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Abstract

This thesis presents an investigation of exciton absorption saturation processes

in InGaAs(P) / InGaAsP multiple quantum wells using both picosecond and

femtosecond duration optical pulses.

Exciton saturation was investigated with a degenerate pump-probe study

employing circularly polarised light. The bandwidth of the near 100 fs pulses allowed

the effects of Coulomb screening to be easily separated from those of lineshape

broadening. The temporal resolution of the experiments allowed exciton-exciton

saturation mechanisms to be determined. A rate equation analysis of the data allowed

a comparison of the Coulomb screening and phase space filling contributions to the

exciton saturation, while a comparison of the results obtained with both femtosecond

and picosecond pulses showed that broadening had little significance in the samples

under investigation.

An investigation into electron spin relaxation at room temperature has been

carried out as a function of quantum well width. The observed increase in electron

spin relaxation time with decreasing well width are in good agreement with

previously reported results, suggesting that the D'Yakonov-Perel mechanism is the

dominant spin flip mechanism for electrons in InGaAs(P) / InGaAsP quantum wells at

room temperature.

The first demonstration of a spin dependent all-optical polarisation switch operating at

the preferred telecommunications wavelength around 1.5 pm is achieved. The switch

makes use of the spin dependent refractive index, change in multiple quantum wells

giving observed switch recovery time of 4.8 ps, determined by the electron spin

relaxation time, making it a potentially useful element for future all-optical soliton

communication systems.
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Chapter 1 Introduction

The problem of the particle in a square well potential is familiar to any student of

quantum mechanics. Anyone who has struggled to come to terms with the counter¬

intuitive nature of such problems must have wished for a practical experiment to help

demonstrate the effects described by Schrodinger's theory of quantum mechanics. With

the advent of epitaxial growth techniques such as molecular beam epitaxy (MBE) and

metal-organic chemical vapour deposition (MOCVD) in the 1970's it finally became

possible to grow a square well potential.

MBE and MOCVD allow the growth of semiconductor layers on an atomic scale,

allowing semiconductor compositions to be grown with a previously unheard of accuracy.

The precision of these techniques are such that it is possible to produce semiconductor

layers with thickness of the order of the Bohr radius of an exciton. The simplest structure

is a single quantum well, where a thin layer of semiconductor is confined between two

layers of a different semiconductor, having a larger bandgap energy. Carriers confined in

the smaller bandgap "well" material have properties that are more accurately described by

a 2-dimensional system than a 3-dimensional one. Thus, the carriers are confined in a

square well potential and, if the well is narrow enough (of the order of lOnm), quantum

effects can be observed [1.1]. The confinement also causes an enhancement of the

absorption due to the quasi-particle, known as an exciton, compared to the absorption

observed in bulk material, making exciton absorption readily observable at room

temperature in quantum wells [1.2].



Chapter 1 Introduction

If many quantum wells are grown together, then a multiple quantum well is

formed. The advantage of the multiple quantum well over a single quantum well is most

apparent in optical studies. Ideally a multiple quantum well will have the same properties

as a single quantum well, but the optical density experienced by any light passing through

the structure parallel to the growth direction will be increased by a factor n, where n is the

number of quantum wells. It is the optical properties of such structures that will be

investigated in this thesis.

The energy levels of a quantum well can be manipulated in many straightforward

ways, such as varying the well width, doping level and voltage bias of a sample. This has

lead to the development of novel quantum well lasers [1.3], switches [1.4] and modulators

[1.5]. Quantum wells also show a number of new properties when compared to bulk

material. One such feature is the quantum confined Stark effect [1.6], which produces a

red shift in the absorption edge when an electric field is applied across quantum well

layers. The discovery of this effect has lead to the realisation of electroabsorption devices

such as the self electro-optic effect device (SEED) [1.7], Such devices have led to many

applications of quantum well structures in optical communications. Quantum well

semiconductor lasers and detectors are routinely used in conjunction with low loss optical

fibre to transmit data world-wide at ever increasing rates. Early work with quantum wells

in optical communications made use of the GaAs / AlGaAs system, which operated at a

wavelength of 850nm. This materials system was chosen because of the good lattice

matching between GaAs and AlGaAs for a wide range of compositions. More recently

work in optical communications has concentrated on wavelengths of 1.3 pm or 1.5 5 pm,

where the fibre attenuation is at a minimum as shown in figure 1.1.
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Figure 1.1 Attenuation in optical fibres as a fimction of wavelength. Low

transmission losses occur at 1.3pm and 1.55pm.

The development of ultrashort pulse lasers has allowed time-resolved pump-probe

experiments to be carried out with time resolution of picoseconds and below. In a typical

pump-probe experiment a sample is excited by a pump pulse and the transmission

characteristics of a much less intense probe pulse, delayed in arrival time at the sample

with respect to the pump pulse, are monitored as a function of the delay. Such

experiments allow the dynamics of electronic processes within the quantum wells to be

studied.

In this thesis a number of important parameters connected with quantum wells

whose bandgap is commensurate with the preferred telecommunications transmission
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wavelength around 1.5 pm are optically measured. Chapter two introduces the basic

physics of quantum wells and their optical properties. Chapters three and four describe

the experimental techniques employed in this work and the samples under investigation,

while chapter five describes the measurement of the carrier lifetime in these samples. In

chapter six the mechanisms relating to exciton saturation are investigated. Chapters seven

and eight explore the field of spin relaxation and its application in all-optical switching

devices and chapter nine draws the results together in conclusion.
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Chapter 2 Properties of quantum wells

2.1 Summary

In this chapter the optical properties of semiconductors and the effects of quantum

confinement will be discussed. The increased effect of excitons on the absorption

properties of quantum wells is also described. The relevance of optical selection rules and

bandgap resonant non-linearities to the experiments described in future chapters are

introduced.

2.2 Growth considerations

When growing semiconductors for use as optical devices, it is not only essential

that the composition produces the bandgap energy required, it is also usual to ensure that

the lattice constant remains the same throughout the whole structure, although strained

layer structures have also been developed. Early crystal growers were fortunate that the

ternary compound AlGaAs has the same lattice constant as GaAs over a wide range of

compositions. However, no ternary compound has the right combination of bandgap

energy and lattice constant for making devices for operation at 1.3 pm or 1.55 pm. Figure

2.1 shows the nature of the problem by plotting bandgap energy against lattice constant for

selected HI-V compounds. Binary compounds occupy single points because their

composition uniquely determines both bandgap energy and lattice constant. Lines

connecting points represent ternary compounds, most of which span a range of lattice
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constants and bandgaps. AlGaAs is a special case because both gallium and aluminium

ions are about the same size, so moving along the AlGaAs line from GaAs to AlAs

changes the lattice constant very little. There are no such equal sized pairs available for

use at infra-red wavelengths, so it is necessary to use the quaternary compound InGaAsP,

varying both the In/Ga and As/P ratios to make active layers lattice matched to InP with

the desired bandgap energy.

Lattice cm*taut, &

Figure 2.1 lattice constants and bandgaps of semiconductors at room temperature.

The vertical line shows the quaternary compound InGaAsP.

2.3 Bulk III-V semiconductors

For the results presented in the following chapters the semiconductors of interest

are lni_xGaxAsyPi_y and Ini„xGaxAs. Both are III-V semiconductors with a zinc blende
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structure. The proportions of each constituent of the compounds, denoted by x and y are

varied appropriately to achieve lattice matching to substrates, in this case InP. The band

structure, when lattice matched to InP, is similar to that of InP or GaAs [2.1] with a direct

gap at the T point in k-space. The electronic energy band structures of GaAs and InP are

shown in figure 2.2. The region of interest is the T point at the centre of the Brillouin

zone. The conduction band is two fold degenerate and the highest valence band is four

fold degenerate at the zone centre. The degeneracy is partly lifted away from the zone

centre where the band splits into a light and a heavy band, each being two fold degenerate.

There is also a lower valence band separated from the highest valence band, due to the

effects of spin-orbit coupling, by 0.011+0.3 ly-0.09y2 eV. The bandgap is the difference in

energy between the lowest conduction and highest valence bands at the zone centre.

4 4

-4 I t _4 i L
L (111] r [100] X L [111] [ [100] X

—k—•<—k—>*

(a) GaAs (b) InP
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Figure 2.2 Bandstructure of, a, GaAs, Eg=J.43 eV at 300 K and b, InP, Eg=1.34 eV

at 300 K, around the rpoint.

2.4 Multiple quantum wells

Multiple quantum wells (MQW's) can be one of either two different types. In type

I quantum wells the electrons and holes are both confined in the same semiconductor

material. In type II quantum wells the electrons and holes reside in different

semiconductor materials. These two situations are shown in figure 2.3.

InGaAs(P)/InGaAsP multiple quantum wells are type I structures. The potential

wells for both the electrons and holes are either Ino.73Gao.27Aso.58Po.42 for operation at 1.3

pm or In0.58Gao.48Aso.9Po.i for operation at 1.55 pm and the InGaAsP barriers are grown to

have a larger band-gap. In1.xGaxAsy(Pi-y) has a direct bandgap over the full range of lattice

matched compounds and the size of the band gap is controlled with the mole fraction y,

using the following expression [2.2].

Eg = 1.35- O.lly + 0.12/ (2.1)
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Eg (Well) I

AEc

Eg (Barrier)

AEv

, (a) Type I

t AEc

AEv

(b) Type II

Figure 2.3 Band structure for (a) type I and (b) type II multiple quantum wells.

The mole fraction x is determined using the following relation to ensure lattice matching to

InP substrates.

x =
0.4526y

(l — 0.03 l)y
(2.2)

The difference in the band-gap of the well and barrier material is denoted AEg.

The distribution of AEg between the conduction band and valence band defines the depth

of the respective potential wells. The relative size of each quantum well is denoted the

band offset ratio a:b, where the depth of the conduction band well AEc=aAEg and the depth

of the valence band well AEv=bAEg. Martin et al [2.3] evaluated the offset ratio for

unstrained InGaAsP/InGaAsP as 40:60.
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2.5 Quantisation of energy levels

The main effect that confinement has on the properties of electrons and holes is to

quantise the energy levels available to them. The simplest potential well to treat

theoretically is a one dimensional well of width L with zero potential in the confined region

and infinitely high potential outside the region. The energy levels and wavefiinctions for

the system are given by the solution of the Schrodinger equation,

(23)

H =

' h^d2
\2m j Sz1

+ Vc(z) (2.4)

which has the well-known solution for an infinite potential well,

n1
E. =

■ 2 / \~• ' nn ^

2m V ^

2 . (riTcz^
v L J

(2.5)

(2.6)

Real semiconductor quantum wells have finite barriers, however, and are said to

be finite potential wells. Electrons are unaffected by quantum confinement in the plane of

the layers, and hence are free to move. The band structure for this plane (the x,y plane) is

the same as for bulk material and can be approximated by a parabola near k=0.

2m,
(2.7)

Energy levels for motion perpendicular to the layers are quantised. For a

conduction band potential well of height Vo the solution of the Schrodinger equation is

found by applying continuity conditions to the wavefunction and its first derivative at the

well boundaries. This leads to the transcendental equations,

13
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k (kL\
— tan —

K
* (2.8)

mb

k (kl?
—rCOt

K
* (2.9)

mb

where ma* and mb* are the electron effective masses in the well and barrier regions

respectively, and

-r.) (2.10)

(2.11)

The transcendental equations cannot be solved analytically, so a numerical or graphical

method is usually used.

The hole energies for motion in the growth direction are also quantised and can be

found in an identical way to that described above. The dispersion relation in the x,y plane

is more complicated for holes, however, due to the degeneracy of the valence bands at

k=0, and the non-parabolicity of the hole bands. It is usual to treat the holes by solving the

band structure for bulk material, treating the potential well as a perturbation. The most

successful way of describing the valence band structure near k=0 is the Luttinger

Hamiltonian [2.4], This describes the valence band curvature in terms of the hole effective

masses, expressed in terms of the Luttinger parameters yi, y2 and y3.

In bulk ffl-V compounds the valence band consists of two J=3/2 upper bands,

which are degenerate at k=0, and a J=l/2 spin-orbit split-off band. Quantum wells are

usually grown with the normal to the layers, z, parallel to the (001) crystallographic

direction. This results m the two J=3/2 valence bands having different effective masses of

14
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(/, ± 2y2)/m0. Hence a consequence of quantum confinement is the lifting of the valence

band degeneracy at k=0 due to the mass dependence in the quantisation energy.

Unlike electrons in the conduction band, the dispersion relations for holes in the

valence band, parallel to the layers, are affected by quantum confinement. The dispersion

relations for the two J=3/2 valence bands perpendicular to the growth direction become,

h2k2

21 m\

for J, = ±3/ 2h and

+r21
(2.12)

h2k2
E = - ^ (2.13)

2{mh
\ ~r2\)

for J
z =±\l2h. The J, = ±3 / 2h band is the heavy hole band in the bulk material.

However, in the x,y plane of the quantum well it now has a light effective mass of

mh /(/, + y2) whereas the J, = ±1/2h band, the light hole band in bulk material has the

heavier effective mass of mh l(y{ -y2) once confined. In bulk material the heavy hole

band lies higher than the light hole band, suggesting the bands will cross around

k = Kyf2 / Lz in confined material, which is unphysical. Inclusion of higher order k.p

perturbation terms or the potential discontinuities in the full Luttinger Hamiltonian

eliminates this problem by introducing anti-crossing behaviour, demonstrated in figure 2.4.

15



Chapter 2 Propei ties of quantum wells

Figure 2.4 Representation of (a) the hand crossing predicted by the solutions to the

Luttinger Hamiltonian in a quantum well and (b) the anticrossing produced by higher

orderperturbation terms.
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2.6 Density of states

Optical absorption is governed by the density of states. In a bulk semiconductor,

assuming parabolic bands, the density of states is given by the following

in

r2m^

v*2 y

eJ1 (2.14)

where E is the energy and m* is the carrier effective mass. In a quantum well the energy

levels are quantised and the density of states is modified as follows

nm 1

nh2 a
D2D^-rrz (2-15)

where n is the quantum number n = 1,2,3,... The 2D density of states therefore has a

"step-like" appearance and remains finite for low energies. Note also that the absorption

edge is shifted to a higher energy in 2D compared to bulk. The 2D and 3D density of

states functions are shown graphically in figure 2.5. The density of states function is

proportional to the optical absorption in a semiconductor and a typical room temperature

absorption spectrum for an InGaAs(P) multiple quantum well is shown in figure 2.6. The

"step-like" nature of the optical absorption can be clearly seen along with sharp resonance

features, which correspond to excitons.

