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ABSTRACT 

This dissertation describes experimental and theoretical studies of carrier tunneling 

in semiconductor heterostructures and optical properties of neutron irradiated quantum 

wells. Unambiguous experimental evidence for the dramatic dependence of hole tunneling 

rates on in-plane momentum in (Ga,In)As/(Al,In)As asymmetric double quantum wells 

(ADQWs) is presented. Holes generated near the bandedge tunnel on hundred picosecond 

time scales, whereas holes excited with large excess energy tunnel on subpicosecond time 

scales. The mechanism responsible for this increase of three orders of magnitude in the 

hole tunneling rate is nonresonant delocalization of hole wavefunctions by band mixing in 

the valence band. The carrier density and temperature dependencies of tunneling dynamics 

are presented. A simple kinetic model developed for electron LO-phonon assisted 

tunneling shows good qualitative agreement with experimental data. 

Exciton tunneling in wide gap II-VI semiconductors was studied using 

(Zn,Cd)Se/ZnSe ADQW. The strong Coulomb interaction in 11-VT semiconductors makes 

the tunneling process significantly different fi^om that in III-VI ADQWs. Fast (1 ps) and 

complete recovery of the narrow well exciton absorption was observed after resonant 

femtosecond pulse excitation. The observed dynamics contradict the theory of independent 

electron and hole tunneling. The theory of exdton tunneling was developed. Theoretical 

analysis shows that tunneling of the exciton as a whole entity with the emission of only one 

LO-phonon is very slow. Instead, the exciton tunnels via an indirect state in a two-step process 

whose eflBciency is dranimtically enhanced by the Coulomb interaction. 
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The optical properties of neutron irradiated GaAs/(Ga,Al)As multiple quantum wells 

are investigated. Sharp room temperature exciton features and a 21 ps carrier lifetime are 

demonstrated in neutron irradiated multiple quantum weUs. Carrier lifetime reduction is 

consistent with the presence of EL2 defects that are efBciently generated by fast neutrons. 

The influence of the gamma rays accompanying neutron irradiation is discussed. Neutron 

irradiation provides a straightforward way to control the carrier lifetime in semiconductor 

heterostructures with minor deterioration of their excitonic properties. 
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Tunneling, in physics, quantum-mechanical 
effea by which a particle can pass through a 
barrier that the particle has insuf5cient 
energy to overcome, a process forbidden by 
ordinary classical mechanics. 

The Concise Columbia Encyclopedia, 
Columbia University Press, 1995. 

1. INTRODUCTION 

Tunneling has been one of the most studied quantum mechanical phenomena since 

the development of quantum mechanics in the beginning of the twentieth century. There 

are several reasons for this great interest. First, tunneling does not have any classical 

analog whatsoever; moreover, it entirely contradicts common sense. Indeed, the notion of 

a macroscopic object penetrating through a potential barrier (without physically breaking 

it) is impossible in everybody's mind. However, on the microscopic scale of electrons, 

nuclei and atoms this classically forbidden motion happens all the time. 

The second reason for this great interest in tunneling is that it provides an 

additional degree of freedom in explaining phenomena which are impossible under 

classical mechanics. This extra freedom was heavily exploited during the first years after 

development of quantum mechanics. A well known example is the tunneling inteipretation 

of a-decay by Gamov, Gumey and Condon in 1928.'*^ a-decay is the enussion of a 

doubly ionized helium atom (a-particle) from a radioactive nucleus. The systematic 

relationship between the a -decay half-life and the decay energy was first discovered by 

Geiger and Nutall in 1911, and explained later by Gamov and independently by Gumey 



and Condon. According to their theory, the a-particle was confined inside the radioactive 

nucleus. The potential barrier created by nuclear and Coulomb forces was sufficiently thm 

that the a-particle had a finite probability of tunneling out from the radioactive nucleus. 

This simple theory was able to explain major features of a-decay even without exact 

knowledge of the nuclear interaction potential. 

Also during 1928, two more phenomena were explained in terms of tunneling: 

ionization of hydrogen atoms in an electric field (OppenheimeP), and field emission from 

metals (Fowler and Nordheim^), which is known now as Fowler-Nordheim Tunneling. 

Field emission is an extraction of electrons from cold conductors or semiconductors by 

application of a strong electric field (lO'-lO'" V/m). This phenomenon was first reported 

by R. W. Wood in 1897. In 1928 Fowler and Nordheim provided the first generally 

accepted explanation in terms of tunneling, which they applied to the Sommerfeld model 

for the electronic energy levels in a metal. The application of a high field on the metal 

produces a triangular potential-energy barrier through which electrons can quantum-

mechanically tunnel out of the metal. This phenomenon was employed by E. W. MuUer in 

1937 in field-emission microscopy, the first ancestor of scarming tunneling microscopy. 

This array of tunneling-related phenomena could be continued from 1928 until now but it 

would take too many pages even to count them. 

Finally, we come to the third and probably the most important reason why, after so 

many years of heavy exploitation, tuimeling remains one of the most publishable topics in 

modem physics. This reason is technology. Tunneling evolved from an object of curiosity 

and pure academic interest, into a principle of operation of many devices. We will give a 
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few examples of this evolution. The first is scanning tunneling microscopy (STM), 

depicted and explained in Fig. 1-1. STM was developed by Gerd Binning and Heinrich 

Rohrer at IBM. When a metal tip is brought near a conducting surface, electrons can 

tunnel fi'om the tip to the surface and vice-versa. Because the tunneling probability is 

exponentially dependent on the distance between the tip and the surface, the contours of 

the surface can be 

STM Hp 

TunneOng Electrons 

Surface 

Figure 1-1 Schematic diagram of the scanning tunneling electron microscopy. 

mapped out by keeping the current constant and measuring the height of the tip. In less 

then two decades STM grew from a Nobel Prize winning technique (Binning and Rohrer, 

1986), to standard equipment in a physics laboratory. The reason for this is the 

unprecedented resolution of STM allowing the observation of single atoms on the surface 

of a solid-state material. 
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The second example is the history of tunneling in solid-state devices. It has a 

particular interest for us because it triggered the development of physics of low-

dimensional semiconductor heterostructures (quantum wells, wires and dots). This history 

starts with the tunnel diode discovered by Leo Esaki (also referred to as the Esaki diode).^ 

In 1958, in the course of studying the internal field emission in a degenerate (heavily 

doped) p-n junction, L. Esaki observed an "anomalous" current-voltage characteristic in 

the forward direction, that is a negative resistance region over part of the 

lydoprq 

txioomQ X 
evN-itasEina. 

\ 
fKfaplnS-

PO'̂ 9  ̂

Figure 1-2 Typical current-voltage characteristics and energy band diagrams at varying 
bias across the p-n junction of the tunnel diode. 

forward current-voltage characteristic (see Fig. 1-2). Esaki explained this anomalous 

behavior through the use of the quantum tunneling concept, and obtained reasonable 

agreement between theory and experimental results. This explanation is pictorially 

presented in Fig. 1-2. When a small forward bias is applied, electrons can tunnel fi-om the 



n-side to the p-side and recombine there. However, when the bias is further increased, the 

bottom of the conduction band becomes higher than the valence band everywhere across 

the p-n junction. This results in a decrease of the current through the junction. At even 

higher bias thermionic excitation "over the top" of the potential barrier occurs and the 

current rises again. This regime is similar to normal I-V characteristic of p-n diode. We 

can see that a certain part (V2) of the I-V characteristic exhibits a negative differential 

resistance. To understand the importance of the tunnel diode we have to remember that it 

arrived on the scene of microwave devices when solid-state electronics was being 

developed. A two terminal device with negative differential resistance was of great interest 

because in early solid-state electronics it was the simplest device for microwave signal 

amplification. The tunnel diode is a majority carrier device, i.e., electrons and holes move 

in the regions where they are the majority carriers, therefore it can take advantage of high 

carrier mobility. Furthermore, the tunneling time of carriers through the barrier is not 

governed by the classical transit time T=DA^, where D is barrier width and V is carrier 

velocity, but rather by the quantum mechanical transition rate, which is proportional to 

exp(-2KFD), where Kp is the momentum of an electron with the energy equal to the Fermi 

energy. The corresponding tunneling time is inversely proportional to the transition rate, 

and can be very short, thus making this device well suited for microwave applications. The 

discovery of the tunneling process in p-n junctions earned Leo Esaki the Nobel Prize in 

Physics (1976). However, despite many research efforts, the tunnel diode is now obsolete, 

since the reliability of the tunnel diode was never suflBcient for real world applications, due 

to dopant migration in the p-n junction. 
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Further development of the tunnel diode by L. Esaki and R. Tsu directly resulted in 

the birth of quantum well physics. In 1969 they published a paper "Superlattice and 

Negative Conductivity in Semiconductors" (IBM Res. Note, RC-2418) in which they 

considered the electronic properties of a structure consisting of very thin layers of 

semiconductor materials with different bandgaps. The state of crystal growth technology 

—• 

V 

norvesonarrt 
current 

kage 
resonant 
current 

Figure 1-3 Typical current-voltage characteristics and energy band diagrams at varying 
bias-conditions for the resonant tunneling device. 

at that time did not allow reliable fabrication of such structures. Only later, when the MBE 

(molecular beam epitaxy) and MOCVD (metal organic chemical vapor deposition) 

technologies reached their advanced state, did fabrication of quantum wells with quality 

acceptable for device applications become possible. In 1973, the resonant tunneling device 

(RTD) was proposed by L. Esaki and R Tsu® and one year later they experimentally 

observed a negative differential resistance.' The structure of the RTD and its principle of 



operation are depicted in Fig. 1-3. The barriers through which electrons tunnel are formed 

by growing two veiy thin AlAs layers (bandgap 2.16 eV), with a thin GaAs layer in 

between, all in the n-doped GaAs (bandgap 1.43 eV). Electrons in the GaAs layer 

surrounded by the two AlAs layers can move freely in the plane of this layer, but they are 

confined in the perpendicular direction. The confined electrons acquire additional energy 

with respect to the bandgap of the layer material, known as confinement energy. This 

GaAs layer is called a quantum well (QW), and the electron level in it is depicted by a line 

located higher than the bandgap of the well material (see Fig. 1-3). When voltage is 

applied to this structure, electrons in the left contact are brought into resonance with the 

electron level in the quantum well and a large resonant current can flow through the 

device. A further voltage increase moves the bottom of the conduction band in the left 

contact above the energy level in the QW, consequently reducing the current and creating 

a negative differential resistance (V2 region). The RTD is a majority carrier device. 

Resonant tunneling can be very fast, and thus, it can be used at GHz frequencies.* Despite 

intensive research efforts the RTD is not widely used in modem microwave electronics, 

primarily because recently developed three terminal devices, such as heterojunction field 

effect transistors (HFETs), offer a more effective means of signal amplification.' 

At this point we finish this short review of the history of tunneling phenomena. 

This dissertation describes studies of carrier tunneling in semiconductor quantum well 

structures. From the brief review given above, one can see that the subject of the 

dissertation is as old as quantum well physics, so the reasonable question to ask is: what 

else is interesting m this area? 
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First, a majority of previous research was conducted in GaAs/(Ga,Al)As quantum 

well structures because the fabrication of these materials is well developed. However, 

there are other material systems, such as those based on InP and ZnSe, which have high 

technological importance but have attracted less experimental and theoretical attention. 

Only recently, MBE growth of these materials has provided high quality quantum wells 

suitable for systematic research. 

Second, previous research considered mostly electron tunneling dynamics. One 

reason for this is the relatively high electron mobility. Consequently, mainly n-doping is 

used in microwave devices where high mobility of majority carriers is required (see 

structure of RTD in Fig. 1-3). This motivated the investigation of electron tunneling at the 

early stage of development of quantum well physics. Another reason is the complex 

structure of the valence band in HI-V and 11-VI semiconductors. The valence band in 

these semiconductors is formed from p-type atomic wavefiinctions, in contrast to the 

conduction band which is formed from s-type atomic wavefiinctions. The p-origin of the 

valence band resuks in mixing of the hole subbands in semiconductor heterostructures, 

which significantly complicates hole tunneling. 

Finally, electrons and holes excited in semiconductor heterostructures experience 

Coulomb attraction and can form electron-hole pairs (excitons) stable even at room 

temperature. Excitonic eflfects are particularly pronounced in 11-VI semiconductors. The 

influence of Coulomb interaction between electrons and holes on the tunneling process is 

not well understood and represents a topic of ongoing studies. 

The dissertation focuses primarily on hole tunneling and Coulomb effects in lU-V 
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and n-VI semiconductor heterostructures. It consists of five chapters including this 

introduction. All-optical experiments on carrier tunneling in semiconductor 

heterostructures will be reviewed in detail in Chapter 2. Chapter 3 presents a thorough 

investigation of electron and hole tunneling in (Ga,In)As/(Al,In)As asymmetric double 

quantimi well structures consisting of two different size wells separated by a thin tunnel 

barrier. The mfluence of Coulomb efifects on electron and hole tunneling in 

(Zn,Cd)Se/ZnSe ADQWs will be considered in Chapter 4. Chapter 5 describes the 

ongomg studies of the optical properties of neutron irradiated semiconductor QWs. This is 

not directly related to the main subject of the dissertation; however, it intensively employs 

time-resolved transmission techniques developed in our tunneling experiments and the 

theory of carrier scattering in semiconductors. Chapter 6 outlines the possible future 

research directions. 
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2. ALL-OPTICAL STUDIES OF CARRIER TUNNELING IN 
QUANTUM WELLS 

2.1 Asymmetric Double Quantum Weils 

Asymmetric Double Quantum Well (ADQW) structures have been extensively 

employed in tunneling studies since the beginning of quantum well physics.'" An ADQW is 

shown schematically in Fig 2-1. It consists of two different size quantum wells separated 

by a relatively thin tunnel barrier. This structure is normally repeated from 5 to 50 times to 

give adequate optical absorption for all-optical experiments, e.g., time resolved 

photoluminescence (PL) or transmission. In each QW, electrons and holes are confined in 

the growth direction but can move freely in the QW plane. Carrier energies for small in-

plane momenta k are given by the parabolic dispersion relation E(lc) = Eg + —~, 
2m 

where, m* is the effective electron or hole mass and Ec is the carrier confinement energy. 

For a suflBciently thin QW, the confinement energy is inversely proportional to the product 

of the carrier effective mass and square of the well width Eg oc (m *L^)"'. Therefore, the 

lowest electron-hole transition in the narrow well (NW) has higher energy than that m the 

wide well (WW). Electrons and holes excited in the NW can tunnel to the lowest available 

state localized in the WW. We call this transition tunneling because it corresponds to the 

transition of carriers through a potential barrier and would be prohibited for macroscopic 

potential and particles. 

There are several factors complicating this picture of electron and hole energy 
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levels. First, in GaAs, InP and ZnSe based semiconductors, there are two types of holes, 

heavy and light,. In fact, there is a third type of holes, the so called split-ofif holes, but in 

the semiconductors mentioned above it can be neglected since the split-ofif band is well 

separated from the top heavy- and light-hole bands. The origin of the heavy- and light-
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Figure 2-1 (a) Schematic diagram of an ADQW showing the potential profile of the 
conduction and valence bands, energy levels, and lowest optical transitions in the narrow 
and wide wells, (b) Typical linear absorption spectrum. 

hole bands is the structure of the atomic wavefunctions forming the valence band and spin-

orbit coupling." Dispersion of hole subbands will be discussed in detail in Chapter 3. For 

the present discussion it is only important that heavy and light holes have different masses, 

as is implied by their names. Smce the confinement energy depends on the carrier effective 

mass, light- and heavy-hole subbands are energetically separated in the QWs (see Fig. 2-1 



(a)), in contrast to bulk. Additionally, electrons and holes are attracted to each other by 

Coulomb interaction and in certain conditions can even form racitons. The exciton binding 

energy reduces the energy of the electron-hole transition. Since the electron and hole in 

the exciton state are bound by the Coulomb interaction, they are localized close to each 

other, and their wavefiinctions strongly overlap enhancing the probability of radiative 

transition. In other words, excitonic optical absorption is larger than that due to the 

generation of free carriers (continuum absorption). This excitonic enhancement can be 

seen in the typical ADQW absorption spectrum depicted in Fig. 2-1 (b). ADQW 

absorption spectrum consists of NW and WW features marked respeaively by the 

superscript indices N or W in Fig. 2-1 (b). The lowest transitions in each well correspond 

to the heavy- and light-hole exciton absorption resonances, labeled by HH and LH, 

respectively. Quantum confinement further increases localization of the electron and hole 

in the exciton state, thus excitonic effects are more pronounced in QWs than in bulk. A 

detailed discussion of the Coulomb interaction and its influence on tunneling will be given 

in Chapter 4. It is neglected for the present survey of tunneling phenomena, because most 

of the reviewed experiments were performed with M-V semiconductor ADQWs in which 

Coulomb interaction is relatively weak. 

2.2 Fabrication issues 

The constant improvement in crystal growth techniques culminated in the 

development of molecular beam epitaxy (MBE) technology.'^" MBE allows for the 

growth of the highest quality semiconductor heterostructures. Since all the samples 



investigated in this dissertation were fabricated using MBE, we give a short description of 

this technique and outline some common problems in QW and ADQW growth. MBE is 

essentially a thermally controlled evaporation process in an ultra-high vacuum (10**° Torr) 

apparatus. Compounds or elements are heated in crucibles, known as Knudsen cells, to 

create a neutral atomic or molecular beam, which is directed onto a heated rotating 

substrate. The deposition rate and the substrate temperature are carefully chosen such that 

molecules arriving at the substrate surface have enough time and mobility to form a nearly 

perfect crystalline structure. The growth rate of MBE is relatively slow, about one atomic 

layer per second, and this is considered as a major disadvantage in industrial applications. 

However, because of this slow growth rate, MBE allows sufficient control over the 

amount and type of deposited material to enable changes in composition across an atomic 

layer. In other words, MBE produces very abrupt and smooth interfaces without 

interruption of the crystal structure. This is also aided by the relatively low substrate 

temperature (around 600°C for GaAs) resulting in negligible diflfusion of atoms at and 

across abrupt interfaces. Therefore, MBE technology is ideal for fabrication of QWs, 

superlattices and devices based on these structures. 

Despite the fact that MBE grown semiconductors have nearly perfect crystal 

structure, fabrication of QWs has an intrinsic problem of lattice matching. Since well and 

barrier materials are different, in general they have different lattice constants. Therefore, 

growth of several layers of lattice mismatched crystals results in strain.Strain modifies 

the electronic properties of semiconductors, and if overcomes a certain limit it destroys the 

crystal structure. There are few cases when strain can be avoided. First, when well and 



barrier materials accidentally have the same lattice constant. This is the case for GaAs and 

GauxAlsAs for any concentration of Al. This coincidence explains why GaAs/(Ga,Al)As 

heterostructures can be easily grown with high quality and reproducibility and why most 

of the tuiuieling and other QW experiments have been accomplished on GaAs/(Ga,Al)As 

samples. Second, heterostructures can be grown without strain when the barrier and well 

materials are carefully chosen to have the same lattice constant. This technique applies to 

ternary and quaternary materials. For example, the ADQWs investigated in Chapter 3 

were grown with Gao.47Ino.53As wells and Alo.4gIno.52As barriers lattice matched to InP 

(lattice constant of 5.8688 A)." It is obvious that growth of these heterostructures is very 

complex, since any deviation in concentration of elements results in lattice constant 

mismatch with all consequent effects. When lattice matching cannot be achieved and strain 

is inevitable, the semiconductor heterostructure should be designed such that strain does 

not exceed some critical value, above which strain relaxes via dislocation generation. The 

trade-off which should be followed in heterostructure design is very simple: for a certain 

amount of strain controlled by lattice mismatch, the thickness of the strained layer should 

not exceed the critical value which can be easily calculated.'"* ZnSe/ZnCdSe ADQW 

investigated in Chapter 4 is not lattice matched and was designed with these 

considerations in mind. 

