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Chapter 1

Introduction

Without some of the great physical inventions of the past century, such as the
field effect transistor, the electronics industry as it exists today would not have
bloomed as it does now. By continuously miniaturizing the electronic circuits
based on these inventions, the faster and cheaper they become. This makes all
sorts of new applications made from these circuits previously thought impossible
possible. For example, fifteen years ago nobody would have believed that mobile
phones or digital cameras could become so cheap and versatile as they are today.
Also, flat tv’s were considered to be science fiction.

However, by continuous miniaturization the electronic behavior in these de-
vices will eventually end up in the realm of quantum mechanics while these
devices are still based on classical electrodynamics. This will give all sorts of
problems which gives less accurate control and excessive heating compromising
device operation.

Instead of fighting against quantum mechanics one could also try and use
it. This new area of electronics has been prompted very early already and gives
the additional promise of new algorithms[5][6] in the quantum computation
realm and also secure communication[1]. These schemes all rely on the coherent
manipulation of quantum mechanical wavefunctions. The intrinsic magnetic
moment of the electron, called the spin, is a promising candidate to be used for
these schemes. The new kind of electronics based on electronic spins is named
spintronics[2][3]. One of the earliest successes this field has seen is the giant
magneto resistive effect (GMR)[4] which is now used in the read heads of hard
discs.

In order to get most spintronic devices working three obstacles need to be
overcome: (1) spins need to be successfully injected, (2) they need to be trans-
ported and manipulated and (3) finally they need to be detected. Transporta-
tion and manipulation is generally done by electric and magnetic fields, but
although injection and detection is preferably done electrically and is becoming
more and more successful, it is still pretty difficult to realize. This is shown by
the fact that this has already been tried and reported since the mid eighties[9]
and still people are trying to optimize the efficiency and understand the nature
of spin injection[8][7]. When efficient electrical spin injection is obtained and the
nature of it is understood many interesting device proposals might be realized
efficiently such as for example the spin-FET[10].

In the meanwhile optical spin injection[14] called optical orientation is quite
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6 CHAPTER 1. INTRODUCTION

(a) (b)

Figure 1.1: (a) A typical Kerr rotation signal, which is proportional to the magnetiza-
tion, with and without a transverse magnetic field showing the coherent manipulation
of a spin ensemble. (b) Faraday rotation signal, also proportional to the magnetiza-
tion, as a function of position at different electric fields applied parallel to the position
axis showing lateral drag of spin coherence. Borrowed from [19].

easy and has already been understood in the eighties: circular polarized pho-
tons carry an angular momentum of h̄ which, when interacting with materials,
in most cases gives an alignment of electronic spins inside materials via spin
orbit interaction[32]. For example, in most of the important III-V and II-VI
semiconductors this gives an actual spin polarization of 50% and in 2D confined
systems this can even get close to 100%[11]. Detection of electronic spins is
also quite easy: by shining linearly polarized light on a sample the polarization
state of the light going through the sample (Faraday geometry) or the reflec-
tion from it (Kerr geometry) gets rotated depending on the magnetization of
the sample. With the invention of the Ti:Sapphire femtosecond pulsed laser
this behavior can be observed on the picosecond or even femtosecond scale so
that spin dynamics can be observed in materials[13][12]. Typical magnetization
traces obtained by this technique are shown in figure 1.1(a). By making a micro-
scope out of this pulsed laser setup it is even possible to observe spin transport
on the micrometer scale shown in figure 1.1(b). This makes it a very direct
spectroscopic tool in the sense that spin manipulation and decoherence can be
directly observed in time and space and this gives much information about possi-
ble decoherence and transport mechanisms which are important if spintronics is
ever going to be a serious candidate for various quantum information processing
schemes[15][16][17].

This spectroscopic tool in particular became important in studying spin
transport when long decoherence times of >100ns were observed in n doped
bulk GaAs and spin coherence was shown to last on nanosecond timescales at
room temperature[18][13]. Since then, much research has been going on in the
specific field in spintronics which may be called spin dynamics in semiconduc-
tors. In the few years afterwards it has been tried to transport these spins
through a semiconductor with an electric field[19], spins have been transferred
from one semiconductor to the other[20], and lots of research has been going
on theoretically to understand spin coherence as a function of several parame-
ters such as temperature, doping and magnetic field in semiconductors[21][22].
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Because constriction of spins to 2D, 1D or even 0D give much higher coherence
times due to reduced interaction of spins with their environment, together with
the fact that constriction is necessary for future device operation, it is intensively
tried to confine spins[11][24][23]. Furthermore, it has been tried to put mag-
netic moments into semiconductor to see how this influences spin coherence[25]
and also several ferromagnetic semiconductors such as EuO are currently under
investigation. Even an all optical quantum gate in a quantum dot has been
shown to operate[26]. As more people are working on optical spin injection and
detection new spectroscopies also arise such as spin noise spectroscopy[27] and
all optical Nuclear Magnetic Resonance (NMR)[31] which are promising.

In this thesis an attempt has been made to construct 1D confined spin chan-
nels out of a 2 dimensional electron gas (2DEG) by a grating-shaped electrical
gate which is shown as a cartoon on the cover of this thesis. By applying a
negative voltage on this gate with respect to the 2DEG below electronic spins
are expelled from the regions directly below the gate, restricting electrons, and
therefore spins, to one dimension. It is predicted that spin coherence would
change as a function of direction of the spin channel with respect to the crystal
orientation axes[28][29] and for this purpose gratings along four different crys-
tal orientation axes have been constructed. Also, in order to see how wide the
electrical channel really is as a function of gate voltage a wire structure with
four ohmic contacts has been constructed on the same sample to measure the
resistance of this channel as a function of negative gate voltage. Although the
electrical measurements without any illumination worked as expected, as soon
as even scattered laser light or normal illumination was shone on the sample no
1D channel showed up in the electrical measurements anymore. Also no differ-
ence in behavior was observed when doing time resolved Kerr rotation (TRKR)
experiments with or without any gate voltage. Despite this rather disappoint-
ing fact, there is still much transient reflectance (TR) and TRKR data that
has been obtained in the beginning of the year to investigate the 2DEG sample
without any gates which still needs understanding.

In this thesis first the theory of the kerr effect and transient reflectance in
bulk GaAs will be explained. With the help of this theory some calculations of
these spectroscopies are shown while varying several parameters typically used
in these experiments. Next, the band structure of the 2DEG sample is calculated
and effects which might arise due to temperature are explained. After this, the
possible mechanisms of spin dephasing and how they can be suppressed are
discussed. In the end of the theory all these factors are combined to say what
can be expected when Kerr rotation and transient reflectance is used to study
spin behavior in the specific sample considered in this thesis. This is all shown
in chapter 2.

After the necessary theory needed to understand the experiments is de-
scribed, the experimental setups are explained in chapter 3 containing the elec-
trical, plain optical and optical pump probe setups. They are needed to measure
the confinement of electrical wires, polarization induced changes created by the
grating, TR and TRKR. In chapter 4 the results of TR and TRKR measure-
ments on plain 2DEG are shown and discussed. After their discussion, the 1D
sample is described in chapter 5 and the results from the attempt to measure 1D
confined spins are shown and discussed in chapter 6. In the final two chapters
7 and 8 conclusions are drawn and recommendations given.
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Chapter 2

Theory

2.1 Introduction

In this chapter an attempt will be made to describe all the theory necessary
to understand electron and spin dynamics in the specific AlGaAs/GaAs het-
erojunction sample with electrostatically defined gratings. It will begin with a
short introduction on the polar magneto optical Kerr effect and transient re-
flectance in section 2.2 and subsequently a theory is developed in section 2.3
which explains these effects in terms of different complex indices of refraction
for left and right circularly polarized light starting from the macroscopic theory
of interaction between electromagnetic waves and matter[60].

Together with the optical orientation theory previously developed[32], briefly
explained in section 2.4, and lots of already available optical and band struc-
ture data in GaAs[30] it is then possible to calculate TR and TRKR spectral
dynamics in bulk GaAs induced by a circularly polarized optical pump pulse
arising from carrier and spin relaxation. This has been done in section 2.5. A
connection is made between the macroscopic picture in which the kerr effect is
initially treated and the coherent manipulation of the spin degree of freedom in
appendix C.

Although these simulations say nothing about the origin of spin dephasing or
carrier relaxation, it helps explaining a lot of spectral effects in TR and TRKR
signals arising from for example temperature, excitation density and normal
carrier relaxation which is useful to know if real spin dephasing or carrier relax-
ation is to be extracted from their spectra. Furthermore, it might also give an
estimation of the size of these effects. In these fairly quantitative simulations
contributions from excitons and impurity bound electrons are neglected. There-
fore additionally, TR and TRKR effects arising from these carriers are treated
separate in a very qualitative manner in the same section.

With these specific carrier and band contributions to TRKR and TR spec-
tra in bulk GaAs understood, it is time to look at our specific AlGaAs/GaAs
heterojunction. First, the band structure has been numerically calculated by
solving the Poisson and Schrodinger equations iteratively in a single dimension
for the sample in order to show how the 2DEG is created and how the sample
actually looks like in its 1D band structure. This has been done in section 2.6.
In this section, also comments are given on what happens if electrical gratings

9



10 CHAPTER 2. THEORY

are deposited on the sample and how this changes the bandstructure. In the
next section the four known spin dephasing mechanisms will be discussed and
it will be commented on how the main dephasing mechanism can be suppressed
by confining spins. With this additional information it is then time to give final
comments on how the TR and TRKR spectra might be altered from the bulk
case in this specific sample which has been done in section 2.8

2.2 The Magneto Optical Kerr Effect & Tran-
sient Reflectance

It has already been known since the 19th century that materials on which an
electric or magnetic field is applied can become optically active. This makes
polarization optics a tool to investigate electricity and magnetism in materials.
The names of several physicists studying these effects originating from that
century are used to name these effects. The difference between these effects,
such as for example the Faraday(1845), electro optical and magneto optical
Kerr(1875) or Pockels(1892) effect refers to different orientations of the magnetic
or electric field to which the samples are exposed or posses by themselves, or to
the order of nonlinear response from the material.

Although these effects have been known for a long time they received renewed
attention when people wanted to study magnetization dynamics on very short
timescales which became possible with the invention of the ultrashort pulsed
Ti:Sapphire lasers. To study magnetization dynamics in materials the arising
signal from the optical technique to be used preferably needs to be strong and
odd in the magnetization so that the sign of the magnetization can be deter-
mined. Two techniques are generally used in literature to study magnetization
dynamics, time resolved Kerr and Faraday rotation.

Both these techniques are therefore, in the macroscopic theory of light-
matter interaction, linear in the magnetization. In both cases, a linearly polar-
ized laser is shone on the material and either the transmission or the reflection
of the polarization state is analyzed. In the first case the effect is known as the
Faraday effect while in the second case it is called the magneto optical Kerr ef-
fect (to distinguish from the electro optical Kerr effect). For the AlGaAs/GaAs
sample used in this thesis the magnetization dynamics of electrons sitting in the
conduction band is of interest. Since at these optical frequencies attenuation
is strong it is preferred to study the magnetization in this sample in reflection
geometry, which is called the MOKE geometry.

Figure 2.1: The three different orientations of the magnetic moment versus plane of
incidence. The corresponding Kerr effect due to these 3 geometries are called the (a)
polar, (b) longitudinal and (c) transverse Kerr effect.
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Generally people distinguish between three different orientations of the mag-
netic moment with respect to the incident plane of light when mentioning the
magneto optical Kerr effect. These three are shown in figure 2.1. Of the three
different orientations of the magnetic moment versus the incident light the polar
and longitudinal effect cause a rotation and ellipticity while in the transverse
case the magnetization creates a change in reflectance and phase of the reflected
light.

These three Kerr effects have been treated in the macroscopic theory of
interaction between electromagnetic waves and matter[60] for example in [61]and
the results have been summarized in appendix A. In this appendix it is shown
that the normal incidence polar Kerr effect is the largest Kerr effect and that
it is, to first order, insensitive to magnetization in the plane of the material.
In this way, a strong Kerr effect is to be expected for this geometry which is
only sensitive to the magnetization perpendicular to the material which makes
it very selective.

Since GaAs is not magnetic by itself, in order to study spins and especially
the decay of them in time, carriers of a specific spin need to be injected. From
quantum mechanics it is known that circular polarized photons carry an angular
momentum ±h̄ in the direction of propagation which can be injected into solids
if the photon is absorbed in the material.

By optical pump-probe techniques it is then possible to inject spins at a
certain time by shining a ultrashort circularly polarized laser pulse and with a
delayed linearly polarized probe pulse observe the rotation of the reflected pulse.
By varying now the delay between those two pulses the initial spin polarization
and decay of the spin ensemble can be observed in time as is shown in figure 1.1
in the introduction of this thesis. This technique is called time resolved Kerr
rotation (TRKR) which is used to study spin dynamics.

It has to be noted that with TRKR we look at the decay of the magnetization
caused by electronic spins sitting in the conduction band. Individual electron
spins display decoherence due to interaction with their environment (see section
2.7). However, because we are looking at an ensemble of spins of which every
spin might be evolving slightly different the decay time we observe in TRKR
experiments can only be seen as a minimum electron spin decoherence which is
generally called dephasing. A simple explanation of this effect can be found in
[14]. More about this is explained in appendix C.

By applying magnetic fields in the plane of the sample the spins originally
oriented along the direction of the pump pulse can precess[43] which might give
additional information about decoherence mechanisms as will be seen later. A
typical manipulation of spins by a so-called transverse magnetic field is also
shown in figure 1.1.

In addition to looking at the rotation of the probe signal the difference in
reflectance can also be studied when a (generally linear) pump pulse is used to
excite carriers in the conduction band. By putting electrons in the conduction
band this changes the absorption and refractive index of the material, in its
turn changing the reflectance of the material. When the electrons decay the
old situation is restored and so with this technique it is also possible to look at
the electronic behavior. This technique is known as transient reflectance spec-
troscopy(TR). With both techniques it is possible to characterize what happens
to the electrons carrying the spin and the spins themselves.
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2.3 The Normal Incidence Polar Kerr Effect

In this section the theory of the normal incidence polar Kerr effect will be
described slightly differently from the traditional macroscopic approach[61] in
order to facilitate the TR and TRKR spectra calculations later on.

It starts from the phenomenological dielectric tensor obtained from the
macroscopic theory and will define the new normal modes of the new system:
circular polarized light. For these normal modes new refractive indices are es-
tablished. Also, for a semiconductor like GaAs the absorption of light near the
bandgap is well described through the density of states. Therefore through the
Kramers-Kronig relations the refractive index is also well described.

Together with the already existing optical orientation theory, briefly ex-
plained in the next section, and additional GaAs band data[30] it will then be
possible to simulate the normal incidence polar Kerr effect in bulk GaAs which
closely resembles our sample. Spectral plots of Kerr rotation and ellipticity can
then be made and carrier relaxation can be simulated which will aid in the
struggle to understand spin dynamics later on.

2.3.1 Polarization Normal Modes in a Magnetized Medium

In the presence of a magnetization ~M in an isotropic crystal the dielectric re-
sponse contained in the dielectric displacement due to an applied electric field
can be described as follows[61]:

~D = ε0 ~E + i~g × ~E + b( ~E − ~m(~m · ~E)) (2.1)

where ε0 denotes the complex dielectric constant in the absence of a magne-
tization, ~g is the gyration vector in the simplest case linear to the magnetization
~g = cst · ~M . Furthermore b = b(M) = ε1− ε0 represents a difference in dielectric
constant between the axes perpendicular and the axis parallel to the magneti-
zation. This causes a difference in refractive indices and absorption leading to
magnetic linear birefringence and dichroism (MLB & MLD). When ~M = | ~M |~z
the equation for the dielectric tensor in the simplest case becomes:

ε =

 ε1 −ig 0
ig ε1 0
0 0 ε0

 (2.2)

This tensor can be diagonalized so that the normal modes can be obtained: Dx + iDy

Dx − iDy

Dz

 =

 ε1 − ig 0 0
0 ε1 + ig 0
0 0 ε0

 ·

 Ex + iEy

Ex − iEy

Ez

 (2.3)

We see that in the case of the normal incidence polar Kerr effect when ~k ‖ ~z
the normal modes become right and left circularly polarized (RCP and LCP)
light in the direction of the magnetic field. It is now allowed to define complex
refractive indices for these modes:

N± = n± + iκ± =
√
ε1 ∓ g (2.4)
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Where κ± are the extinction coefficients for RCP & LCP light. They are related
to the optical absorption by[52]:

α± =
2κ±E
h̄c

(2.5)

Where E is the energy belonging to the frequency at which the absorption is
looked at and c is the velocity of light. Because RCP & LCP light have different
indices of refraction they also have different complex reflection coefficients:

ρ± = r±eiθ± =
N± − 1
N± + 1

(2.6)

The fact that in the normal incidence polar Kerr effect the induced spin popu-
lations cause different complex indices of refraction for right and left circularly
polarized light can be used in the Jones formalism1.

2.3.2 Characterization of Reflected Polarization

In order to characterize the reflected polarization coming from the z-direction
first consider an arbitrary rotated elliptical electric field defined in the cartesian
basis (Ex, Ey):

~E±
arb,cart =

1√
ε2k + 1

R(θk)
(

1
±εk

)
(2.7)

Here ~E±
arb,cart are the electric field vectors in the cartesian basis where ± define

right and left circularly polarized light and εk is the ellipticity defined as the
electric field in the short axis divided by the electric field in the long axis. R(θ)
is a rotation matrix rotating the light an angle θ counterclockwise:

R(θk) =
1√
2

(
cos θ − sin θ
sin θ cos θ

)
(2.8)

By defining a circular basis (Ercp, Elcp) = (Ex + iEy, Ex− iEy) the transforma-
tion matrices are defined:

F cart→circ =
1√
2

(
1 −i
1 i

)
F circ→cart =

1√
2

(
1 1
i −i

)
(2.9)

In the circular basis the rotated elliptical Jones vector becomes:

~E±
arb,circ = F cart→circ

~E±
arb,cart =

1
2
√
ε2k + 1

(
(1± εk)e−iθk

(1∓ εk)eiθk

)
(2.10)

For a general Jones vector (Ercp, Elcp) a circular polarization variable χcirc =
Ercp

Elcp
can be defined[51]. The polarization variable contains all the information

about a polarization state. For the rotated elliptical Jones vector this becomes:

χcirc =
Ercp

Elcp
=

1± εk
1∓ εk

e−2iθk (2.11)

From which the rotation and ellipticity can be derived in terms of the circular
polarization variable:

θk = −1
2

argχcirc εk = ±|χcirc| − 1
|χcirc|+ 1

(2.12)

1For a introduction to this formalism see any good optics book, for example [35].
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2.3.3 Kerr Rotation And Ellipticity

A relation between the polarization variable and the rotation and ellipticity
of light has been established in the previous section. It will now be shown
how incident light polarized along the x direction can be expressed as rotated
elliptical light after reflection in terms of different circular indices of refraction
and different circular extinction coefficients.

Incident light polarized along the x direction in Jones calculus is expressed
as Ecart = (1, 0). This becomes in a circular basis through equation (2.9)
Ecirc = 1/

√
2 (1, 1). Through the different reflections for right and left circu-

larly polarized light defined in equation (2.6) the polarization variable can be
obtained:

χcirc =
E+

out

E−
out

=
ρ+

ρ−
E+

in

E−
in

=
ρ+

ρ−
=
r+
r−
ei(θ+−θ−) (2.13)

From (2.12) it can be seen that the rotation and ellipticity in terms of re-
flectances R± = √

r± and phase of the reflectivities is:

θk = −1
2
(θ+ − θ−) εk = ±r+ − r−

r+ + r−
(2.14)

It is now possible to relate the kerr rotation and ellipticity to the circularly
refractive indices and extinction coefficients n+, n−, κ+, κ− through equations
(2.4)–(??) and (2.14):

θk = −1
2

arctan
(

2[k2
−k+ + k+(n2

− − 1)− k−(k2
+ + n2

+ − 1)]
4k−k+ + k2

−(k2
+ + n2

+ − 1) + (n2
− − 1)(k2

+ + n2
+ − 1)

)
(2.15)

εk =

√
(n− + 1)2 + k2

−

√
(n+ − 1)2 + k2

+ −
√

(n− − 1)2 + k2
−

√
(n+ + 1)2 + k2

+√
(n− + 1)2 + k2

−

√
(n+ − 1)2 + k2

+ +
√

(n− − 1)2 + k2
−

√
(n+ + 1)2 + k2

+

(2.16)

Since the absorption of light in a semiconductor is well described through the
joint density of states, by fermi’s golden rule it is possible to model with the help
of optical orientation theory how the electron bands in GaAs are filled an when
they are optically pumped. With the help of the Kramers-Kronig relations it
will then be possible to calculate the spectra for the circular refractive indices
and extinctions. When we have obtained these, it will be possible through (2.15)
& (2.16) to calculate the spectral behavior of the kerr rotation and ellipticity in
the case of a bulk GaAs sample.

As a last remark to this section it is noted that these equations are only valid
for reflection from an interface when incident light is coming from air or vacuum
where n ' 1 and there is practically no absorption present. When the medium
from which the light comes is absorbing it needs to be taken into account and all
the equations change in a tedious way which will not be treated here. However,
if the light is coming from a non absorbing medium the changes are relatively
easy: equation (2.4) is modified such that N± → N±/nincident. In the final
equations (2.15), (2.16) n+, n−, κ+, κ− will need to be divided by nincident.
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2.4 Optical Orientation in GaAs

When circularly polarized light of an energy bigger then the bandgap Eg is shone
on a semiconductor an electron and hole will be created. This circular polarized
light carries an angular momentum of ±h̄ in the direction of light propagation.
Due to angular momentum conservation, this angular momentum needs to be
distributed over the hole and electron which the light creates. This distribution
goes according to the selection rules applied to the bands in the semiconductor.
In this section a simplified version of optical orientation for bulk GaAs is given.

A full description of how this works in the case of bulk GaAs can be found in
[32]. In the case of a 2DEG or quantum well the optical orientation is changed.
Fortunately, with the help of some perturbation theory applied to the bulk case,
this can be resolved. This is treated in for example [55] but will not be treated
here in detail. Although the wires have confinement effects influencing spin
transport in the sense that transport is confined, it does not become important
for optical orientation. This is due to the fact that breaking the degeneracy
of the 2D energy levels in the 2DEG due to the 1D confinement is not strong
enough. The separation of the induced energy levels is smaller then the thermal
energy kbT, even at the lowest temperatures. Therefore the wires as far as
optical orientation is concerned can be treated as if they were at most a 2
dimensional electron gas. Since the changes from going from bulk GaAs to a
2DEG are also very minor optical orientation in 2DEGs does not differ very
much from the bulk case.

2.4.1 Fermi’s Golden Rule

As stated before, the distribution of light angular momentum among the holes
and electrons goes according to the selection rules which are determined with
the help of Fermi’s Golden Rule for optical transitions:

W1→2 =
2π
h̄
|〈2|H ′|1〉|2δ(∆E − h̄ω) (2.17)

This formula is stated in terms of atomic transitions where W1→2 is the tran-
sition probability of going from state 1 to state 2 on an atom, |1〉, |2〉 are the
wavefunctions of the corresponding atomic levels and the delta function rep-
resents the conservation of energy in case of an optical transition. H ′ is the
perturbation applied to the system which causes the transition form state 1 to
state 2. In the case of optical transitions this perturbation becomes, in lowest
order (the electric dipole expansion), H ′ = e~r · ~E0 where ~E0 is the electric field
vector. For RCP and LCP light the transition probabilities are proportional to:

W1→2 ∝ |〈2|X ± iY |1〉|2 ∝ |〈2|Y ±1
1 |1〉|2 (2.18)

Where Y ±m
l , the spherical harmonics are used to simulate the light interaction

while maintaining proper normalization. In the case of semiconductors the
atomic wavefunctions become band wavefunctions and the delta function has to
be replaced by a joint density of states g(h̄ω) calculated by integrating over the
bands and optionally the energy distribution of the excitation.
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2.4.2 Band Structure GaAs

To see what transitions are occurring in GaAs at the frequencies around the band
gap Eg let’s look at the band structure of GaAs. A schematic band structure is
shown in figure 2.2(a). In this figure the four bands closest to the Fermi energy
are shown. They are named in order of highest energy the conduction, heavy

Figure 2.2

(a) Band structure of GaAs near the
k=0 point for two different direc-
tions <100> and <111>. The im-
portant valleys and term symbols
given to the bands are also shown.

(b) Schematic diagram of energy levels for Gallium
and Arsenide going from the atomic picture
to the crystal structure. The s and p states
hybridize to form bonding and antibonding
molecular orbitals which then evolve into the
conduction and valence band.

hole, light hole and split off band. The Fermi energy lies in the middle of the
bandgap between the conduction and heavy/light hole bands.

This picture shows that it is a direct gap semiconductor so no phonons are
involved in optical transitions at the fundamental absorption edge. GaAs is
a cubic zinc blende structure, and therefore has two distinct band directions
parallel to the cubic axes {100} and in between these cubic axes {111}. How-
ever, at optical frequencies close to the fundamental absorption edge the cubic
behavior approximately disappears which makes it possible to treat GaAs as
being isotropic. This makes the treatment of the previous section apply to
GaAs. In this case the bands behave approximately parabolic so that their
energy-wavevector relation can be written in terms of effective masses:

En(k) = E0 ±
h̄2k2

2m∗ (2.19)

Furthermore it is noted that around k = 0 the energy levels of the heavy and
light hole bands are approximately degenerate.

To see where these bands are coming from consider the atomic structure of
GaAs. Since the bond in GaAs is covalent it is useful to consider the atomic
ground states of both Gallium, which has a 4s24p1 state, and Arsenide, which
has a 4s24p3 state. The bond is covalent and therefore the 4s and 4p states
hybridize to make s and p bonding and antibonding orbitals. This is shown
schematically in figure 2.2(b). This is also true for several other semiconductors
in which the outer states are s and p orbitals and are covalent such as for example
Germanium and most III-V and II-VI binary materials. Optical orientation in
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the direct bandgap ones will therefore not differ as can be seen from the following
treatment.

In a crystal the wavefunctions of the bands are expressed as Bloch waves:

ψn(k) = un(k)ei~k·~r (2.20)

where n labels the band and the un(k) functions in general are a combination
of atomic orbitals. When these wavefunctions are put into Fermi’s golden rule
(2.18) and the integration is performed over ~r the transition probability will be
0 unless ~kinitial ∼ ~kfinal.2 It expresses the fact that for optical transitions in
the band diagram only vertical transitions are possible. When kinitial ∼ kfinal

the ei~k·~r term in Fermi’s golden rule can be expressed as a δ-function which
causes it to reduce to terms |〈un(k)|un′(k)〉|. Around k = 0 the wavefunctions
un(k) turn out to have mainly a single atomic character due to the specific s or
p character of the bands, and they can therefore be given a term symbol which
is shown in figure 2.2(a).

Figure 2.2(b) shows that the conduction band has an s antibonding character
and therefore L = 0 for this band. An electron in this band has a spin 1

2 so this
band may be described by the 2S1/2 term symbol. The valence band has a p
bonding character so L = 1. An electron in this band has spin 1

2 and those two
angular momenta may add up to create two distinct term symbols: 2P3/2 and
the 2P1/2. From the third Hund’s rule we know that the latter is more stable
and therefore this is the lowest lying valence band shown: the split off band.
Since the third Hund’s rule interaction is a relatively weak interaction, slightly
above this band lies the p bonding orbital in which the angular and spin angular
momenta add up to make a band with 2P3/2 character. The band with this term
symbol is called the hole band. It is split at k 6= 0. This is because GaAs is polar
and therefore creates a local electric field inside the crystal. When electrons are
moving in this crystal they will see this electric field as an effective magnetic field
due to relativistic effects. This causes the mj = ±1/2 and mj = ±3/2 arising
from this J = 3/2 state to split in energy differently due to a different angular
momentum direction. An actual band calculation shows that the mj = ±3/2
states described in terms of equation (2.19) have a large effective mass and are
therefore named the heavy hole states (HH). The mj = ±1/2 states turn out to
have a lower effective mass and are named the light hole states.

The wavefunctions of the various (degenerate) bands are now given by their
|j,mj〉 total angular momentum wavefunction. These wavefunctions can be ex-
panded with the help of Clebsch Gordon coefficients in spin and orbital angular
momenta

∑
|l,ml〉|s,ms〉. Equation (2.18) will then enable us to calculate the

relative transition probabilities between the split off, heavy hole, light hole band
and the conduction band for linear, right circular and left circularly polarized
light. This is shown in Appendix B. A more clarifying schematic picture of
transitions between the heavy hole, light hole and conduction band for circu-
larly polarized light is shown in figure 2.3.

This figure shows that when right circularly polarized light is shone on GaAs
with a frequency at the fundamental absorption edge three quarters of the pho-

2This is because of the electric dipole assumption where in the electric field perturbation

H′ = e/m0 ~p · ~A the vector potential ~A = ~A0ei~k·~r can be reduced to ei~k·~r ' 1 + i~k · ~r since
~k is very small compared to the wavevector in the crystal. In reality, the photon does have a
momentum but this lies outside the electric dipole expansion.
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Figure 2.3: Schematic picture showing possible transitions and relative strengths for
right (σ+) and left (σ−) circular polarized photons with momentum h̄ shone on GaAs.
The transitions give a net effect of pumping electrons with an opposite spin angular
momentum h̄

2
.

tons will excite an electron in the conduction band with antiparallel spin and
one quarter of parallel spin with respect to the incident spin angular momentum
carried by circularly polarized light. In order to characterize the amount of spin
orientation the spin polarization is defined:

P =
electrons ↑ −electrons ↓
electrons ↑ +electrons ↓

(2.21)

This definition shows that a polarization of 50 % can be obtained for the elec-
trons in the conduction band. The holes in the valence band also gain an angular
momentum which the Kerr effect is in principle sensitive to. This angular mo-
mentum is composed of a spin and orbital angular momentum part through the
Clebsch Gordon coëfficients:

|3/2,±3/2〉 = |l=1,±1〉|s=1/2,±1/2〉 (2.22)

|3/2,±1/2〉 =

√
2
3
|l=1, 0, s=1/2,±1/2〉+

√
1
3
|l=1,±1, s=1/2,∓1/2〉 (2.23)

These equations show that the holes get spin oriented strongly but also their
orbital angular momentum becomes oriented. Quantum mechanically, when the
spin orientation of the holes right after excitation is measured there is a 11/12
chance that they will be oriented parallel to the angular momentum of the light.
Remember in this case that a missing electron of angular momentum ~L can be
described by a hole of opposite angular momentum −~L.

However, since the holes decay very fast3 they are less interesting as a spin
transport medium. Furthermore, it will also be shown in the calculations later
on that the most important contribution of carriers to the TRKR signal, band
filling, is very small for holes due to their large effective mass. In any case,
spin transport of only the electrons in the conduction band can be observed
by TRMOKE at times later then a few hundred femtoseconds. Now, it will be
briefly explained how the story of optical orientation is changed when the bulk
electron gas is confined to 2 dimensions.

