For the analysis, 

rise and fall times with several components are first important parameter to be 

extracted from the time-resolved PL spectra saved in TA. Spectral fit using 

Fermi's Golden rule for time-resolved PL spectra for a semiconductor is 

important to extract carrier and exdton temperatures at a delay time.

A.2.2.1 "Fit.BAS" for Hamamatsu C2280TA

This program enable to read binary data saved in a floppy disk and 

analyze spectral and temporal features of the image. Within the program, the 

data can be smoothed using FFT frequency filtering, the streak speed non- 

linearity is corrected, spectral sensitivity distribution is corrected, carrier 

temperature is extracted, and rise and fall times with several components are 

determined. The fit is done by eye. The procedure w ill be repeated until the 

calculated curve fits to the data.

20 ’ TA profile Data Fitting Program

30  ’ IJLlXXXlXJLXXJL̂ i l JL S S S x X ^ J lS S x JlX

50 FOR 1=0 TO 24 
60 PRINT" "
70 NEXT I xxxxxxxxxxxxxxxxixxiixxixixx^ x illli..........

90 PRINT " TA Profile Data Fitting Program"
100 PRINT" byTaki"
110PRINT" ”
120 PRINT ” You can l.load "
130 PRINT" 2.smooth "
140 PRINT " 3.axes calibration"
150 PRINT " 4.intensity normalization"
160 PRINT" 5.intensity calibration"



170 PRINT ” 6.Curve Fitting"
180 PRINT " 8.save to floppy disk"
190 PRINT
200 DIM PRF(600),PRFL(600),Y(600),FC(600)/FL(600)/XPRF(600) 
210 DIM DF(600),R(600),XR(600),GM(600),XGM(600)
O l f t  PRT7T7

230 ALLOC &H12000&
240GCLR
250 INPUT "Input your Data File Name ? ",F$
260 OPEN "DI",#1,F$
270 PNT=FRE(1)
280PRINT "--------------------------------------------------------- "
290 PRINT" Following Data are: Spectrum(S)"
300 PRINT" Time (T)"
310 PRINT "--------------------------------------------------------- "
320 INPUT DS$
330'------------------------------
340' Data direct read from floppy disk
350’---------------------------------------
360 FOR 1=1 TO 600
370 DIRECT READ #1,PNT
380 PNT=PNT+128
390 IF EOF(l) THEN GOTO 410
400 NEXT I
410 FOR 1=1 TO 24
420 PRINT" "
430 NEXT I
440-------------------------------
450' Initial values for parameters 
450---------------------------------
470 KB=8.61735E-05
480 PRFMAX=0
490 T0=1
500 A l= l
510 A2=0
520 A3=0
530 SW=0
540 SL=1
550AX$="s"
560IA=1 
570 IB=0 
580 IC=0 
590 G=0
600’-------------------------------------------
610' data process
620*---------------------------------------
630 PN=FRE(l)+28+128+36 
640 X=PEEK(PN)



660PRINT " 7 jiA">XijLjLjLjLjL

680 PN=PN+2
690 PRINT "window left edge right edge"
700 PRINT"-----------------------------------------"
710 X=X-1
720 FOR J=0 TO X
730 WN=PEEK(PN)
740 PN=PN+4 
750 WL=PEEK(PN)
760 PN=PN+2 
770 WR=PEEK(PN)
780 PRINT WN/WL,WR 
790 PN=PN+2 
800 NEXT J
8 1 0 ’--------------------------------------------
820' window select
830'------------------------------------
840PRINT"-------------------------------------------------------------
850 PRINT" Which window do you want to analyze? "
860PRINT"-------------------------------------------------------------
870 INPUT WNS
880PNT=FRE(l)+28+128+36+2+8*(X+l)+2+512*4*WNS
890’---------------------------------
900’ Data
910--------------------------------
920 FOR 1=0 TO 511 
930 PRF(I)=PEEK(PNT,L)
940 IF PRF(I)<1 THEN PRF(I)=1
950 IF PRF(I)>PRFMAX THEN PRFMAX=PRF(I)
960 PRFL(D=LOG(PRF(I))
970 PNT=PNT+4 
980 NEXT I 
990 CLOSE #1
1000 PRINT "********************"
1010 PRINT" Data loaded!!"
1020 PRINT "**********************"
1030 •----------------------------
1040' Monitor profile
1050 ’----------------------------
1060 GOSUB3440
1070PRINT"------------------------------------------------------------
1080 PRINT" Do you need to smooth the data(y /  n)??"
1090PRINT"------------------------------------------------------------
1100 INPUT AA$
1110 IF AA$="y" OR AA$="Y" THEN GOTO 1130 
1120 GOTO 1210
1130 •-------------  FFT noise-reduction--------------
1140 CFFT PRF,XPRF



1150 FOR 11=30 TO 482 
1160 PRF(E)=0
1170 XPRF0I)=0
1180 NEXT II 
1190 EFFT PRF,XPRF 
1200 GOSUB 3440 
1210 FOR 1=1 TO 24 
1220 PRINT " "
1230 NEXT I
1240*--------------------------
1250' Data selection
1260'----------------------------
1270 IF DS$="S" OR DS$="s"THEN GOTO 1780
1280'---------------------------------
12901 data search
1300’---------------------------------
1310 PRINT"------------------------------------"
1320 PRINT" Data Search: 6 — Move right" 
1330 PRINT" 4 -M o v e  left"
1340 PRINT" 7 -  Jump left"
1350 PRINT" 9 -Jum p right"
1360 PRINT" e /E -E n d "
1370PRINT"-------------------------------------"
1380 X2=250 
1390 B$=INKEY$
1400 LINE X2+64/0,X2+64,399
1410 IF B$="6" THEN GOTO 1470
1420 IF B$="4" THEN GOTO 1540
1430 IF B$="7" THEN GOTO 1610
1440 IF B$="9" THEN GOTO 1680
1450 IF B$="e" OR A$="E" THEN GOTO 1780
1460 GOTO 1390
1470 LINE X2+65/0,X2+65,399
1480 LINE X2+64,0,X2+64,399,0
1490 Y(X2-1)=350-PRF(X2-1)*256/ PRFMAX
1500 Y(X2)=350-PRF(X2)*256/ PRFMAX
1510 LINE X2+63,Y(X2-1),X2-H>4,Y(X2)
1520 X2=X2+1
1530 GOTO 1740
1540 LINE X2-l+64,0,X2-l+64,399
1550 LINE X2+64/0,X2+64,399,0
1560 Y(X2+1)=350-PRF(X2+1)*256/ PRFMAX
1570 Y(X2)=350-PRF(X2)*256/ PRFMAX
1580 LINE X2+65,Y(X2+1),X2+64,Y(X2)
1590 X2=X2-1
1600 GOTO 1740
1610 LINE X2+54,0,X2+54,399
1620 LINE X2+64/0/X2+64/399,0
1630 Y(X2+1)=350-PRF(X2+1)*256/ PRFMAX