2.3 ADQW in external fiefds 

In tunneling experiments, tunneling time is usually measured as a function of 

barrier width and energy separation between the lowest carrier subbands in the NW and 
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the WW. The latter dependence is especially important to establish the tunneling 

mechanism. The energy separation between electron and hole subbands can be varied by 

using a series of ADQWs where the width of only one well is varied. This approach is 
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Figure 2-2 a) Schematic diagram of the conduction band and the electron wavefunctions 
of an electrically tuned ADQW. (b) Linear superpositions of the electron eigenfunctions 
corresponding to electron localization in different wells. 

impractical since it is very difBcult to ensure that all the other parameters are identical. 

Another way to achieve variable separation between carrier subbands is to apply an 

electric or magnetic field to the ADQWs. For example, by applying an electric field F 

perpendicular to the QW plane, band alignment changes as indicated in Fig 2-2 (a), and 

resonant conditions between carrier subbands can be achieved. In fact, this technique was 

used in RTD to achieve the resonant condition for electric current. To utilize electrical 

tuning, the ADQW structure should be embedded a p-i-n or n-i-n diode, so that an electric 

field can be applied across the intrinsic region. Both n and p doping are well developed for 



MBE grown m-V materials (GaAs and InP based semiconductors), and high quality 

diodes can be fabricated. For 11-VI materials (for example ZnSe) doping is less developed 

and electrically tuned ADQWs are rarely used. Instead, a very interesting technique 

utilizing magnetic field is employed for II-VI ADQWs. It relies on the giant Zeeman 

splitting in diluted magnetic semiconductors (DMS) such as ZnNfoSe and CdMnTe, which 

results from an exchange interaction between the free carriers and Mn^^ ions." In short, 

the magnetic field interacts with the uncompensated spin of Mn^"^ ions and changes the 

bandgap of DMS for a carrier in a specific spin state. Magnetically tuned ADQWs usually 

consist of wells grown with magnetic and non-magnetic materials surrounded by non

magnetic barriers. For example ADQWs employed by I. Lawrence et al}^ in tunneling 

experiments were grown with Cdo.88Zno.12Te barriers, CdTe NWs and Cdo.96Mno.04Te 

WWs. The application of a magnetic field applied to such structure affects the bandgap of 

the WW material only, thereby, changing the separation between the carrier subbands 

localized in different wells. This magnetically tuned separation between carrier subbands is 

spin dependent, thus, it provides an additional degree of freedom in tunneling experiments. 

Another great advantage of this technique is that the ADQWs remain at flat band 

conditions, and thermionic emission (over the top of the barrier), which causes many 

problems in experiments with electrically tuned ADQWs, can be avoided. The apparent 

disadvantage of magnetic tuning is that it requires very expensive equipment and 

consumes large quantities of liquid helium. 
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2.4 Coherent Tunneling 

Electron and hole tunneling in ADQWs can be divided into two major classes of 

tunneling processes. 

1) Coherent tunneling is a process where carrier subbands are in resonance and the 

tunneling time is shorter than the collision time. This process relies only on the coherence 

between carrier wavefunctions and does not require any scattering mechanism for carrier 

transfer from one well to another. 

2) Incoherent tunneling is a process which requires a scattering mechanism for carrier 

transitions. If the carrier subbands are not in resonance, tunneling is also called 

nonresonant. It is always implied that nonresonant tunneling is incoherent, since it requires 

a momentum-conserving scattering process. When the carrier subbands are in resonance, 

coherent or incoherent tunneling can take place, depending upon the collision rate. If 

collision the time is shorter than the coherent tunneling time, incoherent tunneling will 

dominate. Otherwise coherent tunneling will prevail. 

Now we focus our discussion on coherent tunneling. In order to understand this 

process, we need to consider the carrier wavefunctions of two carrier levels in an ADQW 

brought into resonance by one of the techniques outlined above. For simplicity, we assume 

that electrons are the carriers and that the ADQW is tuned by an electric field. The 

qualitative behavior of the electron wavefunctions corresponding to two energy levels 

tuned through resonance is shown in Fig. 2-2 (a). The electron wavefunctions become 

progressively more delocalized as the resonance approaches but the energy levels in the 

NW and the WW never cross, reflecting the fact that electron states are coupled through 
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the tunnel barrier (anti-crossing). Finite coupling of the electron states results in repulsion 

of the energy levels at resonance and almost even delocalization of electron wavefimctions 

between the two wells. The separation of the energy levels at resonance is a function of 

the coupling between the wells, and increases exponentially for thinner barriers. After the 

ADQW is tuned through resonance, electron wavefimctions again become localized 

mostly in the respective wells. 

If an ADQW with electron levels in resonance is excited by an ultrashort laser 

pulse whose spectrum is wider than the energy separation between the levels, a linear 

superposition of the electron wavefimctions is created 

the eigenfimctions of the narrow and wide wells, respectively. After excitation, each 

eigenflinction evolves according to Shrodinger equation 

where Enw are the electron energy levels in the NW and the WW, respectively. If the 

T(z,0)=aT^(z,0) + p^^(z,0). (2.1) 

where a and p are weight coefiBcients satisfying |ai^ +|pp = 1, *Pn(z,0) and 

^N/W 0 ~ *^N/W (ZjO) exp (2.2) 

excitation of both wells is even (a = p ), then the probability density 

P(z,t) = |>P(z.t)P is given by 

P(2,t) = \ ^(2.01' +K(z,t)f +2Re(>PKfet)-'F„(z,t))exp(-!^) , (2.3) 

where AE = |EN-Evy| is the splitting between the NW and the WW electron levels. 



Probability density (2.3) describes oscillations between two extreme distributions, 

+ and ^|4'„(z,t)-'Pw(z.0r. with a period of 

Superpositions |*Fj,(z,t) ± 'l'w(z,t)| correspond to electron localization in the NW or WW 

(see Fig 2-2 (b)). Therefore, we can say that the electron coherently tunnels from one well 

to another with a time constant of t, = / 2. At this point we should emphasize that 

coherent tunneling does not require any particular mechanism for electron transfer. An 

electron oscillates back and forth through the potential barrier only because the initial state 

is the "right" superposition of the electron eigenflinctions which evolve according to the 

Shrodinger equation. If the electron were excited in one of the pure eigenstates 

T^(z,t) or *P^y(z,t) it would stay there forever, in the absence of external perturbations. 

In this case no tunneling would be observed. 

Coherent tunneling has been observed in a number of all-optical experiments. Leo 

et al}^ have performed subpicosecond pump-and-probe transmission and transient four 

wave mixing (FWM) experiments with a GaAs/(Ga,Al)As ADQW tuned to resonance by 

an electric field. The laser (pump and probe) was tuned to excite the heavy-hole exciton 

absorption resonances of the WW and the NW. The bandwidth of the laser was 

approximately 4 meV to encompass both NW and WW resonances. The differential 

transmission of the probe and the FWM signal showed the oscillatory behavior expected 

for coherent oscillations. The period of the observed oscillations, 0.8 ps, corresponded to 

the energy separation of 4.8 meV between the exciton absorption resonances measured in 

the linear absorption spectrum,^" thus proving the coherent nature of these oscillations. 
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An electron coherently oscillating between two wells results in a dipole oscillating 

at terahertz frequencies, with the size of the dipole equal to the displacement of the 

electron with respect to the localized hole. Therefore, it can emit coherent sub-millimeter 

wave radiation. Roskos et al}^ were able to detect this radiation from an electrically 

tuned GaAs/(Ga,Al)As ADQW sample excited by 200 fs pulses from a passively 

modelocked TiiSapphire laser. The sample was held in a cryostat at 10 K since the decay 

of sub-millimeter radiation is controlled by the coherence time, which is very short even at 

low temperatures. The detection scheme included two parabolic mirrors focusing coherent 

terahertz radiation from the surface of the ADQW onto a 50 micron wide 

photoconductive antenna with a bandwidth of approximately 1.5 THz.^ The sub-

millimeter wave radiation detected by this setup had maximum power when the electron 

levels of the ADQW sample were tuned into resonance. The decay time of the signal 

obviously corresponds to the dephasing time of the electron-hole dipole, and was 

measured to be 3.5 ps, which agreed with the results of the FWM experiment. Emission of 

sub-millimeter radiation initiated by femtosecond laser pulses presents not only one more 

direct proof of coherent tunneling m ADQWs, but also a novel technique employed in the 

intensively developing terahertz imaging. This novel technology, having proved to be very 

useful in imaging of biological, semiconductor, and other objects, operates b the sub-

millimeter wave region which was previously diflScuh to access using conventional 

technologies.^ 
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2.5 Incoherent Tunneling 

Incoherent tunneling, unlike its coherent counterpart, requires some scattering 

mechanism to initiate electron transfer from one well to another. It is a very rich 

phenomenon since a variety of scattering processes is available in semiconductors. 

Figure 2-3 Schematic diagram of incoherent electron tunneling from the NW to the WW 
in the approximation of parabolic dispersion. Eckw designate electron confinement 
energies and V, is the scattering potential. 

The most important scattering processes are optical and acoustic phonon, impurity, defect, 

and alloy scattering, and interface roughness. It should be pointed out that incoherent 

tunneling is conceptually different from coherent tunneling and cannot be considered as 
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the sequence of resonant tunneling followed by a scattering event.^ ilather, incoherent 

tunneling should be considered as a single event. The commonly accepted approach to 

calculate incoherent tunneling times is based on Fermi Golden Rule^ 

f = ETh'i'iMf,>|'s(E,-E,-AE), (2.4) 

where Ej,*?; andEf.^f are the energies and the wavefiinctions of the initial and final 

states, respectively, AE is the energy loss in the scattering process, and the summation is 

done over all final states satisfying energy conservation (6-function in (2.4)). These states 

are marked by a dashed line in Fig. 2-3, which schematically explains the scattering 

process in the approximation of parabolic bands. This diagram applies very well to 

electrons since the parabolic approximation is valid for a large range of electron momenta. 

For light and heavy holes, however, dispersion surfaces are very complex due to 

bandmixing. Moreover, hole wavefiinctions become four component spinors. This 

significantly complicates calculation of hole tunneling rates. A detailed discussion of 

computational techniques of hole tunneling times will be given in Chapter 3. 

In general, incoherent tunneling is very complex, since different scattering 

mechanisms may contribute to the experimentally observed tunneling rate and it is very 

difScult to distinguish between them. Fortunately, there is a special case, when one 

scattering mechanism dominates. This mechanism is the emission of a longitudinal optical 

(LO) phonon controlled by Frohlich interaction." Another term for this process is LO-

phonon assisted tunneling. The energy of the LO phonon in GaAs is about 36 meV and its 

dispersion is almost flat at zero momentum (F -point). Electron-LO-phonon scattering is 
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strong in m-V materials, and even stronger in wide gap II-VI semiconductors since they 

are more polar. LO phonon scattering is a limiting factor for the electron and hole 

mobilities at room temperature ui binary semiconductors. 
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Figure 2-4 (a) Band structure of the modified ADQW, and (b) calculated tunneling times 
for important GaAs/(Ga,AI)As scattering mechanisms.(fi'om S. Muto et al?^) 

Tunneling times as a function of barrier width have been calculated for a structure similar 

to the ADQW (see Fig. 2-4(a)). In this GaAs/(Ga,Al)As structure, LO-phonon assisted 

electron tunneling is allowed since the separation between electron subbands in the NW 

and the WW is larger than the LO phonon energy. Several interesting features can be seen 

in these data. First, tunneling times have an exponential dependence on the barrier width 

for any scattering mechanism. Second, the LO phonon assisted tunneling is almost an 

order of magnitude faster than its closest competitor - acoustic phonon scattering. 
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Figure 2-5 The measured dependence of the decay time (marked with crosses) of the WW 
luminescence for GaAs/(Ga,AI)As 100/50/63 ADQWs as a function of the applied electric 
field. The separation AE between the lowest electron subbands in the NW and the WW is 
shown on the scale at the top. The solid dots are the results of theoretical calculations, 
(from Oberli et al̂ ) 

Alloy scattering in the given structure is much slower than acoustic phonon scattering, 

since the well material is binary GaAs. The opposite can happen for ternary well materials. 

LO phonon scattering however, if allowed, is always the dominant scattering mechanism. 

This very important fact has been experimentally verified by Oberli et al?  ̂ The 

experiment was performed on an electrically tuned GaAs/(Ga,AI)As ADQW with the WW 

on the left (see inset in Fig. 2-5). In this experiment, the decay of photoluminescence fi-om 

the WW as a fiinction of applied electric field was measured by the upconversion 



technique.^ The decay time increases slightly with electric field at low fields but then 

drops abruptly, goes through minimum, and then increases gradually. The abrupt drop in 

the tunneling time occurs at a field at which the energy separation approaches the LO 

phonon energy. This leads to the conclusion that LO phonon assisted tunneling is 

considerably faster than impurity, defect, alloy, and acoustic phonon assisted tunneling. 

The tunneling times for the conditions of the experiment have been calculated using 

Monte-Carlo simulations by Lary and Goodnick^' (dashed line in Fig. 2-5). They are in 

satisfactory agreement with experimentally observed decay times. 

If the separation between electron subbands is smaller than the LO phonon energy 

several scattering mechanisms can result in comparable tunneling rates. All of them 

accelerate when electron levels are brought into resonance. Oberli et al?^ measured the 

tunneling rates at resonance. The schematic of the experiment is shown in the inset of Fig. 

2-6. The decay times of the NW PL dominated by tunneling were measured as a function 

of electric field applied to the GaAs/(Ga,Al)As ADQW. As the field increases, the 

tunneling time shows a sharp decrease, followed by a broad minimum, and then an 

increase. This non-monotonic behavior directly shows the resonant nature of tunneling 

rates at resonance. This behavior can be explained by the fact that electron wavefunctions 

are strongly delocalized at resonance (see inset in Fig. 2-6), and this resonant 

delocalization results in large values of the matrix element in (2.4) and short tunneling 

times. 

Hole tunneling has been a controversial and much less studied subject. There are 

several reasons for this. First, electron tunneling was employed in RTD and similar devices 
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and hole transport was not an important issue for these devices. Thus, the majority of 

research efforts was focused on electron tunneling. Second, as we mentioned before, the 
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Figure 2-6 Electron tunneling times from the NW to the WW in a 63/50/88 
GaAs/(Ga,AI)As ADQW as a function of applied electric field, (from Oberli et 
al") 

dispersion of hole subbands is far more complex than that of electron. Since hole masses 

are larger than the electron masses and the valence band offsets in most common 

semiconductor heterostructures are smaller than the conduction band offsets, the 

separation between the hole subbands never exceeds the LO phonon energy. Therefore, 

fast LO-phonon assisted tunneling is not available for holes. Moreover, hole 

wavefunctions are more localized due to their larger effective masses. As a result, hole 

tunneling times are normally longer than that of electrons.^' 
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Figure 2-7 (a) Schematic diagram of the hole tunneling experiment and (b) measured 
decay time of the WW PL in the 63/50/90 GaAs/(Ga,AI)As ADQW as a function of the 
applied electric field. The top of the figure shows the energies of the NW and WW hole 
subbands with the center of the WW taken as the zero of the electrostatic potential.(fi-om 
Leo et al}*) 

The first prediction that hole tunneling may be very fast was given by R. Ferreira 

and G. Bastard.^^^ They showed theoretically that the rates of defect-assisted hole 

tunneling in electrically biased ADQW are considerably increased by the valence band 

mixing over the values obtained in the parabolic approximation. In their theoretical 

analysis they considered asymmetric and symmetric double quantum wells in which the 

heavy- and light-hole subbands are brought into resonance by an electric field. They 

predicted that at resonance the hole tunneling rate is dramatically increased because the 

wavefiinctions used in (2.4) become strongly delocalized in the same manner as the 



electron wavefunctions (see Fig. 2-2). 

The first experimental study of hole tunneling was performed by Leo et alJ  ̂ ui the 

experiment depicted in Fig 2-7 (a). In this experiment the decay of the WW PL was 

measured as a fijnction of the applied field. For low fields, the decay time remains close to 

the expected recombination time for the WW. The ener^es of the hole subbands in the 

NW with respect to the first heavy-hole subband in the WW are shown m the upper part 

of Fig. 2-7 (b). We can see that when the second heavy-hole subband (HH2') is in 

resonance with the lowest heavy hole subband in the WW (HHi), a sharp decrease (point 

b in Fig. 2-7(b)) of the PL decay time occurs, as was predicted by R, Ferreira and G. 

Bastard.^^ However, contrary to predictions, the (HHi)-(LHi') resonance which should 

have occurred at an electric field of approximately 30 IcV/cm (point a in Fig.2-7) was not 

seen in this experiment. The absence of this resonance was explained by small bandmixing 

between heavy- and light-hole subbands. Later, however, the HH-LH resonance was 

observed in a similar experiment by T. B. Norris et If we disregard this inconsistency, 

we can conclude that hole tunneling may be accelerated by resonances between hole 

subbands in diSerent wells. 

Another interesting observation was reported by Ph. Roussignol et al?  ̂ They 

investigated tunneling times in a set of unbiased GaAs/(Ga,Al)As ADQWs. Since the 

ADQWs were not electrically tuned, no resonances could be artificially created. However, 

it was concluded fi-om the measurements that hole subbands can be in resonance even 

Avithout an external field. Those resonances can occur between the HH and LH subbands 

localized in different wells. The origin of these resonances is the different curvature 
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(different effective masses) of the HH and LH subbands. At a certain momentum the 

dispersion surfaces could cross if wells were completely decoupled. Finite barrier width 

and band mixing resdt in anti-crossing behavior of the dispersion surfaces and strong 

delocalization of hole waveflinctions. Thus, the tunneling rate increases dramatically at the 

crossing point. We should emphasize that this resonant mechanism cannot be realized for 

electrons since all electron subbands have the same curvature. In the next chapter we show 

experimentally and theoretically that band mixing, even without resonances, can create 

strong delocalization of the hole waveflinctions and result in very high tunneling rates. 

2.6 Summary 

In this chapter we reviewed tunneling phenomena observed in GaAs/(Ga,Al)As 

ADQWs. The most important facts are summarized below. 

1) ADQWs represent a very convenient system to investigate carrier tunneling in 

semiconductor materials. In the majority of tunneling experiments, tunneling time in 

electrically and magnetically tuned ADQWs is measured as a function of energy separation 

between carrier levels. 

2) Coherent tunneling is a process where carrier subbands are in resonance and tunneling 

time is shorter than collision time. This process relies only on the coherence between 

carrier waveflinctions and does not require any scattering mechanism. 