3Several evidences in previous experiments on GaAs show this fact, one of the strongest
probably being the experiments on lateral drag[19] of the Faraday signal. This is caused by
strong spin orbit coupling in the valence band as will be further explained in 2.7
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2.4.3 Two Dimensional Electron Gas (2DEG)

When the bulk electron gas is confined to two dimensions it will show quantum
behavior if the confinement energy becomes proportional to the thermal energy.
This will be the case if the confinement size is lower then[52]:

∆x ∼

√
h̄2

mkbT
(2.24)

Where m is the effective mass of a particular band. For electrons in GaAs
confinement this will become important when ∆x < 60nm at 4.2K while at
room temperature the confinement needs to be ∆x < 7nm. This shows that
GaAs in all cases can still be treated as bulk as long as the confinement is
larger then 60 nm. However, the most confined 2DEG level calculated in the
band structure calculation is ∼ 10 nm which makes it possible for quantum
effects to show up in our TR and TRKR signals at least when the the 2DEG
is cooled below 140 K. A treatment of this perturbation is given in [55]. Since
the 1D confinement which is going to be applied to the sample with electrical
gates is of the order of a micrometer this rough estimation also shows that these
confinement effects are not going to be important at all and the sample has to
be treated at most as a 2D confined structure.

It turns out that a perturbation of the 2D confinement makes the heavy hole
band go down in energy with respect to the light hole band both defined per-
pendicular to the growth direction. This makes the energy levels of them cross.
When higher order k·p perturbation is performed these bands will anticross due
to their mutual interaction and the wavefunctions of the bands change.

However, around the k = 0 point the highest lying valence band still has
mainly light hole character so that at the fundamental absorption edge a spin
polarization of 100% can be obtained since the heavy hole - conduction band
transition cannot be made. This has been tried by Pfalz et al.[11] where a
spin polarization of ∼ 90% was obtained. For the heterojunction quantum well
considered in this thesis holes are not confined so it is not possible to obtain
such a high spin orientation. For this sample as far as optical orientation is
concerned it behaves as bulk GaAs.

In order to make sure that we obtain maximum spin polarization the pump
energy has generally been tuned above the bandgap such that no excitons are
immediately created from the pump pulse. They are known to dephase fast
due to a large exchange interaction between fast decaying holes and electrons
as will be explained in section 2.7. The pump has no chance to create excitons
and compromise the efficient optical orientation. However, electrons and holes
initially created in the bands might form excitons at some later time. This time
is generally considered to be long so it is usually ignored.
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2.5 TRKR and TR spectral dynamics in bulk
GaAs

With the help of the theory of the previous two sections and appendix C and
earlier experimental work[36][37][38][39] an attempt has been made to calculate
time resolved Kerr rotation and reflectance spectra induced by a circular or
linear pump pulse in bulk GaAs. Due to the extensive investigation of bulk
GaAs in the past, many external influences on the bands such as temperature,
electron density or magnetic field dependence are well described which makes it
possible to treat the Kerr effect somewhat quantitatively.

In order to simplify the calculations, exciton states and band tail effects[34]
are excluded from this treatment. The latter causes slight spectral broaden-
ing of the Kerr and TR effects and is only substantial at high doping den-
sities due to impurities coupling to the conduction band. The former how-
ever can be substantial but varies quite dramatically from sample to sam-
ple. Spectral features are generally sharp and therefore important in high
purity intrinsic GaAs samples. Although the 2DEG in our sample lies in
what is believed to be a reasonably pure intrinsic GaAs part of the sample
an actual (indirect) absorption measurement will show that it might not be
very important. Also, it is not specifically highly doped so that bandtail ef-
fects can be safely ignored. This makes the 2DEG sample used in this the-
sis behave pretty much like ordinary bulk GaAs without band tails or exci-
ton states. Therefore this model might show many dependencies which might
also be observable for the 2DEG sample. The additional differences between
the 2DEG sample and the bulk GaAs case are discussed later in section 2.8.

m∗

cond. 0.063
HH 0.51
LH 0.082
SO 0.15

Table 2.1: Effec-
tive electron and hole
masses of the various
bands.

In order to calculate TR and TRKR spectra, absorp-
tion in GaAs is described in terms of electron and hole
density of states of different angular momenta. The jus-
tification of this treatment comes from the previous sec-
tion where it is shown that spin coherence may indeed
be treated in terms of different angular momenta pop-
ulations. A pump pulse is able to change the available
amount of densities of states. Several contributions and
mechanisms which might alter the densities of states are
discussed next. It will be shown that band filling is the
most important contribution in the case of GaAs. This
will induce changes in absorption for left and right circularly polarized light and
with the help of some available experimental data[36] through the Kramers-
Kronig relations it is then possible to calculate the corresponding different in-
dices of refraction. By formulas (2.6), (2.15) & (2.16) it will then be possible to
calculate TR and TRKR spectra and their dynamics.

Because it is still interesting to know how TRKR and TR spectra look like
for exciton states a very qualitative treatment is shown at the end of this section.

2.5.1 Absorption in GaAs

To begin this section note that formula (2.18) shows that the transition proba-
bility, and therefore the absorption, is proportional to the joint density of states
(JDOS). The JDOS for a conduction band with a heavy or light hole band has
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been calculated in [52] with the following result:

For h̄ω < Eg, g(h̄ω) = 0 (2.25)

Figure 2.4: Def-
inition of certain
energies involved
in a transition.

For h̄ω > Eg, gJDOS(h̄ω) =
1

2π2

(
2µ
h̄2

) 3
2

(h̄ω − Eg)
1
2

(2.26)

= Cµ
3
2 ∆E

1
2

Where µ is an effective mass given by 1
µ = 1

mc
+ 1

mlh,hh

which is slightly different for transitions going from the heavy
and light hole bands to the conduction band. The effective
masses for the various bands are given in table 2.1. Here
h̄ω = Eg + ∆E is the energy of excitation. To see how this
JDOS can be expanded in terms of separate densities of states
for the electron and appropriate hole band we look at the
two densities of states involved at a transition of energy Eg +
∆E shown in figure 2.4. This figure shows that the relevant
density of states of the conduction and appropriate valence
band at energies ∆ECB & ∆EV B are involved. The relevant
bands are described by equation (2.19) and knowing that the
wavevector k is conserved in an optical transition it is then possible to calculate
∆ECB & ∆EV B :

∆ECB =
µ

m∗
e

∆E (2.27)

∆EV B =
µ

m∗
h

∆E

Looking at the relevant density of states at these energies for the conduction
and hole bands we see that they can be described in terms of the original energy:

gCB(∆ECB) =
1

2π2

(
2m∗

e

h̄2

) 3
2

∆E
1
2
CB

= Cm∗
eµ

1
2 ∆E

1
2 (2.28)

gV B(∆EV B) =
1

2π2

(
2m∗

h

h̄2

) 3
2

∆E
1
2
V B

= Cm∗
hµ

1
2 ∆E

1
2

By relating these two densities of states to the original JDOS (2.26) the relation
between the two separate densities of states and the JDOS is established:

1
gJDOS(∆E)

=
1

gCB(∆ECB)
+

1
gV B(∆EV B)

(2.29)

It turns out that the JDOS can be described as a weighed average of the separate
densities of states at their relevant energies. Since the absorption is proportional
to the transition probability, and this in its turn is proportional to the joint den-
sity of states any modification of the separate densities of states creates a change
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(a) (b)

Figure 2.5: (a) A typical absorption spectrum for reasonably pure intrinsic GaAs for
different temperature. Borrowed from [38]. (b) Absorption spectra of various doping
Si doping densities. Borrowed from [39].

in absorption. When we look at a regular absorption spectrum such as in figure
2.5(a) it can be seen that the absorption near the bandgap is approximately
proportional to the JDOS if the exciton line is ignored. This approximation
becomes better at higher doping densities as can be seen in figure 2.5(b). By
measuring the original, transmission and reflection intensities of a laser shone
on a sample at different wavelengths an absorption spectra can be calculated
(Ii = IR + IT + Iα). This has been done earlier by my supervisor P.Rizo, A.
Pugzlys for bulk n-type GaAs and the 2DEG sample and is shown in figure
2.6. It shows that both these samples are not pure enough for exciton lines to
become important. However, the 2DEG sample does show a step like behavior
which is related to the 2 dimensional density of states which is shown in figure
2.7.

If a circular or linear light pulse is shone on the sample it can be calculated
how this alters the six different bands defined by their mj values. This is done
by knowing the relative transition probabilities of filling the bands calculated in
appendix B shown in figure B.1 in this appendix. Note that circular polarized
light mainly fills the heavy hole band while linearly polarized light solely fills
the light hole band as can be observed from the transition probabilities.

It is now possible to relate an absorption for right and left circularly or
linear polarized light. In the absorption the different transition probabilities are
added. In case of right circular polarized light this becomes:

α(Eg + ∆E) = cst ·
(
3 · JDOShh↓→e↓(∆E) + JDOSlh↓→e↑(∆E)

)
(2.30)

For right circular polarized light the hole spin down (mj=-3/2 and mj=-1/2)
and electron spin bands (mj=±1/2) are involved while for left circular po-
larized light the hole spin up (mj=3/2 and mj=1/2)and electron spin bands
(mj=±1/2)are involved. For linear polarized light only the light hole and elec-
tron bands are involved in the transition. The different absorption coefficients
α+, α− and αlinear are each proportional to a different combination of JDOS’s.
As an example the RCP part is shown in equation 2.30. The proportionality
constant can be determined from the absolute absorption shown for example
in figure 2.5. The absorption is believed to be identical for all polarizations.
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(a) (b)

Figure 2.6: (a) Absorption spectrum of a bulk GaAs sample doped with 5 ·1016cm−3

Si donors. (b) Absorption spectrum of the 2 dimensional electron gas sample where
the original bulk absorption is subtracted.

This makes it necessary to make two separate constants for circular and linearly
polarized light because the joint density of states is different for both cases.

The JDOS is altered by altering the separate densities of states defined by
(2.29). How these are altered is described next.

2.5.2 Contributions to TRKR and TR spectra

In this subsection five different possible contributions to the TRKR and TR
spectra are considered. They are the bandgap shift with temperature, heating
effects, Zeeman splitting, band filling and free electron Drude behavior. It will
turn out that except for the overall shift of the spectra with temperature, the
TRKR and TR spectra are almost completely determined by band filling effects.

Temperature Shift of the Bandgap

The first contribution to the TRKR and TR spectra has already been observed
in figures 2.5 and 2.6. With temperature the bandgap changes according to the
empirical formula described in for instance [33]:

Eg(T ) = Eg(0)− αT 2

β + T
(2.31)

With Eg(0) = 1.519, α = 5.405 · 10−4 and β = 204 for GaAs. This effect
becomes particularly important at elevated temperatures.

Heating

Because carriers are generally excited just above the conduction band the phonons
involved in relaxing to the ground state can heat up the sample. A quick stan-
dard heat capacity calculation[41] shows that this becomes important at low
temperatures because the heat capacity is proportional to T 3. For example, a
pump pulse of 1 nJ absorbed in a volume of 50x50x1µm3 of which 1 % is ab-
sorbed and turned into phonons (' 15meV per photon) rises the temperature
at 4.2K of the complete solid to ' 16K. Due to the very large increase of heat
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Figure 2.7: Calculated confined density of states borrowed from [40].

capacity with temperature this rise is only 1.5 degrees at a starting temperature
of 20K. It shows that care must be taken when looking optically at tempera-
ture effects lower then 20K. For completeness, the calculated formula[41] for the
specific example here at low temperatures is:

Tf =
(
Einjected

C
+ T 4

i

) 1
4

(2.32)

Where Einjected is the injected energy per pulse, C is a constant equal to 1.658 ·
10−16 and Ti and Tf are the initial and final temperatures of the pumped GaAs
area.

Zeeman Splitting

The magnetic moment induced by an excited electron is given with the help of
the gyromagnetic ratio or g factor:

~µ = γ~L =
gµB

h̄
~L [Am2] (2.33)

Where µB is the Bohr magneton and ~L is the angular momentum of the electron
in the conduction band. In section 2.4 it is shown that the angular momentum
of an electron in the conduction band becomes ±h̄/2. With a negative g factor
of -0.44 in the conduction band reported in [48] the magnetic moment induced
by a single circular polarized photon can be calculated to be −0.44µB . The
magnetization, defined as the magnetic moment per unit volume, in a typical
experiment for bulk GaAs can then be determined. If we take a typical vol-
ume of 50x50x1 = 2500µm3 and a typical amount of photons absorbed in this
volume Epump/Epulse = 1nJ/1.5eV ∼ 109 we get an effective magnetic field of
Binduced = µ0M ∼ 1µT which gives a Zeeman splitting of 25 peV . This is not
nearly enough to observe Zeeman splitting. Even a magnetic field of 10 Tesla
will only create a splitting of the conduction band of 250 µeV which is why this
is not further considered in this thesis.
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Band Filling

It is known very early already[42] that carriers injected high in a band thermalize
very fast4 by electron-electron scattering. The carriers fill this band and get into
a quasi thermal equilibrium. Due to the Pauli principle the band which gets
filled creates a dip in absorption near the band edge which in its turn might
give TR or TRKR effects. This is called band filling or phase space filling. This
band filling can be calculated from the density of states of the corresponding
band. For bulk GaAs this is given by equation (2.28). This density of states
needs to be divided by two because here the two separate spin states of the
conduction and valence band are considered. The calculation of band filling at
T=0 is straightforward:

n↑,↓ =
N↑,↓

V
=
∫ Ef

Ec

g(E)dE =
1
2

1
3π2

(2m∗
e,h

h̄2

) 3
2

(E − Ec)
3
2 (2.34)

With the following definition:

a(m∗) =
1
2

1
3π2

(2m∗
e,h

h̄2

) 3
2

(2.35)

A new fermi energy (in reality a chemical potential since it is at T=0), measured
from the bottom of the band, can now be defined after the electrons or holes
have relaxed to the bottom of their band different for both :

Ef,↑,↓ =
(

N↑,↓

V a(m∗)

) 2
3

(2.36)

The absorption, proportional to the JDOS defined in (2.29), can now be mod-
ified by altering the densities of states for the conduction and valence band
as described in the previous section. The new densities of states are the old
densities of states multiplied by their specific inverse Fermi-Dirac distributions:

gCB,↑,↓(E) →

(
1− 1

e
E−EfCB,↑,↓

kbT + 1

)
gCB,↑,↓(E) (2.37)

gV B,↑,↓(E) →

(
1− 1

e
E−EfV B,↑,↓

kbT + 1

)
gV B,↑,↓(E)

In order to see how important band filling can be, consider a typical fermi energy
in the electron and hole bands. With the same example used in the previous
sections a fermi energy in the electron band is calculated to be 30 meV while the
heavy hole band is calculated to be only 4 meV. This difference in filling is due
to the different effective mass of the electron and hole bands. A higher effective
mass causes a higher density of states which means that the energy splitting is
smaller for bands with a high effective mass. A bigger effective mass therefore
gives less band filling leading to a smaller spectral effect. It turns out that due
to this difference in band filling in TR and TRKR we mainly observe electron
and electron spin behavior as will be shown in the TR and TRKR calculations.

4Typical relaxation times from [42] or [44] indicate the relaxation within a GaAs band from
3 to 1.5 eV is all well within 100fs.
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At T 6= 0 the fermi energy is different from the chemical potential. Especially
when a low amount of carriers is present in the bands this difference becomes
important. It is not possible to analytically calculate a fermi energy for an
amount of carriers in a band. Therefore it had been decided that in calculating
TRKR and TR spectra the different fermi energies are calculated by varying
them until they reached the specified amount of carriers in the bands. For
every step in the variation the amount of carriers in the band is determined by
evaluating

∫
g(E)f(E)dE.

Right after carrier injection, electrons are not thermalized with the phonon
bath yet. This initial thermalization has been investigated in the past[44] and
has been shown to be quite substantial. It is therefore incorporated in the final
calculation of TRKR and TR spectra. An exponential decay time of 83 ps for
the initial temperature is taken into account which simulates the electron cooling
reported on5. The initial temperature rise in the TR and TRKR calculations has
been determined by calculating how high in the band the electrons are injected
and comparing with the previous reported results. In these results linear light
has been used so the heavy hole bands do not play a role in the excitation.
This has been taken into account when calculating in their case how high the
electrons have been injected in the conduction band.

When a highly doped semiconductor is considered with a considerable amount
of carriers already present in the conduction or valence band it is possible to add
these carriers to the injected electrons and holes and this can modify the fermi
energies. This can be done by knowing the amount of carriers present prior to
carrier injection in the bands, for example obtained by a band structure calcu-
lation, or in the case of a doped semiconductor knowing the impurity density
and impurity levels so the amount of carriers in the band can be estimated at
a certain temperature through standard Boltzmann statistics. Both effects will
not be considered in this thesis for simplicity but may be easily incorporated in
future calculations.

Free Electron Behavior

When electrons or holes are injected into their specific bands they are consid-
ered as free carriers but might still exhibit many body effects. In the past, it
has been reported[45] that these can play a role in semiconductors. The sim-
plest collective behavior of free carriers, plasma oscillations, is described by the
classical Drude model treated for example in [52]. This model shows that the
absorption spectrum at frequencies below the plasma frequency is almost com-
pletely dominated by free electron behavior. This plasma frequency is given in
the case of doped semiconductors by:

ω2
p =

Ne2

εoptε0m∗ (2.38)

Where N is the free electron density, ε0 is the permittivity of free space, εopt is
the optical dielectric constant known from the undoped semiconductor. In our
case εopt is equal to the refractive index squared since the extinction coefficient
is negligible compared to the refractive index. Even if the GaAs is doped or

5Electron cooling was actually reported to be nonlinear (it reduces faster then exponential)
but is taken here to be exponential for simplicity
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pumped so much as to have a fermi energy 100 meV above the conduction
band this will give plasma energies around 68 meV. To calculate the free carrier
absorption in our specific spectral region around the bandgap the formula for
free carrier absorption well above the plasma frequency or inverse scattering
time is given by:

αfreecarrier =
εoptω

2
p

ncτ

1
ω2

(2.39)

Where n is the refractive index, c the velocity of light and τ is the characteris-
tic scattering time of the free carriers typically in the order of 10−13s at room
temperature. The absorption at the bandgap of free carriers is then ' 200m−1

where interband absorption is of the order of 106m−1 making free carrier ab-
sorption irrelevant at our specific spectral region except for maybe below the
bandgap. Even below the bandgap the effect is expected to be small since the
absorption is very weak. At lower temperatures scattering times become longer
making the free carrier absorption even lower at lower temperatures. The influ-
ence of plasma absorption on the refractive index can be considered small since
the frequencies at which considerable absorption happens are very far from the
frequency regions we look at. Furthermore it is also known that when multiple
absorptions are considered the static contribution to the refractive index at high
frequencies originating from lower frequency absorptions is not present as has
been illustrated in [52].

Conclusion

To conclude this subsection we note that the two important contributions to
TRKR and TR spectra are band filling and temperature shifts of the bandgap.
For band filling, also the initial carrier temperature rise is substantial. Free elec-
tron behavior and Zeeman splitting have been ruled out as important contribu-
tions. Furthermore it is shown that heating effects can become quite important
at low temperatures which has to be kept in mind when looking at temperature
dependencies in TRKR or TR.

In the numerical calculations in this section only the temperature shift and
band filling with initial temperature rise will be taken into account. From the
change in absorptions the change in refractive indices are calculated. How this
calculation has been done in GaAs is described next.

2.5.3 Refractive Index

With the help of the Kramers-Kronig relations it is possible to calculate the
different refractive indices. They are stated here for reference:

n(ω) = 1 +
1
π
PV

∫ ∞

−∞

κ(ω′)
ω′ − ω

dω′ (2.40)

κ(ω) = − 1
π
PV

∫ ∞

−∞

n(ω′)− 1
ω′ − ω

dω′ (2.41)

Where PV is the principle value of the integrals6. Since it is only possible within
this model to integrate over the finite region close to the absorption edge the

6In this case it means that the integration of dω′ is over the complete range except at the
frequency ω
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static contribution to the refractive index also has to be taken into account.
This static contribution can be seen from experiments which have measured the
refractive index for bulk GaAs. Such an experiment is shown in figure 2.8(b).

The contribution from everywhere else in the spectrum can be simulated by
taking for the refractive index a straight line. As will be shown later the bump
seen in this figure is due to the relatively abrupt change in absorption near the
bandgap.

2.5.4 Results TR and Kerr Rotation Spectral Dynamics

With the help of the model constructed in this section a program has been writ-
ten in Matlab 6.5 with which it is now possible to investigate TRKR and TR
spectra and time dynamics of these spectra in i-GaAs as a function of parame-
ters as temperature, excitation power, carrier relaxation and electron and hole
dephasing. For the last part simple exponential decays proportional to carriers
and their differences are considered both for dephasing and relaxation of car-
riers. A simple exponential relaxation for carrier temperature which simulates
carrier cooling has also been taken as discussed earlier in the band filling section.
Additional to TRKR, time resolved ellipticities have also been calculated and
are included on dvd in this thesis.

First the appropriate constant for the joint density of states versus the ab-
sorption is found by fitting it to the absorption spectrum from [38]. Then the
baseline for the refractive index, simulating the contribution of the rest of the
absorption spectrum is found by fitting the refractive index to the refractive
index spectrum from [36]. In both these fits off course the injected electron and
hole density is zero. The results are shown in figure 2.8(a)-(d).

The fits turn out to be reasonable especially if the exciton line present in
the absorption spectrum is considered. In order to get them to fit, a relatively
large part of the spectrum (0.5 to Eg + 2 eV) is taken into account to avoid
edge effects in the refractive index due to the finite integration region. Next,
figures 2.8(e) and (f) show how the refractive index and extinction coefficient
change when right circular polarized light of a typical intensity of 1 nJ and
volume 50x50x1 µm3 is shone on intrinsic GaAs. All the intensity is assumed
to be uniformly absorbed in this volume. Figures 2.8(g) and (h) show the same
only instead of a temperature of 4.2K a temperature of 150K is taken. In these
four plots electron cooling is assumed to be instantaneous and holes have not
relaxed yet.
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(a) Calculated Absorption Spectrum (b) Absorption spectrum from [38]

(c) Calculated Refractive index Spectrum (d) Refractive Index Spectrum from [36]

(e) Induced Extinction Coefficient Spectrum
at 4.2K

(f) Induced Refractive Index Spectrum at
4.2K

(g) Induced Extinction Coefficient Spectrum
at 150K

(h) Induced Refractive Index Spectrum at
150K

Figure 2.8
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In parts (e) and (g) we can see that the extinction coefficient, and therefore
the absorption, is ’bleeched’ differently for the right and left circular compo-
nents. Also, for the conjugate circular polarization a double step is seen. To
see how this happens one needs to imagine the two different transitions which
make up an absorption component. For the pumped circular polarization the
light hole band involved gets a more or less equal fermi energy as the conduction
band as can be seen from the transitions involved in figure B.1.

The mj=±3/2 valence band (HH) fermi energy is almost zero while the as-
sociated conduction band in the transition (for RCP light this is the conduction
band mj=-1/2 state) gets 3 times more carriers then the other spin split con-
duction band. The difference in energy where the absorption starts between the
two transitions is very small which expresses itself in a single step extinction
coefficient. For the conjugate circular polarization involved in the transition no
valence bands are filled and the two different fermi energies for the two electron
bands show up in the absorption spectrum.

Off course, since the holes generally dephase and intermix very fast [19]
shortly after excitation two peaks are generally observed for both polarizations
of which one is stronger then the other due to different transition probabilities.

At high temperatures however the small peak smears out and becomes unim-
portant. Since the extinction coefficient is typically small while the refractive
index is large the refractive index is expected to dominate the reflectance in
the case of linear and circular polarized light. We observe regions in which
n+ > n− and regions in which n− > n+ indicating regions in which either the
reflectance for left or right circular light is bigger creating positive and negative
spectral regions of kerr rotation. In a similar way, in TR spectra also positive
and negative difference reflectance spectral regions can be observed.

Next, the influence of initial temperature rise, hole and electron dephasing,
carrier relaxation, intensity and temperature on Kerr rotation and reflectance
spectra from bulk i-GaAs is discussed systematically. The several refractive
indices, extinction coefficients, carrier dynamics and ellipticities are not shown
since they are not directly measured. They are however included on a dvd with
the Matlab programs used to calculate the TR and TRKR spectra. How they
can be observed and calculated using the program is discussed in appendix D.
In all these cases an air-i-GaAs interface and a spot volume of 50x50x1 µm3 in
which the complete intensity is assumed to be uniformly absorbed is considered.
In the end it is also briefly discussed what happens to TR and TRKR spectra
at an AlGaAs-GaAs interface.

Initial Temperature Rise

The pump pulse injects carriers high in the conduction and valence bands. These
carriers thermalize quite fast[42] (¡100 fs) creating a carrier population which is
distributed over the bands according to a Fermi-Dirac function with a certain
temperature. This temperature is higher then the lattice temperature since
the carriers did not have time to interact with the phonon bath. According to
[42] temperature relaxation of optically injected electrons goes with a nonlinear
relaxation time of 83 ps. For simplicity in the calculation of TR and TRKR
spectra it is taken to be exponential.

The initial temperature right after excitation has also been reported in [42]
and in the program calculating spectral TR and TRKR the initial excess energy
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the pump induces is compared with this paper. For simplicity in the program
a linear dependence of excess carrier energy on the initial temperature rise in
the electron band is assumed. Since the initial hole temperature is unknown it
is assumed that they have the same temperature dynamics as the electrons7.

To see what contributions to TR and TRKR spectra can be expected from
the initial temperature rise this has been calculated at a low (4.2K) and high
(300K) temperature at high (1 nJ) and low (100 pJ) intensities assuming com-
plete absorption in the standard spot volume. The holes are assumed to be
almost immediately dephased (10 ps dephasing) and equilibrated and no carrier
relaxation8 or electron dephasing is assumed. The results are shown in figure
2.9. In the upper four graphs the low temperature spectral dynamics is shown
while the lower four graphs show the high temperature spectral dynamics. Al-
though a wealth of information already shows from these plots only two features
will be discussed here: growth of the signal and the appearance of positive and
negative TR and TRKR spectral regions.

The first feature to notice is that whenever the probe frequency is ’off reso-
nance’ with either the positive or negative difference reflectance or kerr rotation
very small growth or even decay may be observed while in the case of ’on reso-
nance’ conditions growth might be observed depending on conditions. Here with
on or off resonance conditions it is meant that the probe frequency is tuned on
the maximum TRKR or TR signal. In the case of TR the negative reflectance
part always displays a growth while the positive TR part displays very small
growth at high intensities but at low intensities also starts growing. In the case
of Kerr rotation spectral dynamics it can be observed that at high temperatures
the negative rotation part almost ceases to exist.

The observed features can be explained from figure 2.8 where it is shown
that at high temperatures due to the Fermi-Dirac distribution of carriers ex-
tinction coefficient and refractive index features are spectrally sharper at low
carrier temperatures but broader at high carrier temperatures. In time, due to
temperature relaxation Kerr rotation and TR positive and negative peaks be-
come sharper which causes a growth when looking at the positive and negative
peaks while when looking beside the peaks this causes a decay in the signal. At
the frequencies where the signal is highest we may conclude that this causes a
growth. At higher temperatures, the sharpening is smaller and less pronounced
growth is observed at the peaks.

What is the origin of the disappearance of the negative Kerr rotation at high
temperatures is less clear. It might be that at lower wavelengths the extinction
coefficients starts to play a more important role reducing the Kerr rotation at
high temperatures due to the spectrally wide Fermi Dirac function. Although
many more features can already be seen from these plots, they are related to
intensity and temperature and therefore will be discussed next in other plots
where their contribution is more separated from other contributions.

7This is off course not true but it is hard to guess what might be their initial temperature
and relaxation rate. It might be expected however that this effect for holes is less pronounced
due to the smaller excess energy (see equation 2.27)

8Either by recombination of electrons and holes or them for instance coupling to (bound)
excitons.
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(a) Initial temperature rise in TR spectral dynamics at low Tem-
perature (4.2K) and high intensity(1 nJ)

(b) Initial temperature rise in Kerr rotation spectral dynamics at
low Temperature (4.2K) and high intensity(1 nJ)

(c) Initial temperature rise in TR spectral dynamics at low Tem-
perature (4.2K) and low intensity(100 pJ)

(d) Initial temperature rise in Kerr rotation spectral dynamics at
low Temperature (4.2K) and low intensity( 100 pJ)

(e) Initial temperature rise in TR spectral dynamics at high Tem-
perature (300K) and high intensity(1 nJ)

(f) Initial temperature rise in Kerr rotation spectral dynamics at
high Temperature (300K) and high intensity(1 nJ)

(g) Initial temperature rise in TR spectral dynamics at high Tem-
perature (300K) and low intensity(100 pJ)

(h) Initial temperature rise in Kerr rotation spectral dynamics at
high Temperature (300K) and low intensity(100 pJ)

Figure 2.9: Initial Temperature dependence.
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To summarize the contribution of the initial temperature rise to Kerr ro-
tation and reflectance dynamics, we can say that an initial temperature rise
produces growth at the points in the spectrum where their effects are largest.
At high intensities positive growth disappears in TR spectra while negative
rotation disappears at high temperatures.

Hole Angular Momenta Dephasing

To see how equilibration of the hole angular momenta populations influence
reflectance and Kerr rotation spectral dynamics three different dephasing times
have been taken into account in the following calculation. Firstly, the heavy hole
intraband dephasing is taken into account. In this case carriers scatter within
the heavy hole band from the mj = ±3/2 to the mj = ∓3/2 state. Secondly,
light hole intraband dephasing is taken into account where the scattering is from
the mj = ±1/2 to the mj = ∓1/2 state. The third one, calculation wise very
consuming, is the one where the fermi energies of both the heavy and light hole
line up for both individual pairs of states mj = 1/2, 3/2 and mj = −1/2,−3/2.
The relaxation also in this case is assumed to go exponential with the amount
of carriers different from the ideal value calculated by knowing the fermi energy
in which both light and heavy hole state have equal energies. How this exactly
is done can be seen from the comments given in the written Matlab program.

Since at present it is not known what the exact difference between these 3
times is they have been made the same, equal to 1 ns in the next calculation
to see clearly what hole dependence reflectance and Kerr rotation spectra have.
Because different situations in the other two variables, temperature and inten-
sity, can cause different hole dependencies hole dephasing is looked at in high
and low intensities and at high and low temperatures. Off course, no carrier
relaxation (of both electrons and holes) or electron spin dephasing is taken into
account to exclude their effect.

The results are shown in figure 2.10. Again, the upper four plots show the
low temperature dynamics while the lower four plots show the high temperature
dynamics. In these plots the behavior in the first few hundred picoseconds is due
to the initial temperature rise and cooling of the carriers discussed previously
which has not been eliminated from the calculations.

These plots show that in almost all cases hole dephasing does not seem to
play a significant role. Only at low temperatures hole dephasing becomes visible
and expresses itself in the initial two positive peaks in Kerr rotation shown in
part (b) and (d). The second higher wavelength peak disappears while the first
one either remains or becomes spectrally so narrow (∼ 5 nm) and 5 times weaker
at 5000 ps. Furthermore, a negative ’background’ rotation comes out next to it.
The precise behavior is hard to explain but its origin lies in the relative strength
of the two positive peaks seen in the refractive index shown earlier in figure 2.8.
Furthermore it is noted that, just as in the previous case, Kerr rotation becomes
spectrally very sharp at low temperatures.