349

1640 Y(X2)=350-PRF(X2)*256/  PRFMAX
1650 LINE X2+65,Y(X2+1),X2+64,Y(X2)
1660 X2=X2-10
1670 GOTO 1740
1680 LINE X2+74,0,X2+74,399
1690 LINE X2+64,0,X2+64,399,0
1700 Y(X2-1)=350-PRF(X2-1)*256/PRFMAX
1710 Y(X2)=350-PRF(X2)*256/PRFMAX
1720 LINE X2+63,Y(X2-1),X2+64,Y(X2)
1730 X2=X2+10
1740 PRINT X2,PRF(X2)
1750 LOCATE 15,2 
1760 OPRENT "X=",X2 
1770 GOTO 1390
1780*----------------------------------------
1790' Axis linearity calibration
1800 *----------------------------------------
1810 PRINT
1820 PRINT” Axis calibration"
1830 PRINT
1840 INPUT 'Do you need to calibrate the axis(y/n)? ",AX$ 
1850 IF AX$="n" OR AX$="N" THEN GOTO 2070 
1860 IF DS$='T" OR DS$="t"THEN GOTO 1890 
1870 IF DS$="S" OR DS$="s" THEN GOTO 1990 
1880 GOTO 1840
1890PRINT"---------------------------------------------------- "
1900 PRINT" Input Streak linearity curve "
1910 PRINT " y(x)=a+bx+cxA2"
1920PRINT"-------------------------------------------------- ”
1930INPUT "(a,b,c)",Al,A2,A3
1940 T0=A1*512+A2/2*(512A2)+A3/3*(512A3)
1950 FOR 1=0 TO 511
1960 PRF(I)=PRF(I)*T0/(A1+A2*I+A3*IA2)
1970 NEXT I 
1980 GOTO 2070
1990PRINT"------------------------------ "
2000 PRINT" wavelength = sw  + cr*x"
2010PRINT” "
2020 PRINT ” Input Sw ( Starting wavelength (nm))"
2030 PRINT" SL(slope (nm /ch) )"
2040PRINT"-------------------------------------------"
2050 INPUT "Sw = ",SW 
2060INPUT "SL = ",SL 
2070 FOR 1=1 TO 24 
2080 PRINT" ”
2090 NEXT I
2100 ’--------------------------------------------------------------------------------------------------------------------------

2110' Intensity calibration 
2120 ' -------------------------------------------------------------------------------------------------------------



2130PRINT"-----------------------------------------------------------
2140 PRINT D o  you need to calibrate intensity(y/n) ? "
2150 PRINT"-----------------------------------------------------------
2160 INPUT c$
2170 IF c$="N" OR c$=''n" THEN GOTO 2280 
2180 PRINT"-
2190 PRINT " Input intensity Calibration curve" 
2200 PRINT " y=a + bx + cXA2"
2210 PRINT"-------------------------------------------------
2220INPUT"(a,b/c)",IA,IB,IC 
2230 FOR 1=0 TO 511
2240 IF IA=0 AND B =0 THEN GOTO 2280 
2250 XX=SW+SL*I
2260 PRF(D=PRF(D/(IA+IB*XX+IC*XXA2)
2270 NEXT I
2280 FOR 1=1 TO 24
2290 PRINT" "
2300 NEXT I 
2310 GOSUB 3440
2320’----------------------------------------
2330' Switch to Logarithmic 
2340’----------------------------------------
2350PRINT"-----------------------------------------------------------------------
2360 PRINT D o  you want to monitor the data in log scale(y/n) ?
2370PRINT"-----------------------------------------------------------------------
2380 INPUT G$
2390 IF G$="Y" OR G$="y" THEN G=1
2400 IF G$="Y" OR G$="y" THEN GOSUB 3440
2410 G=0
2420’-------------------------------------------------
2430' Curve Fitting
2440'----------------------------------------------------
2450 IF DS$="t" OR DS$=*T" THEN GOTO 3020 
2460 PRINT **********************"
2470 PRINT" Spectrum Fitting Curves"
2480 PRINT --* — ******— *************************-
2490 INPUT "Starting wavelength (nm) = ",SW
2500 INPUT "Slope (nm / ch) = ",SL
2510 INPUT " Electron Temp. (K) = ",TE
2520 INPUT " Lattice Temp. (K) = ",TL
2530 INPUT " Ferm Energy Level (eV) = ",EF
2540 INPUT " Elh - Ehh (eV) = ", DE
2550 INPUT " Gamma (Broadening) =",GA
2560 A=KB*TE
2570 B=KBTL
2580 PRINT ********************************
2590 PRINT" Calculating the spectrum"
2600 PRINT *******»
2610 FOR J=0 TO 511



2620 EE=1239.9/(SW+SL*J)
2630 R1=.79659*EE/TE*EXP(-.62*(EE-1.5768)/A) 
2640 R2=R1 / (1+EXP((.378*(EE-1.5768)-EF)/B))
2650 R3=EE/TE*EXP(-.76*(EE-1.6149)/A)
2660 R4=R3/(1+EXP((.232*(EE-1.6149)-(EF-DE))/B))
2661 IF EE<1.5768 THEN c=0 ELSE c=l
2662 IF EE<1.6149 THEN D=0 ELSE D=1 
2670 R(J)=c*R2+D*R4
2680 GM(J)=GA/(EEa2+GAa2)
2690 NEXTJ 
2700 GOSUB 3440 
2710 CURVE R,,X,64,350 
2720 LOCATE 20,2 
2730OPRINT 'Te =",TE 
2740 LOCATE 20,3 
2750OPRINT "T1 =",TL 
2760 LOCATE 20,4 
2770 OPRINT "Ef =",EF 
2780 LOCATE 20,5
2790 OPRINT "gamma=",GA
2791 LOCATE 2,11
2792 OPRINT "SW =",SW
2793 LOCATE 2,12 
2794OPRINT "SL =",SL
2800 ’-----------------------------------------------
2810' Convolusion of broadening 
2820'------------------------------------------------
2830 PRINT 
2840 PRINT" Comvoluting the broadening" 
2850 PRINT 
2860 CFFT R,XR 
2870 CFFT GM,XGM 
2880 FOR J=0 TO 511 
2890 R0)=RG)‘GMa)-XR(J)*XGMa)
2900 XR(D=RO)*XGM{J)+XR(J)*GMa)
2910 NEXTJ 
2920IFFT R,XR 
2930 CURVE R,,X,64,350 
2940PRINT "-
2950 PRINT " Do you want to trya gain (Y/n) 
2960PRINT
2970 INPUT H$
2980 IF H$="y" OR H$="Y" THEN GOTO 2460 
2990 GOTO 3350
2991'-------------------------------------------------------------------
3000' (l+R-exp(-t/A)-Rexp(-t/B)){Cexp(-t/D)+exp(-t/E)}/ (C+l)
3 0 1 0 ’---------------------------------------------------------------
3020 PRINT
3030 PRINT" Fitting the data with "