17
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a(E)

, 3D

a
2D

a
3D

nfi 4 nti 97rh2 16 7th"
2ma2 2ma2 2ma1 2ma2

25 7th
2ma2

Figure 2.5 Comparison ofthe 2D and 3D density ofstatesfunctions.
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Figure 2.6 The linear absorption spectrum of an Ino.53Gao.47Aso.9sFo.

Ino.53Gao.47Aso.34F0.66 quantum well.
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2.7 Excitons

The Coulomb interaction between excited electrons and their associated holes can

result in the formation of bound electron-hole pairs known as excitons. Excitons are

analogous to hydrogen atoms in that the electron can be considered to orbit the hole, due to

the greater mass of the hole, and the quasi-particle is electrically neutral. There are two

distinct types of exciton, depending on the properties of the material in which they are

created. Frenkel excitons are highly localised and tightly bound to impurities or defects.

They have a small orbital and are created in ionic solids and wide-gap semiconductors.

The second type of exciton is known as a Wannier exciton. Wannier excitons are weakly

bound and are created when the exciton Bohr radius is large compared to the length of the

crystal unit cell. This condition is met in III-V semiconductors such as InGaAs(P) where

the excitons have a Bohr radius of several hundred angstroms, compared to a lattice

constant for InP of 5.85 angstroms. These excitons are of interest in this study.

In bulk material, the exciton is three dimensional, but as the quantum confinement

becomes of the order of the exciton Bohr radius the exciton tends towards two dimensions

The 3D exciton energy levels and wave functions can be found using the same method

used for the hydrogen atom, being given by

(2.16)

r
= exp
3 a

(2.17)

where the 3D Rydberg and Bohr radius are given by

(2.18)

and
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ao =■
sh2

(2.19)

respectively and s is the dielectric constant and p. is the effective mass. In an ideal 2D

system the energy levels and wavefunctions of the excitons are modified, and given by

ElD = E.
R,0

' 1
n

v 2

(2.20)

2n 2 2
Vu exp

' 2r^
n a.0

(2.21)

It can be seen that in two dimensions the Bohr radius of the wavefunction is half that of the

3D value causing a fourfold increase in the ground state binding energy. A real quantum

well is not an ideal 2D system, however, since the finite height of the barriers allows

penetration of the wavefunctions of the excitons into the barriers. A real system can be

described as being somewhere between 2D and 3D and is usually referred to as quasi-2D.

Consequently, the actual increase in the ground state binding energy is somewhat less than

that for the ideal 2D case.

2.8 Optical excitation

In semiconductors, illumination with a photon of suitable energy results in the

excitation of an electron into the conduction band and the creation of a hole in the valence

band. The selection rules governing these transitions are obtained by calculating the dipole

matrix elements for the relevant interband transitions. For a bulk semiconductor, the

selection rules and transition probabilities are shown in figure 2.7
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(j,mj) CB (1/2,1/2) (1/2,-1/2)

1

4 i

/ 71 A/ 71

°- / 2/3 y 2/3

HH / LH /1/3 \
l/3\ LH

(3/2, 3/2) (3/2, 1/2) (3/2, -1/2)

HH

Figure 2.7 Selection rules in bulk InGaAsP.

In a quantum well the lifting of the degeneracy between the light and heavy holes

at band centre modifies these transitions as shown in figure 2.8. The allowed transitions

can be summarised as follows:

A/ = ±l

—(+)/? for right (left) hand circularly polarised light, labelled cr (er' ).

A.Jz = 0 for linear polarised light, labelled n.

CB (1/2,1/2)

HH

(3/2, 1/2)

\

2/3

a+

\
71

(3/2, -1/2)

G+

(3/2, -3/2)
LH

HH

Figure 2.8 Selection rules in InGaAsP multiple quantum wells.
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When a bulk semiconductor is excited with left or right circularly polarised light,

populations of both Jz = + ]/2h and Jz = — X ^ electrons are generated, along with

correspondingly polarised holes. The electrons are generated in the ratio 3:1 which limits

the polarisation of the electrons to only 50%. The polarisation of the electrons can be

defined as

AC "AC
P = — (2.22)

AC+AC

where is the number of electrons polarised with spin up (down).

In a quantum well however, due to the lifting of the degeneracy between the light

and heavy hole bands, it is possible to generate electrons with 100% spin polarisation

using circularly polarised light resonant with the heavy hole (or associated exciton)

transition. The effect of light on the spin angular momentum of carriers is known as

optical orientation and will be discussed further in chapter 7.

2.9 Resonant optical nonlinearities

The optical excitation of carriers in a semiconductor can produce a number of non¬

linear effects namely Coulomb screening, band filling, phase space filling, bandgap

renormalisation and lineshape broadening. These effects will now be discussed.

2.9.1 Coulomb screening

Generation of an electron-hole plasma can lead to the screening of the Coulomb

potential between charges. After excitation, carriers occupy states in the valence and

conduction bands of a semiconductor. These carriers can screen the Coulomb interaction

22



Chapter 2 Properties of quantum wells

between earners in the same band and between carriers in other bands. Screening is the

term used to denote a decrease in the Coulomb potential of a charge in the presence of

other charges. If a plasma of electrons is considered, the addition of a test charge results in

a redistribution of the plasma due to the repulsive Coulomb interaction. This reduces the

overall energy of the system, decreasing the effective energy of the test charge and

reducing the attractive force between the electron and hole that form an exciton. Coulomb

screening therefore has the effect of reducing the exciton binding energy. When a large

number of electron-hole pairs are created the Coulomb screening becomes sufficiently

large to cause the excitons to ionise. This means that the excitons no longer exist as a

bound state and the exciton absorption feature is said to be saturated. A secondary

consequence of the Coulomb screening is a red shift of the band edge due to the reduction

of the single particle energies, otherwise known as bandgap renormalisation.

2.9.2 Band andphase spacefilling

Electrons and holes are fermions and as such are governed by the Pauli exclusion

principle. Therefore, for each k-state that exists in a semiconductor there are two possible

states available corresponding to either a spin-up or a spin-down carrier. As a filled state

is no longer available as a final state in a band to band absorption process, the

corresponding transition is bleached. Due to the principle of energy minimisation, carriers

in quasi-equilibrium occupy the available states from the bottom of the band so that the

energetically lowest states are occupied first, with the thermal equilibrium probability of

occupancy for a state of energy E given by

(2.23)
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where (j) is the 50 % occupancy level and T is the temperature.

This results in the filling of states near the bottom of the conduction band and near

the top of the valence band. Band filling is a consequence of the filling of the lowest

energy states. For a transition to occur the corresponding valence band state must be filled

by an electron and the conduction band state must be empty. If this is not the case then

further transitions involving these states are not available and the absorption is bleached,

resulting in a shift of the absorption edge to higher energies.

The presence of excited electrons and holes also prevents the formation of excitons

derived from the states that they occupy. This mechanism is called phase space filling.

Therefore, it is common to refer to band filling when discussing electrons and holes and to

phase space filling when referring to excitons.

2.9.3 Lineshape broadening

At low temperature, the linewidth of an exciton can be attributed to broadening

caused by interaction impurities and acoustic phonons. These mechanisms result in

homogeneous broadening only. In a quantum well, scattering caused by fluctuations in

well width [2.5] or alloy concentration results in either homogeneous or inhomogeneous

broadening depending on the magnitude of the fluctuations. Irregularities of radius greater

than the exciton Bohr radius cause inhomogeneous broadening whereas irregularities of

radius less than the exciton Bohr radius cause homogeneous broadening.

As the temperature is increased, thermal broadening occurs due to the increased

probability of collision with an LO-phonon. The contribution to the exciton linewidth by

thermal broadening can be written as
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(2.24)

where T(0) is the temperature independent linewidth, rph is a parameter describing the

effect of the LO-phonons, TiQlo is the phonon energy and T is the temperature [2.6]. As

the LO-phonon energy is large compared to the exciton binding energy, any collision

results in complete ionisation of the exciton.

The homogeneous exciton linewidth is also influenced by the effect of collisions

with other excitons or free carriers. At room temperature collisional broadening is mainly

caused by interactions with free carriers, hence the presence of optically generated free

carriers increases the exciton linewidth. The density dependence of the linewidth at low

densities is given by

where T(0) is the density independent linewidth, y is a parameter describing the efficiency

of the exciton-free carrier interaction, an is the exciton Bohr radius, Eb is the exciton

binding energy and N is the density of the free carriers [2.7],

r(N) = r(0) + ialEBN (2.25)
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Chapter 3 Experimental techniques

3.1 Summary

In the following chapter the basic experimental techniques used to study the

optical properties of multiple quantum wells are introduced.

3.2 Introduction

In a multiple quantum well, or any semiconductor, free electrons and holes can be

created via the absorption of radiation of photon energy above the bandgap energy. The

radiation can take the form of a standard white light source or of coherent radiation emitted

from a laser. Experiments of interest are ones that allow measurement of linear absorption

spectra, providing important information on the band structure and position of exciton

resonances, and those that allow the dynamical properties of excited carriers to be

monitored. In the following sections the expenmental techniques used to make such

measurements will be discussed.

3.3 Linear absorption

The standard technique for determining the linear absorption of a semiconductor

sample involves measuring the absorption of light passing through the semiconductor

sample whilst scanning the wavelength of the incident light. The light source can be either
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a white light source, where wavelength selection is made via a monochromator or a

tuneable laser where the laser wavelength is scanned. Care must be taken to ensure that

the incident light induces no saturation, as this clearly will not allow the measurement of

linear absorption. It is also important that the data is calibrated for any spectral variation in

the power of the light source as the wavelength is scanned.

The experimental arrangement for the measurement of the linear absorption using

a white light source is shown in figure 3.1.

White light Pin hole

Figure 3.1 Experimental set-upfor the measurement ofthe linear absorption using a

white light source.

The light from the source is passed through the blades of a chopper and collimated

before being made incident on the sample, which is positioned directly in front of an

aperture. The chopper is used to allow phase sensitive detection via the lock-in amplifier.

A scanning monochromator in conjunction with a photomultiplier and lock-in amplifier are
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used to measure the absorption of the sample as the wavelength is scanned. Data is

recorded at incremental steps of the wavelength scan by the computer. Once the

experiment is completed the data is corrected for the spectral response of the light source

using a control run, carried out with no sample present.

Measurements of the linear absorption can provide no detail on the temporal

dynamics of processes that occur within quantum wells. For such measurements the

technique known as degenerate time-resolved pump-probe is used.

3.4 Degenerate time-resolved pump-probe

The most commonly used technique to study the time dependent optical properties

of quantum wells is that of degenerate time-resolved pump-probe. This technique

measures the change in the transmission of a sample as the relative time delay between the

arrival of a strong pump pulse and a weaker probe pulse on the sample is varied. By

detecting the probe transmission as the delay time is scanned it is possible to interpret the

signals in terms of electron dynamics and time resolve a number of mechanisms. The

sources used in this work are a coupled cavity mode-locked KC1:T1°(1) colour-centre laser

and a Titamum:sapphire pumped optical parametric oscillator (OPO) based on periodically

poled lithium niobate (PPLN).

3.4.1 Coupled cavity mode-lockedKCWTt(1) colour-centre laser

The mode-locked laser used in the following experiments is a home built

KC1:T1°(1) colour-centre laser. Colour-centres in KC1:T1°(1) crystals are associated with

neutral thallium atoms perturbed by adjacent anion vacancies. Colour-centre gain media
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are homogeneously broadened and through their large gain bandwidth, can be mode-

locked to produce pulses of sub-picosecond duration [3 .1]

A KC1:T1°(1) laser was used to generate pulses of the order of either 500 fs or 100

fs duration, which were used in the experiments described m this thesis The absorption

band of the colour-centre in KC1:T1°(1) is centred at 1.06 pm and the laser is tuneable

from 1.4 - 1.63 pm [3.2], The laser was pumped optically using 2 W of 1.06 pm light

from a Nd:YAG laser and typically yielded an output power of around 10 mW.

To obtain laser action from KC1:T1°(1) crystals it is necessary to maintain them at

cryogenic temperatures. The laser cryostat used to keep the crystals at low temperatures

was developed at St. Andrews University. The resonator cavity configuration used was

based on one originally used for dye lasers and is shown in figure 3.2. The length of the

cavity was matched to the length of the cavity of the Nd:YAGpump laser (183 cm).

✓ V

Cryostat^" \

Figure 3.2 Schematic of the resonator configuration usedfor the KCi.Tf(I) colour-

centre laser.
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To produce the mode-locked pulses a technique known as coupled-cavity mode-

locking was used. With this technique, the laser cavity was constructed as an

interferometer and a non-linear element introduced into one of the arms of the

interferometer [3.2], In the experiments described in this thesis, a Fabry-Perot

configuration was used, as shown in figure 3 .3.

Figure 3.3 Schematic of the KCl:Tf(l) colour-centre laser in a non-linear Fabry-

Perot configuration.

An intense pulse propagating through the non-linear element included in the non¬

linear arm of the interferometer experiences a phase shift proportional to the intensity

across its profile. By arranging a suitable phase difference between the arms of the

interferometer it is possible to add pulses in the main cavity to pulses returning from the

non-linear arm such that there is constructive interference in the centre of the pulses and
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destructive interference in the wings. This has the effect of reducing the duration of the

pulses in the main cavity. The non-linear element used for this work was an erbium doped

optical fibre. The length of the fibre is matched to provide sufficient non-linearity for the

pulse duration required, longer pulses requiring a longer length of fibre due to their smaller

peak power. Modelocked pulses in the range 150 fs to 650 fs could be achieved.