The results show that it should in principle be possible at low temperatures
to separate hole and electron Kerr rotation behavior if holes have substantial
coherence times by just looking at spectral dynamics. The calculations done
here are nevertheless a quite theoretical construct since it is already known[19]
that holes do not contribute much to TRKR.



(a) Hole dephasing in TR spectral dynamics at low Temperature
(4.2K) and high intensity(1 nJ)

(b) Hole dephasing in Kerr rotation spectral dynamics at low Tem-
perature (4.2K) and high intensity(1 nJ)

(c) Hole dephasing in TR spectral dynamics at low Temperature
(4.2K) and low intensity(100 pJ)

(d) Hole dephasing in Kerr rotation spectral dynamics at low Tem-
perature (4.2K) and low intensity( 100 pJ)

(e) Hole dephasing in TR spectral dynamics at high Temperature
(300K) and high intensity(1 nJ)

(f) Hole dephasing in Kerr rotation spectral dynamics at high Tem-
perature (300K) and high intensity(1 nJ)

(g) Hole dephasing in TR spectral dynamics at high Temperature
(300K) and low intensity(100 pJ)

(h) Hole dephasing in Kerr rotation spectral dynamics at high
Temperature (300K) and low intensity(100 pJ)

Figure 2.10: Hole dephasing dependence.
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Electron Spin Dephasing

The real information which is wanted from Kerr rotation is the information
about electron spin dephasing. To investigate this contribution to time resolved
Kerr rotation spectra, it is simulated by the following calculation. Right after
excitation an exponential decay with time constant 1 ns of the difference in
carriers between the two electron bands is assumed. In the following calculation
hole angular momenta dephasing is taken to be very fast (10 ps) and the initial
temperature rise is taken into account. Carrier relaxation is absent in this
calculation.

We do not have any electron spin population difference in TR experiments
where linear light is used as a pump. In that case electron spin dephasing is off
course irrelevant. We look at Kerr rotation and will explore the high and low
intensity and temperature boundaries as before. The results are shown in figure
2.11. For the first four figures, the two columns each have equal temperatures
while the rows have equal intensities. Below, four plots are shown showing the
positive and negative peak behavior at low temperature.

At high temperatures the peaks are very broad and become slightly asym-
metric at low intensities which is due to the original density of states behavior
which drops quite fast to zero near the bandgap. What is interesting to know is
that although the behavior of the peaks is exponential in these cases the dephas-
ing time constant, calculated at a somewhat later time to avoid initial effects,
which can be extracted is only ∼500 ps. Furthermore this signal decay constant
gets smaller with probe frequency as it is steered away from the highest Kerr
rotation signal.

This is exactly half of the original 1 ns dephasing constant set. We can
imagine that this dephasing constant differs, since off course refractive index
peaks shifting back to their original positions as can be imagined by looking at
figure 2.8 (f),(h) is a nonlinear process. The origin of this difference being almost
exactly 2 is probably due to the E

1
2 behavior in the density of states. When

carriers are equalizing this might be necessary to take into account creating an
observed time dependence exactly two times as fast.

At low temperatures the behavior of peaks is even harder to understand.
Although their spectral narrowing can be understood in terms of temperature
relaxation, the exact behavior of the positive and negative peaks is highly non-
linear. It is therefore hard to tell anything about their origin. What is observed
is that at high intensities the negative peak seems to live way longer then the
positive one while at low intensities this more or less equalizes. Furthermore at
high intensities the decay of the negative peak after 1500 ps seems to have the
correct dephasing time of 1 ns while at low intensities the decay time of both
peaks is ∼500 ps after a few hundred ps.

From this it can be concluded that if electron spin dephasing times are to
be extracted from Kerr rotation plots at high temperatures the maximum Kerr
rotation signal decay needs to be multiplied by two to obtain the electron spin
dephasing time constant. At low temperatures the exact electron spin dephasing
is very hard to predict from the signal. In this case, a possible way to measure
electron spin dephasing may be done by keeping the intensity low and alter the
probe frequency to tune at the highest Kerr rotation signal. If the measured
signal is again multiplied by two the real spin dephasing time may be obtained.



(a) Electron spin dephasing in Kerr rotation spectral dynamics at
low Temperature (4.2K) and high intensity(1 nJ)

(b) Electron spin dephasing in Kerr rotation spectral dynamics at
high Temperature (300K) and high intensity(1 nJ)

(c) Electron spin dephasing in Kerr rotation spectral dynamics at
low Temperature (4.2K) and low intensity(100 pJ)

(d) Electron spin dephasing in Kerr rotation spectral dynamics at
high Temperature (300K) and low intensity( 100 pJ)

(e) Negative Kerr rotation peak of graph (a) (f) Positive Kerr rotation peak of graph (a)

(g) Negative Kerr rotation peak of graph (c) (h) Positive Kerr rotation peak of graph (c)

Figure 2.11: Electron dephasing dependence.
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Electron and Hole Carrier Relaxation

After an optical transition in a semiconductor electrons and holes start recom-
bining. Generally this is done by forming excitons which photoluminesce. At
higher temperatures excitons become unstable and recombination of electrons
and holes directly coming from the bands may also occur. Either way all the 6
angular momenta bands involved lose carriers because of this process which is
called carrier relaxation.

From previous time resolved photoluminescence data measured by my su-
pervisor P.Rizo, A.Pugzlys and B.Hesp of which the results are discussed in ap-
pendix E, it can be seen that photoluminescence grow of bound exciton states
can take up till 1 ns for the 2DEG sample considered in this thesis which show-
ing that carrier relaxation from the conduction and valence band indeed go at
that rate. Later on, it is also shown experimentally that TR also shows decay
times in the order of a ns giving even stronger indication. This relaxation of
carriers from the conduction and valence band to spectrally broad exciton states
influences time resolved Kerr rotation and reflectance plots.

In the program it is assumed that the decay of carriers in the 6 specific an-
gular momentum states is exponential with a time constant of 1 ns. This means
that the difference in carriers between for example the mj = 1/2 and mj = −1/2
conduction band states also decreases causing a TRKR signal decrease which
has nothing to do with spin dephasing. Kerr rotation and reflectance spectral
dynamics is again explored in the same high and low temperature and intensity
limit. The electron spin dephasing time constant has been taken practically
infinite while the carrier relaxation time constant is taken 1 ns. Furthermore,
holes are taken to equilibrate fast with a time constant of 10 ps. The results
are shown in figure 2.12.

Many features again show in these plots which partially have been explained
previously. To begin with, let us look at the TR data shown in the left column
of the figure. The negative peak in TR data tends to shift to longer wavelength
in time of which effect is highest at high intensities. At high temperatures, the
negative peak gets spread. This is again due to the spectral narrowing of the
refractive index features explained before in section 2.5.4.

The interesting feature in TR shows up when the probe is tuned near the
wavelength of the bandgap. At low temperature and high intensity the apparent
lifetime of electrons becomes up to 3 times longer then expected. This is due to
the highly nonlinear behavior of the refractive index peak shifting back to its
original position as may be imagined by looking at the induced refractive index
in figure 2.8 (f) or (h).

Also a very slight growth is seen due to electron cooling as explained before.
At lower intensities and higher temperatures this feature disappears. The ap-
parent lifetime is two times as long in the low intensity, low temperature case
while at high temperatures the apparent lifetime is equal to the expected life-
time. The negative peaks do show the correct lifetime but they tend to shift
with wavelength.

In the Kerr rotation plots shown in the right column it can be observed that
both the positive and negative peaks shift at low temperatures of which the
effect is highest at high intensities. This is easy to imagine: as the bands empty
the populations in the two electron spin bands decreases and the energy area
in which there is a difference between both spin band populations goes down in
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energy.



(a) Carrier relaxation in TR spectral dynamics at low Temperature
(4.2K) and high intensity(1 nJ)

(b) Carrier relaxation in Kerr rotation spectral dynamics at low
Temperature (4.2K) and high intensity(1 nJ)

(c) Carrier relaxation in TR spectral dynamics at low Temperature
(4.2K) and low intensity(100 pJ)

(d) Carrier relaxation in Kerr rotation spectral dynamics at low
Temperature (4.2K) and low intensity( 100 pJ)

(e) Carrier relaxation in TR spectral dynamics at high Tempera-
ture (300K) and high intensity(1 nJ)

(f) Carrier relaxation in Kerr rotation spectral dynamics at high
Temperature (300K) and high intensity(1 nJ)

(g) Carrier relaxation in TR spectral dynamics at high Tempera-
ture (300K) and low intensity(100 pJ)

(h) Carrier relaxation in Kerr rotation spectral dynamics at high
Temperature (300K) and low intensity(100 pJ)

Figure 2.12: Carrier relaxation dependence.
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This makes it hard to extract any lifetime of significance at low temperatures
unless the complete spectral dynamics is observed. The initial spectral broad-
ness and growth of the Kerr rotation signal is again due to electron cooling. At
higher temperatures small growth is again present and the decay is exponential
following the original carrier relaxation.

To conclude this part about carrier relaxation it can be said that care must
be taken when looking at electron lifetimes with TR at low temperatures. Fur-
thermore carrier relaxation can be observed in Kerr rotation measurements and
shows itself as a spectral shift which in the case of relatively high intensities
makes it hard to observe carrier and spin dynamics in Kerr rotation if the spec-
trum is not taken into consideration.

Combined Carrier Relaxation and Electron Spin Dephasing

Now that we know how carrier and spin dynamics separately show up in re-
flectance and Kerr rotation spectra it is time to look at their combination in
Kerr rotation spectra. To observe this behavior, we take a carrier relaxation time
constant of 1 ns and an electron dephasing time constant of also 1 ns. Again,
holes are assumed to dephase fast so they equilibrate with a time constant of
10 ps. The results are shown in figure 2.13(a)-(f).

The results look similar to the carrier relaxation results. At high tempera-
tures and high intensities the difference lies in the fact that now a more or less
exponential decay of ∼300±50 ps is observed at later times (it takes ∼400 ps
to become more or less exponential) which is consistent with the idea that the
combined effect gives an effective time constant τrel· 12 τdeph

τrel+
1
2 ·τdeph

= 333ps. Here the
τdeph is halved because of what has been observed previously in the electron
spin dephasing results. At low temperatures, it is again very hard to extract
any dephasing or relaxation time constants at high intensities as can be seen
from the side views shown in part (e) and (f). At lower intensities an effec-
tive time constant of 350±100 ps is observed at later times just as in the high
temperature cases.

To conclude this part we note that the combination of carrier relaxation
and dephasing in general causes a decay in a shifting Kerr rotation peak which
appears to be equal to an effective time constant equal to τrel· 12 τdeph

τrel+
1
2 ·τdeph

which can
be explained from the previous two sections. More simulations are definitely
needed to understand the full extend of their combination. At low temperatures
and high intensities the behavior is highly nonlinear and not much can be said
about the different relaxation and dephasing time constants.



(a) Combined electron dephasing and relaxation in Kerr rotation
spectral dynamics at low Temperature (4.2K) and high inten-
sity(1 nJ)

(b) Combined electron dephasing and relaxation in Kerr rotation
spectral dynamics at high Temperature (4.2K) and high inten-
sity(1 nJ)

(c) Combined electron dephasing and relaxation in Kerr rotation
spectral dynamics at low Temperature (4.2K) and low inten-
sity(100 pJ)

(d) Combined electron dephasing and relaxation in Kerr rotation
spectral dynamics at high Temperature (4.2K) and low inten-
sity(100 pJ)

(e) Side view of (a) (f) Side view of (c)

(g) Combined electron dephasing and relaxation in TR spectral
dynamics at low Temperature (4.2K) and high intensity(1 nJ)
assuming a Al0.3Ga0.7As-i-GaAs interface.

(h) Combined electron dephasing and relaxation in Kerr rotation
spectral dynamics at high Temperature (4.2K) and high inten-
sity(1 nJ) assuming a Al0.3Ga0.7As-i-GaAs interface.

Figure 2.13: Combined electron dephasing and relaxation with plots (g) and (h)
showing the effect of an Al0.3Ga0.7As-i-GaAs interface.
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Intensity and Temperature Dependance

Lots of intensity and temperature features can already be seen from previous
plots which will now be discussed. To begin with, we look at figure 2.12 for TR
spectral behavior.

From parts (a) and (c) it is shown that although the positive peak stays in
its place the negative peak shifts with intensity to higher wavelength. In this
case the shifting is a substantial 50 nm by going from 100 pJ to 1 nJ excitation.
When measuring intensity dependence at for example 800 nm the TR signal
therefore changes sign. At higher temperatures shown in parts (e) and (f) this
spectral shift is much less and also the positive and negative peaks are better
separated rendering such features invisible. The spectral shift can be understood
in the shift of the peak of the refractive index. With higher intensities this peak
shifts to higher energies thus lower wavelengths.

Another feature can be seen by looking at the absolute difference reflectance
strength. By reducing the intensity by a factor 10 the features in the TR
spectrum become only twice as weak in the low temperature case while in the
high temperature case this is close to the factor 10. Also higher temperatures
mean weaker but broader effects. With temperature the bandgap of GaAs shifts
to higher wavelengths which is also observed: at 300K the positive peak appears
at 870 nm while the negative peak appears around 780 nm while at 4.2K the
positive peak appears at 815 nm while the negative peak appears somewhere
above 800 nm (depending on intensity). This may create different temperature
and intensity behavior depending on which frequency the probe is tuned.

In the Kerr rotation plots shown on the right of figure 2.12 it can be seen
that many of the TR features are also observed here. The features are however
sharper and in this case the positive peak also shifts with intensity. This is not
strange when the original refractive index changes are considered in figure 2.8.
In these plots also the negative peak is generally smaller then the positive peak
and completely disappears at high temperatures.

To conclude this part it can be said that spectral shifts are the main features
observed with temperature and intensity.

Al0.3Ga0.7As interface

Kerr rotation and TR spectral dynamics has also been calculated in the case of
an Al0.3Ga0.7As-i-GaAs interface. In this case, around the bandgap of GaAs
the absorption of the Al0.3Ga0.7As is small so that the only change which is
needed to make is that in the original formulas for TR and Kerr rotation the
extinction coefficients and refractive indices need to be divided by the refractive
index of Al0.3Ga0.7As. It has been calculated in the case of an electron spin
dephasing and electron relaxation of 1 ns and fast hole dephasing of 10 ps at
low temperatures. The results are shown in figure 2.13(g) and (h).

The difference in observed behavior is not striking except for the very large
magnitude of the Kerr rotation and the TR signal. The reflectance from this
interface has dropped significantly to about 0.02-0.04 where it used to be around
0.6 (not shown). However, the Kerr rotation signal is being increased by a factor
20 while the reflectance drops by a factor 20 leaving the Kerr rotation signal
observed experimentally unchanged. The TR signal is around 20 times bigger
creating no net signal increase experimentally. The exact origin of these numbers
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is hard to tell since the fact that n+, n−, κ+, κ− all need to be divided by the
refractive index of AlGaAs and this does not give obvious results by looking
at the kerr rotation (2.15) or reflectance (2.6) formulas. They depend on their
exact magnitudes.

Conclusion i-GaAs TR and Kerr Rotation Spectral Dynamics Calcu-
lations

By looking at spectral dynamics the calculations predict that many interesting
features such as temperature effects, hole and electron relaxation and dephasing
can be extracted and also that by plainly looking at a single probe frequency
is in some cases not enough to observe accurate temperature or pump intensity
effects of electron dephasing or relaxation. The predictions of the previous
calculations are summarized:

� Electron cooling generally causes a growth in the signal if the probe is
frequency tuned at the kerr rotation or transient reflectance maxima. For
positive TR signals near the bandgap this growth is generally small.

� With temperature Kerr rotation and reflectance spectra become weaker
and broader and shift higher in wavelength. The negative Kerr rotation
peak disappears.

� With intensity Kerr rotation spectra become stronger and shift to lower
wavelengths. In case of TR spectra the positive peak remains at its place
in the spectrum while the negative peak shifts to lower wavelengths. Also
the relative strength between peaks differs quite a lot.

� Hole dephasing might only be observed at low temperatures where it might
show up as two positive peaks in the TRKR spectra. At high intensities
this process is observed best.

� Electron spin dephasing constants are generally two times as long as what
is measured, at low temperatures and high intensities the observed time
constant for positive and negative peak differ strongly.

� Carrier relaxation in reflectance spectra is correctly observed at high tem-
peratures but the negative peak shifts in wavelength. At low temperatures
the positive peak appears to have a longer lifetime with intensity which
can be up to 3 times as large as the carrier relaxation lifetime. In Kerr
rotation spectra both peaks shift in time which effect is highest at high
intensities. Lifetimes are therefore hard to extract.

� The combination of electron dephasing and carrier relaxation makes it
very hard to predict correct lifetimes in Kerr rotation spectra, especially
in the low temperature limit. Nevertheless, the observed decay at higher
temperatures seems to be consistent with a decay which can be calculated
by τrel· 12 τdeph

τrel+
1
2 ·τdeph

.

Although this model has been used to calculate spectral dynamics in GaAs it
should also work for other III-V or II-VI semiconductors or confined structures
by knowing the transition probabilities and their respective density of states.
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Figure 2.14: Qualitative exciton Kerr rotation and TR Behavior

(a) Qualitative exciton Kerr rotation for exci-
ton lines split by a parallel (with respect
to the incoming light direction) magnetic
field of 10 Tesla or a difference in absorp-
tion of 10%.

(b) Qualitative exciton TR for a bleeched ex-
citon line of 10 %.

It has to be noted that in this case band filling effects are the main reason for
Kerr rotation and reflectance behavior which might not always be the reason in
other semiconductors where other effects treated in section 2.5.2 might play a
role.

Unfortunately, due to time constraints it was not possible to compare this
calculated data with existing TR or Kerr rotation spectral behavior other then
our own. A small spectral TR plot at small delay is nevertheless found9 for i-
GaAs at room temperature showing what the calculations predict: A spectrally
narrow large positive peak slightly above the bandgap with a spectrally broad
smaller negative peak at lower wavelengths.

Exciton Kerr Rotation and TR spectra

As promised in the beginning of this section a very qualitative picture of how
exciton peaks might show up in Kerr rotation spectral dynamics is now given.
For this purpose this has been calculated in Matlab 6.5. In this case a gaussian
exciton line of absorption 106 m−1 is considered to reside at 1.5 eV with a width
of 10 meV. Here two exciton absorption lines are separately taken into account,
one for RCP light and one for LCP light. Two cases are considered: one in
which a magnetic field is applied in the direction of light which shifts the two
absorption lines with respect to each other and the other where due to pumping
a single exciton line has decreased its intensity due to bleeching. A g factor of
-0.44 equal to the case of GaAs has been taken for the exciton lines. The static
refractive index contribution has for simplicity been taken a constant equal to 3
throughout the spectrum. In order to observe TR spectra it has been assumed
that a linear pump bleeches the absorption line by 10%. The resulting Kerr
rotation and difference reflectance spectra are shown in figure 2.14.

These plots show that when exciton absorption lines split due to an ap-
plied magnetic field, positive and negative spectral regions of Kerr rotation are
observed as is shown by the black line in figure 2.14(a). In the case of simple

9See figure 9 in [75]
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bleeching of exciton lines only a single Kerr rotation peak is observed as is shown
by the green line in the same figure. This behavior might be observed in very
pure i-GaAs where exciton peaks are sharp and separated from the previously
calculated TR and Kerr rotation behavior. However, the precise behavior de-
pends on the transition probabilities for excitons which might be different from
the bulk case.

For TR experiments the difference reflectance of excitons follows the original
refractive index. This is shown in figure 2.14(b). When the absorption line is
bleeched, the refractive index is also somewhat bleeched creating a TR behav-
ior which looks similar to the original refractive index with again positive and
negative difference reflectance spectral regions.

Armed with these calculations for bulk i-GaAs, also for an AlGaAs-GaAs
interface, and exciton lines it is possible to qualitatively say what might hap-
pen in the 2DEG sample under consideration in this thesis. This discussion
will be postponed until after the band structure calculation and spin dephasing
discussion so that these can also be taken into consideration in the discussion.
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2.6 1D Band Structure Calculation of the Al-
GaAs/GaAs Heterojunction

In order to get an idea how the 2DEG in our AlGaAs/GaAs layered structure
is formed, how the density may be electrically altered and what quantization
levels can be expected a 1D band structure calculation is performed. For this
purpose the 1D band structure calculation program ’1D Poisson’ programmed
by Gregory Snider is used because of its simplicity. This program may be found
on his website[54] where also documentation for this program is provided. How
and what this programm exactly calculates is explained in appendix F.

2.6.1 2DEG Sample Dimensions

The AlGaAs-GaAs heterojunction 2 dimensional electron gas (2DEG) sample
used in this thesis is grown using molecular beam epitaxy by Dirk Reuter and
coworkers of the Ruhr University of Bochum. The dimensions of the sev-
eral layers of doped or undoped GaAs and AlGaAs are shown in table 2.2.

Material Doping thickness
(cm−3) (nm)

n-GaAs 1018 5.5
n-Al0.32Ga0.68As 3·1018 71.9
Al0.32Ga0.68As 36.8
GaAs 933

10 x AlAs 10
GaAs 5

GaAs substrate

Table 2.2: Growth data on the 2DEG
sample.

The 2DEG is grown on top of a GaAs
substrate where first ten 5nm wide-
GaAs/AlAs quantum wells are grown
to produce a flat surface to grow
on[55]. Next, 933 nm GaAs is grown
in which the 2DEG will reside. A layer
of undoped Al0.32Ga0.68As is grown
on top of this which acts as a spacer
layer for the heavily n-type Si doped
Al0.32Ga0.68As layer which provides
the electrons for the 2DEG. The ne-
cessity of this spacer layer will be dis-
cussed later. The sample is completed
with a 5 nm top layer of Si doped GaAs to prevent oxidation of aluminum.

2.6.2 Results

This structure has been inserted in the program where for the GaAs substrate
a 10 µm layer of undoped GaAs is taken. The next important parameter is the
boundary conditions given in the program. After fiddling around at high and low
temperatures with the structure it turned out that this does not have any effect
on the structure after a depth of about 20 nm as will be shown subsequently.
They are solely important for the behavior of the surface and our interest lies
in the behavior of the 2DEG so that this is not an important parameter in
calculating the formation of the 2DEG. The results of this calculation is shown
in figure 2.6.2.

Part (a) shows the calculated band structure. At the surface the large
bandgap of AlGaAs can be seen which as we go deeper turns into the smaller
bandgap of GaAs. In the end the 10 GaAs-AlAs quantum wells are seen which
are used to produce a flat surface to grow on[55]. At the surface the bands
curve upwards due to the schottky barrier. In this case the schottky barrier
represents the vacuum level while the ohmic contact boundary condition may
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(c) Complete band structure at high (300K)
and low (4.2K) temperatures. In this case
a Schottky barrier is assumed.

(d) 2 Dimensional electron gas with its quan-
tized energy levels.

(e) Band structure near the surface in case of a
Schottky barrier or ohmic contact at 4.2K.
At high temperatures the behavior is sim-
ilar (not shown).

(f) Electron density at high (300K) and low
(4.2K) temperatures in case of a schottky
or ohmic contact.

Figure 2.15: Results band structure calculation 2DEG sample.

represent what happens if a metal such as gold is deposited on the sample of
which the contact behaves ohmic.

At the AlGaAs-GaAs interface a 2DEG is created which has quantized en-
ergy levels shown in part (b). At low temperatures the curvature is relatively
flat and only three 2D levels are present at -10, 0 and 1 meV with respect to
the fermi energy. At high temperatures the curvature is quite big and many 2D
levels are present: the first five levels lie at 35, 62, 80, 92 and 102 meV. Note
that in this case it does not mean that the 2DEG at high temperatures has less
carriers, it is merely a consequence of the wide Fermi-Dirac function at high
temperatures.

With this calculation the limitations of the program is also shown. Due to
the extremely sharp fermi dirac function if practically no carriers are present the
fermi energy may be chosen over a very broad range between the conduction
and valence band. The electric field present in the i-GaAs part can then be
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modified without changing the carrier distribution. This shows up in the flat
conduction band at low temperatures which is an artefact of the calculation. In
reality, always some background impurity charge and low amount of additional
carriers is present which makes the bands curve also at low temperatures.

Furthermore, the fact that deep in the substrate the fermi level should lie
in the middle of the GaAs bandgap creates a low electric field throughout the
sample always present. These two facts have not been taken into account. The
background impurity levels and their distribution is unknown, as well as where
exactly in the GaAs substrate the fermi level needs to be zero in the GaAs
substrate. Therefore the curvature, and the amount and exact position of the
2DEG levels, is hard to predict from such calculations. The qualitative effect of
for example temperature may nevertheless be observed.

In part (c) the boundary condition dependence is shown which simulates the
difference between no contact and what happens if a metal making an ohmic
contact such as gold is deposited. It is shown that it merely makes a difference
directly at the surface.

Although not shown here the behavior of the 2DEG has been studied if the
undoped AlGaAs layer is replaced by a doped AlGaAs layer. The calculations
show that this generally creates a lower AlGaAs barrier next to the 2DEG
which has consequences when metal gates are deposited discussed in the next
subsection.

The electron density throughout the structure is shown in part (d). The
calculations predict an average electron density of ∼1·1017cm−3 in the 2DEG.
Experimentally, by the quantum Hall effect a sheet density of ∼2·1011cm−2

has been measured both here in Groningen and in Bochum at 4.2K in the
dark. Considering the ∼20 nm width of the first quantum well at 4.2K, this
corresponds to an electron density of 1·1017cm−3 quite surprisingly exactly that
of the calculations. In order to compare with the amount of electrons optically
excited this has been converted to an intensity which is in case of our standard
example equal to 130 pJ of 1.6 eV photons. From section 2.5.2 we therefore
know that the 2DEG will not have significant plasma oscillations in the optical
probe frequencies of interest.

It is furthermore observed from part (d) that the electron density in the
2DEG does not change by taking different boundary conditions. More strik-
ingly it also shows that at high temperatures an additional electron density is
created in the AlGaAs. By playing around with the AlGaAs doping density at
temperatures of 300K and 4.2K it appears that this is a feature which merely
shows up at doping densities above 1·1017 at 300K temperatures. At low tem-
peratures of 4.2K it does not appear to play a role before a doping density of
1·1020 is reached. With an AlGaAs doping density of 3·1018 for our 2DEG we
are sitting between these two values. For reference we state that at temper-
atures below 100K the additional mobile carrier density is always less then a
quarter of the 2DEG density.

The exact origin of this behavior is unclear. By increasing the AlGaAs
doping density the amount of background charge and mobile charge calculated
through Boltzmann statistics should increase likewise. It is guessed that at a
certain amount of background charge the electrostatic energy from the back-
ground carriers become so large that it becomes comparable to the energy the
electrons gain by sitting in the i-GaAs part. At that moment any additional
background in the AlGaAs might get screened by mobile carriers sitting around
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the background impurities. With higher temperatures through Boltzmann char-
acteristics more mobile carriers are present. This might change the situation
such that the critical density is reached earlier due to the fact that the energy
electrons gain by sitting in the i-GaAs part becomes less due to the amount of
mobile carriers already present in the 2DEG.

This additional density has consequences for our device operation discussed
next.

2.6.3 Metal Gates

In transport measurements, people generally want to investigate confined struc-
tures. For the 2DEG a nice technique is available which can do this by means
of electronic gates.

With this technique, first metal gates are deposited on top of the sample
and ohmic contacts are made to the 2DEG. By putting a negative voltage on
the metal gates with respect to the 2DEG it is possible to charge the metal
gates which can drive electrons away from the 2DEG therefore altering the
2DEG density. By applying a sufficient negative voltage it is even possible to
completely deplete the 2DEG. By creating specific shapes of the metal gates it
then becomes possible to study transport properties of confined structures such
as quantum wires or quantum dots. A good and easy way to see how the 2DEG
electron density is altered, neglecting movement of carriers in the AlGaAs and
based on classical electrostatic calculations, may be found here[62].

In this thesis a sample has been constructed which has grating shaped elec-
trical wires on top of the sample. By applying a negative voltage on them it is
possible to construct 1D channels for electrons in the 2DEG which is predicted
to alter spin coherence[28][29]. This is briefly discussed in the next section.

It can be imagined that in order to make this principle work no current can
run between the metal gates and the 2DEG since this will provide the 2DEG
with carriers and will also severely heat up the sample. The barrier between the
2DEG and the surface therefore needs to be sufficiently large. As mentioned,
the undoped AlGaAs layer produces a higher electron barrier which reduces the
current going from the metal gates to the 2DEG. A very small current (∼ pA)
nevertheless always remains due to electrons being thermally excited over the
barrier and maybe even tunneling through it.

This is however not the main reason for the undoped AlGaAs spacer layer.
In the past it has been observed that although carriers get separated from the
doped AlGaAs in the heterostructure without the spacer layer, the mobility
of the electron gas was not as high as people wanted. The mobility of the
2DEG was limited by impurity scattering. By producing a small spacer layer
the impurities are well separated from the 2DEG creating a very high mobility
sample.

As is shown by the results of the 1D band structure calculation, at high
temperatures an additional electron carrier density parallel to the 2DEG channel
is created which can screen the negative potential applied on the gate. Therefore,
it is predicted that at higher temperatures the 2DEG density cannot be altered
as drastically as at low temperatures.
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2.7 Dephasing mechanisms

Electron spins dephase due to interaction with their environment. As of present,
four basic spin relaxation mechanisms are known to exist which will be briefly
described here. The two which are believed to be of primary importance are
discussed first and will be calculated in our case neglecting 2D confinement
effects. After this small introduction in dephasing mechanisms two previous
calculations of dephasing in semiconductors are discussed and it is commented
what might be the important contribution in our case. In the end, what is
believed to be the most important mechanism, D’Yakanov-Perel will be more
exactly explained in our specific sample and it is shown how their spin dephasing
can be suppressed by creating 1D spin channels.

2.7.1 Elliot-Yafet

As electrons move through a crystal at high speeds they may feel the electric
field present in GaAs ion lattice as an effective magnetic field. Through this
magnetic field moving electrons can couple to their spin degree of freedom.
Interaction of this kind is called spin-orbit interaction. From section 2.4 we
already know that in GaAs the spin orbit interaction in the crystal expresses
itself in terms of the splitting of the split off band from the heavy and light hole
band. Although in principle small, always some mixing of the bands remain.
Any scattering event, changing the momentum state h̄~k, may change the spin
state of the system through this mixing. Through this mechanism spins can
dephase if the scattering of the electrons bearing the spin is significant. This
effect has been suggested very early already and bears the name of the people
who first described it, Elliot and Yafet10. The formula describing this effect is:

1
τEY
s

= A

(
kbT

Eg

)2

η2

(
1− η/2
1− η/3

)2 1
τp

(2.42)

Here τEY
s is the spin dephasing time due to Elliot-Yafet, A a dimensionless

constant ranging from 2-6 depending on the dominant scattering mechanism, τp
the momentum scattering time and η = ∆/(Eg + ∆) is a parameter where ∆
is the spin orbit splitting of the valence band given by the difference in energy
between the hole bands and the split off band. In case of GaAs ∆ is equal
to 0.341 eV . Here it has to be realized that the momentum scattering time
τp depends on the amount of phonons and impurities. However, by measuring
the mobility this can be determined from the standard formula µ = τpe

me
. This

formula shows that Elliot-Yafet dephasing becomes more important at high
temperatures and scattering rates (both independently!).