3040 PRINT" (l+R-exp(-t/A)-Rexp(-t/B))
•{Cexp(-t/D)+exp(-t/E)}/(C+l)/(1+R)"

3050 PRINT  ...........
3060 INPUT "Rising Components (A,R,B) = M,B0,R0,B1 
3070 INPUT 'Decay Components (C,D,E) = ",62/63,64 
3080 IF B3=0 THEN B2=.000001
3090 IF B4=0 THEN B3=.000001
3100 FOR 1=0 TO 511-X2 STEP 3
3110 FCC=(1 +R0-EXP(-1 *1 /  B0)-RO*EXP(-1 *1/B1))

*(B2*EXP(-1 /  B3*I)+EXP(-1 /  B4*D)
3111 FC(D=FCC/ (1+R0)/ (c+l)
3120 FCa+l)=FC(I)
3130 FC(I+2)=FC(D
3140 NEXT I
3150 GOSUB 3440
3160 CURVE FC„X,64 +X2,350
3170 LOCATE 17,1
3180 OPRINT nA=",B0
3190 LOCATE 17,2
3200 OPRINT "R=",R0
3210 LOCATE 17,3
3220 OPRINT "B=",B1
3230 LOCATE 17,4
3240 OPRINT "C=",B2
3250 LOCATE 17,5
3260 OPRINT’D=",B3
3270 LOCATE 17,6
3280 OPRINT "E=",B4
3290 PRINT"--------------------------------------------"
3300 PRINT " Do you want to try again (y /  n)? "
3310 PRINT"--------------------------------------------- "
3320 INPUT D$
3330 IF D$="n" OR D$="N" THEN GOTO3380 
3340 GOTO 2420
3350’---------------------------------------------------
3360' another window
3370’---------------------------------------------------
3380PRINT"------------------------------------------------------- "
3390 PRINT" Do you want to analyze another window(y/n)? "
3400PRINT"------------------------------------------------------- "
3410 INPUT E$
3420 IF E$="Y" OR E$="y" THEN GOTO 600 
3430 END
3440’----- -------------------------------
3450' Monitor profile
3460’-------------------------------------
3470 GCLR
3480 LINE X2+64,50,X2+64,350 
3490 IF G=1 THEN GOTO 3610



3500 CURVE PRF„X,64,350 
3510 LOCATE 10,15 
3520 OPRINT " T im e / Spectrum" 
3530 LOCATE 5,1 
3540 OPRINT "Intensity"
3550 LOCATE 12,18 
3560 OPRINT F$
3570 GOTO 3680
35801-------------------------------------
3590' LOG plot
3600’----------------------------------
3610 CURVE PRFL„X,64,350
3620 LOCATE 10,15
3630 OPRINT "T im e/spectrum "
3640 LOCATE 5,1
3650 OPRINT "Log (Int.)"
3660 LOCATE 12,18 
3670 OPRINT F$
3680 RETURN



A.2.2.2. Spectrum Fitting Program "SpecfitBAS” in Hamamatsu C2280 TA

This program operates similar as FitBAS program except that the 

spectrum fitting is for QW structures. The program can be extensively used for 

externally strained MQW analysis.

20' Spectrum fitting using Fermi's Golden Rule in QW 
30'
40' 900322 by Taki
50' modified 920512 by Taki

70 FOR 1=0 TO 24 
80 PRINT" "
90 NEXT I XJLJLJLJLJtJLJlJlJLJLJlJlJlJllJlxJLAJLJLAXiLXIXAXJlJL1AJliAJLJL11JlJlJl„

110 PRINT" Spectrum Fitting Program"
120 PRINT " by Taki "
130PRINT" "
140 PRINT" You can l.load "
150 PRINT" 2.smooth"
160 PRINT" 3.Sensitivity calibration"
170 PRINT" 4.intensity normalization"
180 PRINT" 5.intensity calibration"
190 PRINT" 6.Curve Fitting"
200 PRINT" 8.save to floppy disk"
210 PRINT ••**«***********************************""*"
220 DIM PRF(600),PRFL(600),Y(600),FC(600),FL(600),XPRF(600) 
230DIM DF^OO^RtfOO^XR^OO^GM^OO^XGM^OO^WWLCSOO) 
240 DIM EE(600),R2(600),R4(600),R6(600),R8(600)
250 DIM RR(600)
260 FREE
270 ALLOC &H12000&
280GCLR
290'-------------------------------------------
300 INPUT "Input your Data File Name ? ",F$
310PRINT"-------------------------------------- "
320 PRINT " Spectral Information"
330PRINT"-------------------------------------- "
340 INPUT" Wavelength at 0 (ch) = ",SW 
350 INPUT" Dispersion (nm / ch) = ",SL
360'-----------
370 SW=866.93 
380 SL=-.16953
390’------------



400 PRINT
410 PRINT" Sample & Experimental Conditions"
420 PRINT ”************** ************************"
430 INPUT "Quantum Well Width (A) = ",LZ
440 TZ=I7*1F-10
450 INPUT "External Stress (kbar)= 'VEX
460 INPUT "Photoexdtaion Density = ",DN
470OPEN,DI"/# l/F$
480 PNT=FRE(1)
490*-----------------------------------------------------
500' Data direct read from floppy disk 
510'------------------------------------------------------
520FO R M  TO 600
530 DIRECT READ #1,PNT
540 PNT=PNT+128
550 IF EOF(l) THEN GOTO 570
560 NEXT J
570 FOR 1=1 TO 24
580 PRINT" "
590 NEXT I
600*-----------------------------
610' Initial values for parameters
620’-------------------------------
630 H=6.64E-34 
640 PI=3.14159 
650 E=1.6092E-19 
660 C=2.9987E+08 
670 !=8.85E-12
680 KB=8.61735E-05 : ’ kb=kb/e
690 M0=9.11E-31
700 ME=.067*M0
710’ GOTO 740
720 MLH=.087*M0
730 MHH=.62*M0
740’ MLH=0.62*M0
750 ’ MHH=0.087*MO
760 GX=1.2929
770 FX=.5858
780 PRFMAX=0
790 G=0
800’-------------------------------------------------------------------
810 IA=-1.7769E+07: IB=117790!: IC=-312.23 : ID=.41369 
820 EE=-2.7399E-04: IFF=7.2575E-08
830’--------------------
840* data process 
850 -
860 PN=FRE(l)+28+128+36 
870 X=PEEK(PN)
880 PRINT



890PRINT" ^ / ^ f o w ^ - -  ..........