3) Incoherent tunneling is a process which requires a scattering mechanism for carrier 

transition and there is a variety of them in semiconductor heterostructures. 

4) LO phonon assisted tunneling if available, is considerably faster than impurity, defect. 
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alloy, and acoustic phonon assisted tunneling. It is usually available (depending on 

structure design) for electrons only. 

S) Hole tunneling is normally very slow because of the larger hole effective mass and a 

lack of fast LO phonon scattering. However, &st hole tunneling may occur if there are 

resonances between hole subbands due to the presence of an electric field or due to the 

mixing of HH and LH subbands localized in different wells. 
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3. ULTRAFAST ELECTRON AND HOLE TUNNELING IN 
(GaJn)As/(AI,ln)AS ADQWs 

3.1 Experiment 

In this chapter we present a systematic study of carrier tunneling in asymmetric 

double quantum wells (ADQWs) fabricated with (Ga,In)As (well) and (Al,In)As (barrier) 

ternary semiconductors lattice matched to InP. Considerable attention will be given to the 

hole tunneling, since it is not as well understood as electron tunneling. From the review of 

experimental and theoretical results given in previous chapters we can conclude that the 

majority of tunneling experiments have been carried out in electrically tuned 

(Ga,Al)As/GaAs ADQWs. In these experiments, tunneling time was measured as a 

function of carrier subband separation. It was established that hole tunneling accelerates 

dramatically when resonances occur between heavy-hole (HH) subbands in the presence of 

electric fields or between the HH and light-hole (LH) subbands. 

We performed conceptually new experiments where the momenta of excited 

carriers were varied. The idea behind these experiments is very simple. Since band mbdng 

affects mostly the valence band and modifies hole states with large momenta, tunneling of 

holes is expected to be dependent on their momenta. Indeed, the results of our 

experiments provide unambiguous experimental evidence for the dramatic dependence of 

hole tunneling rate on in-plane momentum.^^"^* Holes generated with zero momentum (at 

the r-point) tunnel on hundred picosecond time scales, whereas holes excited with 

large excess energy tunnel on subpicosecond time scales. To arrive at this conclusion we 



compared the results of two tunneling experiments where holes were generated with 

significantly different excess energies. Our results clearly show that hole tunneling times 

change by over three orders of magnitude with the variation of the hole in-plane hole 

momentum. 

There are several reasons why we used the (Ga,In)As/(Al,In)As material system. 

First, (Ga,In)As/(Al,In)As high quality QWs can be grown lattice matched to InP by 

MBE.^9.40 jq achieve lattice matching, the compositions of the ternary semiconductors 

should be Gao.47Ino.53As for the well material and Alo.48lno.52As for the barrier material. It 

is important to note that these materials do not contain phosphorus which was not 

available for MBE growth until recently.^' Second, (Ga,In)As/(Al,In)As QWs lattice 

matched to InP provide the largest possible confinement for electrons and holes^ and 

therefore allow hole excitation with very high in-plane momentum. The difference in the 

bandgaps of well and barrier materials is 0.747 eV, whereas it is only 0.37 eV in 

commonly used GaAs/Gao.7AlojAs QWs. Therefore, (Ga,In)As/(AI,In)As ADQWs are 

ideal for our experiment. And third, (Ga,In)As/(Al,In)As ADQWs have been rarely used 

for tunneling studies despite the fact that this is a technologically important material 

system. (Ga,In)As/(Al,In)As quantum wells are compatible with 1.3 nm and 1.55 nm 

communication wavelengths. For example, large excitonic nonlinearities of (Ga,In)As/ 

(Al,In)As QWs have been demonstrated^^^^ which were later utilized in a very high 

contrast all-optical modulator for 1.3 nm.*" (Ga,In)As/(Al,In)As QWs are widely used in 

microwave solid-state electronics devices, e.g., in high bandwidth heterojunction field 
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effect transistors (HFET)/^ The success of this material in HFET technology also relies on 

the strong carrier confinement and consequently high density of modulation doping which 

can be achieved in (Ga,In)As/(Al,In)As QWs.' And finally, (Ga,In)As/(AJ,In)As was the 

material of choice for the recently demonstrated quantum cascade laser.^ Lasing action in 

this laser is obtained on intersubband transition. It is interesting to note, that electrons are 

injected in the active region of the laser and removed by the tuimeling process. 

3.1.1 ADQW fabrication and characterization 

We investigated structures which were grown lattice-matched on semi-insulating 

(100) InP substrates by MBE. Each structure consisted of 30 periods of 40 A 

Gao.47Ino.53As narrow well/ Lb A Alo.48lno.52As tunnel barrier/ 60 A Gao.47Ino.53As wide 

well/ 150 A Alo.4gIno.52 As barrier, where Lb is the thickness of the tunnel barrier. Three 

samples were studied with barrier widths of Lb=27, 37 and 100 A, denoted later as 

40/Lb/60. The samples were of high quality as indicated by low temperature linear 

absorption and photolummescence (PL) measurements. These optical characteristics are 

shown in Fig. 3-1(a) for the sample 40/27/60 and they are almost identical to linear 

absorption and PL of sample 40/37/60 (not shown). The widths of the narrow and vwde 

wells were designed such that at 77 K the narrow and wide well excitonic absorption 

peaks were at 1230 and 1340 nm, respectively, and at room temperature they shifted to 

1308 nm and 1440 nm (see Fig. 3-l(b)). PL excited in 40/27/60 and 40/37/60 samples 

with a Ti; Sapphire laser (excitation wavelength 850 nm) at low temperature (77K) 

originates fi-om carrier recombination in the wide well. It is important to note that there is 
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no NW PL in these samples even though the carrier density was relatively high, i.e., 10'^ 

cm*^. In contrast, PL excited at room temperature is very broad and originates from both 

the narrow and wide wells. These features of the PL spectra reflect the carrier kinetics in 

these structures and will be discussed later. 

(a) T=77K (b) T-300K 

1.00 
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I 
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1400 1200 1300 1S00 1200 1300 1400 1500 

Wavelength (nm) 

Figure 3-1 Linear absorption (solid line) and photoluminescence (dash line) spectra for 
sample 40/27/60 at (a) 77 K and (b) 300 K. The carrier density in the photoluminescence 
measurements was 10"cm'^. 

3.1.2 Experimental setups 

We employed nondegenerate and degenerate pump-probe techniques to 

demonstrate the strong dependence of the hole tunneling rate on initial in-plane 

momentum. The nondegenerate pump-probe setup allowed the generation of holes in the 

NW with very large excess energy and the observation of the subsequent relaxation 

dynamics, whereas in the degenerate setup holes are excited with zero momentum. Our 

study utilizes time resolved transmission pump-probe techniques to investigate carrier 

kinetics in ADQWs. In most previous studies, time-resolved PL was employed. In time-
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resolved PL, the product fe(E,Te)fh(E,T,,) at a certain energy E is measured, where 

f^(E,Tg), Tj and f,,(E,T,,), T,, are the Fermi distributions and temperatures of electrons 

and holes, respectively. Hence, if one type of carrier is absent the total signal is zero 

despite the existence of the other carrier. In transmission techniques, l-fj(E,Tj)-

f^(E,T^) is measured and the presence of only one type of carrier can be detected. 

780-920 mn 

Delay Line 

+ 0). Chopper 
PMT 

Sample LilO 

G>i Cryostat 
Lock-in 

Mono-
chrometer 

KLM 
TiiSapphire laser Argon Laser 

CnForsterite Laser 
1210-1320 nm Nd: YAG Laser 

Figure 3-2 Schematic diagram of the nondegenerate, tunable femtosecond pump-probe 
setup. 

Both nondegenerate and degenerate pump-probe setups were developed to 

investigate carrier kinetics in ADQWs at different excitation conditions. The 

nondegenerate system (pump photons have higher energy than probe photons), shown in 

Fig. 3-2, consisted of a Kerr Lens Modelocked (BCLM) Ti.Sapphire laser which generated 



a 100 MHz train of 120 fs pulses tunable between 780 nm and 910 nm. This laser was 

used to pump the ADQW samples and to time resolve the probe transmission. A CW 

CrrForsterite laser provided a probe tunable between 1220 nm and 1320 nm. Time 

resolution of 220 fs was achieved by coUinearly mixing the transmitted probe with the 

reference pulses from the Ti: Sapphire laser in a 2 mm thick LiI03 crystal. The temporal 

resolution was limited by the group velocity mismatch between the reference and probe 

signals in the nonlinear crystal. The upconverted signal was filtered with a 1/4-meter 

monochromator and detected by a photomultiplier tube. The pump beam was chopped to 

measure the pump induced probe transmission changes using lock-in detection. Since the 

CriForsterite laser is tunable over a wide spectral range, both low and room temperature 

tunneling can be observed using this setup. In our nondegenerate system the energy of the 

pump photon was high (Epu„p = 1.459eV) in comparison to the energy of the first NW 

transition (Ej^ = l.OOSeV). Thus, the photogenerated carriers had very high excess 

energy and in-plane momenta. 

Degenerate pump-probe was employed to investigate tunneling of carriers 

generated with zero excess energy.^' Optical pulses for the pump and probe were 

generated fi-om a KLM CriForsterite laser which produced 180 fs optical pulses at 95 

MHz repetition rate. The laser was tuned to the NW HH exciton absorption resonance, 

thus carriers excited in the NW had zero in-plane momentum and the tunneling dynamics 

could be monitored using probe pulses generated fi-om the same laser. The degenerate 

experiments were carried out in a collinear geometry using orthogonal polarizations of the 
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pump and probe beams. The pump pulse was delayed, chopped, and after propagating 

through the sample, blocked by a polarizer. The transmitted probe was measured using 

lock-in detection, allowing the direct observation of pump-induced probe transmission 

Fiber/grating compressor 
Used with Nd'YAG laser only 

PBS 

TV Camera 

ADQW sample 

PBS 

Probe only Cryostat 

To Detectors 
OMAetc. 

Mode-locked CriForsterite or 
1.3 ^mNdiYAG 

Figure 3-3 Schematic diagram of the degenerate experimental setup based on either 
passively mode-locked CriForsterite laser or actively modelocked Nd:YAG laser with 
fiber/grating pulse compressor. PBS-polarization beam splitter, OMA-optical multichannel 
analyzer. 

changes. Our Cr;Forsterite laser could not achieve the same tunability in KLM operation 

mode as in CW mode because of poor crystal quality. The tunability range of the KLM 

CriForsterite laser where stable modelocking could be achieved was only from 1240 nm to 

1270 nm. Obviously, it was not wide enough to observe room temperature tunneling. To 

overcome this problem for room temperature tunneling experiments we replaced the KLM 

Cr.Forsterite with an actively mode-locked, commercial NdrYLF laser (X, = 1315nm) 
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which produced 70 ps pulses at 100 MHz repetition rate. The mode-locked pulses were 

compressed to 1.5 ps in duration by an external fiber/grating compressor (see Fig.3-3). 

Otherwise the experimental setup was the same. 

HR 

Ih -\— 
Birefringent tuner 

Pump beam 
Argon ion or 
Nd:YAG laser 

M2 
Laser Crystal 
Ti:Sapphire or 
Cr:Forsterite 

S2 

OC 

Figure 3-4 Schematic diagram of the Kerr Lens Modelocked Ti. Sapphire or CrrForsterite 
laser. CW modification of the cavity is shown with the dashed line. Ml-2 concave 
(R=10cm) spherical mirrors, PI-2 prisms for intracavity group velocity compensation, OC 
output coupler, HR high reflector,SI-2 slits and MF removable folding mirror. 

Modelocked Ti: Sapphire and Cr:Forsterite lasers have similar designs and their 

schematic is shown in Fig. 3-4. Both lasers employ vibronically broadened optical 

transitions of ions (Ti^^ and Cr^^ in high optical quality crystal hosts (Sapphire-Al203 and 

Forsterite-Mg2Si04). The Ti; Sapphire laser was pumped with an Argon ion laser 

(Coherent Innova 310) and the CrrForsterite laser was pumped with a Spectra-Physics 

Nd. YAG laser (pump wavelength 1064 nm). The lasers consist of standard, astigmatically 

compensated Z-cavities which were folded for compactness. Dispersion compensation is 



obtained by the two prisms PI and P2 (SF-14 for TirSapphire and SF-10 for CrrForsterite) 

inserted in the laser cavity and separated by optimum distance. The laser mode was 

focused by curved mirrors Ml and M2 (R=10cm) into the Ti:Sapphire (20 mm long) and 

CrrForsterite (10 mm) laser crystals which were cut at Brewster angle to minimize 

reflection from the facets. The wavelength of the lasers were controlled by the slit SI 

placed near the high reflector (HR). An additional adjustable slit S2 was positioned near 

the output coupler (OC) to facilitate stable modelocking. For CW operation of the 

CrrForsterite laser, dispersion compensation is not required and the laser cavity was 

simplified by removing the folding mirror and pair of prisms (see dashed line in Fig. 3-4). 

In this case, the laser was tuned by a birefiingent filter placed near the high reflector. 

In both lasers KLM was achieved.'*''"** There are two distinguishable mechanisms in 

iCLM - soft- and hard-aperture modelocking.*' Soft-aperture BCLM relies on the variation 

of the overlap between the laser mode and the focused pump beam in the gain medium 

with peak intracavity power. If a femtosecond pulse is created in the cavity it results in a 

very high peak intracavity power and self focusing in the laser crystal. Consequently better 

overlap of the laser mode with the pump beam and higher gain can be achieved in the 

mode-locked regime. This mechanism, if strong enough, results in modelocking and is 

usually used at low to intermediate pump powers. Hard aperture (CLM relies on self 

focusing of the femtosecond pulse in the laser crystal and the variation of the mode size at 

the output coupler.^® In this case an adjustable slit is necessary to achieve modelocking. 

The width of the slit and alignment of the cavity are chosen such that the laser mode 

corresponding to mode-locking has low losses at the slit near the output coupler (simply 



speaking the laser mode becomes smaller and fits better in the slit). These hard aperture 

losses can result in mode'locking and this technique is normally used at high pump 

powers. In our lasers soft-aperture mechanism was dominant, however, hard aperture was 

employed to facilitate stable modelocking. 

Self focusing, which is the key mechanism of KLM, is controlled by very fast laser 

crystal nonlinearity and gain or loss modulation are essentially instantaneous with the 

variation of the peak intracavity power. Therefore, KLM is superior to conventional 

saturable absorbers based on organic dyes with picosecond recovering time. The 

tremendous success of KLM is based on its simplicity and very high pulse to pulse 

stability, since it does not require any fast saturable absorber in the form of a free flowing 

dye jet. The drawback of KLM, however, is extremely high sensitivity to the proper cavity 

alignment which in many cases is achieved intuitively rather than logically. 

3.1.3 Experimental Results 

In this section we discuss tunneling kinetics experimentally measured in ADQWs 

at low temperature. First, we consider tunneling of carriers excited with large in-plane 

momenta (see inset in Fig. 3-5). The probe in the nondegenerate system was tuned to the 

NW heavy-hole exciton absorption resonance, and the time resolved transmission for 

samples 40/27/60 and 40/37/60 was recorded at different carrier densities (see Fig. 3-5). 

The initial rise in the differential transmission shows the relaxation of photogenerated 

carriers to the bottom of the NW. The subsequent decay is due to tunneling of carriers 

from the NW to the WW. The decay is longer for sample 40/37/60 which is consistent 



56 

Pump Probe 

O.IJ (b) 40/37/60 (a) 40/27/60 

0.10 

o.o(r 

Time Delay (ps) 

Figure 3-5 Time resolved differential transmission data recorded in the nondegenerate 
experiment (carriers excited with large excess energy) for samples (a) 40/27/60 and (b) 
40/37/60 at carrier densities of 1.4x10", 5.6xl0'\ l.lxlO'^, and 2.3x10'^ cm'^ The inset 
schematically shows pump and probe photon energies. 

with carrier tunneling. To verify that the fast component of the decay is associated with 

tunneling from the NW to the WW, the probe was tuned to the continuum of the WW. 

The WW continuum absorption dynamics show that the carriers indeed tunnel from the 

NW to the WW resulting in the additional bleaching of the WW continuum absorption. 

There are two striking features in the data shown in Fig. 3-5. The first is the fast 

and full recovery of the transmission at the lowest carrier density with a time constant of 

2.4 ps for sample 40/27/60 and 11.5 ps for sample 40/37/60. The transmission fiilly 

recovers with a single time constant despite the fact that the probe wavelength was tuned 

to the heavy hole exciton absorption peak. Since the upconversion technique measures 1-
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fj(E,Tj)-f^(E,Th), fiill recovery indicates the absence of both electrons and holes. The 

second feature is the appearance of a long-lasting component at high carrier densities 

which is due to bandfilling of the WW. 
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Figure 3-6 (a) Linear absorption (solid line) and photoluminescence (dashed line) spectra 
for sample 40/100/60 at liquid nitrogen temperatures and (b) time resolved differential 
transmission data recorded in the nondegenerate experiment at carrier densities of 
1.4x10", 5.6x10", l.lxlO'^ and 2.3x10'^ cm'l 

Fig. 3-6 shows the linear absorption spectrum, PL (a) and time resolved NW 

heavy-hole absorption (b) for the reference sample 40/100/60, where the NW and WW are 

completely decoupled. No recovery of the differential transmission signal was observed. 

Moreover, the PL originates from both NW and WW providing one more evidence that 

the wells are completely decoupled. 

Second, we investigated tunneling of carriers with zero excess energy using the 

degenerate pump/probe setup. The KLM CrrForsterite laser was tuned to the NW heavy 

hole exciton absorption resonance of the samples 40/27/60 and 40/37/60 which were kept 
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Figure 3-7 Time resolved dififerential transmission data recorded in the degenerate 
experiment (carriers excited with zero momenta) for samples (a) 40/27/60 and (b) 
40/37/60 at carrier densities of 1.5xlO'°, 3x10'°, 6xl0'°, 1.2xl0" and 2.23x10" cm'^ T^e 
inset schematically shows pump and probe photon energies. 

in the cryostat at 150 K. Dififerential transmission of the NW HH absorption resonance at 

different carrier densities is shown in Fig. 3-7. Several important features can be seen in 

these data. First, the recovery of NW HH exciton absorption at low carrier density occurs 

with the same time constants as in the nondegenerate experiment. Clearly, the absorption 

recovery in the degenerate experiment is controlled by the same mechanism as in the 

nondegenerate experiment. The second feature is the long-lasting component present at 

any carrier density. We verified the existence of the long-lasting component even at lower 

carrier densities by reducing the pump power aknost to the sensitivity limit of our setup. 



59 

This was necessary to ensure that bandfilling and space-charge effect were negligible. 

Obviously, the long-lasting component is due to the NW hole population which does not 

have a &st LO-phonon assisted tunneling mechanism since the separation between HH 

subbands in the NW and WW is approximately 14 meV. 

At higher excitation densities the measured differential transmission signal acquires 

a very fast component. This is due to the dynamic Stark effect and was also observed in 

the 40/100/60 ADQW structure and is not related to carrier tunneling. It is not seen in our 

nondegenerate data since the central frequency of the excitation pulse is significantly 

detuned from the NW HH exciton absorption resonance. 