In the case of our 2DEG the mobility has been measured before optically at
different temperatures with Transient Grating techniques by Konstantin Ivanin
in the optical condensed matter group. With the help of this data the Elliot-
Yafet spin dephasing times can be calculated ignoring 2D confinement effects.
Elliot-Yafet dephasing generally becomes dominant in case of small bandgap
semiconductors where η is generally large.

10The original quite extensive treatment by Elliot is shown in [56].
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(a) When scattering rates are high spins can-
not precess between scattering events mak-
ing spins dephase less rapidly

(b) When scattering rates are low spins are al-
lowed to precess between scattering events.
When many electrons are considered each
precesses differently due to their random
movement causing D’Yakanov perel de-
phasing.

Figure 2.16: D’Yakanov Perel Dephasing.

2.7.2 D’Yakanov-Perel

As discussed in the E-Y case, in the presence of an electric field (either induced
by a 1D band structure or intrinsically present in the bulk) high speed elec-
trons moving in a crystal can see this as an effective magnetic field. Depending
on what direction an electron is moving with respect to the electric field this
electron sees a differently oriented magnetic field. The electronic spins precess
around this magnetic field. When now a population of electrons is considered
these electrons move in random directions and therefore feel randomly oriented
magnetic fields. Each individual electron spin then precesses around its own
magnetic field causing different spin dynamics for each individual spin. They
will run out of phase with each other eventually causing dephasing. This de-
phasing mechanism is called after the people who first described it: D’Yakanov
and Perel[57].

When the electrons scatter pretty rapidly the direction in which they move
also changes rapidly making the electrons precess less during each collision time.
This kills the dephasing as is shown in a cartoon like picture shown in figure
2.7.2.

D’Yakanov-Perel dephasing is especially important in case of low scattering
rates and high temperatures. This can be seen from the formula describing this
dephasing in case of bulk systems:

1
τDP
s

= Qα2 (kbT )3

h̄2Eg

τp (2.43)

Here Q is again a factor depending on the scattering process ranging from 0.8-
2.7. α is a factor characterizing the sort of electric field in a semiconductor.
In bulk GaAs the only possible term contributing is the one due to the electric
field created by the polarity of GaAs. This is called the k3 Dresselhaus term of
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T (K) µ (cm2/(V·s) τ col
p (ps) τEY

s τDP
s

4.2 2·106 77 10.8 ms 116 ns
10 2·106 77 2 ms 8.6 ns
20 1.2·106 46 285 µs 1.8 ns
40 4.5·105 17 27 µs 600 ps
60 2.5·105 10 6.5 µs 315 ps
80 6.5·104 2.5 940 ns 500 ps
100 3·104 1.2 274 ns 560 ps
300 8·103 0.3 6.7 ns 67 ps

Table 2.3: Mobilities, collision scattering times and calculated Elliot-Yafet and
D’Yakanov-Perel dephasing times.

which more will be explained section 2.7.6. This is to be distinguished from the
k Dresselhaus term which may become important in strained samples which we
will not assume here. The k3 factor then becomes:

α =
4η√
3− η

me

m0
(2.44)

Where η is as defined in the Elliot-Yafet case. From this formula it can be ob-
served that D’Yakanov-Perel is inverse to the momentum scattering as expected
but is also even more temperature dependent then the Elliot-Yafet case.

Since we know the mobility as function of temperature we know the mo-
mentum scattering time arising from phonons and impurities as function of
temperature making it possible to calculate both the E-Y and D-P contribu-
tions. From these mobility measurements we do not know the exact scattering
mechanism and therefore the average A and Q has been taken introducing an
error of 50%. The results of this calculation are shown in table 2.3 In all cases
the D’Yakanov Perel mechanism turns out to be the main dephasing mecha-
nism. It also shows that at temperatures below 20K high dephasing times are
expected. However, it is known from previous calculations that this regime[63]
<20K becomes untrustworthy by comparison to experiments.

Nevertheless, it does show that it is the D’Yakanov Perel mechanism which
dominates almost at all temperatures due to the high mobility of the sample.
This calculation ignored the electric field due to the 1D band structure. More
about this will be explained in section 2.7.6.

In this calculation no electron-electron scattering, which only weakly shows
up in the mobility through Umklapp processes, is taken into account which
also changes momenta and therefore contribute to the D-P mechanism. Proof
that this is important has been reported in the past but is not widely taken into
account[67]. It mainly becomes important at low temperatures where scattering
times derived from mobility, known as the collision time, are very long. This
paper shows that dephasing times τs increases with temperature opposite to
what table 2.3 shows.

2.7.3 Bir-Aronov-Pikus

This spin dephasing mechanism is caused by exchange interaction between elec-
trons and holes and causes simultaneous spin flips for electrons and holes. It
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becomes mainly important in p-type semiconductors or other cases where suffi-
cient wave function overlap exists between electrons and holes such as a dense
exciton systems. In our case there are more electrons then holes present and
also the previous section shows that it can be expected that a hole population
created at the 2DEG equilibrates such that they move more to the bulk GaAs.
Therefore this dephasing mechanism plays no or a minor role in case of our
2DEG sample. The original paper describing this effect may be found here[58].

2.7.4 Hyperfine Interaction

Electron spins can have interaction with nuclear spins through the hyperfine
interaction. Spatial or temporal fluctuations within these nuclear spins, well
known to NMR people, tend to destroy electron spin coherence through this in-
teraction. It has been shown to be important in certain quantum dot systems[59].
In this case the interaction was heavily suppressed by using a small magnetic
field to align the nuclear spins. This interaction generally becomes important at
times ∼ 100 ns. Since our dephasing times measured are in the order of a few ns
and it is also experimentally observed that a magnetic field actually dephases
electron spins faster this interaction is believed to be unimportant.

2.7.5 Previous Spin Dephasing Calculations

The contributions of E-Y,D-P and BAP dephasing have been investigated in
the past[63] for several bulk semiconductors. Here people have calculated mo-
mentum scattering times in case of n or p-type doped semiconductors by includ-
ing phonon, impurity and even piezoelectric contributions. A mobility is then
obtained versus temperature and in a similar manner all contributions are cal-
culated and phase diagrams for doping and temperature are made showing the
important relaxation mechanisms. From these it turns out that indeed BAP is
only important in p-type semiconductors and in case of GaAs D-P is the impor-
tant mechanism. In [63] it is reasoned that high coherence times are obtained
at low temperature as 2.42 and 2.43 show. The very specific dependence on n-
type doping in GaAs is attributed to a mobility change by impurity scattering.
However, many features could not be explained with the help of this relatively
simple model. Therefore also alternative theories have been developed.

An interesting one has been published[64] in the specific case of n-type semi-
conductors two years after this paper in 2004. The authors reason that long
coherence times with doping is observed because of interaction between the
short lived electrons in the conduction band, itinerant carriers, and electrons
sitting in generally long living localized donor states, localized carriers. Here the
itinerant electrons dephase due to the D-P mechanism (here again E-Y is ruled
out) while the localized electrons dephase due to spin-phonon coupling, hyper-
fine and Dzyaloshinskii-Moriya interaction. The last interaction is basically an
exchange interaction between localized spins and becomes more important as
the separation between localized states decreases.

This model predicts that at low doping concentrations relatively many itin-
erant electrons are present and dephasing is fast while at high doping concen-
tration the separation between localized states is small and D-M interaction
becomes dominant. In between the highest spin dephasing times are found
since localized states tend to live long and are highly present. By fitting all
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these interactions to existing temperature and magnetic field data their relative
importance is found. A feature of these fits is that the contributions of hyperfine
interaction and spin-phonon coupling in their case are hard to predict but the
general behavior can be explained by interaction between the two subsystems.
This model was able to successfully explain correct temperature and magnetic
field data in n-GaAs. It is therefore believed that indeed impurity states might
matter a lot in calculating absolute spin coherence times due to localization
and therefore reduction of interaction of electron spins. In our case however
impurity states are not highly present in the vicinity of the 2DEG and D-P is
indeed believed to be the primary dephasing mechanism at all temperatures.

In very high mobility samples the collision based scattering is very low mak-
ing it possible for electron-electron scattering to be the dominant mechanism[67].
They report from their Monte Carlo simulations typical electron-electron scat-
tering times of 1 ps at 20K and a 1/T dependence which would actually make
DP be even less important at low temperatures helping getting very long spin
lifetimes.

2.7.6 Rashba & Dresselhaus Spin Orbit Coupling

As stated, in our case D’Yakanov Perel is believed to be the primary spin dephas-
ing mechanism. It is related to an electric field being present in a semiconductor.
In our 2DEG sample there are two such fields present, one due to the polarity of
the GaAs crystal and one resulting from the 1D band structure. The spin orbit
coupling due to the former is called Dresselhaus while the latter is called Rashba
spin orbit coupling. Both electric fields point in different directions and give dif-
ferent contributions to the effective magnetic field felt by electrons traversing in
a solid. This has been investigated in the FND group by Erik Koop and Caspar
van der Wal in case of quantum dots[28]. In our 2DEG sample both couplings
are shown to be of similar strength. The effective magnetic field then felt by
electrons depends strongly on the direction in which the electrons are traveling.
Figure 2.17 illustrates this.

The goal of this thesis is to confine electron spins by electronic gates on
the sample such that they are forced to move in the direction of lowest inter-
nal magnetic field. This should create high spin coherence times due to the
suppression of the D’Yakanov-Perel spin dephasing mechanism. An important
parameter in this is the electron mean free path which is related to scattering.
If the confinement in a dimension is narrower then the mean free path electrons
will scatter from the surface of this confinement reducing the D’Yakanov-Perel
dephasing from these directions. Early simulations done by Caspar van der
Wal[29] for 1D channels showed that it should be possible to almost completely
remove D’Yakanov-Perel dephasing as an important mechanism. The observed
coherence time will then be solely limited by one of the other weaker dephasing
mechanisms. From the electron mobility and sheet density measured by the
quantum Hall effect it is possible to calculate the electron mean free path. In
case of our 2DEG sample this is shown to be ∼13 µm. The electronic gates
on the sample have been made smaller then this but large enough such that
1D confinement effects do not play a role in all other situations such as optical
orientation.
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Figure 2.17: Effective magnetic field as a function of direction seen from the 2DEG
plane in the sample. It shows that depending on what 45 degree angle is made with
respect to the [100] and [010] axis either a maximum or minimum effective internal
magnetic field is present. Kindly borrowed from Erik Koop in the FND group.

2.8 Kerr Rotation and Transient Reflectance in
the AlGaAs/GaAs Heterojunction

Now that the band structure and spin dephasing of the specific 2DEG sample has
been discussed it is time to refer back to see how the conclusions of section 2.5.4
can be applied to this sample. First a few practical considerations concerning
the experimental measurement of Kerr rotation and Transient Reflectance are
discussed.

2.8.1 Practical Considerations

Surface Reflection

To begin with it is noted that by shining a pump pulse on this sample initially
a large part is reflected of the top of the sample. Taking the average refractive
index near the surface ∼ 3.5 about 55 % is immediately reflected from the
surface. The remaining transmitted pump pulse is again slightly reflected at
the AlGaAs/GaAs interface but this is predicted to be small: 4%. This means
that only ∼ 40% of the initial pump or probe intensity reaches the intended
2DEG.

Evanescent Wave of the Probe

As a probe pulse reaches the 2DEG it is reflected from this interface but how
far it actually penetrates into the GaAs is unknown. In principle this can be
calculated quite easily shown for example in the optical analogy to quantum
mechanics in [47] or any good optics book but due to time constraints this has
not been done. The only thing concluded is that it is possible that the reflected
probe pulse besides looking at the contribution due to the 2DEG it also looks
at the contribution of the bulk behind it.
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Carrier Redistribution

Another feature is that as the pump pulse traverses through the GaAs it creates
much more carriers near the 2DEG then after it due to the exponential behavior
of absorption. Diffusion and static electric fields creating the band structure
as shown in the previous section are then altered due to these initial carriers
and depending on the speed of equilibration this might also influence transient
reflectance and kerr rotation.

Furthermore, the confined levels in the 2DEG makes this problem even more
complicated since carriers need to relax from band to band11. Carrier redistri-
bution can be significant especially since it has to be realized that both electrons
and holes are created and the amount of them, depending on intensity of course,
can easily be so large that it is comparable to the initial carriers present in the
2DEG. However, since most carriers are created in the 2DEG itself this effect
might be less important.

Quick estimates of certain charge motion effects can nevertheless be given.
The first one estimated will be the one of diffusion of electrons in plane of the
2DEG. For this first note the Einstein equation relating the mobility to the
diffusion constant:

D =
µkbT

e
(2.45)

Here µ is the mobility, kb the Bolzmann constant, T temperature and e the
electronic charge. From the data shown in table 2.3 for the measured mobility
in the 2DEG the diffusion constant is therefore also known in its direction. The
diffusion varies between 2000 and 200 cm2/s which means that for typical times
of 1 ns the injected electrons spread over a circle in the 2DEG of radius 2.5 to
8 µm depending on temperature. For times of 10 ps this radius is already 250
to 800 nm. However, our spot sizes typically have radii of 30 µm rendering this
effect less important.

The other motion which injected electrons can make is their redistribution
in the direction perpendicular to the 2DEG. Since it is known that injected
electrons are generally of the order of the 2DEG density as section 2.5.2 shows,
a good estimation of typical built in electric fields causing redistribution can
be made by looking at the calculated electric field near the 2DEG with the 1D
Poisson program. This is shown to be around 5·104 V/m in the 2DEG while
away from the 2DEG it gradually drops 2 or 3 orders of magnitude depending
on temperature and position. By assuming the mobility in plane of the 2DEG
is equal to the mobility perpendicular to the 2DEG and assuming such uncom-
pensated electric fields present in case of an injected electron population we may
estimate the speed of movement by the drift velocity equation:

~vd = µ~E (2.46)

This equation estimates that electrons might move at speeds ranging from 40nm
to 10 µm per picosecond depending on temperature. Next to the 2DEG if the
amount of injected carriers is very small, and therefore electric fields, are also
very small the electrons still travel 40nm to 10 µm every nanosecond. Their

11Each 2DEG level represents a separate band in the directions perpendicular to the growth
direction. A nice calculation of the precise bands for example in case of a triangular GaAs
quantum well is shown in [55].
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speed is sometimes close to relativistic speeds (∼ 0.1c). This quick guess sug-
gests that initial rough redistribution might be pretty fast but it slows down
when the electric fields get compensated by diffusion due to the renewed re-
distribution. In any case if any contribution to the TR or TRKR signals is
expected to arise from carrier redistribution it should scale quite dramatically
with temperature.

Other contributions possibly influencing spin dephasing and carrier relax-
ation and bleeching of the pump pulse will not be considered in the remainder
of this thesis but are put in appendix G for future consideration.

2.8.2 Spectral Dynamics

After these initial practical considerations it is time to relate back to the con-
clusions in section 2.5.4. In the 2DEG the quantization causes many electron
bands to be present instead of one in the case of i-GaAs. Since all of these band
states can be occupied by a pump pulse the simple picture of two electronic spin
angular momenta populations being populated need to be modified to a many
band one. Since within a band the electrons also tend to have different g factors
depending on how high they reside in the band[48] it is not strange to imagine
that these change with each band due to a different spin orbit interaction.

The next difference lies in the fact that in all cases in section 2.5.4 a single
electron band with E

1
2 dependence has been assumed. In case of a 2DEG a two

dimensional density of states as seen in figure 2.7 has to be assumed. Many
processes such as carrier relaxation may then behave more pronounced in their
spectra as the calculations show due to the lower density of states. Also the
factor two between observed spin dephasing and real spin dephasing discussed
in section 2.5.4 probably disappears if the initial guess about what causes this
is true. Their expected spectral shifts are also bigger as what is expected due
to the lower density of states available.

What also complicates matters is that depending on excitation intensity the
bands might also reform due to charge distribution creating different energy 2D
levels with intensity. These are all highly nonlinear processes making it difficult
to observe what is exactly going on. Many of the qualitative effects of section
2.5.4 might remain however such as spectral shifts and nonlinear positive peak
transient reflectance behavior. Also growth of Kerr rotation signals might still be
observed only at correct frequencies due to temperature rises. The appearance of
electronic levels is also expected to generally shift the complete spectra observed
in section 2.5.4 to higher energies thus lower probe wavelengths. Therefore, it is
important to keep into mind that absolute spectral predictions of kerr rotation
or TR are hard due to these complications. Depending on how deep the probe
is looking in the sample band bending might also be a reason to broaden TRKR
and TR spectra.

Despite these difficulties and the fact that no complete spectra are available12

still many trends can be explained as will be shown in the results of 2DEG Kerr
and TR data taken in the beginning of the year.

12Despite the technology being available, although this technology is expensive. See recom-
mendations section.



Chapter 3

Experimental Setups

3.1 Introduction

During the year various experimental setups were used to measure data pre-
sented in this thesis. In the first few months TR and TRKR on the 2DEG has
been measured with an optical pump probe setup. Next, the influence of grat-
ings on the transmitted polarization state has been investigated. With these
results the grating sample has been made and was first characterized in an all
electrical setup. At the end of the year the samples turned out to behave as
expected electrically. An attempt has therefore been made to measure TRKR
as a function of electrical gate voltage while measuring the wires electrically at
the same time with the help of the newly installed electrical setup next to the
optical setup.

In this chapter first the experimental setup to measure transmitted polar-
ization changes from the grating, named the Transmitted Polarization Measure-
ment Setup, is discussed. Next, the experimental setup needed to measure the
resistance from the grating wires is treated. This setup has been named the
Electrical Measurement Setup. In the final part, the optical setup to measure
TR and TRKR used both in the beginning and at the end of the year is discussed
which is named the Optical Pump-Probe Setup. At that moment a microscope
was also needed to place the pump and probe beams correctly on the samples
which is also discussed. Furthermore, at that time a newly installed electrical
setup similar to the all electrical setup was also available at that time making
it possible to measure TRKR and wire confinement at the same time.

3.2 Transmitted Polarization Measurement Setup

To measure the transmitted polarization state and intensity coming from the
diffraction pattern of the gratings on the ITO sample the setup shown in figure
3.1 is constructed. A CW 5 mW 810 nm diode laser emitting a laser beam is
shown on the bottom right of this figure. This beam is made spherical in size
and chopped at a frequency of 700 Hz which is fed to the lock in amplifier.
This chopped laser beams polarization is rotated with a λ/2 waveplate to ob-
tain maximum transmission through the subsequent polarizer. Optionally a λ/4
waveplate is used if circular polarization is needed. The beam is steered with the

59
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Figure 3.1: Setup to measure the transmitted polarization through gratings on the
ITO sample.

mirror and 50-50 beam splitter after this waveplate where the beam is focussed
on the grating samples with a 4 cm focal distance lens. The sample is mounted
in the XYZ positioner with which it is possible to choose the grating and also the
position can be read of which is useful for spot size measurements and minimiza-
tion of the spot size.

Figure 3.2: Example outcome of
a polarization measurement of the
transmitted light. The Lock In
Voltage is graphed against the an-
gle of the second polarizer.

The wanted order of transmitted diffrac-
tion is selected with a diaphragm and colli-
mated by a lens. Next, it is steered through
another polarizer which is used to analyze
the transmitted polarization. The beam is
finally focussed on a 2x2 mm amplified pho-
todiode which is on its turn fed to the lock
in amplifier where the appropriate voltage
value is read of manually.

To place the focussed beams on the grat-
ings, a microscope is also constructed which
consists of a microscope lamp shown in the
bottom of the figure which shines its col-
limated light through the beam splitter on
the sample. This light, together with the re-
flected laser light, is picked up by the upper
beam splitter and sent through two lenses with focal distances of 15 and 2 cm.
The latter lens and camera can be moved to obtain a more or less variable
magnification.
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By reading of the lock in amplifier and rotating the second polarizer figures
like figure 3.2 are obtained. By fitting this figure in Origin with the following
formula the ’intensity’ I(mV), ellipticity ε and rotation θ0 can be determined:

LockInV oltage (θ) = I
(
1 + ε2cos (2 · θ + θ0)

)
(3.1)

The ellipticity comes squared in this formula due to the fact that intensities
and not electric fields are measured. The transmitted polarization is analyzed
for initial circular, horizontal, vertical and 45 degree polarization. For these
polarizations it was aimed to measure the zeroth and first order diffraction.
This turned out to be possible in most cases except in the case of 600 nm period
gratings which do not have any diffraction orders as expected but also in case of
10 nm thick gratings the first order proved to be too weak for proper alignment.

The measured polarization state picture is generally not symmetric: Lock In
Voltage(θ) 6= Lock In Voltage(θ + 180◦) because the polarizer used to analyze
the polarization state cannot be placed sufficiently perpendicular to the beam
by hand. Because of this all the values are averaged with their 180◦counterpart
to obtain a picture like 3.2 for 0◦-180◦which is fitted with equation 3.1 to obtain
the rotation, ellipticity and intensity.

3.3 Electrical Measurement Setup

After the fabrication of the grating sample it was time to characterize the con-
finement behavior of the gratings by measuring the resistance of the 2DEG
channel created by the wire structure shown in the bottom of figure 5.2.

The resistance is measured by the standard four point probe technique. The
four point probe method is preferred over the more familiar two point probe
method because it measures only the voltage drop over the 2DEG and addi-
tional resistances from wires in the cryostat do not contribute to the measured
resistance.

In this method two ohmic contacts on the 2DEG are used to send an AC
current through the wire structure and two contacts are used to measure the AC
voltage drop over it with a Lock In Amplifier. By monitoring this voltage drop
we have a direct measurement of the 2DEG resistance because the AC current
is kept constant by the current source. The DC negative gate voltage is applied
on any single pair of gates with respect to one of the ohmics and is varied while
monitoring this resistance.

The experimental setup used to measure the confinement is shown in figures
3.3 and 3.4. The top figure shows the wiring up to the cryostat while the other
figure shows how the wires are connected inside the cryostat. The electrical
setup in the optical cryostat used in the final part of the year is shown.

The plain electrical setup is similar except it does not have a temperature
controller. Furthermore there is a difference in how the sample is cooled. In the
plain electrical setup the sample goes in a vacuum can first before being put
directly inside liquid helium while in the combined setup the helium vaporizes
next to the sample cooling it down. The advantage of the all electrical setup is
that it does have 16 useable connections while our electrical setup has only 6
connections which is just enough for 4 ohmic contacts and two pairs of gates.
With the all electrical setup all 8 individual gates can be checked which is useful
for simple characterization.
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Figure 3.3: Setup to measure the resistance of a single wire on the grating sample.
For an explanation see the text of this section.

The explanation of the setup starts at the lock in amplifier’s internal sine
source, shown on the right part of the lock in amplifier on the top of figure
3.3, which is used to drive the current source in the IV meetkast shown in the
middle of the figure. This current is sent through the 2DEG by means of 2 ohmic
contacts on the sample in the cryostat. The voltage drop over the structure is
measured by another 2 ohmic contacts which are fed to the IV meetkast again
and is preamplified prior to sending it to the lock in amplifier. The negative DC
voltage needed to deplete the 2DEG is provided by a home built device called
an OptoDAC shown on the right which is basically a DC digital voltage source
driven optically by some computer software.

Since the temperature control for our diluted cryostat also needs to be con-
nected and the several connections from the IV meetkast and OptoDAC need
to be put on different contacts in the cryostat for different measurements, a
switch box has been designed by Cynne Liu which is called in her honour the
Cynne Box. With this box it is also possible to ground every wire which is
needed to not damage the sample when switching the several contacts from the
IV meetkast and OptoDAC to contact different ohmic contacts and gates.

Notice in this case that the complete shielding of the setup is grounded on a
single point at the current source to prevent additional currents running through
the shielding due to small voltage differences in the grounds.

Before this measurement setup is built and used a few checks are made. First,
with the OptoDAC as a voltage source and a picoampmeter (not shown) as a
current meter the connection of the ohmic contacts is checked by the standard
two point probe technique. With this technique only two leads are used on
which both a voltage (or current) source is connected and a current (or voltage)
measurement device.

The same is done with the several gates on top of the sample and one of the
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ohmics. The leakage current is noted as a function of gate voltage to determine
a safe range of the gate voltage. This is necessary because this safe range differs
from sample to sample and it is easy to melt certain parts of the sample due to
large currents.

Figure 3.4: Schematic picture
showing the connections of the elec-
trical wires to the grating sample.
In reality in case of the plain electri-
cal setup all 12 bond pads are con-
nected to different wires which can
be switched to the IV meetkast and
OptoDAC with the help of a switch-
box. For the combined setup 4 con-
tacts are used for the ohmic con-
tacts while the two remaining con-
tacts are used for 2 pairs of gates.

This is also an additional test to make
sure the leads from the OptoDAC are con-
nected in the right order. This is due to the
fact that a small positive voltage on the gates
generally causes a large current while a nega-
tive voltage does not cause a significant cur-
rent to flow. This can be imagined from sec-
tion 2.6 where the band structure is shown.
A positive voltage on the gate lowers the left
side of the band structure and also lowers
the barrier making it possible for electrons
to go more easily from the 2DEG to the gate
creating large currents. By applying a nega-
tive voltage on the gate the barriers only gets
higher lowering the current. However, the
potential difference between the two electron
baths on the 2DEG and the gate also gets
increasingly higher which increases the leak-
age current. The net effect is that the leak-
age current stays more or less stable on the
negative side up till a point where this sim-
ple picture breaks down and a sudden large
increase is noted. By slowly increasing the
voltage difference from 0V the safe range and
sign of the voltage can be determined.

The resistance of the wires generally varies between a few Ω up till several
kΩ depending on the negative gate voltage. Therefore, when the safe voltage
range of the gates and the connections of the ohmic contacts are checked it is
safe to apply a current1. Plots like figure 3.5 are then obtained.

The higher the current used the less noisy the plots become. However if
the energy of the electrons gained by the voltage difference e∆V becomes in
the order of the the thermal energy kbT which they posses this might influence
transport. If we set our limit exactly at the point they are equal and we want to
measure resistances up till 10 kΩ, this means that the current at 4.2K may not
exceed 30 nA. Therefore in general a current of 10 nA is used except when very
precise measurements of resistance are required in which case 100nA is used.
Although this is above the limit it is believed that it might not be important
for transport in our case where our most confined transport levels in the 2DEG
are spaced a few meV which is higher then the induced electron energy by the
voltage difference.

However, another problem which might cause complications is heating. It
is possible to make a very crude estimate of whether this effect may become
important in our case. This estimation is done as follows:

1If one of the ohmic contacts are not connected you risk getting high voltage differences
on the structure due to a current source which tries to reach a certain current and overloads
at it’s top value of voltage which it can apply possibly damaging the structure.
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Figure 3.5: Example figure showing an actual measured resistance versus gate volt-
age. at 0 Volts a basic resistance of the 2DEG is measured of around 30 Ω. By
decreasing the voltage to -0.35V suddenly the resistance increases to ∼1kΩ showing
that the wire is formed. By decreasing the voltage even more the 1D channel narrows
which expresses itself in a more or less exponential increase in resistance.

We know that the amount of power absorbed in the most confined part of
the 2DEG, the small wire, when a 100nA current is run with 10kΩ resistance
is equal to 100pW. Since the thermal conductivity in case of GaAs is of the
order of ∼1 J cm−1 K−1 s−1[69]2 we assume that if we want an equilibrium in
which there exists a temperature difference of at max 1 K over a distance of 1
µm, 100 pJ of heat is carried away in ∼100ns. In that case an average energy
present in the confined wire shaped 2DEG part of volume ∼15µmx1µmx10nm is
estimated to be 100pW·100ns=1·10−17J. When a small heat capacity calculation
is performed similar to the one in section 2.5.2 with a calculated constant of
2.2·10−20 in formula 2.31 a temperature rise of 1.5K is estimated at a starting
temperature of 4.2K. At 10nA the temperature rise is 10 µK.

It shows that we are in the critical area where heat due to the current might
influence the steady temperature of the 2DEG. Therefore it is again wise to
keep the current reasonably low and it has to be thought of when looking at
plots in which 100nA of current is used.

3.4 Optical Pump-Probe Setup

To time resolve Kerr rotation and reflectance two very short laser pulses are
necessary which also need to be delayed with respect to each other very precise3.
One pulse is used to alter the material, the pump pulse, while one is used to
probe the material, the probe pulse. For this purpose an ultrashort Ti:Sapphire
laser and delay line are used to obtain time resolved kerr rotation and reflectance

2The heat conductivity off course depends on doping and temperature as can be seen in the
reference. At 4.2K this value is nevertheless of correct order of magnitude even with doped
samples.

3For a 2 nanosecond delay stage we need a path length of 30 cm which needs to be placed
up till 500nm precise for 3 femtosecond resolution
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Figure 3.6: Table setup used to send a modulated and delayed pump and probe
beam to the cryostat setup to measure TRMOKE. The explanation is given in the
text. The final steering mirrors are colored blue.

data.
A short introduction concerning the operation of the ultrashort Ti:Sapphire

laser is given in appendix H. Here the optical setup used to produce, delay and
modulate the pump and probe pulse from the output of the Ti:Sapphire laser
is shown first. In the end, the microscope setup needed to place the pump and
probe pulses correctly on the sample and the detection scheme is discussed.

3.4.1 Pump-Probe Delay and Modulation

The output from the ultrafast laser is a beam consisting of single laser pulses
at a repetition rate of 80 MHz or a division of it depending on which output
is used. How this pulse beam is split, delayed and modulated when measuring
TRKR is shown in figure 3.6.

Pulses coming from the ultrafast laser are first collimated by a lens pair.
Next they are send through two prisms twice to ensure transform limited 30 fs
pulses. In our case this is not very relevant since we look at relaxation on ps or
even ns timescales and we are not limited by the sharpness of the pulse even it
broadens a bit.

The pulses are subsequently split by a beam splitter into pump and probe
beams. In these beams 25% of the energy of the pulse goes to the probe beam
while 75% goes to the pump beam.

The probe beam is rotated by a λ/2 waveplate and subsequently cleaned
in polarization state to a factor 105 in intensity between the transmitted and
blocked linear polarization. Also a compensator plate is present which is neces-
sary to mimic the path the pump has to travel through materials so that with
a single pulse compressor both pump and probe can be compressed equally.

The pump beam is first delayed and subsequently cleaned in polarization
with a λ/2 waveplate and polarizer. Next it sent through a Photo Elastic
Modulator (PEM). This is a birefringent crystal of which the length of the
crystal can be altered by applying an electric field provided by a source. By
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varying the length of the crystal the phase difference between two orthogonal
linear polarizations can be determined.

In our case the source has generally been put such that the transmitted
polarization is modified between right and left circular polarized light with in
between linearly polarized light. The frequency of modulation of the source is
50 kHz which is low enough to consider the fast pulse train of several MHz a
continuous pulse. The pump and probe beams are steered parallel to each other
to the area in which the cryostat and steering optics resides. These are closed
from each other by a perspex plate for safety reasons.