910 PN=PN+2
920 PRINT "window left edge right edge"
930 PRINT"------------------------------------------------------- "
940 Y=Y-1 
950FORJ=OTOX 
960 WN=PEEK(PN)
970 PN=PN+4 
980 WL=PEEK(PN)
990 PN=PN+2 
1000 WR=PEEK(PN)
1010 PRINT WN/WL/WR 
1020 PN=PN+2 
1030 NEXT J
1040'--------------------------------------------
1050' window select
1060'------------------------------------
1070PRINT"-------------------------------------------------------------
1080 PRINT" Which window do you want to analyze? "
1090PRINT ”-------------------------------------------------------------
1100 INPUT WNS
1110PNT=FRE(l)+28+128+36+2+8*(X+l)+2+512*4*WNS
1120 ’ -----------------------------------------------------------------------------------------

1130' Data read & Spectral calibration
1140--------------------------------
1150 FOR 1=0 TO 511
1160 WWL(I)=SW+SL*I
1170 EE(I)=1239.85/WWL(I)
1180 CF=IA+IB*WWL(I)+IC*WWL(I)A2+ID*WWL(I)A3 

+IE*WWL(I)A4+IFF*WWL(I)A5 
1190 PRF(I)=PEEK(PNT,L)*CF 
1200 IF PRF(I)<1 THEN PRF(D=1 
1210 IF PRF(I)>PRFMAX THEN PRFMAX=PRF(I)
1220 ’ PRFL(I)=LOG(PRF(I))
1230 PNT=PNT+4 
1240 NEXT I 
1250 CLOSE #1 
1260 PRINT
1270 PRINT" Data loaded!!”
1280 PRINT
1290’----------------------------
1300' Monitor profile
1310 ’----------------------------
1320 GOSUB 3970 
1330 GOTO 2110
1340PRINT"------------------------------------------------------- "
1350 PRINT" Do you need to smooth the data(y /  n)??" 
1360PRINT"------------------------------------------------------- "



1370 INPUT AA$
1380 IF AA$="y" OR AA$="Y" THEN GOTO 1400 
1390 GOTO 1480
1400 '-------------  FFT noise reduction--------------
1410 CFFT PRF,XPRF 
1420 FOR 11=30 TO 482 
1430 PRF(ID=0
1440 XPRF(II)=0
1450 NEXT II 
1460 IFFT PRF,XPRF 
1470 GOSUB 3970 
1480 FOR 1=1 TO 24 
1490 PRINT” "
1500 NEXT I
1510 •---------------------------------
1520' data search
15301--------------------------------
1540 PRINT ”---------------------------------------------- ”
1550 PRINT” Data Search: 6 — Move right" 
1560 PRINT" 4 -  Move le ft"
1570 PRINT ” 7 -  Jump left"
1580 PRINT" 9 -  Jump right"
1590 PRINT" e /E -E n d "
1600PRINT"-------------------------------------”
1610 X2=250 
1620 B$=INKEY$
1630 LINE X2+64,0,X2+64,399
1640 IF B$="6" THEN GOTO 1700
1650 IF B$="4" THEN GOTO 1770
1660 IF B$="7" THEN GOTO 1840
1670 IF B$="9" THEN GOTO 1910
1680 IF B$="e" OR A$="E" THEN GOTO 2010
1690 GOTO 1620
1700 LINE X2+65,0/X2+65,399
1710 LINE X2+64,0,X2+64,399,0
1720 Y(X2-1)=350-PRF(X2-1)*256/PRFMAX
1730 Y(X2)=350-PRF(X2)*256/ PRFMAX
1740 LINE X2+63,Y(X2-1),X2+64,Y(X2)
1750 X2=X2+1
1760 GOTO 1970
1770 LINE X2-l+64,0,X2-l+64,399
1780 LINE X2+64,0,X2+64/399,0
1790 Y(X2+1)=350-PRF(X2+1)*256/ PRFMAX
1800 Y(X2)=350-PRF(X2)*256/ PRFMAX
1810 LINE X2+65,Y(X2+l),X2+64/Y(X2)
1820 X2=X2-1
1830 GOTO 1970
1840 LINE X2+54,0,X2+54/399
1850 LINE X2+64,0,X2+64y399,0



1860 Y(X2+1)=350-PRF(X2+1)*256/PRFMAX
3870 Y(X2)=350-PRF(X2)*256/PRFMAX
1880 LINE X2+65,Y(X2+1),X2+64,Y(X2)
1890 X2-X2-10
1900 GOTO 1970
1910 LINE X2+74,0,X2+74/399
1920 LINE X2+64/0/X2+64/399/0
1930 Y(X2-1)=350-PRF(X2-1)*256/PRFMAX
1940 Y(X2)=350-PRF(X2)*256/PRFMAX
1950 LINE X2+63,Y(X2-1),X2+64,Y(X2)
1960 X2=X2+10
1970 PRINT WWL(X2),PRF(X2)
1980 LOCATE 15,2 
1990 OPRINT "X=",X2 
2000 GOTO 1620
2010 ' -------------------------------------------------------------------------------------------------------------

2020' Switch to Logarithmic 
2030’----------------------------------------
2040PRINT"-------------------------------------------------------------------------
2050 PRINT "Do you want to monitor the data in log scale(y /  n) ? ”
2060PRINT"-------------------------------------------------------------------------
2070 INPUT G$
2080 IF G$="Y" OR G$="y" THEN G=1 
2090 IF G$="Y" OR G$="y" THEN GOSUB 4110 
2100 G=0
2110 ' ------------------------------------------------------------------------------------------------------------------------------------------------------

2120' Curve Fitting

2i3° ■------- 7Ayx";iiiii7riiirxi7rriiniriiiiiiij.xjLxxjLXJixxjiJi
2150 PRINT" Spectrum Fitting Curves"
2160 PRINT
2170 INPUT" Electron Temp. (K) = ",TE
2180 INPUT" Lattice Temp. (K) = ",TL
2190 INPUT" LH Temp. (K) = ",TLH
2200 INPUT" HH Temp. (K) = ",THH
2210 INPUT" Quasi-Fermi E in VB (meV) = ",EFV
2220 EFV=EFV*.001
2230 INPUT" Gamma (Broadening) (meV) =",GA
2240 GA=GA*.001
2250 ETE=KB*TE
2260 ETL=KB*TL
2270 ETLH=KB*TLH
2280 ETHH=KB*THH
2290 PP=LOG(DN)+2*LOG(H>LOG(4*PI)

+LOG(LZ)-LOG(2)-LOG(ME)-LOG(ETE*E)
2300 PPP=EXP(PP)
2310 EFE=ETE*LOG(EXP(PPP)-l)
2320*-------------------------------
2330' Stress Effects