Summarizing, we measured the recovery of the NW HH exciton absorption which 

is controlled by carrier tunneling from NW to WW at significantly different excitation 

conditions. The most important result is that at low carrier densities the differential 

transmission signal recovers completely when carriers are excited with high in-plane 

momenta, whereas there is no complete recovery when carriers are excited at 

theP-point. In both cases, fast components show monoexponential decay with time 

constants of 2.4 ps for sample 40/27/60 and 11.5 ps for sample 40/37/60. 

3.2 Electron Tunneling 

3.2.1 Electron LO-phonon assisted tunneling rate calculations 

To understand the kinetics observed at low temperature and low carrier density we 

first considered the fastest electron tunneling mechanism, assumed to be LO phonon 

emission, since the difference between the lowest electron subbands in NW and WW was 
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larger than the LO phonon energy (ft© lo = 332 meV for Gao.47lnoj3As). We treated the 

tunneling process as a transition caused by LO phonon emission from an initial state 

(electron localized in the NW) to a final state (electron localized in WW). Since the 

tunneling kinetics are not significantly affected by excitonic efifects in m-V ADQWs, we 

have neglected the Coulomb interaction between electrons and holes in the following 

calculations/" Electron tunneling times were calculated using the Fermi Golden Rule 

(2.4), with the electron envelope wavefunctions describing an electron confined in the z 

(growth) du-ection and fireely moving in the QW plane (p ) 

TO = ;^exp(ii^Xk(z). (31) 

and the Frohlich electron-phonon mteraction potential 

Vlo (r, q) = C(q)a, ^exp(-i^) + C*(q)a, exp(i^, (3.2a) 

where a,^ and a, are the creation and annihilation operators for a LO phonon with the 

wave vector q, and |C(0p is the Frohlich coupling constant defined as^' 

where 0 's the angular frequency of the LO phonon, e is the electron charge, 60 and 

are the static and dynamic dielectric constants of the crystal, V and S are the volume 

and area of the sample, respectively. Under the assumption of low carrier density and 

parabolic electron subbands, the LO phonon assisted electron tunneling rate is given by:'^ 



61 

1 m*,e'(OLo ^ 1 1 ̂  

Tk.LO V^co EQ-' 
iji(Q)de, (3.3) 
2t 0 

and 

I(Q) = ̂  J|Xk(z)Xk(z)exp(-Q|2 - z1)Xic (z')Xk- (z')d2dz'. 

(3.4) 

In Eq's. (3.3) and (3.4), m*e is the electron effective mass, Q = (k^ +k'^-2kk' cos(0))"^ 

is the magnitude of the in-plane momentum change, 0 -is the angle between the initial k 

and final k' momenta, Xk(z) and Xk (z) are the initial and final electron envelope 

wavefijnctions in the growth direction. Initial and final momenta (k and k') in the 

scattering process satisfy the energy conservation law 

where Hi and Ef are electron confinement energies corresponding to the initial and final 

states. The summation over the all available final states in Eq. (3.3) is reduced to the 

integration over the angle 6 between the initial and final momenta since the absolute value 

of final momentum k' is fixed by Eq. (3.5), In the next section we outline the calculation of 

confinement energies and their wavefiinctions which is necessary to complete the electron 

tunneling rate calculations. 

3.2.2 Confinement energies and wavefunction calculations 

The electron and hole confinement energies and envelope wavefiinctions in the 
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growth direction were found from the solution of the one-dimensional Schrodinger 

equation for the potential U(z) determined by the ADQW structure (see Fig.2-1) 

(d^ 2m*: . 
[^+-i;r^(E-U(z))Jx(2) = o. (3.6) 

where m*j is the effective carrier mass in well or barrier material and E is the confinement 

energy. The transfer matrix algorithm was employed to solve this equation." The 

wavefunction in the j layer (well or barrier) assumed to be of the form 

X j(z) = Aj exp(ikjZ) + exp(-ik: jz), (3.7) 

where 

2m^(E-U.) 
^ ' (3.8) 

and Uj is the constant potential in each layer. The wavefiinctions %j(z) satisfy the 

following boundary conditions 

Xj(z = Zj) = x^,(z = Zj) (3.9a) 

1 fax,(z=z,)^ 1 rax,(z=z^)>|  

m*jA dz J m%, V az ; 

at each interface Zj. The transfer matrix algorithm works as follows: Eq's. (3.6)-(3.9) 

define A„ and Bn in the very right barrier 0=n) of the whole structure as a function of 

energy E, and Ao and Bo in the very left barrier (j=0). Eigenstates correspond to the 

energy E when the wavefunction (3.7) exponentially decays in the left and right barriers 

(Ao=Bn=0). Thus, zeros of the function Bb(E) define the confinement energies of the 

heterostructure. This algorithm is very general and can be applied to any heterostructure 
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with the potential approximated by rectangular steps. It is important to note that it solves 

the one-dimensional Schrddinger equation in the whole structure without any 

approximation. 

The transfer matrix technique was applied to our ADQWs (n=4). The set of 

parameters used for the calculation of electron and hole waveiunctions is shown in Table 

3.1. 

Eg(eV)@5K Eg(eV) @ 300K mVmo m*hh/mo m*ih/mo 

G3o.47lno.53^ 0.813 0.736 0.041 0.377 0.0516 

Alo.48l'V).52As 1.51 1.483 0.075 0.57 0.085 

Table 3-1 Parameters of ternary (Gfa,In)As and (Al,In)As lattice matched to InP. 

3.2.3 Discussion 

First, we compared the results of our calculations wth the experimental data to 

ensure the proper functioning of the numerical procedures. We calculated the energies of 

the excitonic transitions in the NW and WW of our samples and compared Avith those 

measured in the linear absorption spectrum. The agreement was very good. We also 

computed confinement energies in GaAs/(Ga,Al)As and (Zn,Cd)Se/ZnSe QWs and 

ADQW (see Chapter 4) and always had satisfactory agreement with experimental data. 

We calculated electron tunneling times for samples 40/27/60 and 40/37/60 to be 

2.4 and 10.5 ps, respectively. In these calculations we used the material parameters shown 

in Table 3-1, ^cDlo =33meV, = 13..9, and s„ = 11.4. Calculated times are in good 

agreement with the measured times at low carrier density in the degenerate and 
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nondegenerate experiments. Thus we conclude that the differential transmission recovers 

with a single time constant equal to the electron tunneling time controlled by LO phonon 

emission. Moreover, since the recovery time is the same in the degenerate and 

nondegenerate experiments, the electron tunneling time is independent of excess energy 

and this is consistent A^th negligible band mixing in the conduction band. 

The major difference between degenerate and nondegenerate experiments, 

however, is that the differential transmission recovers completely at low carrier densities 

when holes are excited with large in-plane momenta and there is no complete recovery 

when carriers are generated near the T -point. In the next section we will demonstrate that 

this difference comes from the crucial dependence of the hole tunneling rate on its 

momentum. In short, holes excited with large excess energy tunnel out from the NW so 

fast that they do not even reach the bottom of the NW HH subband, thus absorption 

recovery is complete and controlled solely by the electron tunneling time. In contrast, 

holes generated in the NW with zero momentum tunnel to the WW very slowly, 

generating a long lasting component in the differential transmission signal. 

3.3 Hole tunneling 

In this section we focus our discussion on hole tunneling and its momentum 

dependence. Hole tunneling rate calculations are very involved (compared to those for the 

electron rates) because hole subbands are very non-parabolic, hole wavefiinction becomes 

four-component spinors, scattering potentials become matrices, and in general, there are 

more scattering mechanisms available for the valence band.^^ To illustrate the last point we 



should mention that in semiconductors with zinc-blende structure, selection rules allow 

electron interaction with LO and lon^tudinal acoustic (LA) phonons only, whereas holes 

can scatter on LO, transverse optical (TO), LA and transverse acoustic (TA) phonons. 

The purpose of this section is to outline the calculation procedures of the hole tunneling 

rates and to reveal the common features for any scattering mechanism in particular its 

dependence on hole momentum. We calculate tunneling rates for alloy and impurity 

scattering to demonstrate these common features. 

3.3.1 Band structure of bulk ill-V semiconductors 

For the III-V and n-VI semiconductors considered in the dissertation the 

maximum of the valence band and minimum of the conduction bad occur at the F -point, 

as shown in Fig. 3-8. To understand the structure of conduction and valence bands in bulk 

semiconductor a few facts should be emphasized. First, the valence and conduction bands 

are formed from the atomic p- and s-like states, respectively." Therefore, the electron 

effective mass is isotropic, whereas hole masses are not. Second, spin-orbit interaction 

plays an important role. Its magnitude, Vso, is proportional to the scalar product (LS) , 

where L and S are the orbital and spin angular momenta, respectively. And third, the 

effective Hamiltonian describing the dispersion of carrier subbands must have the same 

symmetry as the symmetry of the Brillouin zone. 

Spin-orbit coupling can be consistently derived from the Dirac equation and 

represents the first order relativistic correction to the non-relativistic Hamiltonian of a 

moving charged particle. One of the important consequences of spin-orbit interaction is 



66 

that total angular momentum J = L + S, rather than L and S, becomes an integral of 

motion or a "good quantum number." That is why bands are marked on the diagram by J 

emphasizing the importance of spin-orbit coupling. Another effect of spin-orbit coupling 

conduction band J=l/2 

J=3/2 

heavy-hole band 
mj=±3/2 

light-hole band m. = ±1/2 

j=l/2 split-off band 

Figure 3-8 Band structure of the typical ni-V semiconductors near the F-point. A is a 
split-ofif energy and Eg is a direct bandgap. 

is the energy separation A at the T -pomt between two-fold degenerate states with 

|j| = l/2 and four-fold degenerate states with [j| = 3/2 (see Fig. 3-8). In a simple 

pictorial interpretation, this separation occurs because the spin-orbit interaction (LS) is 

dependent on the orientation of vectors |L| = 1 and (s| = 1/2, which when parallel or 

anti-parallel give total angular momentum |j| = 3 / 2 or |j| = 1 / 2, respectively. The 

twofold degenerate band with | j| = 1 / 2 is called the split-off band and normally is not 
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considered since the energy separation A is relatively large (~3S0 meV). Fourfold 

degenerate at the F-point, states with |j| = 3/2 give rise to two twofold degenerate 

bands (see Fig. 3-8): the heavy-hole band with |mj| = 3 / 2 and the light-hole band with 

[mj = 1/2,  where mj is  the project ion of  J  on the z-axis .  An accurate descript ion of  the 

conduction and valence bands employs the Kane model which takes into account coupling 

between all 4 bands (conduction, heavy-, light-, and split-oflO-" It is not necessary to use 

the Kane model for our case since the conduction band and split-ofif bands are well 

separated from the top heavy- and light-hole bands. For the same reason, the conduction 

and split-ofiF bands can be approximated fairly accurately by parabolic dispersions. 

To describe the heavy- and light-hole bands we employ the Luttinger Hamiltonian 

(LH) which takes into account the coupling with remote bands by three empirical 

Luttinger parameters Y,,Y2andY3. The LH was derived from the assumptions that it 

should satisfy the symmetry group of the Brillouin zone (cubic point group) and take into 

account spin-orbit coupling.^® The general form of the LH is 

5 H\ = (Y, +-Yjk^ -2y3(kJ)^ +2(y, -y3)(k^J^ +ky% +kM^) . (3.10) 
2mo 

Obviously, it does not have spherical symmetry. However, the deviation from it is not very 

significant. To simplify the band structure calculations we assume that Yj -Yi = Y (axial 

approximation)'® and then 

H,= n 2 

2mo 
(YI +|Y)K^-2Y(KJ)^ (3.11) 
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To demonstrate the properties of this Hamiltonian for bulk semiconductors we chose 

ic = ke^, where 62 is a unit vector in the Z-direction and (3.11) is already diagonal for 

four J = 3 / 2 states and has two twofold degenerate eigenvalues 

E = 
2mo 

5 7 
Y,+p-2Ym'j  (3.12) 

Substituting the possible values of mj for |J| = 3/2 we obtain two dispersion relations for 

heavy- and light-hole bands 

3 
E h h  = ( Yi-2y)—— for (3.13) 

mo 2 

1 
Em =(yi+2y)—— for ni j=±- (3.14) 

lUo Z 

These two bands are still degenerate at the F -point point, but the degeneracy is lifted at 

finite momenta due to different effective hole masses 

= T" and — . (3.15) 
Y,-2Y "• Y,+2Y ^ 

The two Luttinger parameters Yi and y are adjusted such that (3.15) yields 

experimentally measured heavy- and light-hole masses. Finishing this discussion we should 

note that the fiill Luttinger Hamiltonian (3.10) describes nonparabolicity and warping of 

the heavy- and light-hole bands. The reduced Hamiltonian (3.11) lacks these properties. 

However, as it will be shown in the next section, it is suflBcient to properly describe band 

mixing effects. 
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3.3.2 Dispersion and wavefunctions of hole subbands in heterostructures 

The Luttinger Hamiltonian can be successfully applied to calculate hole band 

structure in semiconductor heterostructures. It needs some modifications to account for 

a) the quantum confinement potential U(z), and consequently, 

b) the confinement of the hole wavefimction in the z-direction. 

It is easy to achieve this by 

a) using the effective Hamiltonian Heff=Hi,+U(z), and 

Q 
b) replacing kz by the corresponding differential operator - i —. 

dz 

In order to perform band structure and wavefimction calculations a certain representation 

for Heff should be chosen. It is logical to use eigenstates [s /2,mj^ (mj=3/2,-1/2,1/2,-3/2) 

of the operator J = 3 / 2 since it gives a diagonal Heff at theF -point. In this representation, 

Hcff becomes a 4x4 matrix 

c b 0 

(3.16) 

where 

(3.17) 

(3.18) 
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IHo 2 

mn 

(3.19) 

(3.20) 

Without loss of generality, ky can be made equal to zero, and then k=kx. The dispersion of 

heavy- and light-hole subbands E(k) can be calculated by solving the Schrddinger equation 

as a function of the in-plane momentum k 

H^(k)|^K(P.2)) = E(k)|T^(p,z)). (3.21) 

Here | ̂k(P.z)) is a four component spinor 

|'lK(P.2)) = ;^exp(ik^ 

( V3/2(k,z)^ 

V-i/2(k,z) 

Vi/2(k,2) 

W-3/2(k,z); 

(3.22) 

where y\f ±3/2 and are the heavy- and light-hole components respectively. 

We used a perturbation approach to solve Eq. (3.21). It uses as a basis solutions of 

Eq. (3.21) at the F-point. It is easy to see that at t=0, the c(k) and b(k) coefficients are 

zero and Heff becomes diagonal and (3.21) can be separated into two independent 

equations 

5^ 
2mu, dz^ 

2my, 9z^ 

+ U(z) 

+ U(z) 

^(z) = E^^(z) 

C(z) = E^C(z) 

(3.23) 

(3.24) 

which are identical to the Schrodinger equation (3.5) for electrons except for the carrier 
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masses. Therefore, we can apply the transfer matrix technique to find heavy- and light-

hole confinement energies Eu,^ and En.., and corresponding eigenfunctions 

^„(z) and Ca(z)- These waveflmctions obviously form an orthonormal basis which is 

very convenient for expansion of the solution of (3.21) at finite k as 

|^K(P.z)) = ;j;^exp(ikp) 

( N 

Za' ̂(k)^n(z) 

n=l 
M 

ZP-
n=l 

«(k)C„(z) 

M 

ZP' 
Qst 

».(k)C„(z) 
M 

Za-
^ n=I 

"n(k)^„(z) 

(3.25) 

where N and M are the number of heavy- and light-hole subbands in the heterostructure. 

After this ansatz band structure calculations become straightforward using standard 

techniques of linear algebra. Briefly, (3.21) is multiplied by the conjugated |^(k))* and 

the degenerate system of linear equations for coeflBcients a'^n(k) and P^m(k) can be 

obtained. It has untrivial solutions only when E(k) is a solution of the secular equation and 

this yields the dispersion of the hole subbands. Solutions fora*n(k) and P''m(k) in turn 

allow the calculation of the hole waveflmctions. 

Before we start the discussion of the hole band structures of ADQWs employed in 

our experiments a few general features of the solutions of Luttinger Hamiltonian in 

heterostructures should be mentioned. First, since several hole subbands are located in the 

heterostructure and the energy separation between them is relatively small, hole subbands 

become strongly coupled (mixed) away firom the F -point. This mixing is assumed by the 



fonn of solution (3.25) and results in strong nonparabolicity of hole subbands. Another 

manifestation of band mixing is the mixed character of hole waveflinctions (both light and 

heavy hole components become nonzero at k 0). Second, it can be shown^' that if the 

heterostructure potential is symmetric in z direction U(z)=U(-z), solutions of (3.21) 

corresponding to the different spin states are doubly degenerate. This degeneracy is 

referred to as a Kramers degeneracy. It is lifted in non-symmetric potentials (U(z)9tU(-

z)). in the ADQWs. 

3.3.3 Tunneling rate calculations 

Calculation of hole tunneling times t, is complicated by the non-parabolicity of 

the hole subbands and spinor character of the hole wavefiinctions. Therefore, Fermi 

Golden Rule (2.4) must be revised to accommodate these features. After summing over all 

allowed final states, for an arbitrary dispersion E(k) (2.4) becomes 

^ = '•flKife)|Vs(Q.^)|f.,(z))|"-d9. (3.26) 

where denote the initial and final state four component wavefiinctions, 

corresponding to j and j' hole subbands localized in different well. Vs(Q,z) is the 

scattering potential in form of a 4x4 matrix, Q = (k^ + k* ^ -2kk' cos(0))"^ is the 

magnitude of the momentum change, 0 is the angle between initial (k) and final (k') 

momenta, and S is the sample area. As in the case of the electron LO-phonon assisted 

tunneling, summation over all final states in Eq. (3.26) is reduced to the integration over 

0, since for any initial momentum k the absolute value of the final momentum k' is fixed 
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by the energy conservation law for particular scattering mechanism. We calculated 

tunneling rates for the elastic alloy and impurity scattering whose potentials are given by:^^ 

where 5^ is the strength of the alloy scattering potential^* averaged over the unit cell 

the ternary alloy Ri=(Pi,Zi) is the impurity position or position of the 

scattering site in alloy scattering (i = A or B). 

The impurity scattering potential assumes that ionized impurities have Coulomb 

electrostatic potential and are randomly distributed in the vicinity of the interfaces with 

some areal concentration Ni„,p. The Coulomb approximation of the electrostatic potential 

overestimates the impurity scattering cross section because screening of electric field by 

fi"ee carrier reduces the scattering probability. In our case of undoped heterostructures we 

can neglect the screening effect. Alloy scattering in ternaries originates fi-om their alloy 

composition. The random distribution of the alloying elements causes a fluctuation in the 

periodic potential of the lattice. Carrier motion in alloy semiconductor can be well 

described by the averaged potential which is used in all our calculations. However, its true 

random nature results in carrier scattering referred to as alloy scattering. This scattering is 

very strong in ternary (Ga,In)As/(Al,In)As heterostructures since both well and barrier 

(3.27) 

exp(iQ(r-t;)-|Q||z-Zi|) 
(3.28) 

volume Q =d^/4(d = 5.8688A), I is the identity matrix, x is the A mole fraction in 
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materials are ternary and is known as an efiBcient mechanism limiting carrier mobility in 

(Ga,In)As/(AI,In)As HFETs.' It is important to note that alloy scattering was not 

frequently considered in GaAs/(Ga,Al)As heterostructures because carrier waveflinctions 

are localized in the binary (GaAs) wells and this scattering mechanism could be neglected. 