3.4.2 Titanium:sapphire pumped PPLN OPO

Optical parametric oscillators (OPOs) have been developed considerably over the

past decade in an attempt to extend the tuning ranges available from conventional pump

sources. An optical parametric oscillator consists of a non-linear crystal placed within a

resonator in a similar manner to a conventional laser. A high power wave of frequency cop

is passed through the non-linear material resulting in the generation of two output waves at

frequencies ©s and given by

The high power wave cop is conventionally known as the pump, with the higher frequency

generated wave known as the signal and the lower frequency field known as the idler.

Gain will be experienced at the frequencies cos and coi through a difference frequency

mixing process, provided that the phase-matching condition shown below is satisfied,

where k represents the wavevector in the non-linear material.

When both the above conditions are satisfied, an input pump frequency will result

in the generation of a pair of signal and idler frequencies. The magnitude of these

frequencies depends on the value of the pump frequency and the dispersion of the non-

cop=cos +0), [3.1]

kp = ks + ki (3.2)
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linear medium. The signal and idler frequencies can be changed by a number of methods,

all of which involve the variation of the refractive indices of the medium in the direction of

propagation. Changing the pump frequency results in a change in the generated signal and

idler values due to the wavelength dependence of the refractive indices. When a fixed

wavelength pump source is used then tuning can be achieved by either varying the non¬

linear crystal angle with respect to the pump beam or by changing the crystal temperature.

The OPO was pumped by a Spectra Physics Tsunami self mode-locked

Titanium:sapphire laser, pumped by a Spectra Physics 2060 Beamlok argon ion laser. The

Tsunami produced 2 ps pulses, which could be tuned over the range 770-920 nm with the

current mirror set. The laser operated in pulsed mode with a repetition frequency of 82

MHz.

The non-lmear crystal used m the OPO was PPLN [3.3], Lithium Niobate is

attractive for use in OPOs because of its large transparency range, from 0.35 to >4 pm.

Where non-critical phase matching geometries are used there is no walk off, but in normal

Lithium Niobate the coherence length limits the maximum wavelength conversion that can

be achieved. Periodic polmg flips the optical axis of the crystal periodically, with a period

determined by the coherence length, allowing the non-linear interaction to occur over

several coherence lengths and reducing the threshold.

The OPO was singly resonant, resonating the signal beam, and the cavity

configuration is shown in figure 3.4.
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Ti:Sapphire
pump input

PPLN

Signal
output

Figure 3.4 PPLN OPO cavity configuration.

The two curved mirrors were coated to be anti-reflective at the pump wavelength and

highly reflective at the signal wavelengths. The cavity length was matched to the

Ti:sapphire cavity length, to synchronously pump the OPO. The signal wavelength was

temperature tuned from 120 to 170 °C and produced 2 ps pulses tuneable from 1.3 to 1.6

pm with an output power of around 100 mW, when pumped at 840 nm.

For specific temperature settings the output wavelength varied when the length of

the cavity was adjusted across the synchronous range of the OPO. Longer cavity lengths

resulted in a shift in the signal wavelength to shorter wavelengths. This was due to slower

group velocities being associated with longer wavelengths in the anomalous dispersion

region and this method of altering the signal wavelength has proved to be very useful in

fine tuning the OPO output.

3.4.3 Diagnostics

Scanning-autocorrelators were used to monitor the pulses produced from the

modelocked sources. The autocorrelators utilised second harmonic generation from type I
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phase matching of two input beams in a BBO crystal. An incident beam was split into two

beams of equal intensity, reflecting one from a static retroreflector and reflecting the other

from a retroreflector mounted on a loudspeaker before recombining the two beams and

passing them through a frequency doubling crystal. Second harmonic light generated in

the doubling crystal by the incident beams was detected with a photo-multiplier tube. The

arrangement of the autocorrelator can be seen in figure 3.5. The loudspeaker was

modulated with a rounded sawtooth waveform, causing a variation of the temporal overlap

of the two beams of pulses. When the pulses were temporally overlapped in the doubling

crystal a signal was detected with the photo-multiplier tube with a pulse to background

ratio of 3:1.

The width of the detected second harmonic signal gives the laser pulse width,

assuming the pulse was a given shape (Gaussian for actively mode-locked lasers and sech2

for passively mode-locked lasers). The measured autocorrelation pulse width must be

divided by an appropriate constant to give the actual pulse width. An example of intensity

autocorrelations of a 650 fs pulse from the KCL:T1°(1) colour-centre laser and of a 2 ps

pulse from the PPLN OPO are shown in figure 3 .6.

Fundam
cut-off f

Background
filter

Retroreflector
mounted on a

loudspeaker

Photomultiplier
tube

SHG Beamsplitter

crystal Input
beam

Figure 3.5 Autocorrelator set-up for measuring mode-lockedpulses.
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Time / fs

Figure 3.6 Intensity autocorrelation ofa, a 650fs colour-centre laserpulse and b, a

2 ps OPO pulse (FWHM).
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3.4.4 Pump-probe experimental set-up

The standard experimental set-up is shown in figure 3.7. The laser output is

steered into the pump-probe set-up and split in two by the beamsplitter. The pump pulses

pass straight through the beamsplitter and are focused onto the sample by a 10 cm lens.

The probe pulses reflected from the beamsplitter are delayed in an optical delay line to

create the temporal variation between the arrival times of the pump and probe pulses on

the sample.

The optical delay line consists of an aluminium retroreflector mounted on a stepper motor

driven translation stage. The stage is computer controlled via an IEEE interface. The

pulses are bounced off the retroreflector and then onto a plane mirror before being

reflected back along their original path. The use of the plane mirror ensures probe beam

pointing stability as the delay line is scanned. As there are four passes of the probe beam

along the delay line the pulses see 4 mm of path change for every 1 mm that the stage is

scanned. The probe pulses are then focused through the lens used to focus the pump

pulses onto the sample and both pump and probe spots are overlapped at the focal point.

Typically the probe is made much weaker in intensity than the pump pulse (1:20) using

neutral density filters. The total path seen by the pump pulses is matched to that of the

probe to give the zero delay point.

The pump beam was chopped with an optical chopper to allow phase sensitive

detection. The modulation of the pump beam is transferred to the probe beam, which was

measured using a large area germanium photodiode. Chopping the pump allows direct

measurement of the change in transmission of the probe, which is the signal of interest.

The motion of the delay stage and the collection of the data from the lock-in amplifier were

under computer control.
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Figure 3.7 Experimental set-up for degenerate time-resolved pump-probe

measurements

3.4.5 Spin relaxation studies

The experimental set-up for the investigation of spin relaxation is essentially the

same as that previously described for degenerate pump-probe studies. The difference is

the addition of A/4 plates in the pump and probe arms to produce circularly polarised light,

as shown in figure 3 .8. The generation of circularly polarised light is verified by placing an

analyser after the A/4 plate and checking that the emerging signal is of equal intensity when

the analyser is oriented parallel and perpendicular to the initially linearly polarised light.
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Figure 3.8 Experimental set-upfor spin relaxation studies
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4.1 Summary

This chapter introduces the samples that will be used in the following chapters and

describes their basic optical properties.

4.2 Introduction

In this chapter the samples investigated will be described. The structure of each

sample is outlined from the point of view of composition, quantum well width and doping

levels. The linear absorption curves for the samples, measured using the experimental set¬

up shown in figure 3 .1, are shown and the positions of the exciton resonances noted. A

simple single beam saturation measurement was carried out on each sample to examine

the intensity dependent saturation of the exciton resonance.

The results obtained from the above experiments are compared to the theoretical

prediction of the optical properties, using simple models. The carrier densities are

calculated for the power levels used in the experiments.

The samples are described in order of their serial numbers, beginning with MR535

(well width 9.0 nm), MR610 (well width 6.5 nm), MR611 (well width 5.5 nm) and

MR850 (well width 9.5 nm). All the samples were grown at the EPSRC central facility

for m-V semiconductors at the University of Sheffield by C. C. Button. All samples were

grown by metalorganic vapour phase epitaxy (MOVPE).
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The samples used were acquired from both University College London and

Oxford University. They are all p-i-n structures, originally grown for use as quantum

confined stark effect modulators, but in the work carried out in this thesis they are used to

examine some fundamental physical properties of multiple quantum wells. It would have

been preferable to use bulk quantum well material, where there is no built in field due to

the p-i-n structure, and samples with a consistent quantum well material, either ternary or

quaternary, to allow easier comparison of results. However, such material was

unavailable at the commencement of this work.

4.3 Sample MR535

The structure of sample MR535 consists of 60 periods of 9.0nm

Ino.53Gao.47Aso.95Po.05 quantum wells separated by 7.5nm Ino.53Gao.47Aso.34Po.66 barriers,

grown lattice matched to an InP substrate in a p-i-n structure. Both the p and n regions

were doped with acceptor and donor concentrations of about 3x1018/cm\ The sample was

antireflection coated at Heriot-Watt University. The linear absorption curve for MR535 is

shown in figure 4.1. The position of the heavy hole resonance is clearly resolved arqqnd

0.82eV.

The energy levels in the quantum wells of MR535 were calculated using graphical

solutions to the equations for a finite potential well as described in chapter 2, assuming

effective masses of 0.043m, 0.433m and 0.056m for the electrons and heavy and light

holes respectively, where m is the electron rest mass. The bandgap of the quantum well

material is 0.781 eV and the first energy level for the electron, Ee, the heavy hole, Ehh, and

the light hole, E)h, are given in the table below. These give the position of the band edge to

be at approximately 0.871 eV and the heavy hole exciton resonance at 0.862 eV (assuming
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an exciton binding energy of- 9 meV), corresponding to wavelengths of 1.42 pm and 1.44

pm respectively. It is probable that the difference between the calculated and observed

values is due to fluctuations in the quaternary compositions dunng the growth process, as

there is good agreement between the calculated heavy and light hole exciton separation of

0.033 eV and the observed separation of 0.028 eV.

Ee(eV) Ehh (eV) F.ik (eV)

1st 0.082 0.008 0.041

Table 4.1 Energy levels in sample MR535.
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Figure 4.1 Linear absorption as a function ofphoton energyfor sample MR535.
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4.4 Sample MR610

The structure of sample MR610 consists of a 300 nm Zn doped p-layer, followed

by a 200 nm intrinsic InP layer above 60 periods of 6.5nm Ino.53Gao.47As quantum wells

with lO.Onm Ino.53Gao.47Aso.34Po.66 barriers and a 500 nm Si doped InP buffer layer. The

acceptor concentration is lxl017/cm3 and the donor concentration is 2xl018/cm\ The

whole structure was grown lattice matched to an InP substrate and was antireflection

coated at Heriot-Watt University. The linear absorption curve for MR610 is shown in

figure 4.2. The position of the heavy hole resonance is clearly resolved at around 0.80eV.

The energy levels in the quantum wells of MR610 were calculated using graphical

solutions to the equations for a finite potential well as described in chapter 2, assuming

effective masses of 0.041m, 0.4235m and 0.05232m for the electrons and heavy and light

holes respectively, where m is the electron rest mass. The bandgap of the quantum well

material is 0.749 eV and the first energy level for the electron, Ee, the heavy hole, Ehh, and

the light hole, Eih, are given in the table below. These give the position of the band edge to

be at approximately 0.916 eV and the heavy hole exciton resonance at 0.907 eV (assuming

an exciton binding energy of~ 9 meV), corresponding to wavelengths of 1.35 pm and 1.37

pm respectively. It is probable that the difference between the calculated and observed

values is due to fluctuations in the quaternary compositions during the growth process, as

there is reasonable agreement between the calculated heavy and light hole exciton

separation of 0.053 eV and the observed separation of 0.032 eV. As this sample has

InGaAs wells rather than InGaAsP, it is also possible that there is some strain in this

sample.
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Ee(eV) Ehh (eV) En, (eV)

1st 0.152 0.015 0.068

Energy levels in sample MR610.

Linear absorption as a function ofphoton energyfor sample MR610.
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4.5 Sample MR611

Sample MR611 consists of 300 nm of Zn doped InP forming the p-layer, followed

by a 200 nm intrinsic InP spacer, continuing with 60 periods of 5.5nm Ino.53Gao.47As wells

with lO.Onm Ino.53Gao.47Aso.34Po.66 barriers and an Si doped 500 nm buffer layer. The

acceptor concentration is 7xlOt7/cm3 and the donor concentration is 2xl018/cm\ The

structure was grown lattice matched to an InP substrate and was antireflection coated at

Heriot-Watt University. The linear absorption curve for MR611 is shown in figure 4.3.

The position of the heavy hole resonance can be clearly resolved around 0.82eV.

The energy levels in the quantum wells of MR611 were calculated using graphical

solutions to the equations for a finite potential well as described in chapter 2, assuming

effective masses of 0.041m, 0.4235m and 0.05232m for the electrons and heavy and light

holes respectively, where m is the electron rest mass. The bandgap of the quantum well

material is 0.75eV and the first energy level for the electron, Ee, the heavy hole, Ehh, and

the light hole, En,, are given in the table below. These give the position of the band edge to

be at approximately 0.969 eV and the heavy hole exciton resonance at 0.960 eV (assuming

an exciton binding energy of~ 9 meV), corresponding to wavelengths of 1.28 pm and 1.30

pm respectively. It is probable that the difference between the calculated and observed

values is due to fluctuations in the quaternary compositions during the growth process, as

there is reasonable agreement between the calculated heavy and light hole exciton

separation of 0.063 eV and the observed separation of 0.046 eV. As this sample has

InGaAs wells rather than InGaAsP, it is also possible that there is some strain in this

sample.
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Ee(eV) Ehh (eV) E,h (eV)

1st 0.2 0.019 0.082

Table 4.3 Energy levels in sample MR61I.
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Figure 4.3 Linear absorption as a function ofphoton energyfor sample MR611.
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4.6 Sample MR850

Sample MR850 consists of 7 periods of 122.3 nm Zn doped InP and 114.2nm Zn

doped Lno.53Gao.47Aso.73Po.27 forming an antireflection quarter wave stack, followed by a

300 nm Zn doped InP p-layer and a 200 nm intrinsic InP buffer. Then come 60 periods of

9.5nm Ino.53Gao.47Aso.73P0.27 quantum wells with 7.5nm Ino.53Gao.47Aso.34Po.66 barriers,
• 18 3

followed by a 2 pm Si doped InP buffer layer. The acceptor concentration is 3x10 cm "

and the donor concentration is 3xl018cm~3. The whole structure was grown lattice

matched on an InP substrate. The linear absorption curve for MR850 is shown in figure

4.4. The position of the heavy hole exciton can be resolved around 0.82eV. The light hole

exciton resonance cannot be resolved in this sample.