2340'___________________
2350 ELH1=1.492+.00453*EX : '11LH transitio
2360 EHH1=1.498+.000267*EX : *11HH
2370 EHH2=1.521+.000267*EX : '13HH 
2380 EHH3=1.541+.000267*EX : ’22HH 
2390 ESO=1.78+.00453*EX
2400 IF ELH1<EHH1 THEN MV=MLH ELSE MV=MHH
2410 IF ELH1<EHH1 THEN EG=ELH1 ELSE EG=EHH1
2420 DD1=.0351
2430#=ELH1-EG
24400#=EHH1-EG
245000#=EHH2-EG
2460000#=EHH3-EG
2470 MR=ME*MV /  (ME+MV)
2480 RI=SQR(15.32+.46*(GX-4*EG/(ESO-EG)*(FX-(EG/ESOA1.5))*EX)) 
2490 MB=EG*ESO/ (EG+2/3*(ESO-EG))
2500 W0=4*PIA2*RI*EA2*MB /  (3‘ME‘E0*HA4*CA3*LZ)
2510 PRINT **********************************
2520 PRINT” Calculating the spectrum"
2530 PRINT
2540MR=ME*MLH/ (ME+MLH)
2550 FOR J=0 TO 511
2560 IF EE(J)<ELH1 THEN GOTO 2620
2570 EC=MR/ME*(EEG)-ELH1)
2580 EV=MR/MLH*(EE0)-ELH1)
2590 R1=W0*MR*EEC)/ (1+EXP«EC-EFE)/ETE))
2600 R2(J)=R1/ (1+EXP((EV-EFV+D0)/ETLH))
2610 GOTO 2630 
2620 R2(J)=0 
2630 NEXT J
2640MR=ME*MHH /  (ME+MHH)
2650 FOR 1=0 TO 511
2660 IF EE(J)<EHH1 THEN GOTO 2720
2670 EC=MR/ME*(EE(J)-EHH1)
2680 EV=MR/ MHH*(EEG)-EHH1)
2690 R3=W0*MR*EEQ)/(1+EXP((EC-EFE)/ETE))
2700 R4(J)=R3/ (l-fEXP((EV-EFV+Dl)/ETHH))
2710 GOTO 2730
2720 R4(J)=0
2730 NEXT J
2740 FORJ=0TO511
2750 IF EE(J)<EHH2 THEN GOTO 2810
2760 EC=MR/ME*(EEQ)-EHH2)
2770 EV=MR/MHH*(EE(J)-EHH2)
2780 R5=W0*MR*EE(J)/ (1+EXP((EC-EFE)/ETE))
2790 R6(P=R5/(l+EXP((EV-EFV+t>2)/ETHH))
2800 GOTO 2820 
2810 R6(J)=0 
2820 NEXT J



2830MR=ME “MHH /  (ME+MHH)
2840 FOR J=0 TO 511
2850 IF EE(D<EHH3 THEN GOTO 2910
2860 EC=MR/ME*(EE(J)-EHH3)
2870 EV=MR/MLH*(EE0)-EHH3)
2880 R7=W0*MR*EE(J)/  (1+EXP((EC-EFE+DD1)/ETE)) 
2890 R8(J)=R7/  (1+EXP((EV-EFV+D3) / ETHH))
2900 GOTO 2920
2910 R8(J)=0
2920 NEXT J
2930 FOR J=0 TO 511
2940 R(J)=R2G)+R40+R6(J)+R80)
2950 XR(J)=0
2960 GM(J)=GA/((EE(J)-EE(255))*2+GAA2)/PI
2970 XGMQ)=0
2980 NEXTJ
2990 GOSUB 3970
3000 * CURVE R,,X,64,350
3010 'CURVE GM//X/64/350
3020 LOCATE 5,2
3030 OPRINT 'Te ="
3040 LOCATE 10,2 
3050 OPRINT TE 
3060 LOCATE 20,2 
3070 OPRINT’71="
3080 LOCATE 25,2 
3090 OPRINT TL 
3100 LOCATE 5,3 
3110 OPRINT "Thh =”
3120 LOCATE 10,3 
3130 OPRINT THH 
3140 LOCATE 20,3 
3150 OPRINT "Tlh ="
3160 LOCATE 25,3 
3170 OPRINT TLH 
3180 LOCATE 5,4 
3190 OPRINT "Efc="
3200 LOCATE 10,4 
3210 OPRINT EFE 
3220 LOCATE 20,4 
3230 OPRINT "Efv="
3240 LOCATE 25,4 
3250 OPRINT EFV 
3260 LOCATE 20,5 
3270 OPRINT "gamma="
3280 LOCATE 26,5 
3290 OPRINT GA 
3300 GOTO 3350 
3310 LOCATE 2,11



3320 OPRINT "SW =",SW 
3330 LOCATE 2,12 
3340 OPRINT "SL =",SL
3350*-----------------------------------------------
3360' Convolusion of broadening
3370'-----------------------------------------------
3380 PRINT
3390 PRINT " Comvoluting the broadening"
3400 PRINT .n
3410 CFFT R,XR
3420CFFTGHXGM
3430 FOR J=0 TO 511
3440 RR(J)=R(J)*GM(J)-XR(J)*XGM(J)
3450 XRG)=RQ)*XGM(J)+XR0*GM(J)
3460 NEXT J
3470IFFT RR,XR
3480 FOR J=0 TO 511
3490 IF J<256 THEN R(J)=RRG+256)
3500 IFJ>255THENR0)=KRa-255)
3510 NEXT J
3520 CURVE R,,X,64,350
3530PRINT"---------------------------------------------- "
3540 PRINT" Do you want to shift the curve(y/n)?"
3550PRINT"---------------------------------------------- "
3560 INPUT SHH$
3570 IF SHH$="n" OR SHH$="N" THEN GOTO 3710 
3580 INPUT" Amount of shift (Neg. -  Left, Pos. — Right) = ",SH 
3590 IF SH<0 THEN GOTO 3640 
3600 FOR J=0 TO 511
3610 IF J<SH THEN RR0)=0 ELSE RRa)=RQ-SH)
3620 NEXT J 
3630 GOTO 3710 
3640 FOR J=0 TO 511
3650 IF J>511+SH THEN RRG)=0 ELSE RR(J)=R(J-SH)
3660 NEXT J
3670 INPUT "Curve Normalize Factor (the larger the NF, smaller the peak)
3680 CURVE RR/G,X,64,350
3690 INPUT'Chabge the NF, again(Y/n)PRINT ",GA$
3700 IF GA$="y" OR GA$="Y" THEN GOTO 3670
3710 PRINT"--------------------------------------------"
3720 PRINT" Do you want to try, again (Y/n)PRINT "
3730PRINT"--------------------------------------------"
3740 INPUT H$
3750 IF H $= Y  OR H$=ttY” THEN GOTO 2140
3 7 6 0 *-----------------------------------------------
3770' save data to floppy disk 
3780 *---------------------------------------
3790 INPUT "Do you want to save the analyzed data into FD (y/n ) ?",SV$ 
3800 IF SV$="N" OR SV$="n" THEN GOTO 3880



3810'--------------------
3820 INPUT "New File Name (*.dat) = ",FF$
3830 OPEN "0",#2,FF$
3840 FOR 1=0 TO 511
3850 PRINT #2,EE(I),PRF(I),R(I)
3860 NEXT I 
3870 CLOSE #2
3880'---------------------------------------------------
3890' another window
39001
3910PRINT"-----------------------------------------------------------------------
3920 PRINT ” Do you want to analyze another window(y /  n)? "
3930PRINT”-----------------------------------------------------------------------
3940 INPUT E$
3950 IF E$="Y" OR E$="y" THEN GOTO 830 
3960 END
3970 ’-------------------------------------
3980' Monitor profile
3990’-------------------------------------
4000 GCLR
4010 LINE X2+64,50,X2+64,350 
4020 IF G=1 THEN GOTO 4140 
4030 CURVE PRF„X,64,350 
4040 LOCATE 14,15 
4050 OPRINT "Wavelength"
4060 LOCATE 5,1 
4070 OPRINT "Intensity"
4080 LOCATE 12,18 
4090 OPRINT F$
4100 GOTO 4210
4110’-------------------------------------
4120’ LOG plot
4130’----------------------------------
4140 CURVE PRFL„X,64,350 
4150 LOCATE 10,15 
4160 OPRINT "Wavelength"
4170 LOCATE 5,1 
4180 OPRINT "Log (Int.)"
4190 LOCATE 12,18 
4200 OPRINT F$
4210 END



A.2.2.3. Average carrier energy analysis program "Avee.BAS" in Hamamatsu
C2280TA

This program enables to analyze an average carrier or exdton energy and 

an integrated PL profile as function of delay time.