Substituting (3.27) and (3.28) in the modified Fermi Golden Rule (3.26) we find 

the tunneling times for alloy and impurity scattering 

Summation in (3.29) and (3.30) is done over all four components of the hole spinor 

wavefunction. Confinement energy, wavefixnction, hole dispersion and tunneling time 

calculation procedures outlined in the last two sections were programmed in FORTRAN 

and executed on 486 PC 66 MHz. Computation time for each procedure took a few 

minutes. 

3.3.4 Discussion 

First, we calculated the band structure and corresponding wavefimctions of the 

hole subbands of the (Ga,In)As/(Al,In)As ADQWs used in our experiments. The hole 

where 

I(Q,Zi)= JZM^'*m(z)exp(-Q|z-Zi | )M/„(z) .  (3.31) (3.31) 
—CO ^ 
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dispersion of the first four subbands of the 40/27/60 ADQW structure is shown in Fig. 3-

9 together with the dispersion of the uncoupled 40 A and 60 A QWs. 

-20-

-40-

-100 
0.01 0.02 0.00 0.03 0.04 0.05 

K(A-') 

Figure 3-9 Dispersion of the first four hole subbands of the 40/27/60 ADQW structure 
(solid lines) and the dispersion of the isolated 40A and 60A quantum wells (dashed lines). 
The labels at k=0 indicate the character of the bands at F-point. Letters A-F show the 
hole states whose waveflinctions are calculated (see next two figures). 

Two features should be pointed out. First, there are no resonances between the hole 

subbands of the uncoupled wells. In other words, the hole subbands of the isolated wells 

(dashed lines) do not cross. This excludes the resonant mechanism first described by 

Roussignol et al?^ for hole wavefunction delocalization and resonances in hole tunneling 

rates. Second, Kramers degeneracy is removed, since the potential of the ADQW does 
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not have symmetry in the z direction (U(z) ^ U(-z)). This implies that in ADQW the 

hole states corresponding to opposite spin orientation are not degenerate any more. And 

third, LH*i has the local maximum at k^Q. This maximum results in a singularity in the 

density of states and dramatically accelerates all scattering rates with the final states in the 

vicinity of this maximum (see discussion below). 

0.8 

0.6 

0.4 

0.2 

0.0 

-0.2 

-100 0 100 200 

Z(A) 

Figure 3-10 Heavy-hole (solid lines) and light-hole (dashed lines) components of the four 
component hole wavefunctions of the HH^i subband at various in-plane momenta K. 
Heavy- and light-hole components are degenerate at A and B. The lowest dashed curve 
shows the ADQW potential. 

Fig. 3-10 demonstrates the delocalization behavior of the wavefunction 

corresponding to one of the HH'^i subbands (there are two of them since they are non-

degenerate now!) with increasmg hole momentum. Energies where wavefunctions were 

C 

1 1 -

A K=0.04 A 

B J Y K=0.02 Al 

. / \  HRNj 

V K=0 

j I 1 : 
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calculated are marked with letters A, B and C. At the F-point (A) only heavy-hole 

0.3 

0.2 

0.1 

0.0 

-0.1 

-0.2 
-100 0 100 200 

Z(A) 

Figure 3-11 Heavy- and light-hole components of the lowest heavy-hole subbands 
localized at the F-point in the NW and WW. For simplicity only one light- and one heavy-
hole component is shown for each of the states marked C, D, E and F at the hole 
dispersion diagram (see Fig. 3-9). The lowest dashed curve shows ADQW potential, 

3 
components (mj=±—) are non-zero and strongly localized in the NW. With increasing 

hole momentum (points B and C) two changes are evident. First, both light and heavy-

hole components become nonzero, i.e., the hole subband acquires a mixed character. 

Second, wavefunaion delocalization increases progressively with momentum. Thus, we 

E,F 

C,D 



come to the conclusion that even without resonances between hole subbands strong 

delocalization of carrier wavefiinction can occur. 

Fig. 3-11 demonstrates that this non-resonant delocalization is spin dependent.^^ 

Heavy and light-hole components of non-degenerate HH'^i and HH^i bands are shown at 

k=0.04 A"'. The energies corresponding to these wavefiinctions are marked with letters C-

F in Fig 3-9. Despite the small energy difference between different spin states belonging to 

the same subband, their wavefiinctions are localized quite differently. One spin state tends 

to be attracted towards the barrier, whereas the other repulsed. This spin dependent 

delocalization results in significantly different tunneling rates for different spin states. In 

our following calculations we always sum over both spin states since our tunneling rate 

measurements were spin insensitive. 

Spin-dependent non-resonant delocalization of hole wavefiinctions alone is enough 

to predict a sharp increase of hole tunneling rate with in-plane momentum. This was 

confirmed by our calculations. Fig. 3-12 shows tunneling times fi-om HHN^ to the 

and LHW2 due to alloy and impurity scattering. The dominant feature seen in this figure is 

the strong dependence of tunneling times on the initial hole momentum. Immediately 

obvious is the presence of intervals in momentum space where tunneling is subpicosecond. 

Both impurity and alloy scattering rates experience resonances at about k=0.025 A"^ in the 

HRNj to transition. The origin of this resonance is the local maximum in the 

LHWj subband which leads to the very high (infinite in principle) density of states. Even 

for the transitions where the density of states remains finite, the tunneling rate may be very 
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fest like that in the alloy scattering from HHN j to j 

1000 

100 

10 

1 
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0.01 0.02 0.03 0.04 

K (1/A) 

Figure 3-12 . Tunneling times for the sample 40/27/60 from the HH^i to the and 
LH*^i due to the impurity (solid line) and alloy (dashed line) scattering. Impurities are 
assumed to be localized at the NW barrier interface with areal density of 10'° cm"^. 

Now we can explain the results of degenerate and non-degenerate experiments at 

low carrier densities. First, consider the nondegenerate experiment where holes are excited 

with very large momentum approximately 0.065 A"'. Tunneling out of occurs on a 

subpicosecond time scale whereas the relaxation of holes to the bottom of takes a 

few picoseconds. Therefore, holes generated in HHNj tunnel out of it before reaching its 

bottom and the complete absorption recovery is controlled by the electron tunneling time. 

In the degenerate experiment holes are excited with zero momentum and therefore 
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do not have fast tunneling by spin-dependent non-resonant delocalization. Tunneling of 

holes from the F -point occurs on a hundred picosecond time scale and appears as a long 

lasting component in the differential transmission signal present at any carrier density. This 

was observed in our experiment and provides unambiguous experimental evidence for the 

dramatic dependence of hole tunneling rates on in-plane momentum in 

(Ga,In)As/(Al,In)As asymmetric double quantum wells. The mechanism responsible for 

this more than three orders of magnitude increase in hole tunneling rate is nonresonant 

delocalization of hole wavefunctions by band mixing in the valence band. This mechanism 

is universal since it accelerates any scattering process. 

3.4 Electron tunneling kinetics 

The purpose of this section is to describe the carrier density and the temperature 

dependence of the tunneling kinetics observed in our experiment. The differential 

transmission data at high density of photoexcited carriers can be seen in Fig. 3-5 and Fig. 

3-7. Our nondegenerate data (see Fig. 3-5) show that complete recovery at low carrier 

densities is replaced by a long lasting component in the differential transmission signal at 

higher carrier densities. This long lasting component is a consequence of bandfilling in the 

WW. Briefly, at high carrier densities in the WW the final states for the tunneling process 

are occupied, making the transition not allowed due to the Pauli exclusion principle. Since 

the degenerate transmission data always exhibit unrecovered absorption changes because 

of the long living population of the NW, it is not easy to observe the onset of WW 

saturation. In general this saturation behavior of tunneling kinetics is intuitively 
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understood and would not require any analytical model. However, the room temperature 

differential transmission data are quite surprising and will be discussed in detail in the rest 

of this section. 

§ 

(a) 40/27/60 

JT I I I I ' • ' • ' 

(b) 40/37/60 

Figure 3-13 Room temperature time resolved differential transmission data for sample 
40/27/60 (a) and 40/37/60 (b) at carrier densities of 1.4xl0", 5.6xlO", l.lxlO'^, and 
2.3x10'^ cm-^ 

3.4.1 Experiment 

To mvestigate room temperature carrier kinetics, the probe in the nondegenerate 

system was tuned to the room temperature NW HH absorption peak (1308 nm, see Fig. 3-

1). The time resolved differential transmission data at various carrier densities are shown 

in Fig. 3-13. The measured differential transmission dynamics do not exhibit the decay 

associated with tunneling even at low carrier densities. Tuning of the pump wavelength 

within the tuning range of the TirSapphire laser did not change the observed tunneling 

kinetics. 
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Figure 3-14 Room temperature time resolved differential transmission data for sample 
40/27/60 (a) and 40/37/60 (b) for Xp^p = = l^l^nm at carrier densities of 

l.OxlO", 2.0xl0'\ 3.5x10" and 5xlO" cm*^ 

To further study room temperature tunneling, we performed degenerate pump-

probe experiments with the pump and probe energies corresponding to A,=1315 nm (see 

Fig. 3-14). These data show recovery due to carrier tunneling, and a single time constant 

exponential fit yielded 2 ps for sample 40/27/60 and 12 ps for sample 40/37/60. These 

times are reasonably close to those measured at low temperatures. As in the case of 

degenerate excitation at low temperature (see Fig. 3-7), transmission data exhibit a long 

lasting component present at all carrier densities. At room temperature, however, the 

relative magnitude of this long lasting component is larger. 
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3.4.2 Kinetic model of electron tunneling 

As shown in the previous section, holes excited with high excess energies tunnel 

between the NW and WW on subpicosecond time scales. By the time holes reach the 

bottom of the lowest subbands, equilibrium between wells is established. Thus, hole 

tunneling dynamics cannot be observed when holes are generated away from the F -point 

by high energy photons. On the contrary, when the pump photon energy is tuned to the 

Figure 3-15 Schematic diagram of the electron distributions in the NW and WW and 
electron tunneling assisted by LO phonon emission and absorption. AE is the energy 
difference between the lowest NW and WW electron subbands. 

NW heavy hole excitonic transition, holes are generated with zero excess energy. Since 

there is no bandmixing at the F -point, the fast mechanism for hole tunneling is absent and 

tunneling controlled by alloy scattering and acoustic phonon emission occurs on a 

hundred picosecond time scale. Hence, for excitation at the F-point, there is a long lasting 

component in the differential transmission signal due to hole population in the NW. 

J 

S 

LO phonon absorption 

LO 

LO phonon emission 
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Summarizing all considerations for hole tunneling, we conclude that holes do not 

contribute to the observed fast decays at any temperature or excitation energy and may 

only result in a long lasting component in the differential transmission signal. Since the fast 

component of the absorption recovery is controlled by electron tunneling, we developed a 

simple kinetic model to describe it.^ The following two assumptions have been made; 

first, electrons form quasi-Fermi distributions in each well characterized by Fermi levels 

and Hgr, and a common electron temperature , which remains constant during the 

tunneling process; and second, the electron distributions relax towards a conmion carrier 

distribution by emitting and absorbing LO phonons (see Fig. 3-15) with rates defined by®' 

"(f) + (3.32) 
eni t*0 

where f^ and ff are Fermi distributions taken at the energies of the initial and final states 

which satisfy energy conservation E; = Ef ±^0^0 for emission (+) and absorption (-) of 

LO phonons, Tlo is the electron tunneling time given by Eq.(3.3) and 

N(T) = (exp(^o LO / T) -1)"' is the phonon occupation number where the phonon 

temperature T is assumed to be equal to the sample temperature. LO-phonon assisted 

tunneling times Tlq calculated for our ADQWs had negligible dependence on the initial 

in-plain electron momentum and were assumed to depend only on the width of tunnel 

barrier. Our assumptions that carriers form Fermi distributions in each well with the same 

temperature and that these distributions relax through tunneling to a common distribution 
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have already been used in previous work.^^ To obtain the equation for the electron density 

m' 
in the NW D j, , we multiply equations (3.32) and (3.33) by the density of states p = —rf-

Ttn 

and integrate over energy; 

-/(f-) pdE = /:^(uN(T))f,(l-f,)pdE. 
enim ^LO 

(3.34) 

- j(f-) = Jr^(N(T ))f,(l - ff )pdE. (3.35) 

Then, after taking bto account ail possible kinetic processes, i.e., NW to WW tunneling 

via LO phonon emission and absorption, and the reverse from WW to NW, we obtain for 

n^: 

_ N, 

5t X LO 

N, 

'LO 

(l+N(T ))exp[-^]-N(T 

N(T)exp[-^j -(l + N(T ))exp[-^] 

where 

C,=In 
exp 

iiT; 
+ 1 

exp[ —] + I 
"vtj -exp -

(3.36) 

(3.37) 

and 
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~ l̂ w ~ Lo» (3.38) 

m* T 
and where is the characteristic electron density. It is easy to show that 

Tin 

tunneling relaxes the injected carrier distribution to equilibrium where the quasi-Fermi 

levels in the NW and WW become equal = Hw = I^k Electrons injected with 

high initial momenta are assumed to relax to the bottom of the lowest subbands in NW 

and WW with a time constant of 1.5 ps which was obtained by fitting the rising edge of 

the measured diflferential transmission trace. Photogenerated carriers were distributed 

between the WW and NW in a 2:1 ratio, since when =850«yn there are two 

absorbing subbands in the WW versus one in the NW. When A,pu„p = 1315nm, there is 

only one absorbing subband in each well. As a result, the photo-generated carriers are 

divided equally between the wells. In our simulations of the nondegenerate experiment the 

electron temperature was chosen higher than the sample temperature T. However, the 

exact dynamics of was not known. Temperature dynamics of carriers optically excited 

in semiconductor quantum wells has been intensively investigated with regard to slow 

(compared to bulk) cooling rate but results remain controversial.®^ Carrier cooling in 

(Ga,In)As/(Al,In)As MQWs was studied experimentally by Lobentanzer et al.,^ and it 

was shown that cooling occurs on a 100 ps time scale. Thus, our assumption of constant 

electron temperature during tunneling is justified. 
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3.4.3 Discussion 
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Figure 3-16 Theoretically calculated NW population kinetics for sample 40/27/60 a) at 
^pump = 850 nm, T==77 K (solid line), = 850nm, T=300 K (dotted line) and carrier 

densities of 1.4x10", 5.6x10", l.lxlO'̂  and 2.3x10'̂  cm'̂  b)A.p^p = 1315nm, T=300K, 

and carrier densities of l.OxlO", 2xl0", 3.5xl0", and 5xl0" cm'̂  

The calculated NW electron population kinetics for sample 40/27/60 are shown in 

Fig. 3-16 under conditions corresponding to our nondegenerate experiment. First consider 

low temperature tunneling ( T=77 K and T^ = 150 K) as shown in Fig. 3-16 (a) (solid 

line). At low carrier density {nf^ w 10"cot"^) all electrons tunnel out of the NW, as was 

observed experimentally. At high carrier densities, bandfiUing in the WW results in 

significant population of the NW. The onset of the long lasting component in the 

theoretical calculations occurs at a carrier density of 5.6x10" cm'̂ . In the experiment, 

however, this carrier density is about two times higher. Furthermore, no tunneling is 

predicted by our model for a carrier density of 2.3x10'̂  cm'̂  but in the experiment a 



significant portion of the NW electron population tunnels out at this carrier density. Two 

explanations for this discrepancy are possible. First, and the most probable, is that we 

overestimated the carrier density in our degenerate experiment. Second, our model does 

not take into account space charge effect.^^ This effect results from different electron and 

hole tunneling rates. As was shown before, the tunneling rate of holes excited with high 

excess energy is faster than that of electrons. Consequently, excess positive charge builds 

up in the WW during the tunneling process. The electric field generated by this excess 

charge increases the separation between the electron subbands and decreases the 

separation between the hole subbands. Thus, the capacity of the lowest WW electron 

subband increases and the onset of the long lasting component occurs at a carrier density 

which is higher than predicted by our model. In any case, at low carrier density our 

model shows complete tunneling of electron population out of the NW as it was observed 

in the experiment. 

The carrier kinetics change significantly as the sample temperature is increased. 

Assuming T^ = 400K and T=300K, the calculated kinetics do not exhibit the decay 

associated with tunneling (see Fig. 3-16 (a) dashed line). The dramatic change in the 

kinetics can be explained as follows: at carrier densities of lO" to lO'̂  cm'̂  and T, = 

400K, an equilibrium Fermi distribution is formed when the WW carrier density is 

approximately twice that in the NW. Electrons are injected in a 2:1 proportion and after 

thermalization in each well form distributions which are in equilibrium between wells but 

not with the lattice temperature. Thus, the net tunneling rate from the NW to the WW is 
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zero. Further evidence can be seen in the PL data shown in Fig. 3-l(b). Significant 

electron and hole population of the NW at room temperature gives rise to PL which 

cannot be detected at low temperature (see Fig. 3-l(a)). 

Simulations of our degenerate experiment at room temperature confirm that carrier 

temperature and initial distribution control tunneling dynamics (see fig. 3-16(b)). Carriers 

injected in a 1;1 ratio do not form an equilibrium distribution between wells, and thus, fast 

decay of the NW electron population can be observed. Since the equilibrium carrier 

distribution at Tj=300K is very broad there is always significant population of the NW. 

As a result, the diflferential transmission signal recovers only partially. The relative 

magnitude of the long lasting component predicted by the theoretical calculations is 

smaller than experimentally observed because holes generated near the bottom of HHNj 

tunnel on hundred picosecond time scales and also contribute to the unrecovered 

absorption changes. 

3.5 Summary 

1) We presented a thorough experimental and theoretical investigation of electron and 

hole tunneling in (Ga,In)As/(Al,In)As ADQWs at different excitation conditions, carrier 

densities and temperatures. Three ADQW samples with different barrier width were 

fabricated and characterized. 

2) We performed a conceptually new tunneling experiment in which tunneling was 

investigated as a fimction of initial carrier momenta. Two experimental setups were 

developed to observe time-resolved NW HH exciton absorption when carriers are excited 
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at the F-point or with high in-plane momenta. 

3) The electron tunneling time has been established to be independent of excess energy 

and controlled by LO-phonon emission. 

4) Our experimental results provide unambiguous experimental evidence for the dramatic 

dependence of hole tunneling rates on in-plane momentum in (Ga,In)As/(Al,In)As 

ADQWs. Holes generated near the bandedge tunnel on hundred picosecond time scales, 

whereas holes excited with large excess energy tunnel on subpicosecond time scales. 

5) Hole dispersion and tunneling rates were theoretically investigated. We established that 

the mechanism responsible for this three orders of magnitude increase in the hole tunneling 

rate is nonresonant spin-dependent delocalization of hole wavefiinctions by band mixing in 

the valence band. This nonresonant delocalization accelerates any scattering process when 

hole states with large momenta are involved. Alloy scattering was found to be the 

dominant mechanism, since both well and barrier materials were grown with ternary 

compounds. 