There are several ways to modulate the laser beams and subsequently detect
them. The most frequently used in case of measuring TRMOKE is shown in
figure 3.6. In this case only the pump beam is modulated at a frequency of
50 kHz between right and left circularly polarized light. It has the advantage
of having a high repetition rate to be fed to the lock in reducing noise levels.
Also by this technique it is possible to determine the sign of the detected Kerr
rotation which is useful in case magnetic fields are applied and Kerr rotation
changes sign. This technique is referred to as a single modulation technique.

However, sometimes scattering from the sample of the pump beam causes
the pump to follow partially the probe path obscuring the small kerr rotation
signal. In this case the probe beam may be chopped at a frequency of 3.33 kHz
which is done by feeding the 50 kHz reference signal of the PEM to the chopper
and setting it to divide this value by 15. By feeding the reference signal of
the chopper to the lock in detection and measuring the 16th harmonic the sum
frequency can be investigated which solves the scattering pump light problem.
However, this has the disadvantage of reducing the signal to noise ratio by a
factor of 2 which is why this is not always used. Since both pump and probe get
modulated in this case this technique is called the double modulation technique.

For transient reflectance measurements the PEM is removed together with
the compensator plate. In this case again single or double modulation can be
used by placing a chopper in the pump and/or probe beams.

3.4.2 Microscope and Detection Scheme

Microscope

Now that the pump and probe pulses can be delayed and are correctly modulated
they can be steered and focussed on the sample with a microscope. Subsequently
the reflected probe beam can be picked up and sent to the detection system.
This part of the setup is shown in figure 3.7.

The pump and probe beams are steered with a few mirrors and sent through
a 15 cm focal distance lens which focusses them on the sample. With help of
the XYZ positioner holding the ITO sample (not shown) the spot size from this
15 cm lens has been determined to be 25 µm FWHM. On this lens the probe is
positioned at the side while the pump is positioned in the middle such that the
reflected probe can be separated from the pump beam.

The final mirror used to steer the pump and probe beams has a polished
back and reflects mainly that part of the spectrum in which the pump and
probe have frequency components. Because of this, white light can be sent in
the sample space by reflection from a beam splitter. The specular reflection
from the sample can be looked at with a second 15 cm lens and a camera. In
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Figure 3.7: Microscope setup and detection scheme of the optical pump probe setup.
Explanation of the setup is given in the text.

this case the projection of the sample on the camera has no magnification. This
proved to be sufficient such that one sample is exactly placed on the entire ccd
of the camera. For different magnifications different lenses can been used but
this proved to be unnecessary.

A very small percentage of the reflected pump and probe is also transmitted
through the dielectric mirror making it possible to observe the beam spots as
well. To control the amount of the laser light directed at the camera the intensity
of the probe and pump beams have been filtered in case of pump and probe
placement.

Once the pump and probe beams have been positioned correctly on the
sample the camera iris is closed and the reflected probe is picked up by a mirror
and sent with additional mirrors to the detection system.

In the beginning of the year TRKR and TR were measured without this mi-
croscope and placement was done by plainly looking at the sample. Also longer
focal length lenses were used. In that case the spot size has been estimated to
be ranging from 50 to 100 µm.

Detection Scheme

The detection scheme for TRKR is also shown in figure 3.7. The static linear
polarization is rotated such that it comes at a 45 degree angle at the Wollaston
prism, which splits the horizontal and vertical polarization part of the probe.
The split probe is then focussed on two amplified photodiodes. The output of
the photodiodes is fed to a Keithley low noise preamplifier which subtracts both
signals, frequency filters it and amplifies it for use of lock in detection.

Kerr Rotations are generally small. Assuming a small kerr rotation to one
side, one detector detects a little bit more signal while the other detector detects
a little bit less signal. The kerr rotation is then proportional to both the negative
and positive signal of both detectors. However the reflectance might also vary
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by changing from right circular to linear to left circular pump polarization. This
also influences the photodiode signals. Fortunately, the reflectance showing up
in rotation signals can be made negligible if both are subtracted. This is the
main reason for using two separate photodiodes and subtracting their signals.
Additionally in that case the signal to noise ratio also increases by a factor of
2.

When measuring TR instead of TRKR only a single detector is used which
is frequency filtered and amplified by the preamplifier prior to sending it to the
lock in amplifier.

The lock in amplifier gets its reference signal either from the PEM in case of
single modulation TRKR or from the chopper. When double modulation TRKR
is used 1/15 of the 50 kHz is fed to the chopper which reference signal is sent to
the lock in and the 16th harmonic is chosen to measure the sum frequency. In
case of TRTR either the single chopper frequency for single modulation or the
sum frequency for double modulation from the chopper is chosen as a reference
signal for the lock in amplifier.

In order to pump and probe at chosen wavelengths three band pass filters
(BPF) can also be placed in the setup. A spectral width of 10 nm FWHM
was obtained with the BPF’s with center wavelength 780, 800, 820, 840 nm.
By filtering the pump and probe at different wavelengths the scattering from
the pump in the reflected probe path may also be reduced. Together with the
double modulation technique in total two techniques can then be used to reduce
unwanted contributions to the measured TRKR or TR signal.



Chapter 4

2DEG Results and
Discussion

4.1 Introduction

The goal of the one year project which this thesis encompasses was to try to
confine electronic spins in a GaAs/AlGaAs heterojunction 2DEG to a single
dimension and see if this influences their spin dynamics. For this purpose first
the 2D confined electronic spin behavior in the 2DEG behavior has been inves-
tigated with the help of the optical pump-probe setup.

In this chapter first the most important results from previously measured
time resolved photoluminescence discussed in appendix E are summarized in
section 4.2 because they are important in the discussion of the possible effects
which might happen in TR measurements.

After this the results of transient reflectance measured on the 2DEG are
shown in section 4.3. TRKR should give a clue about the electron spin dynam-
ics in the 2DEG sample. The results from these measurements on the 2DEG are
shown in section 4.4. By applying a perpendicular magnetic field with respect
to the incident pump and probe beams in TRKR measurements precession is
observed. By fourier transforming the signal precession frequencies can be re-
solved which relate to several Larmor g factors. The experimentally obtained g
factors from TRKR measurements in the presence of a perpendicular magnetic
field are shown in section 4.4.2.

The results of these experiments are discussed in section 4.5 where several
physical processes which could be responsible for the experimental behavior of
TRKR and TR are explained and the model which is favored is explained.

In all cases, with the used lenses, a typical circular spot size may be assumed
ranging from 50-100 µm FWHM although it has not been measured explicitly.

4.2 2DEG Time Resolved Photoluminescence &
Optical Absorption

The results and discussion about previously measured time resolved photolu-
minescence (TRPL) in the 2DEG, i-GaAs and n-GaAs and optical absorption
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spectra are given in appendix E.
In TRPL typical free exciton1 growth and decay times in the 2DEG were

measured to be 2.3 and 2.35 ns at 4.2K temperatures while only a slight increase
in temperature to 20K changed this behavior dramatically to 900 ps growth and
9 ns decay times. A subsequent increase in temperature to 40K did not change
much. This is substantially different from bulk GaAs where typical growth and
decay times are 300 ps at 4.2, 20 and 40K temperatures.

The fact that 2DEG PL differs so much from bulk GaAs PL was attributed
to carrier segregation. The dramatic change with temperature of 2DEG PL
was attributed to free exciton formation blocking carrier segregation and the
stability of these free excitons. These two results will become important in the
discussion of TR and TRKR in section 4.5.

From the indirect optical absorption measured earlier by my supervisor
P.Rizo and A.Pugzlys two quantum well levels have been seen. Because of the
apparent offset in the measurement apparatus no certainty exist about the pre-
cise position of these quantum well levels. Nevertheless, it could be concluded
that not much changes about the position of these two quantum wells with tem-
perature. This is in contradiction to what the 1D band structure calculations
predicted showing their limitation.

4.3 2DEG Transient Reflectance

Transient reflectance gives an additional tool with which to investigate electronic
behavior in the 2DEG. In the beginning of the project this has been measured
as function of probe wavelength, pump energy and temperature showing many
interesting features believed to be originating from the 2DEG. All the results
which have been obtained from TR measurements are summarized in figure 4.1.

4.3.1 Pump Energy Dependence

Part (a)-(d) shows what happens to transient reflectance with pump energy
around the bandgap (820 nm probe wavelength: 7 meV below the bandgap)
and slightly above it (800 nm probe wavelength: 31 meV above the bandgap)
at 4.2K temperature. The most remarkable feature which is observed is that
between the 800 and 820 nm probe wavelength signal a sign change is initially
present and furthermore at higher pump energies both signals change sign.

At very low pump energies the signal at 820 nm is much stronger then at
800 nm probe wavelength. Almost no growth is observed and the decay time is
around 300 ps at 820 nm while it is somewhat shorter at 800 nm probe wave-
length. Only at the highest pump energies does the signal display exponential
decay with a larger time constant of 1100 ps. Growth is also observed in this
case: an initial large jump is followed by a more or less exponential growth with
a ∼80 ps timeconstant.

1Actually what is believed to be the free exciton photoluminescence. In any case this is
the main recombination mechanism in 2DEG and bulk GaAs samples.



(a) Not normalized pump energy dependence at 800 nm probe wave-
length at temperature of 4.2 K. The sign starts slightly negative at
low pump energies but quickly changes to positive at higher pump
energies.

(b) Normalized view of (a). The nonlinear behavior of decay and growth
clearly shows. Only at the highest pump energy is the time decay
exponential equal to 1100 ps. Electron Injection is 70 meV (780 nm
pump) above the bottom of its band.

(c) Not normalized pump energy dependence at 820 nm probe wave-
length at temperature of 4.2 K. The sign starts positive at low pump
powers but changes to negative at higher pump energies.

(d) Idem as (c) now showing what happens at higher pump energies.
Only at the highest and lowest pump energies is the time decay
exponential and equal to 800 and 250 ps. Electron Injection is 70
meV (780 nm pump) above the bottom of its band.

(e) Probe (pr) and pump (ex) wavelength dependence at a high pump
energy of 832 pJ and 4.2 K temperature. Pump wavelength has no
significant effect while the measured difference reflectance changes
sign every 20 nm step in probe wavelength. Exponential decay times
are similar, in all cases equal to 1100 ps. Growth is similar (80 ps)
except at the 780 nm probe wavelength where it is doubled.

(f) Temperature dependence at 820 nm probe wavelength at a low pump
energy of 63 pJ. The positive signal vanishes while the negative one
remains and becomes long lived at high temperatures. Electron In-
jection is 70 meV (780 nm pump) above the bottom of its band.

(g) Temperature dependence at 800 nm probe wavelength at a high
pump energy of 830 pJ. Growth disappears and the decay becomes
longer (see table 4.1).

(h) Temperature dependence at 820 nm probe wavelength at a high
pump energy of 830 pJ. Growth disappears and the decay becomes
longer (see table 4.1).

Figure 4.1: Main results Transient Reflectance on the 2DEG sample.



72 CHAPTER 4. 2DEG RESULTS AND DISCUSSION

4.3.2 Probe Wavelength Dependence

Temp. 800 nm 820 nm
100 K 7 ns 5.5 ns
80 K 6 ns 5.2 ns
60 K 6 ns 3.7 ns
40 K 2.5 ns 2.8 ns
20 K 1.5 ns 1.5 ns
10 K 1 ns 0.9 ns
4.2 K 0.9 ns 0.9 ns

Table 4.1: Fitted temperature depen-
dence Transient Reflectance decay times at
800 and 820 nm probe. They are deduced
from 4.1 (g) and (h).

Part (e) of the figure shows what
happens with pump and probe wave-
lengths at a high pump energy. The
first thing to notice is that chang-
ing the pump wavelength from 780
nm (70 meV above the bandgap) to
840 nm (-43 meV with respect to the
GaAs bandgap) changes almost noth-
ing in the behavior. A decay time con-
stant of 1100 ps is observed while the
growth is 80 ps (except at the weak
signal observed at 780 nm probe wave-
length where it is doubled). The sig-
nal changes sign every 20 nm with
probe wavelength by going from 840 nm to 780 nm probe wavelength (-43,
-7, 31 and 70 meV with respect to the GaAs bandgap).

It has been tried to observe TR signals at 780 and 840 nm probe wavelength
to make a similar probe wavelength plot at low powers but these were too weak.

4.3.3 Temperature Dependence

Part (g) and (h) show what happens at 820 and 800 nm probe wavelength
with temperatures up till 100K at high pump energies. Growth times become
smaller with temperature while decay times increase dramatically. Decay times
have been put in table 4.1.

Part (f) shows what happens at intermediate pump energy at 820 nm probe
wavelength with temperature. The positive signal seems to disappear while the
negative one remains and becomes long lived at 100K temperature.

4.4 2DEG Time Resolved Kerr Rotation

After time resolved photoluminescence and transient reflectance gave some in-
sight into electronic transport and recombination mechanisms it is time to look
at the primary interest: spin dynamics. The tool with which to do this is time
resolved Kerr rotation.

If no magnetic field is applied, electronic spins are injected with orientation
perpendicular to the 2DEG plain and their loss of coherence or recombination of
spin carriers will show up as a decay in time resolved Kerr rotation. Observing
this as a function of pump energy, probe wavelength and temperature will give
insight into spin dynamics of the several 2DEG levels and the bulk behind it.

If a magnetic field is applied in the 2DEG plain it is possible to observe
spin precession if the spin lifetime is long enough and the magnetic field strong
enough. By following the precession period it is possible to investigate g factors
in the 2DEG and bulk behind it and how these change with pump energy and
probe wavelength. In theory, this should give us detailed g factor information
about the quantum well levels and through wavelet transform (see appendix J)
it should even be possible to get some clue about the temporal behavior of these
g factors.



(a) Probe and pump wavelength dependence of the T90−10 decay time
at a pump energy of 300 pJ at 4.2 and 40 K temperatures. Unfortu-
nately, the sign of the signal has not been resolved. The decay time
does not show a big difference with probe wavelength. The results
from bulk n-GaAs at 40 K temperature is also included showing that
the measured signal is a feature of the 2DEG.

(b) Probe and pump wavelength dependence of the T90 growth time
at a pump energy of 300 pJ at 4.2 and 40 K temperatures. Bulk
n-GaAs does not show any growth and therefore it is not included.
Noticeable growth is only observed at 820 nm probe wavelength
which is near the bandgap of GaAs (816 nm at 4.2K). Again no big
pump wavelength dependence is observed.

(c) Probe and pump wavelength dependence of the absolute signal at a
pump energy of 300 pJ at 4.2 and 40 K temperatures. Bulk n-GaAs
is again included to show the measured 2DEG signal is a feature of
the 2DEG itself. The signal is strongest at 820 nm probe which is
near the band gap of GaAs (816 nm at 4.2K).

(d) Repetition rate dependence at two low pump energies at 820 nm
probe wavelength. At higher repetition rates the growth is faster
and the decay is slower.

(e) Temperature dependence at 820 nm probe wavelength and 330 pJ
pump energy. Notice the signal which is maximum around 80K
temperature. Growth sharply decreases with temperature.

(f) Decay and growth time of (e) plotted as a function of temperature.

(g) Pump energy dependence at 820 nm probe wavelength. No big dif-
ferences are observed with pump energy. (h) shows the observed
growth and decay times.

(h) Decay and growth time of (g) plotted as a function of pump energy.

Figure 4.2: Main results time resolved Kerr rotation measurements without magnetic
fields on the 2DEG sample. If not stated, the pump wavelength is 780 nm.
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These two separate experiments, Kerr rotation without and with magnetic
fields have been measured varying several parameters which will now be dis-
cussed. The first one is called spin analysis while the second one is called g
factor analysis.

4.4.1 Electronic Spin Analysis

Time resolved Kerr rotation without any applied magnetic field has been mea-
sured on the 2DEG as a function of probe wavelength, temperature, repetition
rate and pump energy. The results of these measurements are shown in figure
4.2.

Probe Wavelength Dependence

Part (a) and (b) show what happens to the T90−10 decay and T90 growth time of
Kerr rotation as a function of pump and probe wavelength at 4.2K temperature.
Here the difference in time it takes the signal to fall from 90% to 10% of its
value is taken as a the T90−10 decay time and the time it takes the signal to
rise up to 90% of its signal is taken as the T90 growth time.

T90−10 and T90 times have been taken because the behavior can vary signif-
icantly from the normal exponential growth and decay behavior2. If the decay
and growth times are perfectly exponential the T90−10 and T90 need to be di-
vided by a factor 2.2 to obtain the real decay and growth times. However, we
also know from the theory that pure electron spin dephasing in Kerr rotation
spectra should give an apparent lifetime which is two times as small in case of
bulk GaAs. For the 2DEG this is not so obvious giving a large uncertainty in
the real spin dephasing times. Nevertheless, trends might still be observed by
looking at T90−10 and T90 decay and growth times and the probe wavelength
dependence is plotted in part (a) and (b).

The sign of the signal has not been checked so no information is present
about whether it is positive or negative Kerr rotation. Part (a) indicates that
pump wavelength has negligible influence, and it can be cautiously concluded
that spins seem to be living slightly longer at 820 nm probe wavelength (-7
meV with respect to the GaAs bandgap) with respect to 800 and 840 nm probe
wavelength (-43 and 31 meV with respect to the GaAs bandgap).

Part (b) however has a much more distinct effect: at 820 nm probe wave-
length a big growth of 50 ps is observed which is absent in the case of 840 nm
probe wavelength and only 10 ps at 800 nm probe wavelength.

The absolute signal at different probe wavelengths is plotted in part (c)
of figure 4.2. The probe beam changes intensity somewhat with probe wave-
length (being maximum around 800 and 820 nm probe wavelength) to which
the measured Kerr effect is proportional which makes absolute comparison not
completely unambiguous. Nevertheless it can be concluded that the strength of
the signal is ∼5 times stronger then the signal from bulk GaAs. Furthermore,

2When fitted to a stretched exponential e−
t
τ

n

or stretched growth with a onset in the
signal this seems to produce the right fits (where n varies between 0.7 to 2.3) which might
indicate a distribution in growth and decay times. It has been checked whether the stretched
exponentials give identical trends as T90−10 and T90 times give. Absolute values of growth
decay times should nevertheless be doubted.
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the 2DEG TRKR signal seems strongest at 820 nm while at 840 and 800 nm
the signal is somewhat weaker.

Repetition Rate Dependence

All the experiments performed in TR and TRKR have been performed using
the mode locked output of the Ti:Sapphire laser which has a repetition rate
of 2 or 4 MHz. The time between TR or TRKR experiments is then 250 to
500 ns allowing injected electrons and holes to recombine and additional lattice
heating to diffuse throughout the sample. In order to see whether the 80 MHz
output could be used, which should reduce noise levels, this has also been tested
and the result is shown in part (d) of figure 4.2. A 4.2K temperature and low
pump energies are used. This is because almost everywhere this temperature
is used and the effect should be largest at low temperatures where the GaAs
(total) heat capacity is smallest. Furthermore, at low pump energies the effect
of heating3 should be smallest potentially giving us a lower limit where it might
become important.

It shows that a higher repetition rate induces faster growth and slower de-
cay in the TRKR signal even at very low pump energies. By observing the
growth and decay times dependence as function of temperature (a more de-
tailed explanation will follow) in part (f) we see that this effect is likely due to
heating. Additionally in TRPL treated in appendix E it became apparent that
(especially bound) excitons also tend to live very long which means they get
constantly pumped also causing different behavior as function of the repetition
rate.

In any case the behavior changes and in order to avoid heating and possibly
other (excitonic) effects a repetition rate of 4 or 2 MHz has been used at all
times to obtain TR or TRKR plots.

Temperature Dependence

The influence of temperature on TRKR should give a clue about the dephasing
mechanisms present in our 2DEG and therefore this has been measured. The
results of these measurements are shown in part (e) and (f). Part (e) shows
the actual measured signals which seems to become somewhat larger at slightly
elevated temperatures after which it becomes weaker again at high temperatures
(250K). Part (f) shows the extracted T90−10 decay and T90 growth times.

These plots have been done at a relatively modest pump energy of 330 pJ
and a probe wavelength of 820 nm ±5 nm is used. This is around the bandgap
of GaAs except when temperatures exceed 100K after which the bandgap shifts
outside our probe wavelength range to 835 and 858 nm at 150 and 250K tem-
peratures. Nevertheless, we know theoretically Kerr rotation and reflectance
spectra become very broad at high temperatures allowing us to observe similar
signals as at low temperatures. At higher temperatures growth disappears and
the decay of TRKR first increases to a maximum at 60 and 80K after which the
decay time reduces.

3Heating of the total system: electronic and lattice heating.
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Pump Energy Dependence

The influence of pump energy on growth and decay of the Kerr rotation signal
has also been measured. Since the growth is most apparent at 4.2K temperature
around the bandgap of GaAs (820 nm probe wavelength) the influence of pump
energy is measured under these conditions. The results are plotted in (g) and
(h). (g) shows the real signal while (h) summarizes the extracted T90−10 decay
and T90 growth times.

No big changes are observed for pump energies ranging from 12 to 300 pJ.
Growth of the signal seems to be slightly faster at higher pump energies with
growth times decreasing from 80-90 ps to 60 ps. What happens to decay times
is hard to tell. It seems to be decreasing slightly with increasing pump energies
by maybe an average 50 to 100 ps.

4.4.2 TRKR g Factor Analysis

When a magnetic field is applied perpendicular to the injected spin orientation
the injected spins precess which is observed in TRKR. TRKR mainly observes
electronic spins as calculated TRKR spectra show and has been observed pre-
viously [19]. The observed precession frequency ν is then determined by the
Larmor equation hν = ∆E = gµBB where g is given by the spin orbit coupling
of electronic spins in the conduction band. This spin orbit coupling in GaAs
is significant causing an observed g factor of -0.44, very different from the free
electron g factor of 2.

Temperature, magnetic fields and how high electrons sit in the conduction
band are factors which changes spin orbit coupling. This produces different
electronic g factors as observed before[48].

It is not strange to imagine that confinement should also change the g factor
of electrons. Exciton states are likely to have a different g factor as well. By
analyzing the observed g factor as function of probe wavelength, temperature,
pump energy and magnetic field it is then theoretically possible to see for ex-
ample spreads in g factors, different quantum well levels, exciton states or bulk
g factor dependencies on temperature and magnetic field.

In the experiments which have been performed, not all of these dependen-
cies have been varied to their full extend. Nevertheless, interesting results are
obtained which are shown in figure 6.1. Fourier and Wavelet plots of the exper-
iments from which these results are obtained are shown in appendix J. In all
cases, the sign of the g factor has not been resolved, therefore they are plotted
in absolute numbers. Nevertheless, we will assume throughout this chapter that
these are negative GaAs g factors.

How a TRKR signal typically changes when a perpendicular magnetic field
is applied is shown in part (a) and (b). Part (a) shows what happens if a single
g factor is present. At high magnetic fields a decreasing decay time is generally
observed due to a spread in g factors. This causes all precessing electron spins
to run out of phase with each other somewhat faster then in case of the signal
where no magnetic field is present.



(a) Example signal where a single frequency (g factor) is present. In
this case the probe wavelength is 820 nm, 200 pJ pump energy is
used and the temperature is 4.2K. At first the signal tends to live
slightly longer but at higher magnetic fields the lifetime shortens.

(b) Example signal where multiple frequencies (g factors) are present. In
this case the probe wavelength is 800 nm, 1 nJ pump energy is used
and the temperature is 4.2K. Multiple g factors from different origins
cause the signal to dephase quickly and additionally cause beating
in the signal when the frequencies are substantially separated.

(c) Observed g factors as function of probe wavelength at 4.2 and 100K
temperatures. Magnetic fields of 7 Tesla and a high pump energy (1
nJ) is used. g Factors appear to be stable throughout the spectrum
although their absolute fourier component in the signals can change
substantially throughout the spectrum (see appendix J).

(d) Observed g factors as function of pump energy at 800 and 820 nm
probe wavelength. High magnetic fields (7 Tesla) are used. The
temperature is 4.2K. One stable g factor equal to -0.43 believed
to be originating from the i-GaAs can be seen. The other three g
factors believed to be originating from the quantum well levels seem
to shift with pump energy indicating band structure changes. They
are also almost solely visible at high and low pump energies.

(e) Several observed g factors as function of temperature at high (915
pJ) and low (35 pJ) pump energies at 820 nm probe wavelength.
Different second g factors are observed with different pump energies.
All tend to shift to higher g factors. The upper red curve comes from
the temperature dependent g factor formula from [48] which shows
that this one is arising from bulk GaAs. The other g factors believed
to be arising from different 2DEG levels have similar behavior.

(f) g Factors as function of magnetic field at 4.2K temperature, 200
pJ pump energy and 820 nm probe wavelength. It shows the bulk
g factor seems to shift slightly from the reported -0.44 to -0.43 at
higher magnetic fields. The 2DEG g factor seems to shift twice as
fast with magnetic field.

Figure 4.3: Main results time resolved Kerr rotation measurements with perpendic-
ular magnetic fields on the 2DEG sample. Pump wavelength is 780 nm which gives
electron injection 70-90 meV up in the band.
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When more then one g factor is present which are only slightly different from
each other a beating of the signal can be observed of which a typical example
is shown in part (b). The period of this beating gives information about the
difference in oscillation frequency determined by the two g factors. Due to these
g factors the observed signal decays much faster which can also be observed in
part (b).

Part (c)-(f) shows what happens to observed g factors with probe wave-
length, pump energy, temperature and magnetic field. In all the plots the col-
ored trend lines indicate which g factors are believed to be belonging to each
other. The red line indicates the bulk g factor. The origin of the other lines will
be discussed in the discussion. Comments on the resulting trends will now be
given separately.

Probe Wavelength Dependence

The results of our variation in probe wavelength on the observed g factor peaks
is plotted in part (c). A high pump energy is used in this case. g Factor peaks
appear to be stable versus probe wavelength although their relative magnitude
in the fourier spectrum changes as can be observed by looking closely at the
fourier spectra in figures J.10 and J.11 in appendix J.

At 4.2K, around the bandgap of GaAs (820 nm probe wavelength) the g
factor believed to be originating from bulk GaAs (-0.43) is strongest while at
790, 800 and 810 nm probe wavelength g factors not very different from the
bulk are observed quite ’peaked’ and not distributed as the fourier spectra in
figure J.10 shows. Their g factors are -0.409 and -0.378. An important feature
to be discussed later is also observed when looking at the relative magnitudes
of the peaks at 800, 810 and 820 nm probe wavelength. At 800 and 820 nm
probe wavelength the bulk g factor is strongest while in between at 810 nm
probe wavelength it is relatively weak compared to the other g factors. Of the
2 observed g factors at 4.2K temperature, the g factor differing from the bulk g
factor the most is strongest.

When the temperature is raised to 100K, generally a single peak is observed
which is believed not to be originating from the bulk. Only at 830 nm probe
wavelength, close to the GaAs bandgap the GaAs peak is recovered. These
peaks can be related to the g factors observed in case of 4.2K temperature by
observing their temperature behavior in part (e).

Pump Energy Dependence

Part (d) shows what happens to observed g factors at 800 and 820 nm probe
wavelength and varying the pump energy.

A stable g factor of around -0.43 is observed which is visible both at 820
and 800 nm probe wavelength which does not seem to vary versus pump energy.
This is slightly different from the generally reported g factor of -0.44 but it
has to be noted that as observed in part (f) the discrepancy can very well be
attributed to the high magnetic field which is used.

The green g factor line shown in part (d) is somewhat controversial as can
be seen in figures J.2-J.5. Therefore this will not be treated in this thesis but is
shown for future discussion.
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The other two g factors are nevertheless quite obvious. At very low pump
energies at 800 nm probe wavelength the g factor not belonging to the bulk is
even stronger then the bulk g factor. At intermediate energies a quite asym-
metric peak is observed believed to be from the bulk. It is quite narrow on the
g = -0.44 side while it is pretty broad on the other side extending up to g =
-0.3 as can be observed in their fourier spectra plotted in figure J.4 (c) and (e).

The additional g factor observed at high pump energies shifts away from the
bulk g factor with pump energy. The additional g factor observed at low pump
energies shifts toward the bulk g factor with pump energy.

Temperature Dependence

Part (d) shows that multiple g factors are mostly observed at high and low pump
energies. To get some information about them as a function of temperature,
temperature scans have been made at high and low pump energies of which the
results are shown in part (e). The probe wavelength is chosen to be 820 nm
although 810 nm might have been a better choice since even more g factors are
observed at that probe wavelength as part (c) shows.

In this case, the bulk g factor changes with temperature and the red line
plotted is exactly that line given by the phenomenological formula deduced by
Oestreich et al.[48]:

g(T ) = −0.44 + 5 · 10−4T (4.1)

The formula fits quite well to one set of g factors showing without doubt that
this is really the bulk GaAs g factor contribution. The second set of g factors
indicated by black points have similar behavior.

It is noted that the first 3 g factors probably have another origin then those
thereafter. This is most obviously seen at the 20K point of which the fourier
spectrum is shown in figure J.6(e) and (g). Here it can be almost surely said
3 g factors appear to be present although they are not plotted. If the initial
3 points are ignored a line can be drawn (shown in black) which has similar
temperature dependence as the bulk but has a different starting g factor of g =
-0.405.

At low pump energies another g factor shows up for temperatures of 40K
and above. It is assumed this g factor has been observed before in part (d) at
800 nm probe wavelength which is why they are drawn with similar colors.

This g factor does not have a strong temperature dependence and is equal
to -0.341.

Magnetic Field Dependence

All the g factor measurements with TRKR have been done at high (7T) magnetic
fields. This gives many oscillations which can be effectively fourier transformed
to observe closely spaced g factors. The dependence of magnetic field on the
observed g factors has been investigated to see its influence on g factors. Previ-
ously, this has also been investigated by Oestreich et al.[48] where no g factor
dependence is seen by going from 1 to 3 Tesla magnetic fields. In our case, g
factors have been extracted from fourier plots which are shown in appendix J
in figure J.1.
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This figure shows that the main effect of increasing the magnetic field is
that g factor features become spectrally narrower. Since the g factor peak
is quite asymmetric at high magnetic fields, the plotted g factor magnetic field
dependence in part (f) is believed to be originating from this increased sharpness
of the asymmetric peak rather then it being a real magnetic field dependence.
Nevertheless, if this assumption is wrong only a slight magnetic field dependence
is observed of with the bulk g factor changing from -0.44 at low magnetic fields
to -0.43 at 7T fields.

4.5 Discussion

Much doubt exists in the interpretation of the results from TR and TRKR
experiments performed on 2DEG sample. In this section the physical processes
will be discussed which might explain parts of the results. Comments will be
given on which interpretation is most likely and why it is most likely.

The discussion is organized in a similar way as the results: first the inter-
pretation of transient reflectance data is given. Thereafter, TRKR without and
with magnetic fields are discussed. In the end of each section some conclusions
are drawn.

4.5.1 2DEG Transient Reflectance

The TR results shown in figure 4.1 shows the following features which will be
attempted to be explained:

� The signal changes sign every 20 nm by changing the probe wavelength
from 780 to 840 nm (70 to -43 meV w.r.t. the GaAs bandgap) at high
pump energies.