10’-------------------------------------------------------------------------------------------------------------------------------

20' Average energy analysing program 
3 0 1
40' 3 /16 /92
50' Taki
60*-----------------------------------------------------
70 DIM AE(600)P,FD(600)
80IOPEN 0
90GCLR
100X0=65
110 PRINT"-----------------------------------------
120 PRINT" Input left and right cursols"
130 PRINT"-----------------------------------------
140 INPUT "(Left, Right) = ", LC, RC 
150 LC=LC+X0 
160 RC=RC+X0 
170 LINE LC,0,LC,511 
180 LINE RC,0,RC,511 
190 PRINT "-
200 PRINT " Do you need to adjust the cursols(y/n)?"
210PRINT"-------------------------------------------------------- "
220 INPUT B$
230 IF B$=”n” ffOTO 490

250PRINT" LeftCursol"
260PRINT" 4 (left) 6 (right)"
270PRINT" XXXXiXXXXfJ ^ ) " AAAXAX;ixxiJLAAJLXJlXJL

290 LINE LC,0,LC,511,0 
300 A$=INKEY$
310 IF A$="4" THEN LC=LC-1
320 IF A$="6" THEN LC=LC+1
330 LINE LC,0,LC,511
340 IF A$=”e” OR A$=”E" THEN GOTO 360
350 GOTO 290 ....................................................

370 PRINT” Right Cursol"
380PRINT" 4 (Left) 6(Right)M 
390 PRINT" e (end)”
400 PRINT "**************************************
410 A$="b"



364

420 LINE RC,0,RC,511,0 
430 A$=INKEY$
440 IF A$="4" THEN RC=RC-1
450 IF A$="6" THEN RC=RC+1
460 LINE RCARQ511
470 IF A$="e" OR A$="E" THEN GOTO 490
480 GOTO 420
490'---------------------------------------------
500 ’ Energy Averaging

520 NN=479 11XIJLXJLJLJL1JU1JLJU-Û XXXX̂ XJL11JUJLXJU

540 PRINT" Analysis Time Window "
550 PRINT" from mm (ch) to nn (ch)<479 ?"

570 INPUT" (mm ,N N ) = ",MM,NN
580PRINT"----------------------------- "
590 PRINT" Input Calibration Curve"
600 PRINT" W = W0 - dw*x(ch)"
610 PRINT"----------------------------- "
620 INPUT "(W0,d w

640 PRINT" Do you want to :"
650 PRINT" print-out the data (P)?"
660 PRINT " or save the data to FD(F)? "
670 PRINT "«******************«************«*********«••
680 INPUT S$
690 IF S$="F" OR S$="f ’ THEN GOTO 810 
700 INPUT "Are you ready for print(y/n) ? ",PR$
710 IF PR$="n"

730 RSPRINT" Average Energy Relaxation Process"
740 RSPRINT 
750RSPRINT" "
760 RSPRINT" Window Position (Left, Right) = ",LC-X0, RC-X0 
770RSPRINT" "
780 RSPRINT "Channel Average Energy (eV) Intensity "
790RSPRINT ”----------------------------------------------------- ”
800 GOTO 850
810 PRINT"------------------------- "
820 PRINT " New File Name "
830PRINT "------------------------- "
840 INPUT FD$
850 FOR J=MM TO N N  
860 P=0 
870 PW=0
880 LINE X0,0,X0+511,0 
890 FOR I=LC TO RC 
900 W=W0-dw*(I-X0)



910 E=1239.85/W  
920 IN=IGET(I-X0,J,0)
930 IF JN>65000& THEN IN=0
940 EN=E*IN
950 P=P+IN
960 PW=PW+EN
970 ’ PSET 1,0
980 NEXT I
990 IF P=0 THEN GOTO 1040 
1000 AE(J)=PW/P 
1010PD(J)=P
1020 IF 8$="?" OR S$=”P" THEN RSPRINT J, AEQ),P 
1030 PSET XOJ
1040 NEXT J
1041 IF S$="p” OR S$="P" THEN GOTO 1210 
1050 OPEN "0",#1,FD$
1060 PRINT #l,"The Average Carrier Kinetic Energy"
1070 PRINT # l/"Window"
1080 PRINT #1,LC-X0 
1090 PRINT #1,RC-X0 
1100 PRINT #1,"Start Channel"
1110 PRINT #1,MM 
1120 PRINT # 1 / "
1130 FOR K=MM TO N N  
1140 PRINT #1,AE(K)
1150 NEXT K 
1160 PRINT #1," "
1170 FOR K=MM TO N N  
1180 PRINT #1,PD(K)
1190 NEXT K 
1200 CLOSE #1
1 2 1 0 '---------------------------------
1220 ’ try another window  
1230'----------------------------
1240 INPUT 'Do you want to try another window (y/n)?",W$ 
1250 IF W$="n" OR W$="N" THEN END - 
1260 GOTO 90 
1270 END



366

A.2.3. Theoretical calculation programs

Following theoretical calculation are done in Macintosh Quick Basic. 

A.2.3.1. Six level rate equation

This program enables to calculate populations in six different energy 

levels and fit the calculated result to the data transferred from TA. This program 

was used for exdton relaxation model in Chapter 4.3.

' Six level m odel/ Fitting 
Modified

2 /13 /92
Taki

DIM d(600),f (3,600) 
h=0 

dmax=0 
dmin=0

x0=80
wx=300
y0=50
wy=200
g=30
xg=.6
gl=.95

nlbO=l: nhb0=3 
nlx0=0: nhx0=0 
nhi0=0

INPUT "Input your Data File Name = ",dfn$
INPUT "Streak Time (ps/ch) = ",sp 
INPUT " Log (G) or linear (L) plotting ? ",pl$
INPUT "Which is lower, Heavy(h) or Light(l) exdton energy level? ”,ex$ 

IF ex$="h" OR ex$="H" THEN h=l

OPEN dfn$ FOR INPUT AS #1 
FOR i= l TO 500 

INPUT #l,d(i)
IF d(i)>dmax THEN dmax=d(i)
IF EOF(l) THEN GOTO 10 

NEXTi



10 CLOSE #1 
n=i-l
FOR i= l TO n 

d(i)=d(i)/dm ax 
NEXT i

FO R i=lTO n
IF d(i)=0 THEN d(i)=.000001 
IF d(i)<0 THEN d(i)=.000001 
IF pl$="L" OR pl$=T' THEN GOTO 5 
d(i)=LOG(d(i))+5 
IF d(i)<0 THEN d(i)=0 