6) At room temperature, no tunneling kinetics were observed in the nondegenerate 

experiment. A theoretical model developed for LO-phonon-assisted tunneling shows good 

agreement with the experimental data. Lack of tunneling kinetics occurs when the initial 

distributions of photogenerated electrons in the wide and narrow wells are close to 

equilibrium. 
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4. EXCITON TUNNELING IN (Zn,Cd)Se/ZnSe ADQW 

In this chapter, experimental and theoretical studies of exciton tunneling in a 

(Zn,Cd)Se/ZnSe ADQW structure are presented. We showed in Chi^jter 2 that previous 

research concentrated mostly on GaAs/CGajAQAs ADQWs because these structures were 

available with the required quality. A comprehensive study of electron and hole tunneling in 

(Ga,In)As/(Al,In)As ADQWs is presented in Chapter 3. Here we summarize some important 

features of carrier tunneling in III-V ADQWs in order to outline how properties of II-VI 

semiconductor heterostructures modify them. 

First, in a typical ni-V ADQW, electrons tunnel rapidly via longitudinal optical <^L0) 

phonon emission since the energy separation between the lowest electron subbands in WW and 

NW is larger than the LO-phonon energy. Second, tunneling of holes excited near the 

r - po int is normally slow because the separation between the heavy-hole subbands is usually 

smaller than the LO-phonon energy, and the hole wavefimctions are more localized in their 

respective wells due to the larger effective mass. Third, electrons and holes tunnel 

independently. There have been a few studies on the importance of Coulomb correlation 

between electrons and holes in GaAs/(Ga,Al)As during the tunneling process and the 

correlation was found to be negligible.^ We have also demonstrated in Chapter 3 that 

calculations of tunneling rates of independent carriers agree well with experiments. 

We summarize the parameters of GaAs and ZnSe in Table 4.1 to demonstrate the 

differences between ni-V and wide gap II-VI semicondurtors. 
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Eg(eV)OK me*/nio mu,*/mo mih*/mo 6. 

GaAs 1.52 0.067 0.47 0.084 12.5 11 

ZnSe 2.82 0.16 0.66 0.149 9 6.3 

Table 4-1 Material parameters of GaAs and ZnSe. 

From this table two important conclusions for the bulk IH-V and II-VI semiconductors can be 

derived. First, exciton binding energy Bx and exciton Bohr radius ao can be calculated from" 

u^e'* 
Bx=:£r-T ao=-^ (4.1) 

where is the exciton reduced mass in bulk semiconductor 

m^m^ 

'hh 
| i x = — ( 4 . 2 )  

m. *+mc • 

Due to a smaller static dielectric constant 85 and a larger carrier effective mass the 

exciton binding energy in ZnSe (20 meV)®® is significantly larger than in GaAs (4.2 meV). 

Therefore, Coulomb interaction is stronger in wide gap II-VI semiconductors than in III-V 

semiconductors. Second, electron LO-phonon (Frohlich) interaction, if allowed, is the 

dominant scattering mechanism. Its rate in bulk and in heterostructures has the following 

dependence on material parameters; 

It is easy to estimate that electron LO-phonon scattering rate in ZnSe is almost 10 times faster 
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than in GaAs. This difference comes primarily from a larger Frohlich coupling constant 

f — L] and larger density of states (effective masses). Strong electron LO phonon 

coupling is a general feature of wide gap H-VI semiconductors and reflects the fact that 

n-VI semiconductors are more polar. It also explains why their excitonic properties can be 

observed only at low temperatures despite large exciton binding energy. 

Finally, we should mention that the band ofl&ets of (Zn,Cd)Se/ZnSe heterostructures 

are not very large since th^ cannot be grown lattice matched and the Cd concentration does 

not normally exceed 30%. Quantum confinement further increases electron-hole interaction in 

QWs and exciton binding energies as large as 40 meV '̂ have been demonstrated. It is now 

easy to see that the separation between carrier subbands is comparable with the exciton 

binding energy and the LO-phonon energy (fia lq = 31.7 meV for ZnSe).®® Thus, Coulomb 

effects are expected to play an important role in carrier tunneling in II-VI wide gap 

semiconductors.®*'®' The main question which has been dd)ated recently is whether 

simultaneous tunneling of an electron and a hole in the form of a direct exdton is possible due 

to the strong Coulomb interaction in 11-Vis. Based on our experimental and theoretical 

investigation we answer this question negatively.'̂  We conclude, however, that tunneling 

occurs via excitonic states rather than independent electron and hole states; thus the Coulomb 

interaction must be taken into account. 
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4.1 Experiment 

4.1.1 ADQW sample and experimental setups 

The (Zn,Cd)Se/ZnSe ADQW sample was grown by MBE on a (001) undoped GaAs 

substrate with a 1 |im ZnSe buffer layer. It comprises five periods of ADQWs separated by 850 

A. ZnSe barriers wide enough to ensure that each ADQW structure is decoupled fi'om the 

others. A single ADQW consists of Zno.82Cdo.i8Se narrow (13 A) and wide (25 A) wells 

separated by a 42 A ZnSe barrier. Reflection high-energy electron diffraction (RHEED) was 

used to monitor the structural perfection of the growing layer. Phase-locked epitaxy was 

employed to achieve high interfiice quality and reproducibility of each period.^ Here, after 

growth of only four monolayers, the sur&ce was given time to smooth during the growth 

interruption under Se rich conditions. Furthermore, extended interruptions of three minutes 

were made at each heterojunction to increase the quality of the inter&ce. For transmission 

experiments, the GaAs substrate and a part of the buffer layer were removed by chemical 

etching, and the residual structure was mounted on a glass plate. 

Steady-state PL and PL excitation (PLE) measurements were performed with the setup 

shown in Fig. 4-1. It was based on a commercial (Lambda Physik) tunable dye laser pumped by 

an eximer (XeCl) laser. The dye laser was tuned by a computer controlled diflfraction grating 

and had relatively narrow Oess than 1 nm) linewidth. The sample was mounted in a He cryostat 

and PL was imaged on the slit of a monochromator. For PLE measurements the dye laser was 

tuned across the exciton absorption resonances (see Fig. 4-4) and the PL intensity at a certain 

wavelength was measured as a function of the excitation wavelength. In most cases the PLE 
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spectium provides the same data as the linear absorption spectrum. However in our experiment 

the PLE spectrum had additional important information. 

jf-

1" 
O. 

3 

Spectrally narrow 
dye laser H Excimer XeCl 
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A-:- -t Monochrometer 

Cryostat 
PC Data 

Aquisition 

Figure 4-1 Schematic diagram of the PL and PLE setup. 

The time-resolved transmission setup was based on a KLM TirSapphire laser (see Fig. 

4-2) which provided a 100 MHz train of 120 fe pulses tunable between 780 and 920 nm. Its 

output was divided into pump and probe beams which were frequency doubled in 2 mm LBO 

(Lithium Triborate) crystals. Probe pulses were delayed by a computer controlled delay line. 

The duration of the blue pulses increased to 300 fe because of group velocity mismatch in the 

nonlinear crystals. The experiment was performed in a noncoUinear geometry. Pump and probe 

were tuned to the NW heavy-hole ^(citon, chopped at different frequencies by a mechanical 

chopper and overiapped on the sample. The transmitted probe was measured using lock-in 

detection at the sum frequency, thus eliininating the signal resulting from scattering of the 

pump beam into the probe direction. 
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Figure 4-2 Schematic diagram of the pump-probe transmission setup. SHG-second 
harmonic generator, OMA-optical multichannel analyzer, DM-dichroic mirror. 

For time-resolved PL measurements we employed the setup which consisted of a 

commercial (Coherent) synchronously pumped modelocked (SPM) picosecond blue dye 

laser (see Fig.4-3) pumped by the third harmonic of a CW modelocked Nd:YLF laser. The 

sample was mounted in a cryostat and excited by the train of 2 ps pulses generated from 

the SPM laser and chopped by an acousto-optical modulator (AOM) to reduce the thermal 

load on the sample. The signal was dispersed in two back to back monochromators 

operating in a subtractive mode. This was necessary to cancel out the large group velocity 

dispersion of each monochromator. The spectrally resolved signal at the output of the 

double monochromator was detected by a streak camera yielding an overall spectral and 

time resolution of I meV and 10 ps, respectively. 
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Figure 4-3 Schematic diagram of the time-resolved PL setup. THG-third harmonic 
generator, AOM-acousto-optical modulator. 

4.1.2 Experimental results 

PL (dashed) and PLE (solid) spectra of the ADQW structure are shown in Fig. 4-4. 

The single PL band originates from the WW heavy-hole »cciton recombination. The very small 

bound-exciton contribution indicated by the low-energy shoulder demonstrates excellent 

sample quality. No PL was observed from the NW because, as will be shown by the pump-

probe results, the tunneling controlled lifetime of these eccitons is very short. The PLE 

spectrum exhibits heavy- and light-hole (HH and LH) exciton features from both the NW and 

WW. These features also dominate in the linear absorption of the sample. The detection energy 

for PLE in Fig. 4-4 is slightly below the maximum of the WW PL band. Thus, the occurrence 

of the HH and LH absorption resonances of the NW in the PLE spectrum directly 

demonstrates that the excitons tunnel out of the NW and indeed ^pear in the WW where they 
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eventually recotnbine. 
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Figure 4-4. Photoluminescence (dashed) and photoluminescence excitation (solid) spectra of 
the (Zn,Cd)Se/ZnSe 13/42/25 ADQW. The inset shows the sample design and energy levels 
of the uncorrelated particles. 

The PLE spectrum was recorded at 5 K to enable direct extraction of the relevant 

energy separations, ^art from an overall energy shift no essential change was found up to 77 

K. Table 4-2 summarizes calculated single-particle and exciton ener^es derived iJom a 

comparison of the PLE data and the numerical calculations described in more detail below. 

Quantum states marked with single letter with subscripts denote the single carrier states, and 

two letters with subscripts in parenthesis denote the exciton states. W and N refer to wide and 

narrow wells respectively, and subscripts e, hh and Ih refer to electron, heavy and light hole 

respectively. The inset in Fig. 4-4 shows the sample design and energy levels of the 
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uncorrelated particles. The separation between the lowest single-electron levels in the NW and 

WW (E(Ne) - E(We) = 47 meV) is appreciably larger than the LO-phonon ener©^ of 

Quantum State Confinement Binding energy Exciton energy 

energy (meV) (meV) (eV) 

We 85 - -

N, 132 - -

Whh 30 - -

Nhh 52 - -

(WcWhh) - 29 2.673 

(Ne,Nhh) - 27 2.744 

(Ne.Whh) - 11 2.738 

(We,Nu.) - 11 2.713 

Table 4-2 Calculated energy levels of single carriers and excitons for the 13/42/25 
(Zn,Cd)Ze/ZnSe ADQW. 

SfflLo = 30.2 meV for the present Cd fraction, whereas the opposite relation holds for the 

heavy hole (E(Nb) - E(Wh) = 22 meV). Thus, if electron and hole tunnel independently, a fast 

electron and a slow hole component in the differential transmission signal should be observed 

(like in the degenerate pump-probe data presented in Fig. 3-7). We will demonstrate that the 

true picture is entirely different as a result of the electron-hole Coulomb interaction. 

Tune-resolved pump-probe data at various excitation levels are displayed in Fig. 4-5. 

The rise of the probe transmission corresponds to the generation of excitons in the NW by the 

pump pulse. A striking feature in these data is the fast and complete recovery of the 

transmission change even at relatively high excitation densities. Time-resolved pump-probe 



100 

measurements provide informadon about both carrier lifetimes ^ce the absorption change is 

proportional to (ne+nj,). Therefore, in conjunction with the PLE data (see Fig. 4-4), the 

complete absorption recovery proves unambiguous^ that both electrons and holes tunnel 

rapidly from the NW to the WW. A fit of the absorption tranaents assuming a mono-

^onential decay yields a time constant of 1 ps with only a very slight change when the 

excitation level is increased. 

0.15 

o.io 

0.0S 

0.00 

0 2 4 6 8 

Time Del^ ( ps ) 

Figure 4-5 Spectrally integrated, time-resolved differential transmission change of the NW 
heavy-hole exciton resonance at different carrier densities o^ from bottom to top, 3x10"*, 
6xl0'° and 9x10'° cm^(J=n K). 

To obtain more information on the sample quality and the carrier kinetics we 

performed time resolved PL measurements. We measured WW and NW heavy-hole PL 

excited with the pump tuned to the NW LH exciton absorption resonance (see Fig.4-6). 

The WW HH exciton PL decays exponentially with a time constant of 192 ps. This 
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lifetime, typical for high quality (Zn,Cd)Se/ZnSe QWs, is much longer than the observed 1 

ps tunneling time 

X = 192 ps 
0.1 

,WWPL 

0.01 D 
< 

lE-4 
0 200 400 600 800 1000 

Time (ps) 

Figure 4-6 Time-resolved WW (solid line) and NW (dashed line) PL. Excitation carrier 
density is 10'° cm'̂  and sample temperature is 77 K. 

from the NW. Thus, it has no influence on the tunneling dynamics. No time-resolved PL was 

observed from the NW. In time-resolved PL, the signal is proportional to the product of the 

electron and hole densities nenh. Its decay is thus dominated by the shorter living carrier. The 

absence of any NW PL suggests that the life-time of at least one type of carrier in the NW 

is extremely short and the time resolution of our time-resolved PL setup (lOps) is not 

suflBcient to resolve very fast decaying NW PL. 

Summarizing, we measured PL, PLE, time-resolved PL, and time-resolved 

transmission. Based on PL and PLE measurements we concluded that carriers excited in 
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the NW tunnel to the WW where they recombine. Time-resolved transmission 

experiments revealed that both electrons and holes leave the NW with a time constant of 1 

ps. Based on our calculations and the PLE spectrum we showed that, in the picture of 

uncorrelated carriers, the separation between the hole subbands is smaller than a LO 

phonon energy. Therefore, the hole in the single particle picture does not have a fast 

tunneling mechanism and this contradicts the full recovery of the differential transmission 

signal. This contradiction can be removed by an adequate description of the tunneling process 

which takes into account Coulomb interaction. In what follows, we present a theoretical 

analysis of exciton tunneling in ADQWs. 

4.2 Exciton tunneling 

The theory of incoherent tunneling of individual electrons and holes in the absence of 

Coulomb interaction was described in detail in Chapter 3. Here we develop the theory of LO-

phonon assisted exciton tunneling where Coulomb interaction is consistently taken into 

account. This theory is based on the Fermi Golden Rule with exciton-LO-phonon scattering 

potential, and energy levels and wavefunctions obtained from the solution of Schrodinger 

equation with Coulomb interaction. Since exciton states excited in our experiment correspond 

to free carrier states near the F-point we do not take into account band mixing effects and use 

scalar wavefimctions for the hole states. In the next two subsections we outline the calculation 

procedures for exciton wavefiuictions and energies, and exciton tunneling rates. 
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4.2.1 Exciton binding energy and wavefunction calculations 

We start with the electron-hole Hamiltonian with Coulomb interaction in the 

semiconductor heterostructure described by Ve(Ze) and V|,(zh) confinement potentials^^ 

— 2 — 2 2 

nr-rr+v.W+v.CzO (4.4) 
2m\ 2 m e o | r , - r J  

A A 

\^ere and p,, are three dimensional operators of electron and hole momentum, 

respectively. In order to simplify this equation, instead of individual electron and hole 

coordinates i; = (Pg,z,) andf^ = (p^.z^) , we introduce center of mass and relative p 

coordinates 

Rx=acPe+ahPh and P = Pe-Ph. (4-5) 

where M = nu + mi, is the heavy-hole exciton translational mass, mi, = m</(Yi+y) the heavy-

hole in-plane mass, and (X<j, = meVM. The Hamiltonian (4.4) after using the ansatz (4.5) can be 

written as 

A 

(4.6) 

H.,L=|^ + V„,(Z^J, (4.8) 
2in 

where Z = |ze-zh| and n"'= m*"'e+m*~'hp is the exciton reduced mass when the 

degeneracy between heavy- and light-hole subbands at the F-point is removed by quantum 
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confinement. The electron and hole Hamiltonians (4.8) define the confinement energies and 

single carrier wavefunctions without Coulomb interactioa The exctton Hamiltonian (4.7) yields 

A 

the binding energy due to Coulomb attraction. The term —— represents the kinetic energy of 
2M 

the exciton translational motion. We use the exciton wavefimctions in the form suggested by 

the structure of the Ml^uiultonian (4.6) 

^x(i;.rh) = exp(i^x)'J'x(';.rhX ^x(';.rh) = Ve(zJVh(Zh)<l>(Ze.Zh.P). 

(4.9) 

where is the exciton momentum and the wavefimctions vj/j(z)and M/bC^) are the 

solutions of the single-particle Schrodinger equations with the Hamiltonians (4.8) and the 

ADQW potential. This form assumes an axial symmetry of the exciton wavefUnction with 

respect to the growth direction. This assumption is correct for the ground exciton states. We 

employed the transfer matrix method described in Ch^ter 3 to calculate the electron and hole 

confinement energies and wavefimctions vi/e(z) and v|/^(2). The electron-hole correlation is 

condensed in (j)(ze,Zfep). After substitution of (4.9), the fijU Hamiltonian (4.6) is reduced to 

. . .  
H3D=-^ + H^+H.+H, . (4.10) 

and the Schrodinger equation contains only the "internal" exciton variables p, Ze and zj, 

[Hx + H.+HJ>FX(P,Z..Z,) = EA(P.^..Z.). (4») 

where p = |p| - We used variational techniques to solve the reduced Schrodinger equation 

(4.11) based on the waveflmction^*'̂ ^ 
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(4.12) 

(4.13) 

where R is a variational parameter which is related to the exciton radius. The variational 

procedure consists in the minimization of the oiergy Ex(R) which becomes a three-dimensional 

integral 

The numerical procedure developed in FORTRAN calculated Ex(R) and its minimum with user 

defined accuracy. Despite its simplicity, the program was very time consuming and required 

fi-om 10 to 20 min for a 486 PC (66 MHz) to calculate the exciton energy for each 

heterostructure. To verify the correct performance of the employed numerical procedures we 

calculated the exciton binding energy for GaAs/(Ga,AI)As quantum wells and found good 

agreement with the results reported in references 74 and 75. 

We calculated energies of both direct and indirect ecciton states, further denoted by 

(AcBhh) with A,B=N,W, for our 13/42/25 (Zn,Cd)Ze/ZnSe ADQW. Direct excitons 

correspond to electron-hole pairs localized in the same well and bound by Coulomb attraction, 

whereas electrons and holes localized in different wells form the indirect excitons. In our 

calculations, we used the parameter set shown in Table 4-1. The bandgap of Zni-xCdxSe/ZnSe 

was calculated using 

(4.14) 

Eg(eV)=2.82-1.35X-K).3X^, (4.15) 
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with the ratio between electron and heavy-hole band of^ets assumed to be 70/30. These data 

are consistent with previously published data and yield reasonably good agreement between 

computed and experimental values of the total HH exdton energies for both the NW and WW 

(see Table 4-2). Since the Coulomb attraction reduces the energy of the electron-hole system 

by the binding energy Bx, the energy of the exciton absorption resonance (ecciton energy) in 

the heterostructure is Eg+Ece+Ecu,-Bx. Our variational procedure directly computes 

Ex(R)=Ece+Ecfch-BjG and the binding energy Bx was derived from it using confinement energies 

Ece and computed from single electron and hole Hamiltonians. Our calculations are 

summarized in Table 4-2 and will be discussed together with the results of tunneling time 

calculations. 