The energy levels in the quantum wells of MR850 were calculated using graphical

solutions to the equations for a finite potential well as described in chapter 2, assuming

effective masses of 0.05114m, 0.4716m and 0.0722m for the electrons and heavy and light

holes respectively, where m is the electron rest mass. The bandgap of the quantum well

material is 0.885 eV and the first energy level for the electron, Ee, the heavy hole, Ehh, and

the light hole, En,, are given in the table below. These give the position of the band edge to

be at approximately 0.953 eV and the heavy hole exciton resonance at 0.944 eV (assuming

an exciton binding energy of~ 9 meV), corresponding to wavelengths of 1.30 pm and 1.32

pm respectively. It is probable that the difference between the calculated and observed

values is due to fluctuations in the quaternary compositions during the growth process.
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Ee(eV) Ehh (eV) Elh (eV)

1st 0.061 0.007 0.029

Table 4.4 Energy levels in sample MR850.
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Figure 4.4 Linear absorption as a function ofphoton energyfor sample MR850.
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4.7 Single beam saturation measurements

Single beam saturation measurements were carried out on each sample. The laser

was tuned to the heavy hole exciton resonance and the absorption of the beam was

measured as a function of the laser intensity. The measure of absorption, ad, is defined in

the Beer-Lamberts law (assuming no other losses) as

where I is the transmitted intensity, Io the incident intensity, a the absorption coefficient

and d the thickness of the sample. The values of ad obtained, assuming a constant

absorption depth, are plotted against average incident intensity in figures 4.5 to 4.8 for

samples MR535, MR610, MR611 and MR850 respectively. Given ad and a description

of the laser it is relatively straightforward to calculate an approximate number of carriers

excited by each pulse.

The colour centre laser has a repetition rate of 82 MHz. Assuming an average

power of 1 mW gives a pulse energy of ~ 10 pj. The peak power of the pulse can be

calculated if the pulse width is known. For this work pulse widths of 150 fs and 500 fs are

used. In the case of the 150 fs pulses the peak power is ~ 65 W, while for 500 fs pulses

the peak power is ~ 20 W. The PPLN OPO also has a pulse energy of ~ 10 pj at an

average power of 1 mW, giving a peak power of 5 W for the 2 ps pulses produced. The

spot size after the focusing lens was measured with a beam profiler to be of radius 40 pm.

Using this, the peak intensity of the pulses is found to be ~ lxlO6 Wcm"2 for the 150 fs

case, ~ 4x105 Wcm"2 for the 500 fs case and 1x10s Wcm"2 for the 2 ps case.

The number of photons absorbed is given by

/ = V— (4.1)

4.2photons hco
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Where Ep^ is the pulse energy and Tico is the photon energy. If the internal quantum

efficiency is assumed to be 100%, then every absorbed photon creates a free electron-hole

pair. The carrier densities generated in each sample are summarised in table 4.5.
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Figure 4.5 Change in absorption of a single beam for sample MR535 at the heavy

hole exciton resonance with a spot size of40 jam.
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Figure 4.6 Change in absorption of a single beam for sample MR610 at the heavy

hole exciton resonance with a spot size of40 pm.
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Figure 4.7 Change in absorption of a single beam for sample MR611 at the heavy

hole exciton resonance with a spot size of40 jum.
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Figure 4.8 Change in absorption of a single beam for sample MR850 at the heavy

hole exciton resonance with a spot size of40 pm.
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Sample Number ofelectron hole pairs created /

-2
cm

MR535 0.7xl08

MR610 0.5xl08

MR611 O.lxlO8

MR850 0.2xl08

Table 4.5 Excited carrier densitiesfor 1 mW ofaverage pump power.

4.8 Discussion

It is clear from the results of the saturation measurements, shown in figures 4.5 to

4.8, that in every sample the absorption begins to saturate below the minimum power at

which it was possible to measure the transmission by straightforward means. Hence for

the results presented in the rest of this thesis experiments are always carried out in the

regime where the absorption is at least partially saturated. It can also be seen that ad

shows a linear dependence on input power for both MR610 and MR850, suggesting that in

the power range studied, the absorption in both these samples is a long way from being

fully saturated, in contrast to samples MR535 and MR611, where the absorption can be

seen to fully saturate for input powers of around 0.5 mW and 3 mW respectively.
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Chapter 5 Carrier lifetime measurements

5.1 Summary

In this chapter carrier lifetime in multiple quantum wells is investigated. The carrier

lifetimes in a number of quantum well samples of varying well widths are measured and

the mechanisms leading to carrier escape are discussed.

5.2 Introduction

In most bandgap resonant devices the speed of response depends strongly on how

quickly photogenerated carriers leave the quantum wells. Excitons created by optical

excitation at the heavy-hole exciton resonance ionise into free carriers within hundreds of

femtoseconds [5.1], In the absence of any external bias, these free carriers can be

removed from the wells through three mechanisms: electron-hole recombination,

tunnelling and thermionic emission. Each of the three processes will lead to an exponential

decay in the carrier density as a function of time with characteristic decay times of xr, xtu

and xte for recombination, tunnelling and thermionic emission respectively. Assuming that

the three processes are independent, the charge density and consequently the change in

transmission of the sample will be proportional to the product of the three decaying

exponentials. The overall time constant is given by

1 = — + — + — (5.1)
T r
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For thermionic emission to occur, carriers must absorb thermal energy from the

lattice and acquire a distribution of energies. Some fraction of the carriers can then have

energies greater than the height of the well and escape. Different physical parameters for

electrons and holes lead to different emission rates for the two carrier types. The time

constant for thermionic emission was derived by Schneider and Von Klitzing assuming

instantaneous thermalisation of the carriers and a Boltzmann distribution for the carriers

near the top of the well [5.2], The escape time is given by

27unehL

V V j

>z
exp

f t\

K,h-Ee,h-eF-t
kj

V

(5.2)

where m is the earner mass, V is the barrier height, E is the energy level in the well, F is

the electric field across the well, L is the well width, T is the temperature, kB is the

Boltzmann constant and the subscripts e and h denote electrons and holes respectively.

For zero field the time constant is a strong function of the term Ve h - Ee h , which

is the effective height of the barrier over which the carriers must escape. Any applied field

serves to reduce the effective barrier height. Table 5.1 gives the room temperature escape

times for electrons and heavy holes in the n=l level predicted by equation 5.2 for the

samples studied.

In samples of high purity, the electron hole recombination rate is proportional to

the overlap between the electron and hole densities in the quantum well [5.3] and is

generally of the order of a few nanoseconds.
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Sample Depth ofcb

well (eV)

Electron xth

(ps)

Depth ofvb

well (eV)

Hole Xth (ps)

MR535 0.14 0.65 0.21 550

MR610 0.151 1.3 0.226 560

MR611 0.151 0.75 0.226 410

MR850 0.096 0.31 0.145 50

Table 5.1 Calculated thermionic emission times.

The third process through which carriers can escape from the well is tunnelling.

The tunnelling time is given by

=*ex -E.,„-FbY2-Y.m-E.J1
V jrlr

(5.3)

where b is the barrier thickness and k is a constant [5.4], Electric field dependent studies

of escape time have shown that carrier escape does not follow the functional form for

tunnelling given in equation 5.3, suggesting that tunnelling is a small effect compared to

thermionic emission and recombination [5.5], although this depends strongly on both

sample structure and voltage conditions. It should be noted that because the samples

under investigation are all p-i-n structures there is a small built-in voltage of around 0.5 V

which will sweep out any thermally excited carriers.

5.3 Experimental details

Studies of the carrier lifetime in InGaAs(P)/InGaAsP multiple quantum wells were

carried out at room temperature using the experimental set-up shown in figure 3.7. The
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samples were excited at the heavy hole resonance and both pump and probe pulses were

linearly polarised and orthogonally oriented. Great care was needed when lining up the

delay stage to ensure that there was no walk-off of the pump and probe beams as the delay

was scanned, because of the long scans involved in these measurements.

5.4 Results

Experiments were carried out on four different samples of varying well width.

The samples used were MR535, MR610, MR611 and MR850. The variation of the probe

transmission as a function of delay is plotted for each sample in figures 5.1 to 5.4 and the

measured carrier lifetimes are shown in table5.2.
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Figure 5.1 Change in transmission ofsample MR535 at the heavy hole exciton as a

Junction ofprobe pulse delay time. The line shows thefitted curve.
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Figure 5.2 Change in transmission ofsample MR610 at the heavy hole exciton as a

function ofprobe pulse delay time. The line shows the fitted curve.
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1.20

Figure 5.3 Change in transmission ofsample MR611 at the heavy hole exciton as a

function ofprobe pulse delay time. The line shows thefitted curve.

61



Chapter 5 Carrier lifetime measurements

0.0055

0.0050

0.0045

0.0040

0.0035

0.0030

0.0025

0.0020

0.0015

Delay / ns

Figure 5.4 Change in transmission ofsample MR850 at the heavy hole exciton as a

function ofprobe pulse delay time. The line shows thefitted curve.

Sample Well width (nm) Carrier lifetime (ns)

MR535 9.0 0.31 ±0.14

MR610 6.5 1.2 ±0.29

MR611 5.5 0.98 ±0.23

MR850 9.5 1.5 ±0.24

Table 5.2 Measured carrier lifetimes
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5.5 Discussion

The measured carrier lifetimes in samples MR610, MR611 and MR850 show no

definite well width dependence. They are all considerably longer than the calculated

thermionic emission times for the electrons. The small built in field will sweep any

escaping carriers towards the p and n regions, but it is probable that carriers emitted from

one quantum well into the continuum will be recaptured by other wells, which has the

effect of increasing the effective carrier escape time. Experiments and modelling of GaAs

MQW's indicate capture times into the wells of about 0.5 ps [5.6]. Also, the slow

emission rate of holes will reduce the sweep-out of electrons because of the created fields

that would ensue. It seems reasonable to suppose, therefore, that the carrier lifetime in

these samples is dominated by recombination.

In sample MR535, however, the measured carrier lifetime is of the order of the

heavy hole emission time, but considerable longer than the electron emission time. As the

fastest effect would be expected to dominate the carrier lifetime, it seems reasonable to

presume in this case that the lifetime is again dominated by recombination. The electron

thermionic emission can be followed by recapture if the electrons are not swept out, but

the carriers may recombine before the holes have been thermally excited from the wells.

For the experiments described in the rest of this thesis it is important to know the

carrier lifetime so that its effect can be accounted for whilst measuring effects on shorter

timescales.
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6.1 Summary

The relative contributions of screening, broadening and phase space filling to

exciton saturation in multiple quantum wells are investigated. The effects arising from

phase space filling are distinguished from those due to screening and broadening using the

spin dependent contribution made by phase space filling. The contributions of broademng

and screening are separated with the use of two different optical pulse widths to

distinguish between effects causing broadening of the exciton linewidth and those causing

a reduction of the oscillator strength. The results obtained for samples of varying well

width are presented and discussed.

6.2 Introduction

The effects of screening, broadening and phase space filling are important

parameters for the measurement of optical non-linearities and monitoring carrier dynamics.

These effects can also limit the performance of a number of device applications at high

optical intensities where high densities of optically excited carriers are created. This

chapter describes experiments that have been carried out to investigate the relative

strengths of the screening, broadening and phase space filling contributions to exciton

saturation in a number of multiple quantum well samples of varying well widths.

Saturation of the exciton absorption can result from both exclusion effects and

Coulombic effects such as screening and / or broadening. These effects have been

described in chapter 2 and so will only be briefly described here. Effects arising from the
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Pauli exclusion principle can be described as phase space filling (PSF). This arises as

carrier densities increase, occupying low lying k-states, thus blocking transitions arising

from these states. Excitons are derived from these low-lying states, so the filling of the

band states rules out the possibility of creating their associated excitons.

Exciton saturation is also caused by the screening properties of large densities of

free carriers. The presence of free carriers modifies the dielectric constant of the

semiconductor, increasing the size of the exciton orbit. This leads to a reduction of the

absorption strength. At high carrier densities, exchange effects for particles of equal spin

further modify the screened Coulomb potential and Coulomb associated effects for all

particles. The exchange effects arise due to Pauli exclusion which further separates the

electrons, again increasing the size of the exciton. This phenomenon is known as

exchange-screening. In addition, equally charged fermions with different quantum

numbers will also avoid each other due to Coulomb repulsion. This effect is known as

Coulomb-hole and will also reduce the overall energy of the system. These effects are

very short-ranged when compared to the long-range Coulomb interactions that give rise to

classical screening. Long range electrostatic screening is known to be of less importance

in 2D than in 3D [6.1], This reduction in the effect of screening can be considered to be

due to the reduced number of dimensions that the carriers are free to move in.

Broadening of the exciton resonance will lead to reduced absorption at the peak of

the exciton, while increasing the exciton linewidth to maintain the overall oscillator

strength. Broadening can be either inhomogeneous or homogeneous. Inhomogeneous

broadening is due to local potential fluctuations, which arise due to imperfections in the

semiconductor structure. The main sources of inhomogeneous broadening are interface

roughness, alloy potential fluctuations or well to well width fluctuations in MQWs. In the

GaAs system, the well material is a binary compound, so there is no alloy scattering. In
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high quality GaAs MQWs, an exciton absorption linewidth of 3 to 4 meV is achievable. In

InGaAs or InGaAsP MQWs however, alloy scattering effects can cause broadening of the

exciton linewidth of the order of 3 to 5 meV.