� Growth of 80 ps is observed only at high and intermediate pump ener-
gies. The TR signal then becomes exponential as opposed to intermediate
energies where it is not exponential.

� Decay changes from 300 to 1100 ps by going from low to high pump ener-
gies both at 800 and 820 nm probe wavelength. The signal also changes
sign. At 840 and 780 nm probe wavelength, a similar decay of 1100 ps can
be determined.

� As the temperature is raised from 4.2 to 100K, TR decay increases from
∼ 1 ns to ∼ 6 ns. Growth disappears.

Several models will now be proposed to explain parts of the 2DEG TR results.

Electron Cooling Model

The ∼80 ps growth and relative sign change between 820 and 800 nm probe
wavelength at high pump intensities can be explained by what is predicted
when calculating TR spectra: the growth is coming from electron cooling of
electrons in the conduction band as explained in the theory section 2.5.4. Their
temperature needs to equilibrate with the phonon bath temperature which goes
with the 80 ps time constant observed before [44]. The relative sign change is
what the TRKR bulk GaAs calculation predicts.
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However, this cannot explain why this is not observed at lower pump en-
ergies. The theory in 2.5.4 shows that at least at 820 nm probe wavelengths
growth should be observed even at quite low intensities. Furthermore from gen-
eral experience it is also known that transient reflectance and time resolved Kerr
rotation signals are much stronger in the 2DEG then in bulk n-GaAs which is
not predicted by the theory 2.5.4.

However, if a spectrally narrow TR signal is present at low temperature and
is integrated over (that is what our band pass filter does: integrate over 10 nm
spectrally), growth in the TR signal might also disappear. This may be a cause
why at low pump energies growth does not show.

However, taking a more critical look at the paper which claims it has ob-
served electron heating[44] on which the bulk GaAs TR and TRKR calculations
are based, we see that in their case they investigate spectrally resolved transmis-
sion through a piece of 1 µm i-GaAs sandwiched between two pieces of AlGaAs.
Here the i-GaAs is pumped from the hole bands and probed in the split-off
band to observe solely electron cooling. After ∼100 fs they claim to observe a
Fermi-Dirac function spectrally in their transmission which is due to bleeching
of the absorption. However, this paper does explicitly not take into account the
fact that carriers get distributed over the GaAs in an exponential fashion which
should produce similar results as they observe if carriers redistribute themselves
driven by diffusion.

Assuming their MBE grown sample is almost equally pure as our sample we
can use the calculated diffusion constant of our sample, calculated in section
2.8.1, of 200-2000 cm2/second to estimate whether this effect can be significant.
For the lowest diffusion constant, in 80 ps carriers redistribute in a sphere of
700 nm which shows it is likely that this is the timescale at which it can take
place.

Together with the fact that earlier time resolved transmission data[72] on
bulk GaAs (under different circumstances) shows growth times in the order of
5 ps depending on wavelength and earlier TRKR measurements on bulk GaAs
done by my supervisor never show decay times longer then a few ps makes us
believe that temperature might also not be responsible for the growth in the
signal.

Bulk and 2DEG Signal Model

Another explanation is that the shape of the signal at high pump energies can
be explained by two separate populations (bulk and 2DEG) contributing to this
signal. Several attempts have been made to try and fit the data by two separate
exponential decays with a sign change between them. This does not seem to
fit particularly around the area where the signal is maximum. Furthermore it
implies that the decay constant of the low pump energy signal changes from 300
to 80 ps. By my supervisor it was pointed out that three exponential decays
do seem to fit with the observed TR signal of which one is very short lived.
Although this explanation is not excluded, it is considered to be unlikely due to
several inconsistencies in the data.

First of all we note a Stark shift4 is generally present in heterojunction quan-
tum wells which is observable in TRPL studies [70]. Considering the theoretical

4For an explanation of this effect see figure E.1 in appendix E.
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calculation it seems unlikely that TR contributions from probe wavelengths
ranging from 780 to 840 nm should have almost equal TR contributions at high
pump energy from both the bulk and the several 2DEG levels. Second of all, at
higher temperatures we know that the bulk signal does not live extremely short
as may be deduced from earlier TRKR measurements on bulk GaAs shown in
appendix I, figure I.1.

Stark Shift and Carrier Segregation Model

No simple explanation seems present which can explain all the TR results. Elec-
tron cooling cannot explain changes in sign and doubts are casted into the ab-
sence of significant growth in bulk GaAs while the Bulk and 2DEG Signal Model
is also not able to explain the observed behavior with probe wavelength.

With a few assumptions however, a fitting explanation can be found which
explains the change in sign of the signal, the difference in growth and decay. It
is nevertheless suggestive and more TR spectral measurements are necessary to
prove or disprove this explanation. It involves carrier segregation observed in
TRPL measurements and a Stark shift being present in the quantum well.

At low pump energies and 4.2K temperature TRPL measurements show that
carrier separation is (somewhat) limited by free exciton formation in the bulk.
Like explained in section E.0.1, most carriers are produced in the bulk and not
in the 2DEG. A Stark shift is present in the 2DEG making its levels lie such
that they are addressed at higher probe wavelengths (lower energies).

Any weak pumping of the 2DEG sample will fill the 2DEG and spectral
features arising from the 2DEG might appear. However, they should be shifted
to higher wavelengths due to this Stark shift. A bulk effect will nevertheless
remain which is what is believed to be seen at low pump energies: at 820 nm
probe wavelength a reasonable signal is present not showing any growth while
at 800 nm probe wavelength the signal changes sign and is much weaker.

Typical 300 ps decay is observed which can be due to free exciton formation
in the bulk which is consistent with what can be seen in TRPL in bulk GaAs5

and several hundred ps TRKR decay (assuming it is exciton formation which
limits it supported again by TRPL on bulk GaAs) shown in figure I.1. Support
for this is also seen in the fact that at 820 nm probe wavelength the TR signal is
quite strong compared to the 800 nm probe wavelength signal. This is what the
theory predicts at very low pump energies which can be seen by extrapolating
TR intensity behavior 2.12(a) and (c) to even lower pump energies.

At higher pump energies the 2DEG gets filled more and a 2DEG signal might
shift into our 820 and 800 nm probe wavelength. Initially a large amount of
carriers is pumped in the 2DEG which might cause the initial jump at higher
pump energies observed at 0 ps delay. The slow growth might then be due
to carriers going from the bulk to the 2DEG due to the built in electric field
counteracted by diffusion6. At low pump energies it might be that this process
also occurs but does not fill the 2DEG significantly for the 2DEG signal to
become visible at 820 and 800 nm probe wavelength.

5Although it is noted that this changes dramatically with pump energy. However, bulk
exciton formation and decay is fast at low pump energies while higher at higher pump energies.
This is again inconsistent with what is observed in the bulk and 2DEG signal model described
earlier.

6Although with the long mean free path of electrons in this particularly pure i-GaAs part
it may be assumed to be primarily dominated by the electric field.
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The fact that the 2DEG gives a stronger Kerr effect and reflectance signal
then bulk GaAs can be explained by carrier segregation as well: In bulk GaAs
carriers diffuse away from the surface reducing TR and TRKR effects while in
the 2DEG sample electrons, which from the theory we know are mainly respon-
sible for TR and TRKR, tend to move towards the AlGaAs-GaAs interface.

If it is true that at higher pump energies the 2DEG is observed their decay
must then be limited by their bands emptying through recombination. In TRPL
we observe for the 2DEG sample that free exciton growth is typically 1-2 ns while
their decay is 2.35 ns at the 4.2K temperature considered here. We assume here
that all carrier relaxation is radiative. A 2DEG lifetime of 1.1 ns is not strange
to imagine since the growth of free excitons is also on these timescales.

However, this predicts a big increase in the speed of carrier segregation by
going from 4.2 to 20K temperature while our TR signal has a much wider tem-
perature dependence only saturating in carrier lifetime above 60K temperatures
as can observed in the table. A possible reason for this discrepancy might be
that what is observed in TRPL is carrier separation from electrons and holes
and if TR is really arising from the 2DEG levels it might be that electrons also
take some time to fall into the 2DEG which specific time might change with
temperature.

In any case, at 100K temperature the free exciton decay of 9 ns is close
to the TR decay which is 7 and 5.5 ns at 800 and 820 nm probe wavelength
indicating that the carrier lifetime has increased dramatically and its main cause
is the reduction of exciton formation. The exact difference in TR decay between
those two wavelengths indicate that the two possible 2DEG level populations
might relax slightly differently.

Disappearing growth at higher temperatures is what is predicted by the
calculated TR and TRKR spectra. Since we have reason to distrust these due
to reasons mentioned before, another explanation should also be given. TRPL
indicates that carrier segregation speeds up with increasing temperature which
is attributed to exciton stability. It can explain why the growth disappears.

Spectral Dynamics Model

What the previous models cannot explain are the sign changes at high pump
energies by going from 780 to 840 nm probe wavelength. It is believed that
the changing positive and negative signals may arise from positive and negative
regions in TR, just as has been calculated in the bulk GaAs. For the 2DEG
similar features are expected as discussed in section 2.8.2. Off course, as the
2DEG levels get pumped with carriers positive and negative regions of TR (and
TRKR) are expected to arise just as in bulk GaAs. This should be able to
create more then one sign change in TR when scanning the probe wavelength if
more then one quantum well level is pumped.

A possibility including two 2DEG levels (as observed in the optical absorp-
tion discussed in appendix E) is schematically shown in figure 4.4. It involves
the two levels getting filled separately which is not strange to imagine since just
like in an two-sided quantum well transitions within the quantum well levels are
symmetry forbidden (not dipole allowed) for n=even and n=uneven levels. If it
does get filled in this particular way even the sign change at 800 and 820 nm
probe wavelength can be explained with pump energy.
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Figure 4.4: Schematic picture ex-
plaining a possibility of the ob-
served behavior of what happens
in figures 4.1(a)-(e). Explanation
given in the text.

Another possibility for the sign change
between 840 and 820 nm probe wavelength
is that excitons are responsible for this be-
havior. Their expected behavior has been
calculated before assuming that the line gets
bleeched in section 2.5.4. However it does
not fit in our picture that the absolute
TR signal at low pump energies is posi-
tive around the bandgap and negative above
it as predicted. Exciton bleeching should
have similar behavior at slightly lower wave-
lengths: at 840 nm the signal should be pos-
itive while it should be negative at 820 nm in order to explain our spectra.
Opposite behavior has been calculated for a bleeched exciton line which more
or less makes this possibility unlikely.

However, it still remains a possibility if the assumption about bulk GaAs seen
at low pump energies is incorrect which would contradict the carrier segregation
model.

TR Behavior at Intermediate Pump Energy

The only part left unexplained is part (f) in figure 4.1 showing what happens at
intermediate pump energy at 820 nm probe wavelength with temperature. What
is believed to be the bulk signal disappears while the 2DEG signal remains. The
disappearing bulk signal cannot be explained by the fact that the positive bulk
TR signal shifts out of our probe wavelength by the bandgap dependence on
temperature since our 820 probe wavelength is initially only 7 meV below the
GaAs bandgap while later on it is 10 meV above the bandgap. However as has
been given as a possible explanation before, carriers might move towards the
2DEG faster at higher temperatures causing the bulk signal to disappear giving
support to this physical picture.

Conclusion

To explain the TR measurement results multiple models and assumptions have
been proposed. The observed behavior can be due to electron cooling, multiple
TR signals seen at the same time, carrier segregation and/or spectral dynamics.
More spectrally resolved TR data on the 2DEG (and possibly a symmetric
quantum well and bulk GaAs for comparison) is necessary to be conclusive
about which possible combination of these models might be applicable.

It seems that the carrier segregation and spectral dynamics model are best
able to explain the observed behavior although also those models are at this
stage somewhat speculative.

4.6 2DEG Time Resolved Kerr Rotation

4.6.1 Electronic Spin Analysis

The TRKR results shown in figure 4.2 shows the following features which will
be attempted to be explained:
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� Growth is only observable at 820 nm probe wavelength and not at 840
and 800 nm probe wavelength.

� 5 times bigger TRKR signal from the 2DEG w.r.t. bulk GaAs. Maximum
signal at 820 nm probe wavelength

� The observed temperature dependence. By going from 4.2 to 300K the
decay times first become longer until it reaches a maximum around 80K
after which they decrease at higher temperatures. Growth disappears
quickly by increasing the temperature to 50K.

� A small growth decrease is observed at higher pump energies while the
decay seems to decrease only very slightly.

All these observations will again be discussed in the models already proposed
in the TR discussion. Since the sign of the TRKR signal has not been resolved,
the Spectral Dynamics Model is not discussed here although it might very well
be present. In the end, the temperature dependence of the decay of the TRKR
signal will be discussed separately.

TRKR data on bulk GaAs has been measured as well before by my supervisor
P.Rizo and A.Pugzlys and is shown in appendix I. Due to a lack of TR data,
no probe wavelength dependencies measured and probably different physical
phenomena playing a role in this data it will not be further discussed here
except in a few minor cases.

Electron Cooling Model

If the initial temperature rise model treated in the theory 2.5.4 is correct it can
just mean that by accidence at 820 nm probe wavelength we are at resonance
with our Kerr rotation signal while at 800 and 840 nm probe wavelength we
are not. Because our probe is 10 nm wide, it might also mean that at 800 and
840 nm probe wavelength we integrate over a complete positive or negative line
so initial heating is just impossible to see due to the initial broadness of these
lines. This indicates there is quite some uncertainty about the interpretation of
these data. If the sign of the signal has been checked this might also have given
some additional indication.

For comparison, a bulk GaAs signal is also included in plots (a) and (b)
showing that the signal is really arising from 2DEG physical phenomena. Again,
no growth is observed in bulk GaAs around the bandgap indicating that the
electron cooling model might be incorrect. This gave the first reason to take a
detailed look at the initial paper describing electron cooling [44]. Earlier bulk
GaAs TRKR data, shown in figure I.1, also never showed any growth although
due to our relatively wide (10 nm) probe signal it might again be that integration
over a broader peak might make this growth invisible as discussed in the theory
section.

Why the TRKR signal is generally 5 times bigger for the 2DEG w.r.t. bulk
GaAs cannot be explained by this model. From the theory we know that this
cannot be attributed to the different interface so it has to be a physical phe-
nomena. It can also not be attributed to the 2D DOS because at most probe
wavelengths the bulk signal is strongest as g factor analysis will show.

What is in favor of this model is that the growth strongly decreases with
temperature as is predicted by the theory. The small growth decrease with
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pump energy is also in favor of this model: a higher electron density means the
electron bath has more probability to scatter with the phonon bath which should
decrease the time it takes for these temperatures to equalize. The observed decay
is believed to be too small to make any suggestions about.

Again, the electron cooling possibility seems to be able to explain certain
observed dependencies, but seems inconsistent or not explained with others.
Especially the appearance and disappearance of growth at certain probe wave-
lengths seems weakly explained by this model, making other explanations more
probable.

Bulk and 2DEG Signal Model

The other possibility is that the appearance and disappearance of growth is
related to a positive and negative contribution of the 2DEG itself and the bulk
behind it as explained in the TR discussion.

More indication for this model comes from the g factor analysis of the TRKR
measurements with perpendicular magnetic fields. If we assume all g factors
different from the bulk g factor are arising from the 2DEG (Which is made very
probable as discussed in section 4.6.2) we observe the following:

At 840 nm probe wavelength only a 2DEG level is seen as shown in part
(c) of figure 6.1. This TRKR signal has no no T90 growth. At 820 nm probe
wavelength the bulk contribution is strongest indicated by the fourier spectrum
in figure J.10(g). This does show 80 ps growth. At 800 nm (and 790 nm) probe
wavelength the 2DEG signal becomes stronger compared to the bulk signal as
the fourier spectrum in figure J.10(c) (and (a)) shows. This shows only minor
growth.

The fact that the strongest growth is observed if the bulk g factor is strongest
and no growth when it is absent gives a strong indication for this model. How-
ever, why this is so different from TR behavior is unknown and casts doubt on
this model. Also, for this model it is necessary that the 2DEG and bulk GaAs
TRKR signal has opposite signs both at 820 and 800 nm probe wavelength.
This is in agreement with the suggestion in the Spectral Dynamics Model as
figure 4.4 shows.

What is in disagreement with this model is the observed temperature depen-
dence of the growth: at higher temperatures the g factor analysis shows in part
(e) of figure 6.1 that the bulk signal remains strong. We do observe a strong
reduction in growth time with temperature which contradicts this model.

Why the signal is 5 times stronger for the 2DEG w.r.t. bulk GaAs TRKR
signal can also not be explained by this model.

Stark Shift and Carrier Segregation Model

Another model explaining the TRKR results is based on carrier segregation.
The lower lying QW (or exciton) level of which a signal appears below the
bandgap at 840 nm probe wavelength has a low density of states which can
easily get filled. It can be that at these probe wavelengths the lowest 2DEG
level is already so filled that additionally carriers do not want to diffuse to this
level explaining why no growth is observed.

At 800 nm probe wavelength Kerr rotation might be observed from the
higher lying 2DEG levels which get filled by carriers from the 2DEG (although
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this is not efficient at 4.2K temperature suggested by TRPL). At 820 nm probe
wavelength it might be that some intermediate level gets probed and electrons
falling in the 2DEG from level to level takes some time which is indicated by the
longer growth time observed. This would indicate a further physical phenomena:
two timescales might be present for carrier diffusion, one in which carriers get
separated in the bulk and one in which electrons need to fall into the 2DEG by
going from QW level to QW level.

However, in the TRKR case the argument for the Bulk and 2DEG Signal
Model seems more probable since the carrier segregation model is based on more
assumptions.

Carrier Segregation can explain the bigger TRKR signal observed for the
2DEG w.r.t. bulk GaAs. In bulk GaAs due to the electron distribution carriers
should be moving away from the air-GaAs interface while for the 2DEG electrons
(being responsible for the TRKR signal) should be moving towards the AlGaAs-
GaAs interface. This gives a further indication for carrier segregation.

Growth quickly disappearing when the temperature is raised can be expla-
nation by carrier segregation which is believed to be seen in TRPL in section
4.2. At higher temperatures excitons dissociate making carrier segregation eas-
ier. Similar to the discussion in section 4.5.1, a discrepancy between observed
temperature behavior exists for what has been observed in TRPL and in TRKR
which might be attributed to different times for carriers to separate in the bulk
and to fall into the 2DEG.

This model seems to explain the TRKR signal behavior but is based on
many assumptions which makes it far from conclusive.

Temperature Dependence

A reason for the decay of the TRKR signal can be found by taking a look at
the TR measurements. TR decay shown in table 4.1 indicates that at low tem-
peratures carriers live around 1 ns while already at 60K they have an elongated
lifetime equal to around 6 ns. Since the measured T90−10 decay times are in the
order of TR decay times at low temperatures, it is believed that electron de-
phasing in this regime is limited by recombination or exciton formation. More
conclusive evidence will follow from the first part in section 4.6.2 where the
wavelet plots are discussed. At higher temperatures this effect is decreased and
initially T90−10 decay times are longer.

Nevertheless TRKR decay saturates around 1 ns indicating that the bulk
D’Yakanov-Perel dephasing calculation for our 2DEG sample in section 2.7 is
being only slightly pessimistic about spin dephasing since it predicts spin de-
phasing times around 500 ps. It might even be that if the original guess that the
factor 1/2 between observed spin dephasing times and real spin dephasing times
is not valid for 2DEG’s (see section 2.5.4) is true, it is close to being exactly
that which has been calculated.

This calculation furthermore predicts that at temperatures above 100K spin
dephasing becomes much shorter. At a temperature of 300K a D’Yakanov Perel
dephasing time of 63 ps is calculated. If the line observed in part (f) is extrap-
olated to 300K we see an approximate difference of a factor 2 again giving an
indication that a bulk D’P dephasing calculation is indeed sufficient to predict
spin dephasing times.

The original suggestion of n doping GaAs without adding impurities should
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create high spin lifetimes. It was believed that the created holes could recom-
bine with the large electron bath which should leave a spin oriented electron
gas after recombination. It should work at low pump energies because holes
then recombine with the large electron bath instead of with the injected spin
population. However, a detailed high wavelength spectral and temporal TRKR
scan has not been measured at low pump energies and there might still be a
very long lived electron spin signal solely limited by D’P dephasing which can
spectrally be very narrow.

Conclusion

To explain the TRKR measurement results again the physical models discussed
in TR were considered. To make hard conclusions about these results, more
spectrally resolved data on the 2DEG (and bulk GaAs and a symmetric quantum
well for comparison) is necessary. It is concluded that carrier segregation seems
to be able to explain most of the data but its assumptions, although physically
possible, are somewhat suggestive. The electron cooling and 2 signals models
seem inconsistent at some points which shows that at least these models do not
describe everything which is going on we observe in the TRKR results.

At this moment, the carrier segregation model is therefore preferred although
the 2 signals model seems also strong in explaining parts of the results.

The temperature dependence of the TRKR signal is originating from carrier
recombination or exciton formation at low temperatures while D’P dephasing
is believed to be responsible for the signal behavior at high temperatures.

4.6.2 TRKR g Factor Analysis

The extracted g factor results are shown in figure 6.1. Its features are explained
in section 4.4.2. The following features of these results will be discussed:

� The asymmetry of the peak when only the bulk GaAs g factor is observed.

� At high temperatures g factors differing from the bulk continue to be
observed. One shifts with temperature just as the bulk g factor does
while the other one shifts less with temperature.

� When scanning the probe wavelength the bulk signal is strongest at 800
and 820 nm probe wavelength.

� g factors seem to be emerging and disappearing in the several experiments.

� 2 separately observed g factors different from the bulk appear and shift
when the pump energy is varied.

The magnetic field dependence measurements show its g factor dependencies
are originating from the sharpness of the fourier peak from which they are
derived. For these measurements it was concluded that there does not seem to
be a big dependence in agreement with what has been previously measured by
Oestreich et al.[48] and will not be further discussed.
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Bulk GaAs Peak Asymmetry

In TRKR experiments when only the bulk GaAs g factor is observed a quite
asymmetric fourier peak can be seen which is believed to be coming from the
bulk. It is quite narrow on the g = -0.44 side while it is pretty broad on the
other side extending up to g = -0.3. An example of this can be seen for the
fourier spectrum of the g factor peaks at intermediate energies in part (d) of
figure 6.1. Their fourier spectra are plotted in figure J.4 (c) and (e). The origin
of this broadness comes from a changing g factor for electrons sitting higher in
the conduction band as has been previously investigated by Oestreich et al.[48].
They report on a g factor variation of electron in the conduction band with the
empirical formula:

g(E) = −0.44 + 6.3 ∗ E(eV ) (4.2)

this indicates a filling of the bulk conduction band of which the maximum filling
at a single place should be around 20 meV. By observing the fourier plots from
low to high pump energies we first see this asymmetric peak broaden which is
what is expected from more band filling. Furthermore, by looking at the wavelet
plots in figures J.4 (c) and (e) it can be seen that with time, the original large
spread in g factors narrows toward the g factor -0.43 low in the conduction band
indicating carrier relaxation instead of dephasing at low temperatures. This is
believed to be the origin of the asymmetry of this peak.

When we look at the wavelet plots at higher temperatures shown for low
pump energies in figure J.8 and J.9 it is observed this peak becomes more sym-
metric at higher temperatures. This gives a further indication that at higher
temperatures real spin dephasing is observed in TRKR. This makes the state-
ment about carrier recombination or exciton formation limiting TRKR signals
at low temperatures even stronger.

High Temperature behavior g factors

In figure 6.1 (e) it is observed that g factors not originating from the bulk remain
present at higher temperature. It is expected that these can be due to exciton
states or the quantum well levels present in our 2DEG. These g factors also
show up in our TRKR signal at higher temperatures and even increase in their
respective fourier transforms with temperature (see figures J.6, J.7, J.8 and J.9).

Confined free excitons theoretically have four times higher confinement en-
ergy but generally in quantum wells an enhancement of this energy of 2.5 is
seen7. In our case this would mean free exciton states in the 2DEG with max-
imum confinement energies of ∼12 meV8 and free excitons in bulk GaAs with
typical confinement energies of 4.9 meV. With the thermal energy increasing
to kbT = 8.9 meV at 100K these g factors arising from excitons should de-
crease with temperature which is not what is observed. Bound exciton states
should not be very pronounced in our TRKR spectra as well as their dissociated
electrons sitting in impurity states because these are only very small spectral
features observed in TRPL.

7See the discussion in section 6.4.4 in [52]. The enhancement is due to the 2D Coulomb
energy.

8In our case this is a severe overestimation since the holes are unconfined.
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By comparing part (d) and (e) of figure 6.1 it is seen this black line in (e)
probably belongs to the light blue line. It is therefore strongly believed that at
least the dark and light blue (shown black in part (e) of figure 6.1) g factors can
only be due to structural changes, in other words the quantum well levels.

In plot (e) of figure 6.1, the bulk g factor changes with temperature and
the red line plotted is exactly that line given by the phenomenological formula
deduced by Oestreich et al.[48]:

g(T ) = −0.44 + 5 · 10−4T (4.3)

The formula fits quite well to one set of g factors showing without doubt that
this is really the bulk GaAs g factor contribution. The second set of g factors
indicated by black points have similar behavior. As stated this g factor is
believed to be originating from a quantum well which apparently is only created
at high pump energies and is an induced or highly shifting quantum well level.
The third g factor (blue line) belonging to a QW level seems not to be changing
much with temperature. The origin of this behavior is unknown.

Bulk Signal Observed at 800 and 820 nm

When scanning the probe wavelength it was observed the bulk signal seemed
strongest at 800 and 820 nm probe wavelength. This is in agreement with the
theory which predicts a positive TRKR signal at 820 and a negative signal
around 820 nm at the pump energies used at 4.2K temperature. In between
and outside this range it seems it is small with respect to other g factors which
is also in agreement with the theory.

Emerging and Disappearing g Factors

The emergence and disappearance of several g factors can be explained by spec-
tral shifts of the various TRKR signals with separate g factors. A good example
can be seen for the g factor indicated by the dark blue lines in part (d) and (e) in
figure 6.1. In (d) a low temperature and low pump energy is used which shows
this g factor at 800 nm but not at 820 nm probe wavelength. (e) shows this g
factor can appear at 820 nm probe wavelength by increasing the temperature.
This is logical since the bandgap of GaAs shifts with temperature which should
also be happening to quantum well g factors spectrally.

Another possible example is shown in part (c) of the same figure. Apparently,
at 100K and high pump energies the bulk g factor becomes weak and is only
observable at 830 nm probe wavelength which is the probe wavelength closest
to the GaAs bandgap at this temperature.

The emerging g factor observed in part (d) is observed because it is differing
substantially with pump energy from the bulk g factor above a certain pump
energy. It is then observed both at 800 and 820 nm probe wavelength.

At high pump energies the quantum well g factor indicated by the light blue
line is observable over a broad probe wavelength range which can be observed
in part (c) of figure 6.1. An explanation of this can be given in terms of its
spectra. As discussed, the dark blue g factor line seems quite sensitive to probe
wavelength which is not unreasonable to imagine since all the spectral features
are calculated to be narrow at low pump energies in the theory section. At high
pump energies however, spectral features are calculated to be relatively broad
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which can be a reason for the observation of the light blue g factor line over a
broad range of probe wavelengths.

Pump Energy Dependence

Part (d) of figure 6.1 shows 2 separately observed g factors different from the
bulk appear and shift when the pump energy is varied. The origin of their
separate behavior is unknown. Possible origins can be found in the creation,
disappearance and changes of quantum well levels due to different band bending
with injected carriers but how this precisely works out has not been investigated
further. Another possibility for its behavior may be found in a strong g factor
dependence for confined electrons sitting in their 2D bands.

From the fourier plots especially at low temperature it is seen the bulk GaAs
peak first broadens by looking at figures J.2-J.5. Above a pump energy of 200-
300 pJ it does not seem to broaden anymore. The broadness of the bulk GaAs
peak indicates a filling of the bulk conduction band of which the filling is 20
meV. This could not be attributed to the spectrum of the probe which is 20 meV
wide because this is observed both at 800 and 820 nm probe wavelength. At
least the 800 nm probe wavelength TRKR signal should be observing electrons
sitting somewhat higher in the conduction band. A possibility of this maximum
filling observed could be bleeching of the pump. This effect is explained in
appendix G.

Conclusion

By analyzing the g factor dependencies in TRKR a few conclusions can be
drawn. The appearance and disappearance of g factors and their relative strength
in fourier plots indicates spectral dynamics is playing a strong role in these mea-
surements. Due to a lack of complete spectral data its precise influence could
not be determined.

Bulk GaAs and other g factor contributions have been separated and were
analyzed. g Factor contributions coming from other then the bulk were con-
cluded to be originating from quantum well levels. That they might be due to
exciton states was considered to be unlikely. The broadness and asymmetry of
the bulk GaAs g factor peak with additional wavelet analysis has given a strong
indication that at low temperatures carrier recombination or exciton formation
is indeed limiting the electron spin lifetime observed in TRKR. This furthermore
gave an indication that the conduction band in bulk GaAs present behind the
2DEG is getting filled by more then 20 meV at pump energies above 200-300
pJ. The bulk GaAs temperature behavior has been measured and was found to
be consistent with an earlier deduced phenomenological formula.

Similar temperature behavior has been found for the g factor of one quan-
tum well level. The other quantum well level seems to be more stable versus
temperature.

The strong changes in the g factors of quantum well levels with pump energy
indicate structural changes induced by the pump pulse. The precise mechanism
responsible for the changes in the quantum well g factors is unknown.
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4.7 Summary

This chapter is concluded with a summary of what has been measured and what
was concluded:

� Transient reflectance and time resolved Kerr rotation has been measured
as function of probe wavelength, pump energy, temperature, magnetic
field and repetition rate.

� Time resolved photoluminescence and optical absorption spectra of the
samples showed evidence for carrier segregation being important creating
long carrier lifetimes and that at least 2 quantum well levels seem present
in the 2DEG.

� Transient Reflectance measurements were inconclusive because no evi-
dence existed which could attribute the observed behavior solely to the
proposed electron cooling, Bulk and 2DEG signal, spectral dynamics or
carrier segregation models. Evidences and inconsistencies could be found
for all models indicating that possibly more then one of these might be
happening in these experiments. Decay times of the TR signal change dra-
matically with temperature. This was attributed to free exciton lifetimes
observed in TRPL which indicated carrier segregation.

� Time resolved Kerr rotation casted lots of confusion about which model
was correct. Carrier segregation could explain almost everything but was
suggestive. Since the other models could not be excluded it is unknown
what exactly is responsible for the behavior of the TRKR signal in the
2DEG. What could be concluded is that TRKR signal lifetimes are limited
by D’P dephasing at high temperatures while they are limited by carrier
recombination at low temperatures. Strong evidence was found from g
factor analysis.

� g Factor analysis showed a rich behavior indicating spectral dynamics
plays a large role in TRKR spectra. The bulk g factor has been correctly
identified by wavelet analysis and showed without doubt that carrier re-
combination limits TRKR at low temperatures. Some of the other g fac-
tors observed could be attributed to quantum well levels by observing
their temperature behavior. By wavelet analysis it was estimated that a
maximum bulk band filling of 20 meV was achieved.