5 NEXT i

Nlhb

Nlhx
Tlhx N hhb------

Thhx"
Tlh

Nhhx 

N hhi- 

N e -

200 CLS 
PRINT"
PRINT"
PRINT"
PRINT"
PRINT"
PRINT"
PRINT"
PRINT"
PRINT"
PRINT -**************************
PRINT"** Exdton Formation **”

'INPUT ”Nlhb(0), Nhhb(0) = ",nlb0,nhb0
IF h=0 THEN nlb0=3 AND nhb0=l
IF h=l THEN INPUT" Tlhx, Thhx =",11x1,111x1
IF h=0 THEN INPUT" Thhx, Tlhx =",tlxl,thxl
tlx=tlxl/sp
thx2=thxl/sp

PRINT "** Exdton Scattering **"
’INPUT "Nlhx(0), Nhhx(0) = ",nlx0,nhx0 
IF h=l THEN INPUT 'Tlh = ",tlhl 
IF h=0 THEN INPUT ’Thl = ",tlhl 
tlh=tlh l/sp

PRINT "** Exdton Localization **"
INPUT "Nhhi(0) = ",nhi0 
IF h=l THEN INPUT 'Thhi = ",thil 
IF h=0 THEN INPUT Tlhi = ",thil 
thi=thil/sp

Thhi"
 »1

Td"

PRINT"** Exdton Recombination **" 
INPUT’Td = ",tdl 
td= td l/sp



' Solutions for six level rate equations

INPUT "Calculation step (ch) =",s
Cj

FOR k=l TO 3

dt=5*(k-2)/sp
thx=thx2+dt

fmax=0
fmin=0

a l= l/(- l/t lh + l/t lx )  
c=nhbO/thx 
a=nlbO/tlx*al+nlxO 
b=nlbO/tlx*al 
c l= c /th i/(1 /td-1/thx) 
a2=a/ thi /  (1 /  td-1 / tlh) 
b l= b / thi/ (1 /  td-1 /  tlx)

FOR j=l TO n STEPs 
i=-l*j

nlb=nlbO*EXP(i / tlx) 
nhb=nhbO*EXP(i/thx)

GOTO 20 
«

’ Special Initial Condition

nlx=(nlb0/tlx*al+nlxO)*EXP(i/ tlh) 
nlx=nlx-nlbO/ tlx*al*EXP(i/ tlx)

nhx=nhxO*EXP(i/thi)+c/ (1 /thx-1/thi)*(EXP(i/thi)-EXP(i/thx)) 
nhx=nhx+a/ (1 /  tlh-1 /  thi)*(EXP(i/ thi)-EXP(i/ tlh)) 

nhx=nhx-b/ (1 /  tlx-1 /  thi)*(EXP(i/ thi)-EXP(i/ tlx))

nhi=nhiO*EXP(i /  td)+l /  thi*nhx0/ (1 /  thi-1 /  td)*(EXP(i/ td)-EXP(i/ thi)) 
nhi=nhi+cl /  (1 /  thx-1 /  thi)*(EXP(i/ thi)-EXP(i /  thx)) 
nhi=nhi-cl /  (1 /  thi-1 /  td)*(EXP(i/ td)-EXP(i/ thi)) 
nhi=nhi+a2/ (1 /  tlh-1 /  thi)*(EXP(i/ thi)-EXP(i/ tlh)) 
nhi=nhi-a2/ (1 /  thi-1 /  td)*(EXP(i/ td)-EXP(i/ thi)) 
nhi=nhi-bl /  (1 /  tlx-1 /  thi)*(EXP(i/ thi)-EXP(i/ tlx)) 

nhi=nhi+bl /  (1 /  thi-1/td)*(EXP(i/td)-EXP(i/ thi))

20 ’--------------------------------------------------------------------------

' Relaxation



nlx=nlbO/tlx*al*EXP(i/tlh) 
nlx=nlx-nlb0/ tlx*al*EXP(i/ tlx)

nhx=c/ (1 /  thx-1 /  thi)*(EXP(i/ thi)-EXP(i/ thx)) 
nhx=nhx+a/ (1 /  tlh-1 /  thi)*(EXP(i/ thi)-EXP(i/ tlh)) 

nhx=nhx-b/ (1 /  tlx-1 /  thi)*(EXP(i /  thi)-EXP(i/ tlx))

nhi=0
nhi=nhi+cl /  (1 /  thx-1 /  thi)*(EXP(i/thi)-EXP(i/ thx)) 
nhi=nhi-cl /  (1/thi-l/td)*(EXP(i/td)-EXP(i/thi)) 
nhi=nhi+a2/ (1 /  tlh-1 /  thi)*(EXP(i/ thi)-EXP(i/ tlh)) 
nhi=nhi-a2/ (1 /  thi-1 /  td)*(EXP(i/ td>EXP(i/ thi)) 
nhi=nhi-bl /  (1 /  tlx-1 /  thi)*(EXP(i /  thi)-EXP(i/ tlx)) 

nhi=nhi+bl /  (1 /  thi-1 /  td)*(EXP(i/ td)-EXP(i/ thi))

f(k,j)=nhi/ td
IF f(k,j)<0 OR f(k,j)=0 THEN f(k/j)=.0000001 
IF f(k#j)>fmax THEN fmax=f(k/j)

NEXTj

FOR i= l TO n STEPs 
f(k/i)=f(k#i)/fm ax 

NEXT i

' Data plot
«

IF pl$=,,L" OR pl$='T' THEN GOTO 50 
FOR i= l TO n STEPs 

£(k,i)=LOG(f(k/i))+5 
IF f(k,i)<0 THEN f(k,i)=0 

NEXT i 
50

IFpl$=T" OR pl$="L" THEN g=150

100’CLS-------------------

IF k=l OR k=3 THEN GOTO 102

IF pl$="L" OR pl$='T' THEN PRINT ’DATA File(linear) =",dfn$
IFpl$="G" OR pl$="g" THEN PRINT "DATA File(log) =",dfn$
’PRINT "Nlhb(O), Nhhb(0) ="/nlb0/nhb0
IF h=l THEN PRINT " Tlhx, Thhx =’',tlxl,thxl
IF h=0 THEN PRINT " Thhx, Tlhx =",tlxl,thxl
’PRINT "Nlhx(0), Nhhx(0)= ",nlx0,nhx0
IF h=l THEN PRINT "Tlh, Thhi,Td = ",tlhl/ th il,td l
IF h=0 THEN PRINT ’Thi, Tlhi/ Td = ",tlhl,thil,tdl



’PRINT ,,Nhhi(0) = ,,/nhi0

LINE (x0,y0Mx0+wx,y0)
LINE (xO+wx,yO)-(xO+wx,yO+wy)
LINE (xO+wx,yO+wy)-(xO,yO+wy)
LINE (xO^O+wyXxO^O)