Homogeneous broadening is caused by acoustic and optical phonon scattering,

carrier-carrier scattering and any other mechanisms affecting the exciton lifetime, such as

tunnelling or recombination. In high quality MQWs the exciton linewidth is usually

determined by phonon scattering at room temperature. However, if the carrier density is

increased by optical excitation, then collisions between free carriers becomes the dominant

scattering mechanism that leads to broadening.

Schmitt-Rink et. al. [6.2] separated the free carrier Coulomb screening into the

long-range classical term and the exchange contribution. They predicted that the long

range Coulomb effect would be negligible in quantum wells but that the PSF and exchange

contributions would be comparable. To separate PSF and Coulomb effects

experimentally, non-equilibrium carrier distributions have been employed [6.1], Exciting

into continuum states allowed the long range screening term to be isolated and confirmed

that it was negligible. This approach could not distinguish the exchange effects and PSF,

however, because these are both dependent on the plasma energy.

An alternative method of creating a non-equilibrium carrier distribution is to use

circularly polarised light to excite spin polarised populations of carriers. The selection

rules discussed in chapter 2 dictate that 100% spin polarised carriers can be created by

circularly polarised light resonant with the heavy hole transition. At room temperature,

hole spins are randomised on femtosecond timescales due to scattering into the mixed-spin

light hole band while electron spin polarisation is typically maintained for several

picoseconds after exciton ionisation. Circular polarisations have been employed
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previously in both low temperature [6.3, 6.4] and room temperature [6.5] studies in GaAs

MQWs.

In the following experiment, the spin dependent nature of PSF is utilised to

separate the relative contributions of screening, broadening and PSF to exciton saturation.

The time resolved pump-probe technique used to resolve the circular dichroism of the

exciton saturation is shown schematically in figure 6.1.

When a linearly polarised pump pulse is made resonant with the heavy hole

exciton transition in a quantum well, equal populations of spin up and spin down carriers

are created. This process is shown in figure 6.1(a). The conduction band of the

semiconductor is drawn with two halves (labelled t and I). These correspond to the two

possible spin states of electrons in the conduction band. A probe pulse of orthogonal linear

polarisation (OLP) arriving after the pump pulse will see an increase in the transmission of

the sample due to the effects of screening, broadening and PSF.

If the pump pulse consists of circularly polarised light, however, then only one spin

state of the conduction band is populated as shown in figure 6.1 (b) and (c). A probe pulse

of the same circular polarisation will then examine the population of this spin state and see

a reduced absorption due to PSF when compared to the OLP case (figure 6.1(b)). In the

case of a probe pulse with opposite circular polarisation as shown in figure 6.1(c) the

probe pulse examines the empty spin states, so in this case there is no contribution to the

exciton saturation from PSF. The populations of the two spin states equalise over time

due to spin relaxation, which will be discussed in the following chapter.

Since the exciton ionisation time due to phonon scattering is of the order of a few

hundred femtoseconds at room temperature, exciton-exciton interactions are only

significant on femtosecond timescales whereas free carrier interactions will dominate over

picosecond and longer timescales
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Figure 6.1 Illustration of the spin state populations examined with, (a) orthogonal

linear polarisation, (b) same circularpolarisation and (c) opposite circular polarisation.

Snelling et. al. [6.5] separated the contributions of PSF and Coulomb effects in

AlGaAs / GaAs quantum wells using this technique. However, the study could not

quantitatively separate the contributions of Coulomb screening and broadening. Later
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studies in GaAs [6.6, 6.7] have made use of the bandwidth of modelocked laser pulses to

separate the contributions of Coulomb screening and broadening. The studies used both

pulses of lps duration with a bandwidth of approximately lnm [6.6] and shorter pulses of

lOOfs duration and a bandwidth of lOnm [6.7] to separate effects due to a broadening of

the exciton linewidth and effects due to a reduction of the oscillator strength. The

transmission change a lps pulse experiences is due to the combined effects of screening,

broadening and PSF. The lOOfs pulses, however, had a bandwidth greater than the heavy

hole exciton absorption linewidth. Consequently, the probe in this case measured the

integrated absorption change, rather than the change at line centre, thus 'seeing' no change

due to broadening.

6.3 Experimental details

Exciton saturation in InGaAs(P) / InGaAsP multiple quantum wells, at room

temperature, was investigated using the degenerate pump-probe technique described in

figure 3 .8. Pulses of both 150fs and 650fs duration were used.

6.4 Results

The experiment was carried out in three quantum well samples of varying well

width in order to contrast the effects. The samples used were MR535 (9.0nm well

widths), MR610 (6.5nm well widths) and MR611 (5.5nm well widths). Each sample was

excited resonant with the heavy hole exciton and the time evolution of the exciton

saturation recovery monitored with a time delayed probe pulse. The transmission changes

were measured for pump and probe pulses with OLP, SCP and OCP polarisation

configurations as described previously. The production of circular polarisation was
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achieved by inserting a A,/4 plate in both the pump and probe arms. Figure 6.2 compares

the linewidth of the heavy hole resonance with the bandwidths of the 150fs and 560fs

pulses.

Figure 6.2 Comparison of the bandwidths of transform limited 150fs and 650fs

pulses with the heavy hole linewidth ofsample MR535.

Figure 6.3 shows a typical result for excitation of sample MR535 with both 150fs

pulses and 650fs pulses. The experiment was repeated for varying pump powers with the

650fs pulses, allowing the carrier density dependence of the initial transmission change to

be measured. Figures 6.4, 6.5 and 6.6 show the initial change in transmission as a

function of estimated carrier density, assuming an internal quantum efficiency of one, and

an average ad of 2.6 for sample MR535, 1 for sample MR610 and 0.15 for sample
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MR611 respectively. The spot radius was 40p.m. The curve labelled Coulomb is a

measure of the initial transmission change when the pump and probe pulses are set for

OCP. The PSF curve shows the initial difference in transmission change between the

OCP and SCP configurations.

Figure 6.7 shows a typical set of 'long' and 'short' range traces for sample

MR535. The long range traces were measured using 50pm steps, corresponding to a

change in delay of 320fs / step, while the short range traces used 10pm steps,

corresponding to a change in delay of 66fs / step.
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Figure 6.3 Typical pump-probe traces for the sample MR535 using (a) 150fs pulse

and (b) 650fs pulses in the three polarisation configurations OTP, SCP and OCP.
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Figure 6.4 Initial change in transmission at the heavy hole exciton resonance as a

function ofcarrier densityfor sample MR535.
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Figure 6.5 Initial change in transmission at the heavy hole exciton resonance as a

function ofcarrier densityfor sample MR6J0.
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Figure 6.6 Initial change in transmission at the heavy hole exciton resonance as a

function ofcarrier densityfor sample MR6I I.
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Figure 6.7 Typical (a) long and (b) short range pump-probe traces for the sample

MR535 showing the effect of(i) Coulomb effects and (ii) phase space filling.
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6.5 Data Analysis

The first thing that is apparent from figure 6.3 is that there is very little absorption

change in the absence of PSF, as observed from the initial steps in the OCP traces. For

these results, the step size in the delay is too large for exciton-exciton effects to be

resolved, because the exciton ionises within 250 fs. The transmission change in each trace

can therefore be attributed to the electron-hole plasma created from the ionisation of

excitons. In the OCP case, the initial small increase in the transmission occurs solely due

to the Coulombic effects of screening and lineshape broadening. In the SCP case there is a

further increase in transmission, which is solely due to the spin dependent phase space

filling. These results were mirrored in the other two samples used in this experiment.

From figures 6.4, 6.5 and 6.6 it can be seen that both the Coulomb and the PSF

contributions to the exciton saturation vary linearly with pump power (carrier density).

This is in contrast to the results of Cameron [6.6], who carried out a similar study in GaAs

MQWs. In that study, the PSF was found to vary linearly with carrier density, but the

Coulomb contribution was found to vary non-linearly in narrow well samples. This non¬

linear variation was attributed to collisional broadening. The linear variation of the

Coulomb contribution with pump power in this experiment suggests that the probe

experiences no change due to linewidth broadening in these samples and the small spin-

independent contribution is due to Coulomb screening. A comparison of the traces in

figure 6.2 shows that there is no significant difference in the size of the Coulomb effect

whether the experiment is carried out with 150fs pulses or 650fs pulses. This is in

contrast to the results of Holden [6.7], The 650fs pulses have a spectral bandwidth much

less that the heavy hole exciton linewidth and therefore the transmission change

experienced by these pulses is due to the combined effects of screening, broadening and
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PSF, which all reduce the absorption at line centre. However, the bandwidth of the 150fs

pulses is greater than the heavy hole exciton linewidth. Consequently, in this case the

probe measures the integrated absorption change, thus examining screening and PSF only.

The effects of screening, broadening and PSF on a simple resonance are shown in figure

6.8. The similarity in the size of the Coulomb effect in the sets of traces measured for

excitation with both 150fs and 650fs pulses supports the conclusion that collisional

broadening is of little significance in these samples.

Further evidence for the absence, or not, of any broadening can be seen by

examining the long wavelength side of the exciton resonance. It can be seen from figure

6.8 that broadening should cause an increase in the absorption in the wings of the exciton

resonance, while Coulomb screening and PSF do not. Any broadening should therefore

show up as a reduction of the transmission on the long wavelength side of the exciton

resonance. It can be seen in figure 6.9 that, even though the results are rather noisy, there

is no such reduction for sample MR535. The other samples all show similar results, thus

confirming the insignificance of broadening to the exciton saturation in these samples at

room temperature.
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Figure 6.8 The effect of (a) screening andphase space filling and (b) broadening on

a simple resonance.
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Figure 6.9 Change in transmission for sample MR535 on the long wavelength side

ofthe heavy hole exciton (1.53pm) as afimction ofprobe pulse delay time.

6.5.1 Exciton-exciton saturation

The high temporal resolution traces shown in figure 6.6(b) and figure 6.10 allow

the observation of exciton-exciton saturation. It can be seen that while both the OLP and

SCP results show an initial sharp rise in transmission that relaxes within approximately

250fs, this feature is absent from the OCP traces. This transient exciton saturation is due

to exciton-exciton saturation effects and recovers with the exciton ionisation time, which is

approximately 250fs at room temperature.
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Figure 6.10 High temporal resolution pump-probe tracesfor the samples (a) MR61Q

and (b) MR611.
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As there is little contribution from PSF to the initial OCP transmission change, the

absence of an exciton ionisation feature suggests that the Coulomb screening effect is of

similar magnitude for both excitons and free earners.

The exciton ionisation time and excite pulse duration are comparable, meaning that

some exciton ionisation will occur during excitation. Therefore the initial transmission

change will include contributions from both free carriers and excitons. This must be

accounted for in order to accurately resolve the exciton and free carrier contributions to the

saturation. Holden and Mazilu [6.7] developed a rate equation model to describe this

situation in GaAs quantum wells. This model was also used in this work to describe the

evolution of the different number densities in each energy level both during and after

excitation. The model was fitted to the pump-probe traces assuming that the size of each

saturation contribution increased linearly with the number density of the responsible

particle set. The fitting procedure will now be described in more detail.

The optical system is approximated to a five level system as shown in figure 6.11.

The parameters in the figure are defined as follows, ex and FC denote exciton and free

carrier energy levels, the left and right hand side are the spin up and spin down levels

respectively, rs) and rs2 are the spin relaxation coefficients for the excitons and free

earners respectively and G (t) and G (t) are the excitation functions for the spin up and

spin down levels respectively. The transition coefficients Tj are defined as

r, =— (6.i)
T

where t; is the time constant for the transition. T3 represents the exciton lonisation time

and Ti and T2 represent the time constants for the electron and exciton recombination

respectively.
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Figure 6.11 Schematic ofthe five level system used tofit the data.

The population evolution in each level of the system can be represented by a

differential rate equation of the form

^ = c,(<)+Zr>, («>
where n; is the population of the level i, j denotes all other levels and Gjj(t) is the excitation

function between two levels and is only non zero if the transition is in resonance with the

excitation. The system of equations can be written in matrix form as

k = LK + /G (6.3)

which becomes
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f • A
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(6.4)

when written explicitly for the five level system. The fitting is simplified if the variables

are changed to the sum and difference of the particles in each spin state for each energy

level. Hence the variables are now

= >c + "ex

$2 — "fc + nFC

dX = "ex "ex

d2 ~ "fc "fc

and are found to obey their own pair of differential equations, given by

'-r,-n (G+{t)+G {t)
V -r,

s +

1/

d =

-r -r -2r1 2 A 3 si

T -2TLl 0v y

(6.5)

(6.6)

(6.7)

Now consider a three level system such as that shown in figure 6.12.
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G(t)

Figure 6.12 Schematic ofa three level system.

The populations of the levels in this system are given by

n
St SI

St -SI.
11 +

V 0 J
(6.8)

It is evident that the s and d system of equations are equivalent to those governing a three

level system. Hence, the original five level system has now been separated into two

manageable three level systems. Once the evolution of the populations in each energy

level is known a fit to the data can be made.

For the OLP condition there is no spin polarisation of the excited population.

Therefore the change in transmission, AT, can be deduced from the instantaneous total

population of the exciton and free carrier energy levels, si and S2. The SCP and OCP

conditions both excite the same number of carriers, so the difference between the two

traces is due to the polarisations of the carriers. The values di and d2 are a measure of the

polarisations of the excitons and free carriers respectively.
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The linearly polarised light used in the OLP case can be treated as a combination

of two opposite circularly polarised beams. Therefore G (t)=G~(t) and the excitation

function, assuming an excite pulse with a Gaussian temporal profile, is given by

G+{t) + G {t) = g0 exp

f 2 ^t2

21V y

(6.9)

When exciting with circularly polarised light, the total excitation function is given by

G + (t) go exP
21\ y

(6.10)

The solution to equation 6.2 can be obtained more readily by the use of some

simplifications. Firstly, the recombination times for both excitons and free carriers are set

to be equal (Ti=T2). Carrier recombination times have been determined in chapter 5 and

are much longer than the total delay of the curves being fitted, so their effects can be

ignored. Secondly, the spin relaxation times of both the excitons and electrons are

assumed equal (rsi=Ts2=rs). Assuming that the exciton spin relaxation time is longer than

the ionisation time then the spin relaxation of the carriers will be dominated by free carrier

spin relaxation mechanisms.