� Although many interesting features have been observed more spectrally
resolved measurements on the 2DEG, as well as comparison material from
bulk GaAs and a symmetric GaAs/AlGaAs quantum well, are needed to
analyze the physical processes which are going on in our heterojunction
quantum well.



Chapter 5

1D Sample Description

5.1 Introduction

In the beginning of the year transient reflectance and time resolved kerr rota-
tion on the 2DEG has been measured and many interesting results have been
observed. How this 2DEG is formed and its properties have already been calcu-
lated and discussed in section 2.6. With this measurement knowledge and the
spin dephasing predictions made by Caspar van der Wal discussed in section
2.7.6 several options to confine electron spins have been investigated of which
the grating option as described in the theory was the most promising because
it gives some tunability to the induced 2DEG grating width.

For creating 1D spin channels, channel confinement needs to be smaller
then the electron mean free path length of 13 µm but larger in order for 1D
wavefunction confinement effects not to become important. The gratings in that
case are in the order of or even smaller then the wavelength of the optical light.
The gold structures in the grating must also be confined to limit higher order
and maximize 0th order diffraction from the grating by keeping the period of
the grating small.

It is not strange to think that these gratings can have different response for
differently polarized light. This has been investigated first and the fabricated
sample is described next. With the help of the experimental results of this
sample a final sample has been made which is described subsequently.

5.2 ITO Sample

To investigate the influence of the gratings on the polarization state of the
transmitted light, and additionally gain some experimental optics experience,
gratings have been created by electron beam lithography (EBL) and subsequent
gold deposition on a piece of glass with a transparent Indium Tin Oxide (ITO)
layer. The several dimensions are shown in figure 5.1.

In all cases discussed in this chapter, EBL lithography is performed by first
spincoating a 70 nm thick solution of 950K PMMA polymer of which 2% is
dissolved in acrylacetate. Subsequently, the samples are baked for 15 minutes at
180�to harden the spincoated layer. The final exposure is then done by placing
the samples in the EBL machine which basically shoots high speed electrons
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(accelerated with a voltage difference of 10kV) at the spincoated polymer in
a certain pattern. The exposure of the resist to an electron beam causes the
polymer to break into smaller pieces. The exposed area is then washed away
with a developer which only dissolves the smaller polymer pieces. This developer
consists of a 3:1 IPA:MIBK mixture in which the sample is dipped for 60 seconds
after which the remaining MIBK is washed away by placing the sample for 30
seconds in an IPA bath.

With this procedure a certain mask is constructed and by subsequently de-
positing gold (or etching) and washing away all the resist with aceton our grat-
ings can be created.

Figure 5.1: Schematic grating fig-
ure showing the relevant dimen-
sions.

For the initial sample just described,
namely the ITO sample, the thin transpar-
ent ITO layer is used for the adhesion of the
structures to the transparent glass substrate.
Two samples were created each containing 25
gold gratings of 150x150µm2 with different
thicknesses of the gold, 10 and 30 nm. From
the extinction coefficient and refractive in-
dex measured in the past[65] a reflectance of
99 % is expected. However, when the gold
thickness of the layers becomes in the region
of the penetration depth ∼13 nm it was not previously known how exactly this
would influence the reflectance or polarization and therefore practical thick-
nesses have been chosen in this region. Of these thicknesses 3 nm is reserved
for a small titanium layer for proper gold adhesion.

The 25 gratings contain 3 different periods of 600, 1600 and 4600 nm and
have different widths of 200, 150 and 100 nm. Like stated, before this exper-
iment there was no clue about how gratings would alter polarization so these
have been picked more or less at random taking into account several hand wav-
ing arguments. The first is that thick gratings most probably have the biggest
optical effect. Also the transmission through thin gratings is expected to be
highest maintaining uniform excitation of the 2DEG below. Furthermore, the
gold widths are wanted to be relatively narrow so that most optical signal ac-
tually reaches the 2DEG and reflects back. However, the more confinement the
more optical effect is expected and therefore 9 different gratings each with dif-
ferent periods and gold widths have been fabricated to investigate their effect.
Additionally, also a 150x150µm2 piece is completely covered with gold of these
two thicknesses to measure the transmission through thin gold layers.

After investigating the influence of gratings on the transmitted polarization
state it was concluded that especially when the period and the grating width
became small the polarization state is somewhat changed as will be discussed
in section 6.1. Therefore the safe alternative which should give enough spin
confinement and transmission and not significantly alter the polarization has
been chosen. This grating had a 1600nm period and 200nm grating width
together with 10nm thickness which has been used to create the final structure,
named the grating sample, which will now be discussed.
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Figure 5.2: Photograph taken from the grating sample made by the camera of the
microscope in the optical setup showing 16 gold grating structures. The etch edges are
clarified by a green line. The 12 electrical wires go to the four ohmic contacts shown
in the top and bottom of the figure and the 8 electrical gates which make the 1D
channels. On the side SEM pictures and on the bottom an optical microscope picture
is shown showing a more detailed view of several parts of the structure. The sample
is approximately 2mm high and wide. The gratings themselves are 200x200µm2. The
wires in the wire structure are 15µm long.

5.3 Grating Sample

With the selected grating it is now possible to confine spins to certain dimen-
sions. Figure 2.17 shows that the net DP dephasing should be lowest or highest
at a 45 degree angle with respect to the [100] axis. On the sample, four gratings
have been constructed of which one along the [100] axis, one along the [010] axis
and two at a 45 degree angle between these axes.

Additionally, a mesa, four ohmic contacts and a wire structure have been
created on the same sample to determine electrically how wide the channels are.
This is done by measuring the resistance of a channel created by wires of the
same dimension as in the grating with the standard four point probe method.
In this method, two ohmic contacts act as a current source while the other
two contacts act as a voltage measurement as will be further explained in the
experimental setup.

A negative voltage to the gratings is always applied by grounding one of the
ohmic contacts and putting the other contact on the 8 bond pads. By applying a
sufficient negative voltage the electrons under the gate area are expelled. If any
enclosure is present the electrons will be driven in and outside of this enclosure
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right at the exact negative voltage in which the electrons are expelled from under
the gate. Increasing the negative voltage then will not change the amount of
electrons present in this enclosure because these electrons in the 2DEG cannot
escape. Because of this reason the 1D channels have been left open on one side.

The resulting sample is shown in figure 5.2. For redundancy, four of these
samples have been constructed and have been glued and bonded on different
chip carriers. In this picture made by the camera in the microscope of our
optical setup the gratings can be distinguished from each other by looking at
the open end in the gratings. The structure has been constructed in a 5 step
process for which in all processes EBL lithography as described earlier has been
used.

First markers are deposited at the edges of the green lines. In the second
step the 2DEG is confined by etching. By etching a part away the 2DEG is
not present at the etched part and an island to which the 2DEG is confined is
constructed. The area between the green lines (with the bottom and right part
of the sample) in the picture indicate the etched area.

Next, the ohmic contacts have been made by depositing 100nm AuGe, 30nm
Ni and 20 nm of Au and subsequent annealing for ∼ 5 minutes at 450�. They
have been made with the help of Friedrich Limbach and Erik Koop in the
FND group who studied ohmic contacts during his thesis and with their help it
ensured a very low contact resistance of around 25 Ohms at 4.2K. Details of how
exactly these are fabricated may be found in Friedrich’s report[66]. Around the
ohmic contacts small dents have also been etched away to avoid edge currents
which possibly alter the measurements.

In the final two steps the 10nm thick gratings and a wire structure have
been created and a thick 100nm gold layer has been deposited at the edges to
make sure that the gold on top of the 2DEG makes good contact with the gold
deposited on the etched part where the bond pads reside. From experience it
is known that there is no need to worry about the gold making contact to the
2DEG at the edges.

In general, if small structures are written on a resist with EBL lithography
it is known that electrons can scatter back from the semiconductor material
enlarging their designed shape. This is called the proximity effect and is known
to be important in case of GaAs. However, the structures created in this thesis
turned out to be not detailed enough for this effect to become important. If a
very careful look is given to the lowest SEM picture on the right figure 5.2 this
effect might still be visible near the edges of where the wires make contact to the
big gold rectangle but of course for device operation this is not important. The
width of the gold wires in the gratings and wire structure has been measured to
exclude any proximity effect and they are approximately equal to their designed
width of 200nm. Also a dose test has been performed to see what dose was
needed to create the structures. In all cases, except for the ohmic contacts, 3
nm Titanium has been used as an adhesion layer for the gold to the substrate.



Chapter 6

1D Results and Discussion

6.1 Grating Induced Polarization Changes

The goal of the original project was to try and confine electronic spins to a single
dimensions and see how this changes their spin dynamics. It was predicted
that further confinement of the already 2D confined spins in a heterojunction
quantum well to certain directions would minimize and maximize the primary
spin dephasing mechanism: D’Yakanov-Perel which should be visible in TRKR
measurements. Although from the previous sections it can be concluded that
carrier and spin dynamics observed in the heterojunction quantum well is far
from trivial in itself, a possibility was looked for to confine the electronic spins
to the desired directions.

The most realistic possibility was to use the technique already tried in many
experiments done in electronic transport groups before: to use electrical gates
to confine spins to a single dimension. A grating shaped gate would then allow
to produce many parallel 1D channels which could be probed simultaneously
creating a strong enough TRKR signal from them. Furthermore, by varying the
gate voltage some control over the channel width was also possible.

Uncertainty nevertheless existed about how these gratings would influence
the polarization state of the light in TRKR measurements which is why this has
been researched with the help of the Transmitted Polarization Measurement
Setup described in section 3.2. The results of these measurements are reported
on in this section.

6.1.1 Measurement Description

To measure the influence of the gratings on the transmitted polarization state,
several gold gratings which were believed to be necessary for future measure-
ments were deposited on top of a transparent piece of glass with ITO on it as
described in section 5.2.

Measurements were performed where the intensity and polarization state
of the 0th and 1st order of diffraction of the several gratings was determined.
The original polarization was also varied to investigate the influence of circular,
horizontal (perpendicular to the direction in which the gratings were pointing),
vertical and linear polarized incident light at a 45 degree angle.
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Gratings with periods of 4600, 1600 and 600 nm were chosen which should
give 6, 2 and 1 order of diffraction including the 0th order. The 1st order of the
1600 nm grating should appear around 30.4 degrees which is equal to what is
observed. Only the 0th, 1st and 2nd order of the 4600 nm period grating were
visible which resided at 10.1 and 20.6 degrees which has also been observed.

The 0th and 1st order has been investigated for all of them except for the 1st

order of the 600 nm period grating (because it does not have a 1st order) and
the 1600 nm period grating for 10 nm thick gratings because it was too weak
for alignment.

6.1.2 Linear Incident Polarization Results

The results from the transmitted polarization state of linear light was quite
obvious: no significant rotation (max 3 degrees) or ellipticities (max 0.1) were
measured for all the linearly polarized incident light. The only exception in this
was when the polarization state of the first order of the 1600 nm period and 30
nm thick gratings (figure 5.1 shows the relevant dimensions) was investigated
with 45 degree linearly polarized light shone onto it.

Only in that case ellipticities went up from 0.2 for 200 nm width to 0.6 for
100 nm width gratings while the rotation shifted from 20 degrees, measured
from the horizontal axis, to -20 degrees. Nevertheless, this was only dramatic in
case of 30 nm thickness gratings and even there only 25 % of the original signal
was sent through both 1st orders.

Although this is an interesting result in itself, its origin has not been inves-
tigated any further since for our purposes the only interest is in its operation in
TRKR which should be more then sufficient (at least for 10 nm thick gratings).
This is due to the fact that first order diffractions are not sent into our detection
scheme with TRKR if their angle is wider then ∼10 degrees. Therefore we don’t
care too much about the 1st orders at least for our probe in TRKR.

6.1.3 Circular Incident Polarization Results

For the pump, circularly polarized light should remain circularly polarized when
transmitted through a grating in order for TRKR measurements to work. There-
fore the transmitted polarization state and transmission in case of circularly po-
larized incident light has been investigated. The results of these measurements
are plotted in figure 6.1.

Gold Transmission

Additional to the measurements described, the transmission through a gold pad
of 10 and 30 nm thickness has also been determined which is also shown in the
figure. The transmissions through these two gold pads were 9.85% and 45.1%.
For an infinitely thick slab of gold we expect for 800 nm wavelength light a
reflectance of 97.6% while the remaining 2.4% is absorbed[73].

Although for non-absorbing materials in many cases a classical interface
model can be used with great success (for instance in Fabry-Perot Interferom-
etry) this does not seem to be the case for a highly absorbing (and therefore
reflecting) material such as gold where the penetration depth is calculated to
be only 13 nm for ∼ 800 nm light.



6.1. GRATING INDUCED POLARIZATION CHANGES 99

In this case the transmission seems to be closer to the physical situation
where a certain portion of light is absorbed determined by the penetration
depth and the rest is transmitted(T = e

− thickness
Lp ). The calculated transmission

in that case is equal to 9.95 and 46.3% which is quite close to what is observed.
However, of the portion which is absorbed we do know that most of it has to
be reflected otherwise we would not be able to see the gratings.

Although the reflected intensity has not been measured, a model is therefore
suspected where the transmission can be calculated as indicated before, while
of the remaining intensity 97.6% is reflected and 2.4% absorbed.

How this model would connect exactly to the interface model so frequently
used (even if the wavelength of the used light is much larger then the considered
dimensions) is unknown.

It seems that for materials where interface reflections are mainly determined
by extinction coefficients the proposed model in this section should be used while
for materials where interface reflections are mainly determined by refractive
indices (which is the abundant majority of materials) the interface model can
be used, possibly with inclusion of absorption between interfaces.

Grating Transmission

The total transmission through all gratings is calculated theoretically assuming
an ITO portion period−width

period with transmission 1 and a portion covered by gold

1− period−width
period of which the transmission is given by T = e

− thickness
Lp . These cal-

culated results, together with what has been measured, is plotted and explained
in figure 6.2.

The observed trends are as predicted and also their absolute magnitude
is not dramatically overestimated. As can be intuitively thought, for a good
transmission the width of the gratings needs to be chosen small compared to
the period.



(a) Transmission of circular polarized light through ITO with glass, a
plain piece of 30 nm gold and the 0th order of several gratings with
30 nm thickness.

(b) Ellipticity of transmitted circular polarized light through the plain
ITO with glass and the 0th order of several gratings with 30 nm
thickness.

(c) Transmission of circular polarized light in the 1st order diffraction
of several gratings with 30 nm thickness.

(d) Ellipticity of transmitted circular polarized light in the 1st order
diffraction of several gratings with 30 nm thickness.

(e) Transmission of circular polarized light through ITO with glass, a
plain piece of 10 nm gold and the 0th order of several gratings with
10 nm thickness.

(f) Ellipticity of transmitted circular polarized light through the plain
ITO with glass and the 0th order of several gratings with 10 nm
thickness.

(g) Transmission of circular polarized light in the 1st order diffraction
of several gratings with 10 nm thickness.

(h) Ellipticity of transmitted circular polarized light in the 1st order
diffraction of several gratings with 10 nm thickness.

Figure 6.1: 0th and 1st order transmission and ellipticity from transmission of circular
polarized light through the various produced gratings on ITO. The periods of the
gratings are 4600, 1600 and 600 nm while the used widths are 1600, 800, 400, 200, 150
and 100 nm as indicated in figure 5.1. Lines are guides to the eye.
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(a) (b)

Figure 6.2: Measured Transmission through the 0th and 1st order diffraction versus
the theoretical total transmission. For the 4600 nm period grating a similar trend is
calculated and the remaining transmission is attributed to higher orders. For the 1600
and 600 nm gratings no such thing can be done while still the calculated transmission
is overestimated. For 30 nm thick gratings all the trends are at least correct while for
10 nm thick gratings the 1600 nm thick gratings even has an opposite trend. However,
in this case this can be attributed to a not measured 1st order. Reasons for the
overestimation of calculated transmission through gratings of 1600 and 600 nm period
are unknown.

Transmitted Ellipticity

The ellipticity of the transmitted light in 0th and 1st order for 10 and 30 nm
thick gratings is shown in the right column of figure 6.1.

For the 0th order transmission the original ellipticity of 0.925 seems reason-
able conserved dropping to a minimum of 0.8 observed in case of 600 nm period
gratings. However, the 1st order transmission through 1600 nm period gratings
has a quite dramatic effect reducing the original ellipticity below 0.3.

Reasons for this may be found in the precise plasmonic behavior which is
the main optical absorption mechanism (around 800 nm wavelength) in gold.
It can be imagined that plasmonic excitations oriented along the gold wire has
different characteristics then perpendicular to them due to confinement. Since
plasmons exists of charge displacement along a certain direction it is easy to
imagine that the electric field of the light, characterized by a polarization state,
couples differently to these two plasmon states. This creates slightly different
gold absorption coefficients for differently polarized light. The result is different
1st order diffraction for differently polarized light altering the polarization.

Considering this reason, we may predict that this only becomes important
when the gold confinement, our grating width, becomes in the order of size of
these plasmonic excitations. Looking at part (d) of figure 6.1 we may conclude
that these excitations are somewhere between 400 and 200 nm in size.

For our purpose the 1600 nm period grating which is only 10 nm thick is ideal
to reach the specified goal reported on in this thesis: It has no measurable first
order diffraction, a high transmission exceeding 90% and a high conservation of
ellipticity for both circular and linearly polarized light. Furthermore, an electron
mean free path of 12.83 µm has been previously measured in the 2DEG sample,
making sure that confinement of these electrons to wires of ∼1µm produce the
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desired behavior.

Conclusion

Although the gold gratings show interesting results in certain limits, the gratings
do not seem to induce severe polarization changes in the transmission. By
looking at the results a grating has been chosen which has a 1600 nm period,
200 nm width and 10 nm thickness insuring a high transmission exceeding 90%
and a high conservation of ellipticity for both circular and linearly polarized
light.

Nevertheless, a word of caution is given: although the gratings seem to have
negligible effect on the transmitted polarization state when a CW low intensity
diode laser is used, at the very high intensities present in optical pulses used to
measure TRKR this influence is likely to change. Due to time constraints, these
measurements have not been repeated in the Optical Pump-Probe Setup.

Fortunately, it is predicted these changes are small since for the plasmon
induced effects only the width of the gratings should have any influence on the
polarization state. Bleeching due to high intensities is therefore predicted to
have the effect of reducing the already small influence of gratings on transmission
and polarization.

6.2 Electrical Confinement Characterization

After the influence of gratings on the transmitted polarization state has been
found to be negligible for the gratings of interest, it was time to electrically
characterize them.

Three samples have been created of the type described in section 5.3 each
having four sets of gates to electrically test the 2DEG confinement. How these
are measured is described in section 3.3. All three have first been characterized
in an electrical setup of the FND group which is described first. Subsequently,
an identical electric setup has been built in the optical cryostat to make com-
bined optical-electrical measurements possible. Electrical characterization in
this setup is described next.

6.2.1 All Electrical Measurements

All the samples have first been characterized in an existing electric setup in the
FND group because this electrical setup has enough electrical contacts making
it possible to characterize all electrical gates.

The samples have been put in a vacuum sealed enclosure which is dipped into
liquid helium. The gate leakage and ohmic contact resistance is first checked
after which the measurements were performed. The results from two of the
samples are shown in figure 6.4 (a) and (b).

Some of the gates initially worked while some didn’t. After rebonding the
samples several times, all gates seemed to work properly except for the bottom
one which is shown in the figure.

The figure shows that at a certain negative gate voltage, called the pinch
off voltage, the resistance of the mesa suddenly increases to around 700-1000Ω
indicating a narrow channel has been formed. At higher negative voltages the
channel narrows roughly exponentially with gate voltage.
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(a) Mesa resistance versus gate voltage for four
different pairs of gates of a single sam-
ple. The pinch off voltage and immedi-
ate resistance increase differs for each pairs
slightly. The immediate resistance increase
is higher for pairs of gates which need a
higher pinch off voltage.

(b) Idem as (a) but now for a different sample.

(c) Mesa resistance versus gate voltage for a
single sample illustrating what happens if
only one gate is connected.

(d) Mesa resistance versus gate voltage show-
ing what happens if two pairs of gates are
connected instead of a single one.

Figure 6.3: Several results electrical confinement characterization. All the plots show
the measured mesa resistance measured with the 4 terminal method discussed in 3.3
versus the negative gate voltage applied to several pairs of gates.

Because the mobility and sheet density of the 2DEG is known from previous
quantum Hall measurements, equal to 2.14·1011cm−2 and 1.59·106cm2/Vs, the
sheet conductance σsh = qnshµ is also known. Here q is the elementary charge,
nsh the sheet density and µ the mobility. The theoretical value of the resistance
of such a channel can then be calculated through R= 1

σsh

l
w , where l and w are

the length and width of the channel. In our case the created channel is 15 µm
long while at pinch off we guess it is ∼1µm wide. Without any gate voltage the
mesa is 1800 µm long while it is approximately 1500 µm wide. The resistance of
the mesa is then calculated to be 22 Ω while the resistance of the small confined
wire is calculated to be 275 Ω.

This is slightly different from what our results show. From experience it is
known the mesa resistance varies between 10 and 30 Ω while the resistance from
the confined wires varies from 600-1200 Ω. The mesa resistance is calculated
quite accurately while the confined wire resistance is calculated to be ∼3 times
lower then what is observed. Reasons for this discrepancy may be that effectively
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the channel is somewhat larger then its design due to the triangular shaped wire
confinement at the ends of the wire or that the Hall mobility and sheet density
changes slightly from sample to sample (if both change by a factor 1.4 this is
already enough to explain the discrepancy). It is also possible the channel is
not neatly 1 µm wide everywhere but has large reductions in width along the
wire increasing the resistance at pinch off.

The pinch off voltage varies slightly between pairs of gates as can be observed
from the figure. Typical values range from -0.3 to -0.6 V.

Part (c) shows what happens if only 1 gate is connected. At the pinch off
voltage, half the 2DEG is blocked by a single gate creating a mesa resistance
approximately twice as large.

For two pairs of gates on a single sample an identical pinch off voltage and
initial resistance jump has been found. For this gate it was checked whether
they would really act as two resistors in series if both were connected. This
would potentially ease our limitation of limited electrical connections in the
optical setup. The result is shown in part (d) which shows that it indeed works
this way.

6.2.2 Electrical Measurement in the Optical Cryostat

After the confinement has been observed in the all electrical setup, this setup
was replicated in the optical cryostat of the optical setup to do combined electro-
optical experiments. This cryostat had the disadvantage that only 6 connections
are available for measurements. Therefore a previous sample of which the elec-
trical measurements showed the confinement worked has been selected and two
pairs of gates were connected. The results of the measurements performed are
now shown after which they are discussed.

Results

The sample was cooled down to 4.2K with the optical cryostat windows open.
After the leakage of the gate has been characterized and a safe range of 0.3 to
-2.5 V was determined, the setup was connected such that the mesa resistance
could be monitored while varying the gate voltage.

A very low mesa resistance of only 3 Ω was observed which did not change
by varying the gate voltage completely unlike the plain electrical measurements.
After almost every connection in the newly built electrical setup was rechecked,
it was concluded this was not a feature of the electrical setup. The incoming
light through the optical windows was believed to be responsible for this and
therefore all optical windows were closed.

The sample was cooled down to 4.2K temperature again and both gates
seemed to work exactly as has been measured in the all electrical setup in
the FND group. After the optical window was re-opened, the mesa resistance
dropped from 20 Ω to 3 Ω within a second proving our suspicion. When the
optical window was closed again this resistance did not change back again at
least within a few hours, and no confinement curves could be measured again.

A short research of the influence of light on electrical measurements was
subsequently performed to see whether it was still possible to measure the con-
finement electrically in a very dark lab. The sample was heated and cooled
down again recovering the confinement curves.
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(a) Confinement measurements under com-
pletely dark (closed windows) and ’labo-
ratory dark’ (opened windows in dark lab)
circumstances at 4.2K temperature.

(b) Confinement measurements under labora-
tory dark (indicated bright in the plot) and
after 1, 2 and 5 seconds of (scattered) laser
radiation pointed at the sample. The tem-
perature was 4.2K.

(c) Confinement measurements under com-
pletely dark (closed windows) and ’labo-
ratory dark’ (opened windows in dark lab)
circumstances at 100K temperature.

(d) Confinement measurements after 60 sec-
onds and continuous illumination with
(scattered) laser radiation at a 100K tem-
perature. Comparison is with ’laboratory
dark’ (opened windows in dark lab) cir-
cumstances.

Figure 6.4: Several results of electrical confinement characterization made by the
newly installed electrical setup in the optical cryostat. The influence of light is investi-
gated by opening the window and shining scattered or direct laser light at the sample.
All the plots show the measured mesa resistance measured with the 4 terminal method
discussed in 3.3 versus the negative gate voltage applied to several pairs of gates.

After all the lights in the lab were switched off or covered and almost no
daylight penetrated the lab, an optical window was opened for a short period of
time after which it was closed again. The resulting measurement is shown in fig-
ure 6.4(a). To see whether it would be possible to do optical measurements while
retaining electrically characterizable confinement, the 5 mW 810 nm CW diode
laser used for characterizing grating induced transmitted polarization was shone
next (giving scattering) or on to the sample for a varying amount of seconds
after which the optical window was closed again. The resulting measurement
is shown in figure 6.4(b). The mesa resistance dropped to 3 Ω again and only
at much higher gate voltages a resistance increase was observed which did not
look like a confinement curve. It was decided that confinement measurements
did not work at 4.2K with any small amount of light penetrating the cryostat.
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After this measurement was performed, it was decided to repeat the mea-
surements at elevated temperatures of 100K to see whether it would be possible
to do combined measurements at these temperatures. Confinement could be
measured at these temperatures although the mesa resistance at 0 V gate volt-
age and the initial resistance step was ∼5 times higher. Also the pinch off
voltage was increased to -1 V.

By opening the windows a slight change in the confinement behavior was
observed as is shown in figure 6.4(c). The overall resistance increased slightly
while the pinch off voltage decreased. Hereafter, the CW diode laser was shone
on the sample again for several seconds. This changed the confinement behavior
again somewhat as can be observed in figure6.4(d). The resistance stayed equal
while the pinch off voltage increased again.

Confinement behavior was measured with the CW diode laser continuously
shining next (so high scattering is present) or on to the sample after which a
completely different confinement behavior was measured which is also shown in
figure 6.4(d). The resistance change at pinch off was very small as is seen by
the figure. It went up from 71 to 76 Ω. The pinch off voltage also decreased.

In the end the same was done with the Ti:Sapphire laser shone (indirect) on
the sample showing a mesa resistance of 3 Ω and no pinch off.

Discussion

The measured behavior is believed to be originating from a combination of
an altered 1D band structure, of which calculations have been done before in
section 2.6 and the persistent photoconductivity effect. The calculations predict
that a sufficient amount of photoexcited carriers in the band structure causes a
parallel channel to form in the AlGaAs. This causes any confinement behavior
to diminish because the electric field from the gates is screened. Although the
ohmic contact resistance is quite sensitive to the time they are annealed, part
of it may also make contact to the AlGaAs layer albeit a very high contact
resistance may be present.

The persistent photoconductivity effect originates from DX centers, first
theoretically described in AlGaAs by Chadi and Chang[74]. These are deep
donor levels arising from substitutional impurities which have a repulsive barrier
for both electron emission and capture. This repulsive barrier is due to a large
lattice defect induced by and around the substitutional impurity itself. Different
optical and thermal ionization energies exist which are typically ∼1 and ∼0.1
eV. They are present in case of n-type GaAs with pressures exceeding 20 kbar
or dopant densities in excess of 1019cm−3. In case of AlxGa1−xAs, this occurs
for x≥0.22.

In our case deep donor states in AlxGa1−xAs get ionized by our laser light,
typically 1.5 eV, while at low temperatures due to the repulsive barrier they
cannot thermally relax back to their donor states which causes these carriers
to be permanently ionized. At higher temperatures relaxation becomes possible
again reducing the number of itinerant carriers.

It is believed that although ionized carriers originally sit in the AlGaAs area
in our 1D band structure, they may relax into the 2DEG due to their high initial
temperature gained through the high optical activation barrier1. Nevertheless,

1Note that in the subsequent explanation, this is not necessary to explain the electronic
behavior.
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if the ionization rate becomes too big, the large amount of itinerant carriers
can partially sit in the AlGaAs layer as is predicted by the band structure
calculations.

This theory may explain our results as the following discussion shows. At
low temperatures and a dark lab with open cryostat windows, any remaining
light coming through the optical cryostat window is for a large part IR light due
to black body radiation of the surrounding. This is not able to optically excite
DX centers which is why the resistance and confinement change is quite low in
a dark lab, even at 4.2K temperature.

Even a small fraction of 1.5 eV light from a laser source is able to permanently
reduce the mesa resistance due to carriers induced in the i-GaAs itself and
through ionization of DX centers. The stable band structure changes such that
maybe initially a larger 2DEG density is created. Shortly thereafter, the AlGaAs
layer gets filled creating a parallel electron gas which makes it unable for us to
measure any confinement. If the laser light is switched off, the repulsive barrier
for electrons in the AlGaAs to fall back into their deep donor levels limits the
return of the sample to its original situation and the parallel channel remains.

At higher temperatures this effect disappears which may be due to a number
of reasons such as structural changes in DX center stability, thermal activation
over the barrier and phonons being present.

One might wonder why the additional itinerant carriers do not fall into the
Si donor states in the doped AlGaAs. It needs to be realized however that
the amount of electrons sitting on the Si donors is fixed and is determined by
the Boltzmann distribution. Electrons fall into and dissociate from these donor
states rapidly creating a stable equilibrium where the amount of electrons on Si
donors is fixed even though more itinerant carriers may be present.

With 1.5 eV CW laser light scattered or shone directly onto the sample,
the confinement behavior changes such that it looks like a parallel resistance
is present next to the normal resistance measured from confinement. One ex-
planation is that the confinement behavior is of only a single 2DEG channel
either from the AlGaAs or GaAs with the other channel still shorting the ohmic
contacts. A more likely explanation is that no parallel channel is created but
carriers do get constantly excited under the gates (we know the 10 nm gates
transmit some part) providing leakage of optically created carriers which can
also effective create a parallel channel of conductance.

At higher temperatures, we see the resistance of both the mesa and the re-
sistance at pinch off voltage increase by a factor ∼5. This is logical, since at
elevated temperatures a lower mobility is present. However, mobility measure-
ments performed by K. Ivanin reported in table 2.3 show the mobility should be
lower by a factor of 66 which should mean the electron density has increased by
a factor of 13. This is not what is expected from 1D band calculations done in
section 2.6. It might be that either these calculations overestimate the problem
or this is again a feature of a second parallel channel in the AlGaAs to which
the ohmic contacts might slightly connect.

A generally higher pinch off voltage is also observed which can be due to
higher amounts of carriers present in the AlGaAs partially screening the electric
field.
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6.2.3 Conclusion

Electrically confining the 2DEG in a dark cryostat worked as expected. A ∼ 3
times higher confinement resistance was measured at pinch off as was expected
from calculations which can be due to several reasons such as dents in the wire
confinement, a pessimistic guessed wire length or a slight change in measured
electron density and mobility from sample to sample taken out of the 2DEG
wafer.