102 ' ------------------------------------------

FOR i= l TO n-s STEPs
* CIRCLE (i* 10+x0,y0+wy-d (i)*g),3 

IF k=l THEN LINE (i*xg+xO/yO+wy-d(i)*g)-(i*xg+xO+s*xg,yO+wy-d(i+s)*g) 
IF k=l THEN LINE (i*xg+xO/yO+wy-d(i)*g+l)-(i#xg+xO+s*xgfyO+wy- 

d(i+s)*g+l)
LINE (i*xg+xO/yO+wy-f(k/i)*g*gl)-(i*xg+xO+s*xg/yO+wy-f(k/i+s)*g*gl) 

NEXTi 
NEXTk 
STOP 
GOTO 300

INPUT "Change scale (y/n)?",g$
IF g$="n" OR g$="N" THEN GOTO 300 
PRINT" Present Scale =",g 
INPUT "Scale =",g 
GOTO 100

300 INPUT 'Try again(y/n)? ",tr$
IF tr$="N" OR tr$="n" THEN END 
GOTO 200

END



A.2.3.2. Quantum well eigen state energy

371

The quantum eigen states in confined ideal structure can be calculated 

using following two programs. A.2.3.2.1 is for GaAs/AlGaAs QW having 

different fraction of A1 in the barrier while A.2.3.2.2 is for superlattice structure 

where tunnel phenomena constructs miniband structure along the confinement 

direction.

A.2.3.2.1

’ Quantum well energy level 

DIM s(100), m(5,3),e(3),eg(5) 

PI=3.141592

mass of electrons and holes 
m(i,j) i=l : GaAs

i=2 : AlGaAs (x=?) 
i=3 : AlAs 
j = l: Conduction Band 
j=2: Valence Band (Ih) 
j= 3: (hh)

PRINT "************************************"
PRINT" Al(x)Ga(l-x)As material Composition; x” 
PRINT "************************************"
INPUT x 

m(14)=.067 
m(l,2)=.1059 
m (l/3)=.62
m(2,l)=m(l,l)+(m(3,l)-m(l,l))*x
m(2,2)=m(l/2)+(m(3/2)-m(l/2))*x
m(2/3)=m (l/3)+(m(3/3)-m (l/3))*x
m(3/l)=.15
m(3,2)=.15
m(3,3)=.76

' Energy levels

INPUT 'Temperature (K) = ",t 
eg(l)=1.519-.0005405*tA2 / (t+204) 
eg(3)=2.239-.0006*tA2/(t+408) 
eg(2)=eg(l)+(eg(3)-eg(l))*x



e(l)=(eg(2)-eg(l))*2/3
e(2)=e(l)/2
e(3)=e(2)

t

' Calculation 
»

INPUT" Lz(A) = ",lz 
PR TNT

PRINT " QW Eigenenergy state"
P RIN T

PRINT" Temperature(K) =- ",t 
PRINT " Well Width (A) -  ",lz 
PRINT" "

1 FOR k=l TO 3 
IF k=l THEN PRINT " < In Conduction Band >"
IF k=2 THEN PRINT " < In Valence Band >"
IF k=2 THEN PRINT " —  Light Hole — "
IF k=3 THEN PRINT " —  Heavy Hole —  "
r=m (2,k)/m (l/k)
ii=0

10 FOR i=ii TO .999 STEP .001 
xl=TAN(.081537*lz*SQR(e(k)*m(l/k))*2*PI*i)-2*i*SQR((l-iA2)*r)/((r+l)*iA2-l) 
i=i+.001
x2=TAN(.081537*lz*SQR(e(k)*m(l/k))*2*PI*i)-2*i*SQR((l-iA2)*r)/((r+l)*iA2-l) 
IF xl<0 AND x2>0 THEN GOTO 100 
IF xl>0 AND x2<0 THEN GOTO 100 

NEXT i
100*----------------------------------

FOR j=i-.001 TO i STEP .0001 
xl=TAN(.081537*lz*SQR(e(k)*m(l,k))*2*PI*j)-2*fSQR((l-jA2)*r)/((r+l)*jA2-l) 
j=j+.0001
IF j>l THEN GOTO 300
x2=TAN(.081537*lz*SQR(e(k)*m(l,k))*2*PI*j)-2*j*SQR((l-jA2)*r)/((r+l)*jA2-l) 
IF xl<0 AND x2>0 THEN GOTO 200 
IF xl>0 AND x2<0 THEN GOTO 200 
j=j-.0001 

NEXT j
200’----------------------------------------------------------------------------------------------

en=jA2*e(k)
PRINT j,en 
ii-i
IF ii>.9999 THEN GOTO 300 
GOTO 10 

300 NEXT k 
400 FOR 1=1 TO 5 

PRINT " "
NEXT1

END



A.2.3.2.2. Miniband structure calculation program 

»

' Miniband Width Calculation 
1 10/3/91
* Taki

CLS
INPUT "Well Width (A) =",31 

a=al*lE-10 
INPUT "Barrier Width (A)= ",bl 

b=bl*lE-10 
INPUT "Effective Mass = ”,me 

m=me*9.11E-31 
INPUT "Potential Height(V) =",V1 

v=Vl*1.602E-19 
h=6.626E-34/2/3.14159 
j=mA.5 /h

FOR k=lT O V l* 1000 
e=k*1.602E-22 
co=COS(a*(2*e)A.5*j) 
d=EXP(b*(2*(v-e))A.5*j) 
ch = (l/d + d )/2  
i= (v/e-1)
g=(l-coA2)*(chA2-2)

IF i<0 OR i=0 THEN GOTO 10 
IF g<0 OR g=0 THEN GOTO 10 

x=co*ch+(v /  2 / e-l)*(g/i)A.5 
IF x>-l AND x< l THEN PRINT k

10 NEXT k

LPRINT DATE$," /  ",TIME$
LPRINT" "
LPRINT
LPRINT" Miniband in a superlattice" 
I .PRINT "********************■***

LPRINT" "
LPRINT "Well Width (A) =",al 
LPRINT "Barrier Width (A) = ”,bl 
LPRINT "Effective Mass = ",me 
LPRINT "Potential Height(V) ="7V1 
LPRINT" "

E'^PUT "Lower Energy Edge=",l 
LPRINT "Lower Energy Edge(meV) ="



GOTO 30

20 IF p= l THEN END 
p=l
INPUT "High Engeiy Edge =",1 

LPRINT "High Engeiy Edge = "
1= 1+1

30 FOR k=l-l TO 1 STEP .1 
e=k*1.602E-22 
co=COS(a*(2*e)A.5*j) 
d=EXP(b*(2*(v-e))A.5*j) 
ch = (l/d + d )/2  
i= (v/e-1)
g=(l-coA2)*(chA2-2)

IF i<0 OR i=0 THEN GOTO 40 
IF g<0 OR g=0 THEN GOTO 40 

x=co*ch+(v/ 2 /  e-l)*(g /  i) A.5 
LPRINT k,x 

40 NEXTk 
LPRINT" "
LPRINT""
IF p=0 THEN GOTO 20 

END
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