4.2.2 Tunneling rate calculations 

The Hamiltonian describing the coupling of excitons and phonons is a linear 

combination of individual carrier LO-phonon interaction potentials^*'' 

^X-LO ~ ^LO (^e ) ~ (r^), (4.16) 

where Vlo is the Frohlich interaction potential given by (3.2). The minus sign in (4.16) reflects 

the physics of carrier-LO-phonon interaction. LO phonons correspond to the lattice vibrations 

of the semiconductor lattice, where anions and cations are ctisplaced in such a way that an 

electric field is induced in the direction of the LO phonon propagation. This field eflBciently acts 

on the carrier forcing it to scatter. The interaction potentials of electrons and holes in the field 

induced by lattice vibrations will clearly have opposite signs, since electroi\s and holes have 

opposite charges. 
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After integration over the exciton final state momenta, Fermi Golden Rule for Frohlich 

coupling yields the following expression for the tunnding rate between the exciton states 

and of energy separation AE: 

V(Q,q) = j"d'pjdzJdz^T^/ [expOa^Qp + iqzj- exp(-ia,Qp + iqz. (4.18) 

translational mass in the quantum well plane. For optical excitation at the F -point we may set 

Ki = 0 and energy conservation reads as =Q^ =2M(AE-^fflLo)/^^ ^nd integration 

over angle 0 in Eq. (4.17) can be replaced by 27C. 

It is straightforward to recover the LOphonon assisted tunneling rate (3.3) for 

independent electrons from (4.17) and (4.18) using an uncorrelated plane wave ansatz for the 

in-plane fimction and single-particle energies. For completeness, we have also calculated the 

time constant for electron tunneling (without taking into account Coulomb interaction) as a 

function of the barrier width U (solid line in Fig. 4-7). It is markedly shorter than the 

experimentally observed tunneling time. 

Now we discuss the general structure of the ®cciton tunneling rate. In an ADQW, one 

has direct and indirect exciton states. For direct states, the electron and hole are located in the 

same QW VAe(Ze)VBh(Zh). A=B=N,W). The are single-particle 

(4.17) 

with 

Here, fiQ = ft(Kj-Kf) is the momentum change, and M = me + nihp is the exciton 
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dgenfunctions of the total ADQW structure so Jdzv|/jj^j,(z )M'we.h(2 ) = 0- Using this 

orthogonality relationship it is ea^ to see that the tunneling rate between direct excitons via 

LO-phonon emission is equal to zero when the Coulomb correlation along the growth direction 

is ignored, that is, when (|>(Ze,Zh,p) = (Kp)- This frequently used ansatz covers the leading 

contribution from the Coulomb interaction as long as the excitons are truly quasi-two-

dimensional. Therefore, tunneling between direct exciton states with the emission of only one 

LO-phonon is normally not eflBcient for the ideal two dimensional excitons. 

Now we concentrate on the realistic approximation for exciton waveflinction with 

(|)(Ze,Zh,p) &ven by (4.12) and (4.13) which we used in exciton energy calculations. Using this 

wavefiinction we can further simplify matrix element V(Q,q) by integrating it over the in-plane 

variables 

V(Q, q) = J dz JdZh -^C(R;, Z)C(Rf, Z)v|/*e., (z. )v|/*h.i (z^ )\|/^f (z, )v|/ ^ ^ (z^ )x 
(4.19) 

x[exp(iqz, -C,Z)C,-'(l+C,Z)-exp(iqz, -C.Z)^/'(1 + CeZ)] 

with 1/R«ff= 1/Ri+1/Rf and Ceji^ = (okhQ)^ + (l/Rc£f)^ When direct exciton states are 

considered for the initial states, it is simple to verify analytically that V=0 for R,-=Rf. In the 

present ADQW, the R parameters of these exdtons are almost the same (43 A and 44 A, 

respectively) so that the numerical calculation yields direct exciton tunneling times in the 

nanosecond range. Thus, we arrive at the conclusion that direct exciton tunneling is not 

efficient in our ADQW in any reasonable cpproximation. 
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4.3 Discussion 

First, we discuss the structure of energy levels of our ADQW. Table 4-2 shows that 

the following LOphonon assisted transitions are energetically allowed; Q) direct exciton 

tunneling (Ne,Nhh)-KWe,Whh), C") direct to indirect ©cdton tunneling (N6.Nhh)-KWe,Nhh), and 

Oil) indirect to direct exciton tunneling (We,Nhh>-^(We,Wiih) or (Ne,Whh)-KWe,Whh). In marked 

contrast to the single-particle scheme, LO-phonon assisted tunneling is now allowed for the 

transition (We,Nhh)-KWe, Whh) which corresponds to the hole transfer from the NW to WW. It 

becomes possible because strong Coulomb correlation in EI-VI semiconductors renormalizes 

the energy spectrum so that transitions foAidden in a single-carrier scheme become very 

eflScient in the excitonic picture. In our case the critical role of the Coulomb interaction is 

illustrated by the feet that heavy hole tunneling occurs only when the electron is in the WW. 

Second, we calculated tunneling times for all allowed transitions as a function of barrier 

width Lb (see Fig. 4-7). As we already mentioned, the tunneling times for direct excitons are in 

the nanosecond range and not shown in Fig. 4-7. We explain this very low tunneling rate by 

charge neutrality of the exciton. Since LO phonons scatter the carriers or excitons via electric 

field induced by lattice vibrations, the direct exciton scattering rate is expected to be low due to 

charge neutrality of the initial and final excitons states. On the contrary, tunneling processes 

where one of the involved states is a direct and the other is an indirect occiton are very 

eflBcient, because in the indirect exciton charges are located in different wells. There are two 

transitions corresponding to electron tunneling; (Ne,Nhh)->(We,Nhh) and (Ne,Whh)->(We,Whh). 

The first process is very fast since the energy separation between initial and final states is 
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almost equal to the LO-phonon energy and hence the momentum change Q is small. We find 

tunneling times (200 - 300 &) even shorter than 

10 

1 
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40 44 48 S2 

Barrier Width (A) 

Figure 4-7 Calculated LO-phonon assisted tunneling times for electrons (solid) and excitons 
(dashed and dotted) versus barrier width for a 13A/Lj/25A ADQW structure. The dot marks 
the experimental value for the present ADQW. 

those computed for individual electrons without Coulomb interaction. Thus, the absorption 

recovery in the pump-probe measurements is controUed by the transition (We,Nhh)->(We,Whh) 

corresponding to hole transfer fi-om the NW to the WW. The calculated tunneling time for the 

present ADQW is 1.2 ps (see Fig. 4-7), in excellent agreement with the experimentally 

observed value. 
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Figure 4-8 Calculated exciton impurity assisted tunneling times versus barrier width for a 
13A/Lb/25A ADQW structure. Impurities with the areal density of 10'° cm'̂  are located at each 
of the four interfaces in ADQW. 

Third, the theoretical approach developed above can be easily modified for other 

scattering mechanisms. Modification requires substitution of the appropriate scattering 

potential into (4.16). For example, using the impurity scattering potential given by (3.27) we 

derived impurity-assisted exciton tunneling times 

1 

' imp 

47te^M 
N^/de 
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V(Q) = JdzJdz, •|^C(R,.Z)C(R„Z)>|/o (zJV^Cz,) Vm(z Jx 
(4.21) 

X[BP(-Q|Z. -Zi,|-C,Z)Cr'(l+C.Z)-exp(-Q|2^ -Zi„|-C.ZK.-=(1+5.Z)] 

where Nm, and are impurity areal density and position, respectively. We calculated the 

tunneling rates for all allowed transitions (see Rg. 4-7) for the impurity density of 10'° cm'̂  

located at each of the four inter&ces in ADQW. Since impurity scattering is elastic there are 

more allowed transitions. All of them, however, have much longer tunneling times than those 

due to LO-phonon emission. Tunneling of the direct exciton is very inefiScient and it is not 

shown in Fig. 4-7. We again explain this by the charge neutrality of a direct exciton and its 

consequently low interaction energy with an ionized impurity induced electric field. Finally, we 

estimated alloy scattering rates and found them also much longer than those due to LO-phonon 

emission. Thus, we conclude that exciton LO-phonon scattering is the dominant mechanism 

in our heterostructure. 

4.4 Summary 

We have studied exciton tunneling in (Zn,Cd)Se/ZnSe ADQW using PL, PLE, 

time-resolved transmission and photolumuiescence measurements. 

1) We observed fast (1 ps) exciton tunneling out of the NW, although LO-phonon 

scattering is forbidden for holes in the single-particle picture. No time-resolved PL was 

observed fi"om the NW suggesting that one of the carriers tunnels out on a 100 fs time 

scale. 

2) The binding energy in 11-VI semiconductor heterostructures is comparable with the LO 
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phonon energy and the separation between carrier subbands. Therefore, a consistent 

description of the tunneling process requires Coulomb interaction to be taken into 

account. The strong Coulomb correlation in H-VI semiconductors renormalizes the energy 

spectrum so that transitions forbidden in a ^gle-carrier scheme become veiy efScient. 

Furthermore, strong Frdhlich electron LO-phonon interaction and large carrier effective 

masses in Avide gap II-VI semiconductors make LO-phonon scattering significantly faster 

than in ni-VI structures. 

3) We have developed a theory of LO-phonon assisted tunneling between exciton states based 

on the Fermi Golden Rule, the exciton LO-phonon interaction potential, and exciton 

wavefiinctions and energies. Although our approach is based on a simple ansatz with only one 

variational parameter, and more elaborated treatments are desired, we believe that it provides 

the correct order of magnitude of the tunneling times. Our theory can be easily modified to 

incorporate any scattering mechanism. For ecample, we have derived a formula for impurity 

assisted tunneling and calculated the corresponding tunneling times. 

4) We found that the exciton does not tunnel as a whole entity in a single event, though 

energetically allowed. We explain this very low tunneling rate by charge neutrality of the 

exciton. 

5) Tunneling takes place in a two step process. The first process (Ne,Nu,)->(We,Nhh), 

corresponding to electron transfer fi-om narrow to wide well, is very fest (200 fs). The second 

transition (We,Nu,)->(We,Whh) eflBciently transfers the hole by LO-phonon emission. In this 

way, the entire exciton is indeed transferred fi-om the NW to the WW in 1 ps by the emission 

of two LO-phonons. Since the time resolution of our transmission pump probe setup is 300 fs. 
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the measured di£ferential transmission signal reflects the slowest Qiole) tunneling time. A very 

short electron transfer time explains the lack of time-resolved PL signal from the NW. 

6) Impurity and alloy scattering are much slower than LQ-phonon scattering and do not play 

ai^ significant role in the experimentally observed tunneling cfynamics. 
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5. ULTRAFAST NONLINEARITY IN NEUTRON IRRADIATED 
GaAs/(Ga,AI)As QUANTUM WELLS 

Research described in this chapter is indirectly connected to the topics covered in 

the previous sections by its technological importance for optoelectronic technology. It 

represents the first step in the ongoing investigation of the optical properties of neutron 

irradiated semiconductors. Emerging all-optical communication technologies require 

nonlinear optical materials with ultrafast response times'® for communication wavelengths 

of 1.3 |im and 1.55 (om, where zero group velocity dispersion and minimal losses of silica 

fiber occur, respectively. Semiconductor multiple quantum wells (MQWs) have attracted 

significant attention because of their large excitonic room temperature nonlinearity.*" This 

nonlinearity is more than an order of magnitude larger than that of fi-ee carriers m bulk 

GaAs.^^ Several mechanisms are responsible for this enhancement such as phase-space 

filling in 2D, exchange and Coulomb screening of the excitons.*^ Without discussing the 

physics of the MQW nonlinearity, we emphasize only, that it is present only when the 

exciton absorption resonance can be clearly resolved in the linear absorption spectrum. 

Despite the large value of the MQW nonlinearity, its nanosecond recovery time, 

controlled by carrier lifetime, has been an obstacle for high speed device applications. To 

overcome slow recovery times in MQWs several approaches have been explored. Using a 

structure design approach, fast recovery was achieved in tunneling heterostructures, such 

as ADQWs, by tunneling of photoexcited carriers fi-om the active to the adjacent layer.^®"^^ 

We showed in Chapter 3 that this approach is very successful at low temperatures and 
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high photon energy excitation. A fiill recovery with 2 ps time constant has been 

demonstrated for the exciton absorption resonance with well defined excitonic features. 

However, at room temperature, photo-induced absorption changes recover partially or do 

not recover at all. This apparent drawback limits the application of ADQWs and related 

structures for room temperature optoelectronic devices. Another approach consists of 

creating defects in high concentrations by doping" or proton implantation.*^ This 

technique, however, is mutually exclusive to preserving large excitonic nonlinearity since 

doping and proton implantation result in severe broadening and eventual disappearance of 

the exciton absorption resonance. The most promising and intensively explored approach 

is based on low temperature growth (LTG) of semiconductor materials.'®'" For example, 

LTG GaAs/(Ga,Al)As MQWs have been demonstrated with sharp excitonic features and 

15 ps absorption recovery time.*' Low temperature growth, however, is not effective for 

all semiconductor materials.*' In technologically important InGaAs/AUnAs quantum wells 

carrier lifetimes could be reduced only to 160 ps and additional doping with Be is required 

to achieve shorter lifetimes. 

In this chapter, we demonstrate that sharp excitonic features and ultrafast carrier 

lifetimes can be achieved in neutron irradiated GaAs/(Ga,AI)As.*' Neutron irradiation 

generates defects which act as very efiBcient recombination centers without excessive 

broadening of the exciton absorption resonance. We show below the similarities between 

neutron irradiation induced defects and those responsible for short carrier lifetimes in LTG 

semiconductors. Neutron irradiation, however, provides a controllable way to create a 

homogeneous distribution of these defects in semiconductor heterostructures. 
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S.I Experiment 

We investigated a GaAs/(Ga, Al)As MQW sample which was conventionally grown 

(substrate temperature 630 °C) on a semi-insulating (100) GaAs substrate by molecular 

beam epitaxy. It consisted of 50 periods of 120 A GaAs wells separated by 100 A 

(Gag y\lQj)As barriers. The samples were of high quality as indicated by low temperature 

linear absorption and photoluminescence measurements. Sharp excitonic features could be 

observed in absorption spectrum at room temperature (see inset in Fig. 5-2). The samples 

were attached to quartz substrates and the GaAs substrate was removed. The epilayers 

were coated with a thin silicon monoxide layer to reduce reflection and prevent oxidation. 

Irradiation by fast neutrons was performed in the University of Arizona nuclear reactor 

with 1 MeV equivalent GaAs fluence'*' of (J) = 1.96x10'® neutrons cm~^. Samples were 

stored in a designated area and radioactivity level was monitored. Neither of the nuclei 

involved in the irradiation had long term radioactivity after neutron irradiation. In fact, this 

requirement dictated the choice of quartz substrate. After three weeks the radioactivity 

level of the samples dropped ("cooled") to the background level and samples could be 

released as nonradioactive. It should be emphasized that this relatively fast "cooling" is 

very unportant for possible application of neutron irradiated materials in optoelectronics. 

A degenerate pump/probe setup was employed to measure the carrier lifetime. 

Optical pulses for the pump and probe were generated from a JCLM TiiSapphire laser 

which produced 120 fs optical pulses at 80 MHz repetition rate. The degenerate 

experiments were carried out in a collinear geometry using orthogonal polarizations of the 
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pump and probe beams. The pump pulse was delayed, chopped, and after propagating 

through the sample, blocked by a polarization beam splitter (PBS). The laser was tuned to 

the heavy-hole exciton absorption resonance and the transmitted probe was measured 

using lock-in detection, allowing the direct observation of pump-induced probe 

transmission changes. 

120 fs Mode-locked 
TirSapphire Laser H Argon Ion Laser 

TV Camera 

MQW sample 

t I fl 
PBS 

\ 
To Detectors 
OMA etc. 

Probeonly 

Figure 5-1 Schematic diagram of the experimental pump/probe setup. PBS-polarization 
beam splitter, OMA-optical multichannel analyzer. 

5.2 Experimental Results 

Linear absorption spectra of the MQW sample before and after irradiation are 

shown in the inset in Fig. 5-2. Sharp excitonic features dominate both spectra with the 

neutron irradiated sample showing a slight broadening of the light and heavy hole exciton 

absorption resonances, reducing the maximum absorption by 12%. Time-resolved heavy 

hole exciton absorption recovery of the neutron irradiated MQW sample is depicted in 



119 

Fig.5-2 for different densities of photoexcited carriers. Two components can be seen in 

these data. The first, very sharp peak at zero delay is due to the dynamic Stark effect and 

0.05 

Figure 5-2 Time resolved differential transmission data recorded for neutron irradiated 
(fluence of 1.96x10'® cm'^) 120 A GaAs/(Gao.7Aloj)As MQW (solid lines) at carrier 
densities of 1.7xl0", lO" and 3.3xlO'° cm*^ and the same non-irradiated sample (dotted 
line) at carrier density of 3.3x10'° cm"^. The inset shows linear absorption spectra of 
neutron irradiated (solid line) and non-irradiated (dotted line) MQW. 

its relative magnitude increases with pump power. The presence of this fast component is 

another conJBrmation of preserved excitonic properties of irradiated MQWs. The second, 

slower component, is controlled by the recombination of real carriers. A fit of this second 

component assuming a mono-exponential decay yields a time constant of 21 ps with only a 

very sUght variation with the density of photoexcited carriers. It is important to note that 

recovery of absorption is complete, indicating eflBcient recombination of both electrons 

and holes. The lifetime of the photoexcited carriers in our sample before irradiation was 

Wirelcngtb (ma) 

10 20 30 40 50 
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longer than the period between optical pulses (12.5 ns) and this resulted in non-recovered 

absorption changes in the differential transmission pump/probe data (see dotted curve in 

Fig. 5-2). Thus, we demonstrated a three order of magnitude reduction of the carrier 

lifetime in our MQW sample Avith only small changes in the excitonic absorption features. 

5.3 Discussion 
We start this section with a short qualitative discussion of nonradiative 

recombination and processes that control the linewidth of the exciton absorption 

resonance. We then show that the requirements of a short carrier lifetime and a strong 

excitonic nonlinearity do not contradict each other to a certain extent. We finish this 

chapter by discussing the possible nature of neutron generated defects in our experiment. 