Using these simplifications and assuming an initial condition of n;=0 at t=-oo, the

solutions of equations 6.6 and 6.7 are given by

si = g0*(r, +r3)
52=g0(^r1-A[r1+i3])
d\ =s0^(r, +r3 +2rs)
d2=g0{K[r, +2Ts]-K[r, +r3 +2rj

(6.11)

^(r'') = A/y>o exp n +

where

rVv1 10 l+erf
yf2tn

(6.12)
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The fitting was carried out using Mathematica and allowed two curves to be fitted

simultaneously, with parameters shared between the two sets of data. The long and short-

range traces for each condition were combined to give one complete set of data for each

polarisation trace. The OLP and SCP transmission changes were chosen for the fit and

each trace was fitted to

AT = <2,5, +a2s2 + a2dx +a4d2 (6.13)

The fitting program sets a3 and a* to zero for the OLP fit because the excited

populations are unpolarised. For the SCP case a3 and ^ are allowed to vary and all other

fitting variables are shared between the two traces. Due to the large amount of

computation involved, curves were fitted to only two samples, MR535 and MR610.

These samples were chosen to allow a comparison between samples with both InGaAsP

and InGaAs well material. The fit curves for each sample studied are shown in figures

6.12 and 6.13 and the fitting parameters are summarised in table 6.1.
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Figure 6.12 Pump-probe traces andfitsfor sample MR535, showing the datafrom a)

OLP traces and b) SCP traces.
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MR535 MR610

ai 1.53 ±0.015 0.74 ±0.007

a2 0.42 ± 0.004 0.52 ±0.005

a3 1.05 ±0.01 0.33± 0.003

M 0.16 ±0.002 0.20± 0.002

Table 6.1 Fit parametersfor the datafrom each sample.

The relative strengths of the saturation induced by the excitons and free carriers

can be deduced from the 'a' coefficients. Substituting the definitions of s and d back into

the fit equation and collecting the coefficients for each particle set gives

AT = (ax + a3 )nex+ + (a, - a3 )nef + (a2 + a4 }iFC+ + (a2 - a4 )nFC (6.14)

The coefficients of each particle set can be taken as a measure of their respective

contributions to the heavy hole exciton saturation. For conditions involving circular

polarisations the '+' superscript denotes particle sets of the same spin as those excited by

the pump pulse, while the superscript denotes particles of the opposite spin. The

opposite spin excitons and free carriers can only saturate the heavy hole exciton resonance

through Coulomb effects. Therefore the coefficients of these particle states give a measure

of the Coulomb screening only. Same spin particles exhibit not only the same screening

mechanisms, but also the PSF effects. Thus, a measure of the PSF contribution to the

heavy hole exciton saturation can be obtained by subtracting the coefficients of the

opposite spin particles ffom the coefficients of the same spin particles. The contributions to
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the heavy hole exciton saturation of all the effects, normalised to the effect of free carrier

screenmg, are summarised in table 6.2.

MR535 MR610

FC Screening 1 1

FC PSF 1.2 1.2

Ex Screening 1.8 1.2

Ex PSF 8.0 2.0

Table 6.2 Relative contributions to the heavy hole exciton saturation in the samples

studied.

The coloured lmes on the graphs in figures 6.12 and 6.13 denote the populations of

the various electron states during the relaxation process. In the OLP traces, the red line

denotes the exciton population, while'the green line denotes the electron population. It can

be seen in these traces that the population of electrons grows as the excitons ionise into

free carriers. In the SCP traces, the red line denotes the spin up (down) exciton population

while the green line represents the spin down (up) exciton population, clearly showing that

the excitons ionise before the carrier spins begin to randomise. The blue line, however,

denotes the electron spin up (down) population, which can be seen to reduce as the spin

down (up) electron population denoted by the yellow line grows.
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6.6 Discussion

Any collisional broadening seems to be masked by the effects of both

inhomogeneous broadening and Coulomb screening in the samples studied. The previous

study of broadening in GaAs by Cameron [6.6] showed little effect of broadening in all but

the sample with the narrowest well width (4.4nm), which had an exciton linewidth of 6

meV. The sample with the narrowest well width in this study (MR611, 5.5nm) shows no

signs of broadening, although it should be noted that this well width is larger than the

narrowest well studied by Cameron, and has a significantly inhomogeneously broadened

exciton linewidth of 27 meV. Cameron suggested that broadening became apparent in

narrow quantum wells because the efficiency of the free carrier plasma screening was

reduced in narrow wells, thus reducing the Coulomb potential and allowing the broadening

to be observed as Coulomb screening became less significant. Cameron also suggested

that broadening was more easily observed in high quality samples, with large exciton

binding energies.

Hunsche [6.8] separated the effects of broadening from exciton saturation using a

technique employing a white light continuum probe. The reduction of oscillator strength

(ROS) was measured for the n=l light and heavy hole excitons and the n=2 heavy hole

exciton by integrating the absorption change over the resonances. The pump was tuned

such that no earners were excited to the n=2 conduction band, implying that any changes

to the n=2 exciton were due to Coulomb effects alone. Knox et. al. [6.1] have also used

the change in transmission at the n=2 exciton resonance as a measure of Coulomb effects

in a similar experiment. In this case the effect of free carrier screening was found to be six

times smaller than the effect of PSF.
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In this study, the effect of broadening appears to be negligible and is excluded

from the 150fs traces due to the large bandwidth of these pulses. Hence the Coulomb

contribution in these traces can be attributed to screening alone, allowing comparisons of

the saturation mechanisms.

The fits to the data show that the spin independent contribution to the exciton

saturation from excitons is of the order of that from free carriers, supporting the hypothesis

that the spin independent screening is the same for both excitons and free carriers. It can-

also be seen that both the screening contributions and the contribution to PSF from free

carriers are of similar order. The largest overall contribution to the initial exciton

saturation is PSF caused by the presence of excitons. It should be noted that in Sample

MR535, which has a quaternary quantum well material, the PSF is approximately eight

times as strong as the screening. In sample MR610 however, where the quantum well

material is a ternary alloy, the PSF is only twice as strong as the screening contribution.

The reasons for this are unclear, but it is conjectured that the difference in the size of the

PSF contributions may be due to the presence of strain in sample MR610. Further studies

will be necessary to resolve this issue.

Free carrier screening has been predicted to be dependent on the plasma

temperature and is therefore dependent on the excitation wavelength. However, room

temperature excitons are always created near k=0 and ionise, rather than thermalising with

the lattice, hence they only contribute to screening when cold. Such different temperature

dependencies of the screening efficiencies of each particle set are a powerful argument

against the spin independent contributions to the exciton saturation being equal.

Experimental studies [6.8] have shown that the reduction in oscillator strength of

the exciton resonance is unaffected by the cooling of free carriers, suggesting that

screening is not plasma temperature dependent. Studies of temperature dependence in
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both GaAs and InGaAs(P) are still required to help resolve the conflict between

experiment and theory.

6.7 Conclusions

The experiments in this chapter have made use of a simple method to fully

separate the effects of screening, broadening and phase space filling on exciton saturation

at room temperature. Surprisingly, it was found that broadening had little significance in

the samples studied, which is attributed to sample dependent inhomogeneous broadening

masking any collisional broadening effects. The contributions to the Coulomb screening

by both excitons and free carriers was determined, and found to be approximately equal.

Further studies will be necessary to help formulate an accurate theory to describe the

mechanisms of exciton saturation.
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Chapter 7 Spin relaxation

7.1 Summary

In this chapter electron spin relaxation in multiple quantum wells is investigated.

The electron spin relaxation time in a number of quantum well samples of varying well

widths is measured. These results are compared with those previously reported and

indications for the determination of the spin relaxation mechanism at room temperature are

discussed.

7.2 Introduction

In chapter 6 the spin dependent nature of phase space filling was discussed from

the point of view of exciton saturation. In this chapter, the temporal dependence of the

phase space filling term is discussed in relation to the time for carrier spins to randomise.

In bulk InGaAs(P) the light and heavy hole transitions are degenerate at k=0. In

conjunction with the unequal transition probabilities discussed in chapter 2, this allows a

maximum induced polarisation of 50%. In quantum wells however this degeneracy is

lifted and it becomes possible to obtain 100% polarisation of the excited carriers as

discussed in chapter 2. After excitation a spin polarised population of carriers will, over

time, relax due to various mechanisms, producing equal numbers of carriers in both the

spin up and down states. The mechanisms that cause carrier spins to relax will now be

discussed, first for the case of bulk semiconductors and then for the quantum well case.
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7.3 Spin relaxation in bulk semiconductors

In bulk semiconductors the hole spins randomise on very short timescales due to

the degeneracy of the light and heavy hole bands at k=0. This time is essentially the same

as the hole momentum relaxation time.

There have been a number of mechanisms proposed to describe the spin relaxation

of electrons in bulk semiconductors. The most notable are those of D'Yakonov and Perel

(DP), Elliot and Yafet (EY) and Bir, Aharonov and Pikus (BAP). The EY and DP

mechanisms derive from band structure effects near the T point of the conduction band,

while the BAP process is an exchange interaction between electrons and holes. It should

be noted that not all the excited carriers are located at the T point as thermalisation

produces a spread in k-space.

The EY mechanism [7.1, 7.2] is a consequence of mixing of valence band

wavefunctions into conduction band states away from k=0. This mixing allows electrons

to flip spin due to momentum scattering from optical and acoustical phonons or impurities.

It has been suggested [7.3] that the EY mechanism contributes to spin relaxation at high

temperatures and / or low hole concentrations.

The DP mechanism [7.4, 7.5] results from the spin-orbit splitting of the conduction

band in semiconductors without a centre of inversion. In zinc-blende crystals such as

InGaAs(P), the splitting is proportional to the cube of the momentum and the contribution

to the spin relaxation increases rapidly with electron energy [7.6], The spin splitting of the

conduction band is equivalent to the existence of a magnetic field acting on the electron

spins. Between collisions the electron spin precesses about the direction of the pseudo-

field, which is defined by the momentum direction. During collisions, changes of the
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momentum cause a rotation of the precession axis, allowing the spins to flip. If the time

between collisions is less than the precession period then the electron spins are unable to

follow the frequent changes of the precession axis, reducing the effect of the spin-orbit

splitting and slowing the spin relaxation process. The DP mechanism has been shown

experimentally to be dominant for low acceptor impurity concentrations and / or at high

temperature [7.7, 7.8].

The BAP mechanism [7.9] is important when excited electrons are surrounded by

a high concentration of holes. The increased probability of electron-hole collisions allows

the electron and hole spins to interact via the exchange interaction and thus flip the electron

spins. The electron spin relaxation time is inversely proportional to the hole momentum

scattering time if the holes are strongly scattered by impurities or phonons. This

mechanism has been shown to be dominant in heavily p-doped semiconductors and at low

temperatures [7.10, 7.11],

A number of investigations have characterised the transition from the DP

mechanism to the BAP mechanism in GaAs [7.12, 7.13] and shown them to be the

dominant mechanisms for electron spin relaxation.

7.4 Spin relaxation in quantum wells

In spite of numerous studies, the carriei spin dynamics m quantum wells are still

not well understood. Problems seem to arise from sample dependent mechanisms that

make quantitative comparisons between samples unreliable. It has previously been stated

that the degeneracy of the light and heavy hole valence bands at k=0 is lifted in a quantum

well. Since the spin flip of holes arises from the admixture of light and heavy hole band

states it has been suggested that this mechanism will lead to a reduced hole spin relaxation

98



Chapter 7 Spin relaxation

rate in quantum wells. Several papers have presented theoretical models relating to hole

spin relaxation. Ferreira et. al. [7.14] predicted a slow hole spin relaxation caused by alloy

and impurity scattering. A much faster hole spin relaxation mechanism arising from

scattering from phonons has been proposed by Uenoyama [7.15], The excited hole energy

is generally small compared to the optical phonon energy, thus the most important

mechanism would seem to be scattering of holes from acoustic phonons through the

deformation potential. It is now established that the hole spin relaxation time is of the

order of the momentum relaxation time. Comparison of experimental results with the

predictions of theory has proved problematic due to the different scattering processes

contributing to hole spin relaxation.

Electron spin relaxation in quantum wells is also poorly understood. Damen et al

[7.16] measured a low temperature electron spm relaxation time of 150 ps in a p-doped

GaAs quantum well, which was four times shorter than the value obtained in the bulk

material. They suggested that the increased exchange interaction that exists in quantum

wells was responsible for this and proposed the BAP mechanism as the dominant

mechanism at low temperature. At room temperature the DP mechanism has been

proposed, as in the case for bulk material [7.17], The well width dependence of the spin

relaxation time in GaAs has been studied at low temperature by Roussignol et. al. [7.18],

Since their first measurement of the electron spin relaxation in GaAs at room temperature

using a pump-probe technique [7.19], Tackeuchi et .al. have also investigated the well

width dependence of the spin relaxation time at room temperature [7.20], Both

Roussignol and Tackeuchi used samples grown with quantum well widths that varied

across the sample to eliminate sample dependent effects in their results. The DP

mechanism in quantum wells has been investigated theoretically by D'Yakonov and

Kachorovskii [7.21], In the 2D case the projection of the electron momentum, q, along the
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normal to the layer plane is much greater than the momentum, k, in this plane, leading to

an increase in the spin-orbit splitting compared to the bulk case. Studies of a number of

GaAs sample grown in different laboratories and consisting of a single quantum well width

throughout, have recently been carried out by both Perozzo [7.22] and Cameron [7.23],

They measured electron spin relaxation times in the range 30 to 80ps in GaAs samples

with well widths covering the range 4 to 9 nm. Based on these results, Cameron

suggested that spin relaxation at room temperature is independent of sample quality, as the

predominant scattering results from LO phonon collisions rather than impurity or interface

interactions. Recently, Tackeuchi et al [7.24] have measured electron spin relaxation

times in InGaAs / InP quantum wells at a wavelength of 1,55p.m. These studies showed a

faster spin relaxation time on the order of 5ps, an order of magnitude faster than the

electron spin relaxation time in GaAs quantum wells. Tackeuchi takes this as evidence

that the EY mechanism becomes effective in InGaAs quantum wells at room temperature

[7.25],

7.5 Dynamical description of spin relaxation

When circularly polarised light resonant with the heavy hole exciton is used to

excite a quantum well, a population of 100% spin polarised electrons is excited from the

valence band into the conduction band. The excited electrons occupy either the spin up or

the spin down state, depending on whether the incident light is left or right circularly

polarised. Once excited, the electron spins relax to an equilibrium state where the

conduction band is populated by equal numbers of spin up and spin down electrons.