5.3.1 Nonradiative recombination 

Nonradiative recombination is a process of electron and hole recombination 

without emission of an optical photon. The nonradiative recombination in radiation 

damaged semiconductors can be viewed as a recombination on radiation induced defect 

levels in the bandgap (see Fig. 5-3). The single-level recombination can be described by 

four processes involving this defect level: electron capture, electron emission, hole 

capture, and hole emission. The recombination rate U (in units of cm'Vs) is given by the 

Hall-Shockley-Read formula'^ 

U = gegpVa.(P"-ni ' )Nd 
(5.1) 

a, n + niexp(  ' )  +Op p  +  niexp(-
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where a, and a are the electron and hole capture cross sections, respectively, n and p 

are the electron and hole densities, is the carrier thermal velocity, Nj and 

Ed are the trap (defect) density and energy, respectively, Ej is the intrinsic Fermi level 

which in our case of an undoped semiconductor is positioned approximately in the middle 

of the bandgap, and ni is the intrinsic carrier density x exp(-Eg / kT). In thermal 
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Figure 5-3 Schematic diagram of the recombination processes involving defect level. Odv 
and CeAr are the carrier emission and capture rates respectively. 

equilibrium pn==ni^ and the Hall-Shockley-Read formula gives U=0. This corresponds to 

the compensation of thermal excitation of carriers by nonradiative recombination. Only 

after optical excitation, when nonequilibrium carriers are created (pn>ni^), does the 

recombination rate U become nonzero. It is easy to show that if the electron and hole 

capture cross sections are equal, a maximum of recombination rate occurs when Ed=Ei, 
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i.e., the defect level is in the middle of the bandgap. Thus, the most effective 

recombination centers are those located in the midgap and th^r are usually referred to as 

deep levels. It is easy to understand this fact by viewing the recombination process as a 

simultaneous capture of an electron and a hole. Captured electrons and holes always have 

a probability to be emitted back into their respective bands. This probability is minimal for 

both carriers when the defect level is located as far as possible from the valence and 

conduction bands, i.e., in the middle of the bandgap. Electron and hole capture cross 

sections are usually different, however, it is generally true that deep defects are efficient 

recombination centers. 

5.3.2 LInewidth of exciton absorption resonance 

The linewidth of the exciton absorption resonance (T) in high purity polar 

semiconductors and their heterostructures is dominated by LO-phonon broadening. 

Excitons can be resolved from the continuum if the binding energy Bx is larger than the 

linewidth (Bx>r) '^ The binding energy and the Frohlich interaction (which is responsible 

for the LO-phonon exciton scattering) scale approximately in the same way as a function 

of the bandgap." In bulk semiconductors the condition Bx>r is only satisfied at low 

temperatures when the density of thermal LO phonons is small. Since the average 

vibrational properties of barrier and well materials are usually similar, the temperature 

broadening of excitons in MQWs should not differ much from that of bulk semiconductor. 

Quantum confinement, however, increases the binding energy of excitons, and if the 

inhomogeneous broadening due to fluctuations of QW thickness is small enough, the 
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condition Bx>r can be satisfied at room temperature. 

Since we performed our neutron irradiation experiments with GaAs/(Ga,Al)As 

MQWs we will give a more extensive quantitative treatment of this material system using 

typical parameters reported in the literature.LO-phonon broadening is proportional 

to the probability of the exciton-LO-phonon collision with subsequent exciton ionization. 

Strictly speaking, this process is an absorption of a LO phonon resulting in exciton decay 

into a fi'ee electron-hole pair. Since the probability of the LO-phonon absorption is 

proportional to the LO-phonon occupation number N(T) (see section 3.4.3) the exciton 

linewidth can be written as 

To = + Tph / [exp(^(D LO / kT) -1] (5.2) 

where Fbh is the inhomogeneous linewidth and Fph is proportional to the Frohlich coupling 

constant. Typical values of Fph are slightly smaller for GaAs/(Ga,Al)As MQWs (5.5 meV) 

than for the bulk GaAs (7meV), confirming that there is no significant change in the LO-

phonon-exciton interaction with quantum well confinement. The inhomogeneous linewidth 

Finh is very sample dependent, smce it strongly depends on the fluctuation of the QW 

width. For our estimates we assume Fau, =2 meV. Since at room temperature (kT=25 

meV) the exciton linewidth (Fq «3.8 meV) is smaller than the exciton binding energy 

(Bx=10 meV) for a GaAs/Gai-xAlxAs (X»0.3) MQW with a well width around 100 A, the 

exciton can be resolved in the linear absorption spectrum.®^ From the LO-phonon 

contribution to the exciton linewidth («1.8 meV) we can estimate that the mean time 

between exciton-phonon collisions is roughly 0.4 ps. This coUision/ionization time was 
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directly measured in femtosecond time-resolved absorption experiments^'^ and was found 

to be in excellent agreement vdth a simple estimate based on linewidth studies. 

5.3.3 Defect induced exciton broadening 

To understand how defect generation influences the exciton linewidth and carrier 

lifetime two important issues should be emphasized. First, equation (5.2) does not take 

mto account broadening due to the carrier lifetime since in high quality samples carrier 

recombination time is in the ten nanosecond range. Obviously, this broadening is much 

smaller than broadening due to exciton-LO-phonon collisions. Second, any process which 

(a) Shallow (b) 
defect defect 

Figure 5-4 Schematic representation of the scattering processes on shallow (a) and deep 
(b) defects. 

results in the change of the exciton state contributes to the broadening of the exciton 

absorption resonance. This process can be scattering of the exciton momentum, ionization, 

or radiative and nonradiative recombination. However, not all of these processes result in 
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the removal of carriers from their respective bands. For example, after exciton ionization 

by a LO-phonon collision into a free electron hole pair, carriers remain m the bands and 

can participate in other scattering processes. 

Now we can consider modifications of the excitonic properties and carrier lifetime 

due to defect generation. In this discussion we assume that the defect can be represented 

by a defect level in the bandgap of the semiconductor and the carrier recombination occurs 

through electron and hole trapping as discussed above. First, consider the situation when 

the defect is localized close to conduction or valence band (shallow defect). This defect 

does not act as an efBcient recombmation center and usually has a very large scattering 

cross section. This is schematically depicted in Fig. 5-4 (a). It is apparent now that this 

defect results in a large broadening of the exciton absorption resonance without significant 

reduction of carrier lifetime. The width of the exciton peak of the semiconductor 

heterostructure where shallow defects are dominant is given by 

r»r = r,+;^ (5.3) 

where t, is the mean time between scattering on shallow defects. We have again 

neglected broadening of the exciton due to the carrier lifetime which is controlled by 

the relatively slow recombmation at shallow defects. There is another factor which may 

contribute to the exciton broadening. If the created defect level acts as a donor or 

acceptor at room temperature, a significant thermal free carrier population can be induced. 

Free carriers screen electron-hole interaction reducing the oscillator strength of the 

exciton absorption resonance. From this discussion it becomes clear that shallow defects 
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are mutually exclusive to the reduction of the carrier lifetime and preserving excitonic 

features. Second, it follows from previous considerations that deep defects are more 

suitable to achieve short carrier lifetime, since they are located in the midgap and can act 

as efficient recombination centers. Also deep defect potentials are usually approximated by 

short range potentials." Therefore we can expect that their cross section corresponding to 

any scattering process is fairly close to the capture cross section. Assume for sunplicity 

that carrier capture is the only possible process for the deep center (see Fig. 5-4(b)), and 

refer to this deep center as "ideal." Then the broadening of the exciton absorption 

resonance is controlled only by the recombination timex^ 

^eff ~ ^0 (5-4) 

For the typical parameters discussed above it means that a carrier lifetime reduction to 1 

ps will result in the increase of only 18% in the exciton linewidth. These parameters still 

guarantee that the exciton absorption resonance is well resolved and strong excitonic 

nonlinearities are present. In reality, deep levels do not act ideally as assumed above. 

Moreover, radiation damage normally creates a mbcture of shallow and deep defects. But 

undoubtedly those types of radiation must be used which efficiently generate deep levels in 

order to achieve short carrier lifetimes and preserve excitonic properties. 

In our experiment neutron irradiation increases the linewidth of the HH exciton 

absorption resonance from 3.5 meV to 3.77 meV. Exciton broadening due to the 

reduction of carrier lifetime is only 0.03 meV. Therefore, the relatively small increase in 

the exciton linewidth observed in our experiment is still far from the "ideal" case. It is very 
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important to find which mechanism is responsible for the exciton broadening. If the 

broadening observed in our experiment is due to the shallow defects, proper annealing can 

narrow the exciton absorption resonance without significant changes in the carrier lifetime. 

In this case even stronger and faster MQW nonlinearities can be achieved. I^ however, the 

observed broadening is controlled by the same defect which is responsible for the 

reduction of the carrier lifetime, no improvements are expected fi'om annealing. 

5.3.4 Radiation induced EL2 defect In GaAs 

Now we discuss the properties of defects induced by neutron irradiation. Radiation 

damage of semiconductors has been intensively explored in connection with the 

development of radiation resistant electronics and solar cells.Several techniques have 

been employed to identify the nature of radiation generated defects such as electron 

paramagnetic resonance (EPR),®® deep level transient spectroscopy (DLTS)'®" and optical 

characterization (absorption'"' and photoluminescence measurements'"^). The most 

important and still controversial is the EL2 defect located in bulk GaAs 0.82 eV below the 

conduction band.'°^ This deep defect has large capture cross section and is efficiently 

generated by neutron irradiation. More than ten models have been proposed to explain 

various properties of this defect. The most probable candidates are isolated Asc, antisite"" 

and complex AsG»-ASi antisite with As interstitial.'"^ Moreover, in many cases EL2 

represents a family of related defect complexes with participation of Asc. antisite. The 

purpose of this discussion is to show that the carrier lifetime observed in our all-optical 

experiment is consistent with parameters of EL2 defect measured in neutron irradiated 
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GaAs by DLTS and EPR techniques.To calculate the electron lifetime Tr we 

use Tr = (cyEL2NEL2Yh)'' where NEL2and 1^® density and electron capture 

cross section of EL2 defects, respectively, and V^, is the average thermal electron 

velocityWe estimated the density of EL2 defects using NgL2 = (*EL2<t>. where a is the 

defect creation rate whose reported values range from a^=02 cm"' to = 3 cm"' 

for neutron fluences similar to that used in our experiment.Assuming an electron 

capture cross section of = 1.5x10"'^ cm^ (Ref 106) we obtain electron lifetimes 

ranging from 3 ps to 45 ps. The recovery lifetime of 21 ps measured in our experiment is 

therefore consistent with electron lifetimes controlled by EL2 defects. It is unclear, 

however, what is the exact scenario of hole capture and recombination. Since pump/probe 

experiment measures transmission changes proportional to the sum of electron and hole 

populations fiill recovery indicates that both electrons and holes are removed from 

conduction and valence bands, respectively. There are a few contradictory measurements 

of the hole capture cross section of native EL2 defects. Reported values ranging from 

5x10*'^ cm^ (Ref 110) to 2x10"'® cm^ (Ref 111,112) are too small to explain the fast hole 

capture and recombination. We speculate that hole capture is enhanced because the 

waveflinctions of electron and hole forming an exciton strongly overlap. Therefore, after 

an electron is captured by the EL2 level, the hole is localized very close (within an exciton 

radius) to the defect and its capture probability increases. Quantum confinement is crucial 

for this efifect because it stabilizes excitons at room temperature and decreases their 

radius. More experiments are underway to characterize the neutron generated defects and 
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recombination process in detail. 
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Figure 5-5 Time resolved differential transmission data recorded for y-irradiated 

(fluence of 1.24x10* Rad) 120 A GaAs/(Gao.7Aloj)As MQW at carrier densities of 
1.7x10", lO" and 3.3xlO'° cm'^ The inset shows linear absorption spectra of y-

irradiated (solid line) and non-irradiated (dotted line) MQW. 

Neutron irradiation in a nuclear reactor is always accompanied by a certain dose of 

y-rays. We estimated the total fluence of y-rays in neutron irradiation to be 

approximately 10* Rad. y -rays are also known to generate EL2 defects in semiconductors 

and reduce carrier lifetime."^ Moreover, y -rays produce two types of EL2 defects, EL2-

A and EL2-B, both with large electron capture cross sections.'*" To elucidate the 

contribution of y -irradiation we irradiated our MQW sample with y -rays from a Co^ 

source. The total fluence was 1.24x10* Rad - slightiy higher than for neutron irradiation. 

The resuhs are depicted in Fig. 5-5. First, we can see that y -irradiation does not affect the 
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linear absorption spectrum of our sample (see inset in Fig. 5-5). Second, it obviously 

reduces carrier lifetime since the differential transmission recovers completely by the 

beginning of next optical pulse in contrast to the non-irradiated sample (dotted curve in 

Fig. 5-2). However, the absorption recovery time is too long to be observed on a 50 ps 

time scale. Therefore, we arrive at the conclusion that the radiation damage resulting in 

the dramatic reduction of carrier lifetime comes primarily from neutron irradiation. 

Finally, we note similarities between our neutron irradiated MQWs samples and 

LTG MQWs.*^ In both cases we can see well preserved excitonic features and short 

exciton lifetimes. In the case of LTG semiconductor materials short carrier lifetime has 

also been attributed to the presence of EL2 defect."^ Moreover, neutron irradiated GaAs 

exhibits the same EPR spectrum due to EL2 defect as LTG GaAs."' We conclude, 

therefore, that in both cases EL2 defect exhibits the very interesting property of efficient 

reduction of carrier lifetime without excessive broadening of the exciton absorption 

resonance. 

5.4 Summary 

In conclusion, we have performed the first all-optical experiments with neutron 

and Y -irradiated GaAs/(Ga,Al)As MQWs. Our goal in these experiments was to develop 

a simple technique to achieve excitonic room temperature noniinearity with fast recovery 

time. The following results and conclusions have been reached. 

I) We demonstrated sharp room temperature exciton features and complete recovery of 

excitonic absorption with 21 ps time constant in neutron irradiated GaAs/(Ga,Al)As 
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multiple quantum wells. 

2) We showed that lifetime reduction is primarily due to defects generated by neutrons but 

not by gamma rays accompanying neutron irradiation. 

3) Our qualitative analysis shows that deep defects can ef5ciently reduce the carrier 

lifetime without excessive broadening of the exciton absorption resonance. The ideal deep 

defect, which only causes carrier recombination without carrier scattering, can reduce the 

carrier lifetime in GaAs/(Ga,Al)As MQWs to the 1 ps level with only about 18% increase 

of the exciton width. 

3) The lifetime observed in our all-optical experiment is consistent with the data reported 

in the literature on deep EL2 neutron generated defects obtained by DLTS (all-electrical) 

and EPR (magnetic) techniques. Moreover, we found that the defects in low temperature 

growth GaAs also eflSciently reduce carrier lifetime without excessive broadening of the 

exciton absorption resonance. These defects also have been assigned to the EL2 type by 

EPR technique. Therefore, we conclude that the properties of EL2 defect are close to the 

properties of the ideal defect described in 3) above. 

4) Neutron irradiated semiconductor MQWs can find many applications in nonlinear optics 

and optoelectronics as nonlinear media with very large absorption and refractive index 

nonlinearities, and fast recovery times. The advantages of the neutron irradiation approach 

is conventional growth of MQWs and simplicity of processing. 
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6. SUGGESTIONS FOR FUTURE RESEARCH 

The research presented in this dissertation adds experimental and theoretical 

knowledge to the already vast information on tunneling phenomena, but by no means 

completes the subject of tunneling. There are several issues in carrier tunneling in III-V 

and H-VT heterostnictures which could be further studied to gain a better understanding of 

tunneling physics. They are listed below. 

1) The conclusion on the dependence of hole tunneling time on its in-plane momentum 

was made based on the observation of tunneling dynamics for two significantly different 

pump photon energies. For this purpose, two different pump/probe systems have been 

developed. It would be interesting to perform an experiment where the energy of the 

pump photon can be continuously tuned between the pump photon energies already 

investigated. This experiment obviously requires a nondegenerate pump/probe system with 

a very large tunability of the pump wavelength. Such system becomes feasible primarily 

due to the availability of the tunable Optical Parametric Generators (OPGs). Another 

interesting aspect of hole tunneling mentioned in the literature is the nonexponential 

behavior of the tunneling time as a function of the barrier width Lb. In particular, it was 

suggested, based on theoretical calculations, that for a certain range of Lb the hole 

tunneling rate is not an exponential function of Lb.^^ This interesting result can be verified 

by investigating hole tunneling in a set of ADQWs with different Lb. Finally, spin-

dependencies of the hole tunneling rate present a very interesting, however almost 

undeveloped chapter of QW physics. Here, experimentalists face a big challenge in 
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creating and tracing the tunneling of "spin-pure" hole states with large in-plane momenta 

since spin relaxation become very fast at large hole momenta/ 

2) There are a few issues that should be addressed in the theoretical description of the 

carrier tunneling excited with large excess energy. In this dissertation, hole tunneling rate 

has been calculated for a only few scattering processes. These calculations had the 

purpose of illustrating how the dispersion and wavefunctions of hole subbands modify the 

hole tunneling rate. It would be interesting to calculate rates for acoustic and optical 

phonon mediated tunneling processes, include the effects of space-charge effects in a self-

consistent manner, and perform Monte-Carlo simulations of the tunneling kinetics of the 

hole ensemble excited with large excess energy. This project obviously represents a 

challenge in theoretical solid-state physics and requires powerful computational facilities. 

3) More experiments can be suggested to further investigate exciton tunneling in 11-VI 

semiconductors. First, the tunneling experiment and the theory of the LO-phonon assisted 

tunneling discussed in this dissertation were the first tunneling studies in ZnSe based 

heterostructures. Therefore, it is important to verify the conclusions derived from our 

studies in other experiments. For this purpose, exciton tunneling time should be 

investigated as a function of tunnel barrier and the energy separation between initial and 

final excitonic states. The latter study is important to experimentally verify that the 

turmeling of the direct exciton is very inefficient. In the scenario proposed in this 

dissertation the NW exciton tunnels to the WW via an intermediate state with emission of 

two optical phonons. If, however, the separation between the initial and final states can be 

made less that two phonon energies, the described fast two step process becomes 
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impossible and a long lasting component should be generated in the differential 

transmission signal. In order to perform this experiment, either several ADQWs with 

different well widths should be fabricated or the energy separation between direct NW and 

WW excitons should be tuned by an external magnetic field. 

Our experiment with neutron and gamma irradiated MQW structures is the first 

demonstration that radiation damage can effectively reduce carrier lifetime without 

damaging the excitonic properties of semiconductor heterostructures. The following 

aspects of the radiation damage should be investigated. 

1) Irradiation with several neutron fluences will provide the information on defect 

generation rate. This aspect is crucially important for applications because it will allow to 

do "carrier lifetime engineering." It is also very important to find at what carrier density 

the defect generation rate saturates or radiation generated defects start forming defect 

clusters rather than point defects. It is equally important to find the neutron fluence at 

which the excitonic properties become strongly affected. 

2) The experiment discussed in the dissertation has been performed with GaAs/(Ga,Al)As 

MQWs. These MQWs are not compatible with the communication wavelengths of 1.3 

and 1.55 |im. Therefore, it is important to investigated neutron irradiation damage in InP 

based heterostructures, for example in (Ga,In)As/(Al,In)As MQWs. 

3) The most important issue is the annealing properties of neutron-irradiated MQWs. The 

annealing studies can provide information on the relative concentration of shallow and 

deep defects generated by neutron irradiation. If shallow defects are responsible for the 

exciton broadening, as it was described in the dissertation (p. 125) they could be annealed 
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wthout significant change in the carrier lifetime. This could further improve the 

nonlinearity of the MQWs. 

4) Finally, it is very important to demonstrate that the excitonic nonlinearity in neutron 

irradiated quantum wells can be used in real devices. Currently, efforts are underway to 

demonstrate that this nonlinearity can be employed in all-optical modulators and fast 

saturable Bragg reflectors for mode-locked picosecond lasers. 
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