Assuming that the spins relax exponentially until equilibrium is reached, the processes

involved can be described by the following rate equations.
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dN+ N~
- N+ n+~N

dt r

(7.1)

dN N~ N+ N~ N~ N+ -N~
+ = +

dt

(7.2)

where N+^ is the population of spin up (down) electrons, r is the relaxation time

relating to the recombination of electrons and holes and s is the spin relaxation time.

Adding equations 7.1 and 7.2 gives:

d(N++N~)_ N++N~
dt r

(7.3)

This equation describes the total carrier recombination rate characterised by r.

This is observed experimentally when orthogonal linear polarisations are used.

Subtracting equations 7.1 and 7.2 gives:

d(N+ -N~)
dt

T
yr s 1

(7.4)

Expressions for (a^+ + N~) and (iV+ - N" ) can now be obtained from equations

7.3 and 7.4. Addition of the resulting equations yields an expression for N' which is

observed when the excite and probe pulses have the same circular polarisation. The

expression for N+ is given by:

N+(t) = —^-e ^(l + e %)
(7.5)
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where N0 is the initial excited electron population. If the carrier relaxation time r

is long compared to the electron spin relaxation time s, then the time for the electron spins

to randomise can be readily measured by the technique described below.

7.6 Experimental details

The experimental set-up for the investigation of spin relaxation is shown in figure

3.8. The X/4 plates were used to provide the different polarisation configurations and the

change in transmission caused by the pump pulse was monitored with a time delayed

probe as described in chapter 3.

The three polarisation configurations used were opposite linear polarisation (OLP),

same circular polarisation (SCP) and opposite circular polarisation (OCP), as described in

chapter 6. In the OLP case, the pump excited equal numbers of spin-up and spin-down

electrons. The probe interrogated both spin states and 'saw' a reduction in absorption due

to the presence of electrons in low lying conduction band states. The population of

electrons in this case contained both spin-up and spin-down electrons so no spin relaxation

was observed. In the SCP case, the pump pulse selectively populated only one spin state.

Therefore, the time-delayed probe 'saw' a larger reduction of the absorption compared to

the OLP case. As discussed in chapter 6 this occurs because the electrons initially all

occupied the same spin state. The absorption recovered over time to the OLP level as the

electron spins became mixed between the two states. It is this time for the electron spins

to randomise that is termed the spin relaxation time, xs. In the OCP case, again only one

spin state was populated, but the probe now examined the opposite spin state. Therefore,

the probe 'saw' an initial decrease in absorption compared to the OLP case. This reduced

absorption recovered over time to the same level as the OLP case as the spins relaxed.
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7.7 Results

Experiments were carried out in four different samples of varying well width. The

samples used were MR535 (9.0nm well width), MR610 (6.5nm well width), MR611

(5.5nm well width) and MR850 (9.5nm well width). In each case, the experiment was

carried out for the three polarisation configurations OLP, SCP and OCP, using

wavelengths resonant with the heavy hole exciton. The results are shown in figures 7.1 -

7.4, with the OLP traces omitted for clarity. The measured spin relaxation times, xs, are

summarised in table 7.1.
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Figure 7.1 Change in transmission ofsample MR535 at the heavy hole exciton as a

function of probe pulse delay time. The traces correspond to the polarisation

configurations used.

Figure 7.2 Change in transmission ofsample MR610 at the heavy hole exciton as a

function of probe pulse delay time. The traces correspond to the polarisation

configurations used.
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Delay / ps

Figure 7.3 Change in transmission ofsample MR611 at the heavy hole exciton as a

function of probe pulse delay time. The traces correspond to the polarisation

configurations used.
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Delay i ps

Figure 7.4 Change in transmission ofsample MR850 at the heavy hole exciton as a

function of probe pulse delay time. The traces correspond to the polarisation

configurations used.
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Sample Well width (nm) f eln. confinement

energy (eV)

Ts (ps)

MR611 5.5 0.20 5.7

MR610 6.5 0.152 7.9

MR535 9.0 0.082 12

MR850 9.5 0.061 20

Table 7.1 Spin relaxation times.

7.8 Discussion

The DP and BAP mechanisms are considered to be the most important in quantum

wells. The DP process is enhanced in quantum wells due to the increased spin orbit

splitting of the conduction band, which produces greater local effective magnetic fields,

speeding up the precession that causes the electron spin to flip. The enhancement of the

BAP is due to the increased electron-hole interaction that exists in quantum wells.

The expression for the enhancement of spin relaxation rate due to the DP

mechanism is given by Damen et al [7.16] as,

(kfLf TS}d (76)
where t2d is the spin relaxation time in a quantum well, t3d is the spin relaxation time in

bulk material, kf is the Fermi wave vector for the 3D density and L is the well width.

A more complete expression for the enhancement of the DP mechanism in a

quantum well is given by [7.26]
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1=2(aEJ hf f ( ,ft~ Ir T JW 0 \kBTj

ds (7.7)

where a is a numerical coefficient governing the spin splitting of the conduction band. Eie

is the first electron confined state in the quantum well, Eg is the band gap and tv is the

electron momentum relaxation time.

The enhancement of the BAP mechanism for the spin relaxation rate in quantum

wells compared to bulk is given by [7.16]

1 3tt 1

2kfL tJ s3 D

(7.8)

Both equation 7.7 and 7.8 predict a decrease in the electron spin relaxation rate with

decreasing well width, consistent with the experimental results given in table 7.1. For

infinite wells Eie is proportional to 1/L2, so ignoring any energy dependence of iv. equation

7.7 for the DP mechanism gives the approximation,

— oc-L (7.9)
rs L4

which is consistent with equation 7.6. The dependence of the first electron confinement

energy on the quantum well width is plotted in figure 7.5, for the case of both finite and

infinite quantum wells assuming an electron effective mass, m*c = 0.043m and band offset

ratio of 40:60 giving an electron well depth of 140 meV. This shows that the L4

dependence is only true for wide wells where the confinement is small, since Eie depends

on well depth and other factors (such as alloy concentration) in addition to well width. The

values of Eie were calculated in chapter 4 for each sample. Therefore the variation of ts

with Eie is the preferred measure and the measured spin relaxation rates, l/xs are plotted

versus Eie in figure 7.6.
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Well width / nm

Figure 7.5 Dependence of the first electron confinement energy on well width for

infinite andfinite quantum well cases.
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Figure 7.6 Spin relaxation rate as a function of the first electron confinement energy

for samples MR535, MR610, MR611 andMR850.
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The results for the samples studied in this experiment were all obtained at room

temperature and relate to electron spin relaxation. Each of these samples was grown with

only one quantum well width, in contrast to the GaAs samples used by Roussignol and

Tackeuchi which were grown with different well widths across a single sample.

Similar studies have been carried out by Cameron and Grevatt [7.23] in GaAs.

The samples used each had different well widths. They found that the dependence of 1/ts

on Eie suggested that the DP mechanism was dominant in undoped GaAs quantum wells

at room temperature. Given that the spin relaxation times in the InGaAs(P) quantum wells

studied in this experiment have been found to depend on quantum well width at room

temperature, it seems reasonable to suppose that the DP mechanism will be dominant for

this material system also. Further evidence for this conclusion in favour of the DP

mechanism is the reciprocal band gap energy dependence for the spin relaxation rate

predicted by equation 7.7. The band gap energies of the GaAs quantum wells studied

previously are approximately 1.8 times larger then the InGaAs(P) matenals investigated

here while the spin relaxation rates measured here are twice as fast in samples with similar

electron confinement energies.

The Cameron, Grevatt and Tackeuchi results, along with those for MR535,

MR610, MR611 and MR850 are shown in figure 7.7. The spin relaxation rates of

MR535, MR610, MR611 and MR850 were all scaled by 1.8 to allow direct comparison

with the Cameron and Tackeuchi results. Fitting to all the data points using the generic

equation y - axk' +c, a value of 1.19 is obtained for b. This is in reasonable agreement

with Cameron and Grevatt's calculation and is further evidence that the DP mechanism is

the dominant spin relaxation mechanism in InGaAs(P) quantum wells at room

temperature.
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Figure 7.7 Spin relaxation rate as a function offirst electron confinement energyfor

the results obtained by Tackeuchi, Grevatt and Cameron in GaAs MQWs and those for

InGaAs(P) MQWs MR535, MR610, MR611 and MR850, scaled by 1.8. The fitted curve

y = axb +c has b=1.19.

7.9 Conclusion

The electron spin relaxation times in a number of InGaAs(P) MQWs have been

determined. The times measured were found to be much faster in InGaAs(P) MQWs

compared to those previously determined in GaAs MQWs.

The spin relaxation rate has been shown to agree with the predictions of the DP

mechanism for the effect of varying quantum well width, and from a comparison of the
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bandgap dependence between GaAs and InGaAs(P) MQWs. The results show a decrease

in the electron spin relaxation time as the well width is reduced and are in good agreement

with the results of both Tackeuchi's, Grevatt's and Cameron's studies of spin relaxation in

GaAs, when scaled by the ratio of the bandgap energies. Combining all of the GaAs and

InGaAs(P) data gives a 1.19 power dependence of the spin relaxation rate on the electron

confinement energy which suggests that the DP mechanism is the dominant mechanism for

spin relaxation in both GaAs and InGaAs(P) quantum wells at room temperature. The fact

that the data from many samples, not only from different sources, but also of different

materials, is all in good agreement with the DP mechanism strongly suggests that the

scattering mechanism leading to electron spin relaxation in MQWs at room temperature is

phonon scattering, rather than any extrinsic scattering source, such as alloy scattering or

scattering from impurities.

The dependence of the spin relaxation time on well width at room temperature is

important for device applications. If the dependence on well width is known then samples

with specific spin relaxation times can be fabricated. Such utilisation of the spin

dependent optical non-linearity is discussed further in the following chapter.
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8.1 Summary

In this chapter all optical switching is examined. Experiments that demonstrate all

optical polarisation switching, making use of the spin dependent refractive index optical

non-linearity associated with exciton saturation, are presented. A theoretical model to

determine the optimum conditions for switching is presented and discussed.

8.2 Introduction

In the previous chapters the spin dependent optical non-linearity was examined

and the electron spm relaxation time in a number of samples determined. In this chapter

the spin dependent non-linearity is exploited to achieve a polarisation rotation switch,

controlled by optical pulses.

Future communications systems are expected to deal with bit rates in excess of

several tens of Gbits/s. Soliton switches are required with recovery times on the order of

10 ps and high contrast at room temperature. Semiconductor devices exploiting bandgap

resonant saturable absorption effects can achieve switch-on within lps, but switch-off

generally exceeds Ins, determined by the carrier lifetime. Many effects have been

examined to obtain switching in the picosecond regime.

Four wave mixing in semiconductor laser amplifiers [8.1] has been investigated by

many researchers. This effect utilises wavelength conversion and is intended to be used in
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wavelength division multiplexing (WDM) systems. However, the wavelength conversion

occurs whenever a signal is fed into the device, which could cause problems in practical

applications. The optical Stark effect has also been investigated for ultrafast switching

applications [8.2], A multiple quantum well has been shown to switch within lps using

this effect, but full switch-off at room temperature is disturbed by carrier excitation

associated with two-photon absorption [8.3], Alternatively, non-resonant half-bandgap

nonlinearities can be used in switching, eliminating any thermal or carrier lifetime effects

[8.4, 8.5]. Again, such devices are affected by two-photon absorption.

Sagnac [8.6], Mach-Zehnder [8.7] and Fabry-Perot interferometer configurations

have also been employed together with saturable absorbers. In both Sagnac and Mach-

Zehnder configurations, input pulses are split into two paths and a subtraction of the

output of the two paths at the end of the configuration is taken as the output of the device.

If there is a non-linear refraction, causing a phase change associated with the saturable

absorption, in one path only, then the output of the device is non-zero. With a phase

change in both paths however, the output of the device is zero. Hence ultrafast switching

can be obtained by exciting both paths, with a time delay on the order of picoseconds, with

a switch-off speed determined by the switch-on time of the saturable absorber. However,

such devices are hampered by their complexity. Etalon configurations are arranged such

that in the absence of any pump beam one of the Fabry-Perot transmission peaks is on the

low frequency side of the exciton resonance. Any pump beam will cause a change in the

refractive index of the material, shifting the transmission peak of the etalon, and reducing

the transmission of a signal beam tuned to the etalon transmission peak. Migus et. al.

[8.8] have performed optical logic gate operations using multiple quantum well etalons at

room temperature, where the large excitonic refractive index change was utilised, although

the recovery was determined by the carrier lifetime.
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The use of low temperature growth [8.9] or ion implantation [8.10] can reduce the

carrier lifetime to several hundreds of femtoseconds, at the expense of a weakening of the

exciton absorption peak, alternatively, the carriers may be swept out in an electric field

[8.11]. A different approach is to use multiple quantum well self-electrooptic devices

(SEED's) [8.12-8.14]. Although the fastest SEED's can be switched in about 4ps, they

need an electrical bias in addition to the control light pulses.

Another alternative method of eliminating the effect of slow carrier lifetimes is to

make use of the ultrafast relaxation of the electron spin. This was first demonstrated by

Nishikawa et. al. [8.15, 8.16] and will now be described in some detail.

8.3 Spin dependent refractive index change

Recent experiments on polarisation switching by several researchers [8.17, 8.18]

have concentrated on waveguide structures. In waveguides, polarisation rotation is

observed when light with linear polarisation is launched into a waveguide whose TE and

TM axes have different refractive indices. If the light is launched at some angle relative to

the axes of the waveguide, the TE and TM fields of the light will experience unequal

refractive indices as they propagate through the waveguide. After propagation, one field

will be retarded relative to the other, giving a combined polarisation state of the

transmitted fields that is generally a rotated elliptical state. If the refractive index of such a

waveguide has an intensity dependent component, the induced phase shift will also be a

function of the intensity, allowing an intensity dependent switch to be achieved.

A different approach, making use of the spin-dependent non-linearity found in

quantum wells, has been pioneered by Nishikawa et. al. [8.15]. They made use of a spin-

dependent excitonic refractive index change that they observed in GaAs quantum wells.
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Nishikawa showed that spin polarised material can give a refractive index difference

between left and right circularly polarised light. Figure 8.1 shows schematically the

electric fields of left and right circularly polarised components of a linearly polarised probe

beam either with or without the presence of a net spin polarisation of carriers. With no net

spin polarisation, the left and right circularly polarised components are the same in the y-

axis at all z. With a net spin up (down) polarisation, however, the phase of the left (right)

circularly polarised component changes, causing a phase difference between the two

components, which grows as the light travels in the MQW along the z-axis. After

travelling through the MQW the sum of the electric field components becomes a rotated

elliptical polarisation as shown in figure 8.1. This polarisation change remains only when

there exists a refractive index difference between the two circularly polarised components,

and returns to the initial polarisation as the spins relax to equilibrium. Hence, when an

analyser is inserted, set perpendicular to the initial probe polarisation, a signal will be

obtained while the spin polarisation exists. This approach allows optical polarisation

switching to be achieved without either the need to fabricate semiconductor material into

waveguides or any of the associated coupling difficulties. A switch of this type with a time

constant of 7ps has been demonstrated in a GaAs multiple quantum well etalon by

Nishikawa et. al.
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Figure 8.1 Schematic electric field components of light in the y-axis propagating

through a MOW. Sine curves show the phases of the left and right circularly polarised

components ofa probe beam both with and without a circularly polarisedpump beam.

8.4 Experimental details

Studies of all optical polarisation switching in InGaAs(P)/LnGaAsP multiple

quantum wells were carried out at room temperature using the experimental set-up shown

in figure 3.8, with the modifications shown in figure 8.2.

The probe pulses were linearly polarised, while the pump pulses remained

circularly polarised. An analyser, configured to transmit light polarised orthogonally to the

linearly polarised probe pulses, was inserted after the samples, to discriminate between the

"on" and "off' states.
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Figure 8.2 Modifications to experimental set-up of figure 3.8 to investigate all

optical polarisation switching.

8.5 Results

The experiment was carried out in the two samples previously determined to have

the slowest and fastest spin relaxation rates. They were MR850 (spin relaxation time of

20ps) and MR611 (spin relaxation time of 5.7ps) respectively. The time evolution of the

switched probe signal, obtained by monitoring the transmission through the analyser as a

function of probe delay, and the switching time window, measured at the FWHM of the

transient transmission, was measured and is shown for each sample in figures 8.3 and 8.4.

The results are summarised in the table 8.1.
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Figure 8.3 Switching signal of polarisation switch using sample MR850 with an

average probe power of 1.5mW.
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Figure 8.4 Switching signal of polarisation switch using sample MR611 with an

average probe power of 1.5mW.

Sample Well width (nm) Spin relaxation Switching time Switching time

time (ps) window (ps) (ps)

MR850 9.5 20 8 20

MR611 5.5 5.7 1.8 4.8

Table 8.1 Switching times and SM'itching time window duration.

The power dependence of the induced polarisation change was examined by

measuring the power output through the analyser as it was rotated through 360°, giving a
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measure of the polarisation rotation of the signal output as a function of pump power. The

polarisation rotation is plotted as a function of excited carrier density, assuming an internal

quantum efficiency of one, for samples MR850 and MR611 in figures 8.5 and 8.6

respectively.

Figure 8.5 Inducedpolarisation rotation ofsignal pulses as aJunction ofcarrier

density in sample MR850.
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Figure 8.6 Induced polarisation rotation of signal pulses as a fimction of carrier

density in sample MR611.

8.6 Modelling of polarisation switching

The attraction of polarisation switches is the large contrast available between the

'on' and 'off states. In principal the transmitted signal should be zero in the 'off state.

However in practice, leakage through the polariser gives a background signal of typically a

few percent. Optimum performance is achieved with a polarisation rotation of 90°. An

optimised structure, which would produce this condition at the lowest pulse energies,

requires a compromise between sufficient optical path length to produce the required
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phase change and optical loss due to absorption. A model has been developed to

determine the optimum structure for a polarisation switch of the type described.

The modelling of the switch is treated phenomenologically, solving three

simultaneous rate equations to give a complete description of the output state for varying

initial conditions. The rate equations describe the evolution of the pump and probe signals

as they propagate through the MQW used in the switch. To a first order approximation

the evolution of the circular pump beam is given by

where Ip(z) is the pump intensity, a0 is the absorption coefficient of the sample and z is the

propagation direction.

The linear probe beam is split into two opposite circular polarised field

components, F s denoting the component with the same circular polarisation as the pump

beam and F"s denoting opposite circular component respectively. A first order

approximation of the evolution of the same circular component is given by

where ax + yi is an intensity dependent modification to the absorption coefficient. The

effect of this modification is to reduce the absorption coefficient 'seen' by the same

circular component of the probe field, while the complex part controls the phase change of

the probe field.

The evolution of the opposite circular component of the probe beam is governed

by the simpler first order approximation

(8.2)

(8.3)

(8.4)
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and the model then solves equations 8.3 and 8.4 and sums the fields to give the probe field

at all z. To simplify the calculations the following assumptions are made. Firstly there is

no interaction between either the pump or probe beams and the sample in the barrier

material. Thus the propagation distance is directly proportional to the number of quantum

wells through which the beams travel. Secondly, it is assumed that the absorption does not

saturate, allowing ao to be determined from the linear transmission measurements of

chapter 4. The magnitudes of ai and y were inferred from the measurements of the

switching signal and the induced rotation described previously.

8.6.1 Modelling results

The results of the modelling of the induced polarisation rotation for switching in

samples MR850 and MR611 are plotted with the experimental results in figures 8.7 and

8.8. It can be seen that in both cases the model gives a good fit to the data. Given the

quality of the fits the model was then used to determine the optimum interaction length, z,

to switch a 1 mW signal beam and the signal output power for various estimated carrier

densities in each sample. Example plots of the predicted output power against interaction

length for a pump power of 10 mW, equivalent to carrier densities of 5xl018 cm"2 in

sample MR850 and 1.55xl018 cm"2 in sample MR611, are shown in figures 8.9 and 8.10

for samples MR850 and MR611 respectively. Finally, plots of the predicted maximum

output power and optimum interaction length against estimated carrier density are shown

in figures 8.11 and 8.12 for samples MR850 and MR611 respectively.
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Figure 8.7 Modelled and measured signal polarisation rotation in sample MR850.

The circles show the measured data.
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Figure 8.8 Modelled and measured signal polarisation rotation in sample MR611.

The circles show the measured data.
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Figure 8.9 Modelled signal output power as a function of interaction length in

sample MR850.

132



Chapter 8 Optical switching

Figure 8.10 Modelled signal output power as a function of interaction length in

sample MR611.
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Figure 8.11 Modelled results showing: a, predicted maximum output power and b,

optimum interaction length against pump power in sample MR850.
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Figure 8.12 Modelled results showing: a, predicted maximum output power and b,

optimum interaction length againstpump power in sample MR611
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8.7 Discussion

The attraction of polarisation switching is the potentially large contrast between the

'on' and 'off states. In principal the transmitted signal should be zero in the 'off state.

However in practice, leakage through the polariser gives a background signal of typically a

few percent. Optimum performance, therefore, would produce a rotation of 90°. An

optimised structure, which would produce this condition at the lowest pulse energies,

requires a compromise between sufficient optical path length to produce the required

phase change and optical loss due to absorption. It is this optimised structure that the

modelling is intended to determine. Given that the switching time, determined by the spin

relaxation time, is dependent on the quantum well width, it is the number of quantum

wells to provide the best balance between polarisation rotation and absorption that needs to

be determined.

It can be seen from figures 8.9 and 8.10 that in both samples the optimum output

occurs for an interaction length considerably shorter than that of the samples used. It is

calculated that the optimum output for a pump power of 10 mW would occur with 17

quantum wells in sample MR850 and with 39 quantum wells in sample MR611.

Figures 8.11 and 8.12 show the modelled optimum output power and the optimum

interaction length against estimated carrier density for each sample studied. It can be seen

that as the carrier density increases the signal output tends towards 1 mW, which is a

consequence of the first order approximations of the model. It is well known that the

exciton resonance can never be completely saturated, thus there will always be some

absorption of the signal beam. Figures 8.11 and 8.12 clearly show that at low pump

powers, while the contrast of the polarisation switch may be good, the loss is extremely
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large. For a pump power of 10 mW the loss in the switched signal, using an optimised

device structure, would be 87.5% in sample MR850 and 48.4% in sample MR611.

The other attraction of using the spin-dependent nonlinearity in switching

applications is that the switching time is independent of the carrier lifetime, and depends

solely on the quantum well width. It should be noted, however, that while the switching

time is independent of the carrier lifetime, the repetition rate remains restricted by this

lifetime unless the carriers are swept out in an electric field [8.17]. It has been suggested,

however, that even with this lifetime limitation such a polarisation switch could be applied

to demultiplexing operations [8.16],

8.8 Conclusion

All-optical polarisation rotation switching has been demonstrated in samples

MR850 and MR611. The switch on time in each case was essentially instantaneous while

the exponential decay time was 20 ps for sample MR850 and 4.8 ps for sample MR611.

Modelling of the switching operation showed that throughput tended towards a

maximum as the pump power was increased. However, it is clear that the powers

required for such a result were in excess of both the damage threshold of the

semiconductor samples, and significantly greater than the few milliwatts that would be

available in any communications system. The throughputs of the signals switched by a

pump power of 10 mW were determined to be 12.5% and 51.6% for samples MR850 and

MR611 respectively.
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An investigation into the dynamics of exciton saturation in InGaAs(P) / InGaAsP

multiple quantum well semiconductors at room temperature has been carried out using

both picosecond and femtosecond laser pulses from a synchronously pumped PPLN OPO

and a KC1:T1°(1) colour-centre laser respectively. The optical selection rules in multiple

quantum wells allowed the creation of spin polarised populations of carriers using

circularly polarised light. Varying the polarisation states of both pump and probe beams

causes the saturation effects of phase space filling to be enhanced or negated.

Degenerate pump-probe experiments employing circularly polarised beams were

used to study exciton saturation mechanisms. Experiments were carried out with pulses of

bandwidth both greater and smaller than the heavy hole exciton linewidth to distinguish the

effects of lineshape broadening from those of Coulomb screening and phase space filling.

It was found that exciton lineshape broadening was insignificant in the samples studied.

The studies carried out with pulses of bandwidth greater then the exciton linewidth

removed any residual effect of broadening on the transmission of the probe beam, while

the spin dependent nature of the phase space filling non-linearity allowed the saturation

effects of Coulomb screening and phase space filling to be compared. The time resolution

of the system allowed room temperature exciton-exciton saturation effects to be observed.

Fitting of the data with a rate equation analysis allowed all the saturation mechanisms to be

directly compared. The data suggested that the saturation contributions from free carrier

screening and exciton-exciton screening were of equal magnitude. The different

temperature dependencies of the screening efficiencies of each particle set oppose this
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conclusion. Hence, further studies will be necessary to produce a more complete

theoretical description of exciton saturation.

The dynamics of electron spin relaxation have been studied as a function of the

quantum well width. The results were compared with those of a number of different

authors and show good agreement. The fact that results from samples from different

sources show good agreement suggests that at room temperature the main scattering

mechanism leading to spin relaxation is due to LO-phonon collisions rather than impurity

or interface scattering. Combining the results allowed the power dependence of the spin

relaxation rate on the electron confinement to be determined. The spin relaxation rate was

found to fit a 1.19 power dependence which, in conjunction with the inverse bandgap

dependence of the spin relaxation times, implied that the D'Yakonov-Perel mechanism for

spin relaxation is the dominant spin flip mechanism for electrons in InGaAs(P) / InGaAsP

quantum wells at room temperature, in good agreement with results previously obtained in

GaAs / AlGaAs quantum wells. Knowledge of the dependence of the spin relaxation time

on well width is important for future device applications.

The spin dependent non-linearity was utilised to demonstrate ultrafast all optical

polarisation switching in two of the samples studied. Circularly polarised pump pulses

were used to control the transmission of linearly polarised probe pulses through an

orthogonally oriented polariser positioned after the sample under investigation. All-optical

polarisation switching has been demonstrated with a recovery time of 20 ps for sample

MR850 and 4.8 ps for sample MR611. Modelling of the switching operation showed that

the probe throughput tended towards 100% as the pump power was increased. However,

it was clear that the pump powers required for such a result were in excess of both the

damage threshold of the semiconductor samples, and significantly greater than the few

milliwatts that would be available in any communications system. The throughputs of the
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signals switched by a pump power of 10 mW were determined to be 12.5% and 51.6% for

samples MR850 and MR611 respectively.

In summary, this work has shown novel characterisation of the optical properties

of InGaAs(P) / InGaAsP multiple quantum wells, allowing the complete separation of the

contributions of Coulomb screening, broadening and phase space filling to exciton

saturation. The electron spin relaxation time has been shown to agree with the

D'Yakonov-Perel mechanism and the first demonstration of an electron spin dependent

all-optical polarisation switch in this material system has been achieved.
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