However, when any amount of light falls onto the sample at low temperatures
no confinement curves could be measured, which is believed to be due to a
parallel electron channel created in the AlGaAs which is in its turn made possible
by permanent ionization of electrons residing at DX centers in the AlGaAs. At
high temperatures confinement can still be measured with light falling onto the
sample but then a parallel channel between the ohmic contacts is created either
by photoexcited carriers underneath the gates or by a parallel AlGaAs channel.

It is concluded that combined electro-optical experiments with the present
sample does not seem to be possible. Adjustments are proposed in the recom-
mendations chapter. Despite this disappointing fact, it is tried to do optical
experiments and see if an applied gate had any effect on TRKR spectra.

6.3 TRKR on the 1D Confined 2DEG

Despite the lack of clear evidence for electrical confinement when light is shone
on the sample, it was tried to observe changes in TRKR with a high gate voltage
of -2.5V applied. The results of these measurements are shown in figure 6.5.
The names of the 4 different gratings originate from the sample picture shown
in figure 5.2. If we name the gratings observed in this picture 1-4 starting from
the left grating, 1 and 2 are the outer and inner grating while 3 and 4 are the
45 inner and 45 outer gratings.

By looking at 5.2 and 2.17 we can see that the longest spin dephasing sig-
nal is expected from the outer grating (direction [110]) while the smallest spin
dephasing is expected from the inner grating (direction [1̄10]). The 45 degree
gratings should not have any difference in spin dephasing times and have spin
dephasing times in between those (directions [100] and [010]).

Part (a) to (d) show the resulting TRKR signal when no gate voltage and
gate voltage of -2.5V is applied. Part (a) to (c) were TRKR measurements
performed with a high repetition rate of 2MHz and the lowest power possible
to observe any signal (Pump energies are a few tens of pJ). The spot size is
∼30 µm FWHM while in all previous cases it was ∼ 100 to 50 µm indicating
a higher excitation density then before due to the stronger focus lens (15 cm)
which could be used in the optical microscope setup. No change in the signal is
seen with an applied gate voltage.

In part (d) it is tried to use the lowest repetition rate possible with the
current setup of 200 kHz which might give excited DX centers an opportunity
to relax. No change with gate voltage is observed again. The decay time is
changed to 600 ps.

A change in TRKR appears to be observed between the gratings even at
0V which is shown in part (c). All the signals seem to have a more or less
constant decay around 300 ps but a different offset is observed for different
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gratings. Later on it was found to be originating from an incorrectly balanced
detection bridge which makes the signal somewhat proportional to differences in
reflectance. From TR measurements these are known to be long. The movement
of the lens misaligned the probe beam going into the detection bridge which
made this happen.

At higher pump energies behavior is observed which has different offsets and
slightly different decay times as can be seen from part (e) and (f). The fact that
even in the absence of a grating the signal changed by moving the microscope
lens indicates inproper alignment.

The measurements indicate that electrical confinement does not work in our
case due to reasons mentioned in the previous section and therefore alternative
methods need to be investigated to observe a confinement induced spin changes.
Several suggestions are given in the recommendations chapter.



(a) Influence gate voltage on TRKR for the gratings which should have
a minimum and maximum spin dephasing time. The repetition rate
is 2MHz while the pump energy is low (∼10’s of pJ).

(b) Influence gate voltage on TRKR for the gratings which should have
an identical dephasing time. The repetition rate is 2MHzwhile the
pump energy is low (∼10’s of pJ).

(c) (a) and (b) repeated with the inclusion of a TRKR signal on some
plain 2DEG area of the sample. The repetition rate used in case of
the plain 2DEG area is again 2MHz while the pump energy is low
(∼10’s of pJ).

(d) Measurements of (a) and (b) repeated here for a single 45 grating
with a lower repetition rate of 200 kHz. No gate voltage is applied.

(e) TRKR measurements at 0V for higher pump energies of ∼500 pJ-
2nJ.

(f) Normalized (at 50 ps) view of (e).

Figure 6.5: Optical measurements on the 2DEG sample with gratings. The temper-
ature is 120K while the probe has a wavelength of 820 nm (17 meV w.r.t. the GaAs
bandgap) while carriers are injected with a pump which has 780 nm wavelength (94
meV w.r.t. the GaAs bandgap)



Chapter 7

Conclusions

The goal of this thesis was to confine electronic spins in the GaAs/AlGaAs
heterojunction quantum well to a single dimension and investigate its spin dy-
namics. To reach this goal first the ongoing research in electron and electron
spin dynamics in the heterojunction quantum well itself must be understood.

For this purpose, a theory has been described to calculate time resolved
Kerr rotation and transient reflectance in bulk GaAs. Together with some 1D
band structure calculations showing relevant physical band phenomena it is then
estimated how spin and carrier dynamics could show up in our experiments.
Additionally, the relevant spin dephasing mechanisms occurring were explained
to understand spin dynamics later on.

With this theory, together with earlier measured time resolved photolumi-
nescence and optical absorption, the physical phenomena which occur in the
heterojunction quantum well when it is optically excited has been tried to un-
derstand. We believe to have seen:

� Carrier segregation limited by free exciton formation in the bulk GaAs of
the 2DEG sample.

� At least 2 quantum well levels showing up in optical absorption and in g
factor analysis.

� Electron spin lifetimes limited by carrier recombination at low tempera-
tures and D’Yakanov Perel dephasing at temperatures above 100K.

� Several g factors of different quantum well levels which shift with pump
energy possibly indicating band bending phenomena.

� Temperature dependence of not only the bulk g factor, but 2 quantum
well level g factors as well.

� Spectral dynamics playing a very strong role in TR and TRKR.

Models treating electron cooling, 2DEG and bulk signals, spectral dynamics
and carrier segregation were checked for consistency with the observed TR and
TRKR results. No definite conclusions could be made about which one of these
models plays an important role with the data present. The one which seemed
most consistent is the combination of spectral dynamics and carrier segregation.
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It is emphasized however that the other models could not be ruled out. More
spectrally resolved TR and TRKR data is necessary to investigate this matter
any further.

Samples have been fabricated to investigate the influence of grating shaped
gates on our optical measurements. After their influence has been found to be
small, new samples were fabricated to electrically characterize their confinement
and at the same time do optical experiments.

Electrical confinement worked in dark electrical setups as expected but due
to the persistent photoconductivity effect, as soon as some light falls on the
sample at low temperatures their correct operation is destroyed. This is believed
to be due to a parallel conductance channel between the gates and the 2DEG.
This screens the electric field from the gates destroying its intended operation.

Despite this fact, optical measurement were performed with and without gate
voltage to see if the confinement worked when doing optical experiments. The
indication already given by electrical experiments were confirmed: no difference
was observed in its spin dynamics when electric potentials were applied to the
gates.

As a final remark, it is noted that the main subject of this thesis has been to
see if confining spins to specific dimensions creates longer spin coherence times.
Despite the fact that this didn’t work out yet at the writing of this thesis, it
might be possible with other techniques to realize this goal discussed in the
recommendations section and is therefore not a lost cause.



Chapter 8

Recommendations

Several recommendations are given which are split up into parts. These are
brainstormed recommendations and might therefore very well not work. Thanks
go to Prof. Paul van Loosdrecht who helped brainstorming some of the recom-
mendations. They are meant as ideas which can be thought about for future
measurements on the 2DEG. Problems with the AlGaAs parallel channel, plain
2DEG TR and TRKR characterization, experimental things and TR,TRKR
calculations are considered.

8.0.1 AlGaAs Parallel Channel

� The persistent photoconductivity may also be used: by the 1D band cal-
culations it is predicted that a parallel channel is mainly caused by the
high amount of itinerant carriers. By reducing the Si doping density, or
even trying without any doping density at all, the parallel channel may
be removed while the 2DEG channel remains at low temperatures due to
persistent photoconductivity.

� By etching only 10-20 nm deep, the 2DEG can be depleted. With this
technique the same gratings can be etched possibly creating spin chan-
nels. However, when carriers are excited optically, they will be excited
throughout the whole GaAs part which may induce band bending and
such so there is a question how well the electrons will be actually confined
to a single dimension in optical experiments. Deeper etching might be
a possibility but this may give other problems. One problem is that a
surface next to the 2DEG causes the 2DEG to be depleted next to the
surface. This is observed before in the FND group and has been used
silently in the creation of the 1D sample. Also the resolution obtained
with such deep etching might be poor. Those are problems to overcome.

� Another possibility is that if the contact made by ohmic contacts is sensi-
tive enough to annealing times it is possible to make an ohmic connection
to the parallel channel created in the AlGaAs and the 2DEG. By etching
it may be easy to deplete the AlGaAs channel effectively creating a gate
which is even closer to the 2DEG.

� If in the future it is necessary to very selectively excite electron densities a
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PMMA layer with a thick gold mask on top of it (typically used in shadow
evaporation techniques) may be created to protect the complete 2DEG and
AlGaAs from getting additional electrons by the photoconductivity effect.

8.0.2 Optical Measurements 2DEG

� If you really want to know what is happening to several quantum well
levels, where they reside, what is their response, reflectance and Kerr
rotation must be measured not only temporally but also spectrally. By
applying magnetic fields it is then possible to observe several quantum well
g factors and how they change in time. By looking spectrally what happens
these can be accounted to several quantum well levels and the influence of
band bending, inter QW relaxation and recombination through excitons
can be studied in detail.

� As a starter we can say it is expected that at high probe wavelengths
around 840 nm and only slightly higher pump wavelengths (but below
the GaAs bandgap) at slightly elevated temperatures it may be possible
to see much longer carrier lifetimes which should produce even nicer spin
dynamics results when 1D confinement can be reached. It might be nec-
essary to scan the probe wavelength very accurately because spin signals
can spectrally be quite narrow.

� Off course, other (confined) structures may also be investigated in this way
potentially giving a very direct spectroscopy to study electron and spin
dynamics. Multiple symmetric quantum wells, quantum wells in other
materials transport through quantum wells can be studied in detail this
way. With this spectroscopy, you can potentially get even more informa-
tion out of for example spin Hall measurements or possibly the spin valve
effect with semiconductors since electron and spin dynamics can be very
directly probed. The disadvantage of this technique lies in its complicated
interpretation and its low spectral resolution. With the suggestions from
the experimental conditions part it is estimated a spectral resolution of
at most 5 meV may be obtained. This is not enough to investigate for
example Landau levels.

8.0.3 Experimental Conditions

� The calculations in this thesis show that for an AlGaAs-GaAs interface
Kerr rotation and reflectance is dramatically enhanced. Due to the large
reflection from the surface of the 2DEG sample no big difference is ob-
served in light falling onto the detectors and its variation between bulk
GaAs and the 2DEG sample. If this normal reflection can be removed, a
big source of noise on the detectors is removed as well. When the lab is
also made sufficiently dark, it is then possible to use more amplified diodes
to obtain much better signal to noise ratios potentially giving a very high
sensitivity with which TRKR and TR can be used to observe the TRKR
and TR response at much less perturbative pump energies.

� An option to remove this noise source is by depositing a triangular shape
of n-GaAs on the 2DEG which would separate this reflection. This is
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Figure 8.1: If triangular shaped GaAs could be deposited somehow on the 2DEG
sample this should allow to separate the specular reflection from the surface.

schematically shown in figure 8.1.

� Another option is to apply a small AC voltage between a transparent gate
on top of the 2DEG (or the back of the 2DEG) and the 2DEG itself. This
induces slight changes in 2DEG density. This variation might turn up in
the optical measurements which can be separated by Lock In techniques.

� To spectrally resolve the probe wavelength without misaligning our detec-
tion scheme every time and automating it tunable optical filters are avail-
able for purchase which can be customized in transmission bandwidth and
may be tuned by a voltage source very precisely (sub nm). You can find
them on www.sci-sol.com. Very nice spectrally and temporally resolved
Kerr rotation and reflectance can be made with these.

� By increasing the spot size on GaAs it may also be possible to get less
noisier signals when the 2DEG response at very low excitation densities
needs to be investigated.

8.0.4 Calculations TR, TRKR

� TR, TRKR Calculations can be extended to other III-V semiconductors.

� High electron gas interactions can be included into TR and TRKR calcu-
lations such as plasma oscillations and the Coulomb Enhancement Factor
if one wants to know how these look like in the high injection limit.

� In the future ellipticity dynamics may also be analyzed (data already
present)

� TR and TRKR from the 2DEG may also be calculated.
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Appendix A

Kerr Effect Formulas

In the macroscopic theory of interaction between matter and electromagnetic
waves[60] the response of a medium subjected to an electromagnetic field is
contained in the dielectric and magnetic permeability tensors εij & µij . For a
medium which has a definite magnetization1 these tensors can be established
phenomenologically and from them the three different Kerr effects can be cal-
culated. This has been done for example in [61] and the results for general
incidence are stated here.

A.1 Arbitrary Incidence

For arbitrary incidence under an angle φ and the incoming wave having s or p
polarization as indicated in figure A.1 the three different orientations give the
following Kerr effects:

1. For the polar orientation:

Θs,p
k = =

(
η2[(η2 − sin2 φ)1/2 ∓ sinφ tanφ]

(η2 − 1)(η2 − tan2 φ)
∗Q
)

(A.1)

εs,p
k = <

(
η2[(η2 − sin2 φ)1/2 ∓ sinφ tanφ]

(η2 − 1)(η2 − tan2 φ)
∗Q
)

(A.2)

2. For the longitudinal orientation:

Θs,p
k = =

(
η2 sinφ(sinφ tanφ±

√
η2 − sin2 φ)

(η2 − 1)(η2 − tan2 φ)(η2 − sin2 φ)1/2
∗Q

)
(A.3)

3. For the transverse orientation:

δp =
∆I
I

= −=
(

4 tanφη2

(η2 − 1)(η2 − tan2 φ)
∗Q
)

(A.4)

Here Θs,p
k ,εs,p

k & δp are the Kerr rotation, ellipticity and relative change in in-
tensity of the reflected light for s and p orientation. η represents the ratio of

1either induced or static in the case of a ferromagnetic medium
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Figure A.1: The three different orientations of the magnetic moment versus plane
of incidence. The corresponding Kerr effect due to these 3 geometries are called the
(a) polar, (b) longitudinal and (c) transverse Kerr effect.

the diagonal2 complex index of refraction n2/n1 and Q is the so called mag-
netooptical Voigt parameter assumed to be proportional to the magnetization.
This parameter becomes complex in the case of absorption and is generally very
small: |Q| � 1. The upper sign corresponds to s polarization while the lower
sign corresponds to p polarization of the incoming light.
It can be seen that in all cases the effects are linear in the magnetization. Now
two special cases of these formulas will be stated for future reference: the normal
and oblique incidence case

A.2 Normal Incidence

For normal incidence when φ→ 0 we see that only the polar Kerr effect remains.
We then have:

Θs,p
k = =

(
η

η2 − 1
∗Q
)
εs,p

k = <
(

η

η2 − 1
∗Q
)

(A.5)

A.3 Oblique Incidence

For oblique incidence we take φ→ π/2− χ where χ represents the small angle
between the plane of incidence and the incoming wave. It then turns out that
all Kerr effects are proportional to χ:

1. For the polar orientation:

Θs,p
k = ±=

(
χ

η2 − 1
Q

)
εs,p

k = ±<
(

χ

η2 − 1
Q

)
(A.6)

2. For the longitudinal orientation:

Θs,p
k = ∓=

(
η2χ

(η2 − 1)3/2
Q

)
εs,p

k = ∓<
(

η2χ

(η2 − 1)3/2
Q

)
(A.7)

2as stated in section 2.3, for a magnetization in the z-direction the dielectric tensor becomes

phenomenologically

0
@

ε1 −ig 0
ig ε1 0
0 0 ε0

1
A. The diagonal component of the refractive index is

then n2
2 = ε1. This is the component of the refractive index in the absence of a magnetic

moment in the crystal.
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3. For the transverse orientation:

δp =
∆I
I

= =
(

4η2χ

η2 − 1
Q

)
(A.8)

It can be seen from these formulas that when η is large the order of importance
is transverse, longitudinal and then the polar effect.

A.4 Polar Versus Oblique Incidence

In all the cases previously mentioned we see that the effects are all proportional
to the Voigt parameter Q and therefore all effects are odd in the magnetization
~M . Furthermore it can be seen that in the case of oblique incidence all effects
are proportional to the angle of incidence χ which is small. Also in general η
will be bigger then one but not much bigger3 so then by looking at the equations
A.5–A.8 it can easily be seen that the normal polar Kerr effect is the strongest
effect so that is why this one is the orientation which is chosen in order to
investigate spin dynamics.

3for example in the case of a GaAs/AlxGa1−xAs interface it can be seen from [53] that
ηmax ∼ 1.3
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Appendix B

GaAs Band Wavefunctions

The GaAs band wavefunctions near k = 0 have strong atomic character and
can be given term symbols as is shown in figure B.2. Their Clebsch Gordan
expansions of the atomic wavefunctions are stated here for reference:

SO : 2P 1
2

|J=1/2,mJ=1/2〉 =
√

2
3 |L=1,mL=1〉|S=1/2,mS=−1/2〉−√

1
3 |L=1,mL=0〉|S=1/2,mS=1/2〉

|J=1/2,mJ=−1/2〉 =
√

1
3 |L=1,mL=0〉|S=1/2,mS=−1/2〉−√
2
3 |L=1,mL=−1〉|S=1/2,mS=1/2〉

LH : 2P 3
2

|J=3/2,mJ=1/2〉 =
√

2
3 |L=1,mL=0〉|S=1/2,mS=1/2〉+√

1
3 |L=1,mL=1〉|S=1/2,mS=−1/2〉

|J=3/2,mJ=−1/2〉 =
√

2
3 |L=1,mL=0〉|S=1/2,mS=−1/2〉+√
1
3 |L=1,mL=−1〉|S=1/2,mS=1/2〉

HH : 2P 3
2

|J=3/2,mJ=3/2〉 = |L=1,mL=1〉|S=1/2,mS=1/2〉
|J=3/2,mJ=−3/2〉 = |L=1,mL=−1〉|S=1/2,mS=−1/2〉

CB : 2S 1
2

|J=1/2,mJ=1/2〉 = |L=1,mL=0〉|S=1/2,mS=1/2〉
|J=1/2,mJ=−1/2〉 = |L=1,mL=0〉|S=1/2,mS=−1/2〉

From these expansions the relative transitions which can be made with linear
and circular polarized light can be calculated by calculating and comparing their
transition probabilities ∼ |〈J1,mJ1 |Y

0,±1
1 |J2,mJ2〉|2.

This has been done and is shown schematically in figure B.1. It is noted that
the total transition probability is equal for linear of circularly polarized light.
In order to see how angular momentum is conserved consider 4 right circular
polarized (σ+) photons having total angular momenta 4h̄. As can be seen
from figure B.1 3 electrons of angular momenta − 1

2 h̄ and 1 electron of angular
momentum + 1

2 h̄ are created. Furthermore, 3 electrons of angular momenta − 3
2 h̄

are missing and 1 electron of angular momenta − 1
2 h̄ which can be considered

as holes having opposite angular momenta. Adding all the angular momenta
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Figure B.1: Schematic picture of optical pumping between the valence and conduc-
tion band in GaAs.

3×− 1
2 h̄+ 1

2 h̄+ 3× 3
2 h̄+ 1

2 h̄ = 4h̄ we see that this adds up to the total orbital
angular momenta injected. What is interesting is that light with a certain
angular momentum creates electrons with opposite spin angular momenta due
to spin orbit interaction.

Figure B.2: Band structure of
GaAs near the k=0 point for
two different directions <100> and
<111>.



Appendix C

Coherence and Precession
in GaAs

In this section, it will be explained how the TRMOKE picture of the previous
two sections relate to spin coherence and precession. It begins by explaining
optical coherence between two states and will explain why in GaAs we can
consider populations of the angular momenta states treated in the previous
section. This is going to be necessary in the calculations of TRMOKE and
TRTR spectra. Next, precession and the evolution of coherent populations is
briefly described. In the end comments are given on the difference between
dephasing and decoherence times of electron populations.

In order to explain spin coherence1 first we will consider optical coherence
treated for example in [50]2. Consider a quantum mechanical system in which
only two energy levels are present, for example a molecule. Assume that ini-
tially only the lower energy state is populated by a single electron. When a
sinusoidal perturbation is applied at the resonant frequency to this system, in
the case of optical coherence an oscillating electrical field created by a light
pulse, perturbation theory predicts that in the absence of other perturbations
the probability of the electron being present in the lower energy or higher en-
ergy state oscillates with the frequency ∆E

h . Here ∆E is the energy difference
between the two states.

If at a later time τ a single photon at the resonant frequency is sent at this
two level system, by measuring the presence of zero or two photons afterwards
(arising from absorption or stimulated emission assuming perfect interaction)
from quantum mechanics we know that the electron is forced either in the lower
or higher energy state. By repeating this experiment many times and at dif-
ferent delay times the absorption will follow the original probability oscillation
predicted by perturbation theory. External perturbations not taken into account
in the time independent perturbation calculation cause this original oscillation
to decay and by looking how long the oscillations last it is possible to get a
measure of how long other perturbations other then the simple perturbation
can be neglected. This is called the coherence of the system and depending on
what part of a wavefunction we take into account we talk about different types

1An easy to read introduction may also be found in [14].
2A simple treatment is given in the chapter about time dependent perturbation theory
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of coherence.
Normally an experiment is not done by shining photons one by one at the

sample but a coherent light pulse produced by a laser is used. This creates
many electrons instead, all with identical quantum mechanical phases. It is
essential that the photons in the light pulse which create the population are
coherent since every single excitation must evolve coherently and in phase with
each other to measure any collective effect with a delayed probe pulse.

In the case of identical molecules all the excitations in the individual molecules
generally interact little with each other and optical coherence is generally long
and can be quite easily measured. For GaAs when optical coherence is measured
between the conduction and valence band electrons and holes within their band
tend to interact with each other strongly. This causes extremely fast (< 10 fs)
optical decoherence in GaAs and has been measured with a special technique
called photon echo in GaAs[46]. This example shows that almost immediately
after excitation the electrons and holes can be thought of as a population.

When instead of a linear a circular photon is directed at GaAs we know
from section 2.4 that this creates an electron and hole each in different angular
momenta states with different probabilities after the optical coherence time.
For example, in the case of a right circular photon after ∼ 10fs either a single
electron with state |J = 1/2,mj = 1/2〉 and a single light hole with state
J = 1/2,mj = 1/2 is created with probability 1/4 or a single electron with state
|J = 1/2,mj = −1/2〉 and a single heavy hole with state J = 3/2,mj = 3/2
is created with probability 3/4. Quantum mechanically speaking, the electrons
and holes are said to be in a statistical mixture of the several angular momenta
states described in section 2.4. Formally the coherent evolution of the several
angular momenta states need to be treated in the density matrix formalism3 but
since for the electron states considered there are only two probabilities involved
this calculation will be shown in the more classical way for clarity.

When no magnetic field is applied no perturbation is present and the eigen-
states of the system in GaAs are manyfold and pointing arbitrarily in space
since GaAs is considered to be isotropic. When circular polarized light is sent
at the system this creates populations with angular momenta pointing along the
direction of light propagation. Because these are eigenstates of the system they
will in principle remain forever. Even if the created magnetic field by the an-
gular momenta is taken into account the created angular momenta populations
are still eigenstates making them ’constants of the motion’. However, several
decoherence processes described in section 2.7 cause the angular momenta pop-
ulations to equilibrate. With a delayed probe pulse this equilibration can be
followed in time and this is done in TRMOKE. Note that the induced magnetic
field, although small as shown in the next section, is also in the direction of
propagation justifying the treatment of section 2.3.

When a magnetic field is oriented perpendicular to the incoming light direc-
tion the new spin eigenstates of the system are in this direction. If a circular
light pulse is now shone on the sample it still creates the same statistical mixture
of states as described previously but these states will not be the eigenstates of
the system. The eigenstates are in the direction of the magnetic field and are
Zeeman split in energy ∆E = gµbB where µb is the bohr magneton, B is the
magnetic field applied and g is the Landé g factor describing the strength of the

3See [47] chapter 3 complement E
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coupling between the electrons angular momentum and the field. A quantum
mechanical treatment of this situation shows that in time the original angular
momenta states precess around the magnetic field. A good treatment of preces-
sion for the most general created coherent spin state α| ↑〉z + β| ↓〉z has been
given in [47]4. This treatment shows that a single state precesses at frequency
∆E
h . In our case the initial statistical mixture needs to be taken into account.

For example, in the case of a RCP photon the initial statistical mixture of an
electron 10 fs after excitation is:

|Ψ(0)〉 = p 1
4
| ↑〉x + p 3

4
| ↓〉x (C.1)

= p 1
4

(
1√
2

(| ↑〉z + | ↓〉z)
)

+ p 3
4

(
1√
2

(| ↑〉z − | ↓〉z)
)

Here the magnetic field is in the z direction and the original states created in
the x direction. With ∆E the energy difference between the two states the
evolution becomes:

|Ψ(t)〉 =p 1
4

(
1√
2

(
e−i∆E t

2h̄ | ↑〉z + ei∆E t
2h̄ | ↓〉z

))
+ (C.2)

p 3
4

(
1√
2

(
e−i∆E t

2h̄ | ↑〉z − ei∆E t
2h̄ | ↓〉z

))
To observe the evolution of the spins in the x direction matrix element 〈Ψ(t)|Sx|Ψ(t)〉
needs to be calculated:

〈Ψ(t)|Sx|Ψ(t)〉 = p 1
4

h̄

2
√

2
cosω0t+ p 3

4

−h̄
2
√

2
cosω0t (C.3)

= − h̄

4
√

2
cosω0t

Here ν = ω0
2π = ∆E

h is the precession frequency. It turns out that precession is
still there but slightly weaker then when only a single state | ↑〉x is considered.
During this precession the statistical mixture of electrons does not change much
as can be seen from equation C.2: after half a precession, apart from a non
important global phase factor, the probabilities are interchanged. In the case of
electron populations the populations for spin up and down swill be interchanged.
The same is true for light and heavy holes. The net effect will be that in case of
no decoherence the amount of carriers present in for example the electron bands
oscillate between 1/4 and 3/4 of the original carriers excited in the conduction
band with a 180 degree phase difference in time with a precession frequency
determined by the magnetic field and the Landé g factor for electrons. For
the holes, the only difference is that the populations oscillate in principle at a
different frequency determined by their respective g factor.

The only thing left unexplained is why the kerr effect can still be treated
in terms of RCP and LCP normal modes as has been done in section 2.3. The
first reason comes from appendix A. If the Kerr effect is looked at at normal
incidence the only Kerr effect which remains is the polar Kerr effect. This
justifies neglecting all other magnetizations due to the magnetic field at least

4See chapter 4 of this book for a treatment of general two level systems and also the spin
1/2 precession case
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when looking at the normal incidence polar kerr effect. The second reason is
more practical: due to the experimental setup the measured TRMOKE signal is
only sensitive to induced Kerr effects and a static magnetization therefore does
not contribute to any measured signal justifying again why for this particular
system looked at the normal modes can be considered RCP and LCP normal
modes.

As has been shown in the past[19], or will also follow later on from calculated
TRMOKE spectra, holes do not contribute very much to TRMOKE signals, and
therefore by measuring the precession frequency of the TRMOKE signal under
applied magnetic field the g factor of electrons can be measured.

When measuring TRMOKE it has to be kept in mind that the decay time
which is measured is actually lower then what is expected from single electron
decoherence due to internal magnetic fields and g factor variations[48] of excited
carriers. The decay time measured from TRMOKE is often called dephasing
and indicated by a T ∗2 dephasing time of the total spin population while the real
decoherence of single electrons is called spin decoherence and is indicated by the
T2 decoherence time5. The difference between those two times can be examined
by photon echo techniques6. In the absence of a magnetic field the difference is
believed to be small because of the low internal magnetic field. Any spread in
g factors will therefore not cause a big dephasing. The pictures changes when a
perpendicular magnetic field is applied. Any spread in g factors will then cause
a bigger dephasing with time since all the different carriers run out of phase
with each other more with every precession made. By looking at the dephasing
time constant versus magnetic field this might also give an indication about the
spread in electron g factors in a TRMOKE experiment as a function of several
TRMOKE parameters.

5One might wonder what happened to the T1 time. This time is reserved for systems where
spin states are split in energy. When the system is then brought in the higher energy spin
state T1 is the time it takes for an electron to relax to the lower energy spin state.

6For a treatment see for example [49]



Appendix D

Matlab Program

To calculate TRMOKE and TR spectra several Matlab programs have been
written with Matlab 6.5 and are included on dvd to encourage future spectral
dynamics research for example of Kerr ellipticity, other then the normal inci-
dence TRMOKE or even in other semiconductors. The program timedynam-
icsv2 calculates TR and TRMOKE spectra given the initial input intensity(J),
spot size (m2), polarization (either ’lin’, ’rcp’ or ’lcp’), carrier lifetime (ps),
electron dephasing time constant (ps), light hole dephasing time constant (ps),
heavy hole dephasing time constant (ps), light hole-heavy hole mixing time con-
stant (ps), temperature (K). Next to these parameters the time steps ∆t1 and
∆t2 need to be given end their respective end times t1 and t2. The program first
calculates carrier dynamics and subsequently calculates TRMOKE. Depending
on what initial temperature is taken the calculation takes either 10 minutes at
low temperatures until 60 minutes at high temperature for 600 data points at a
laptop containing a 1.66 GHz Yonah dual core processor1. The program gives
back all the necessary parameters respectively:

� wavelength

� time

� carrier temperature(time)

� spin up electron density (time)

� spin down electron density (time)

� spin up light hole density (time)

� spin down light hole density (time)

� spin up heavy hole density (time)

� spin down heavy hole density (time)

� RCP refractive index (time,wavelength)

� LCP refractive index (time,wavelength)

1If you can figure their specs out come to my office for a treat.
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� RCP absorption (time,wavelength)

� LCP absorption (time,wavelength)

� Linear absorption (time,wavelength)

� RCP extinction coefficient (time,wavelength)

� LCP extinction coefficient (time,wavelength)

� RCP reflectance (time,wavelength)

� LCP reflectance (time,wavelength)

� RCP reflectance (time,wavelength)

� Linear reflectance (time,wavelength)

� Linear Difference Reflectance (time,wavelength)

� RCP Difference Reflectance (time,wavelength)

� LCP Difference Reflectance (time,wavelength)

� Kerr rotation (time,wavelength)

� Kerr ellipticity (time,wavelength)

An example is given by:

intensity=1e-9; spotsize=50e-6*50e-6; polarization=’rcp’;
tc=1000;
te=1000;
tlh=10;
thh=10;
tlhhh=10;
Tbg=4.2;
timestep1=5; timestep2=0;
endtime1=3000; endtime2=0;
[labda,time,Tc,Neup,Nedown,Nlhup,Nlhdown,Nhhup,Nhhdown,refrup,refrdown,refrlin,
absorptionup,absorptiondown,absorptionlin,kapup,kapdown,kaplin,
reflectanceup,reflectancedown,reflectancelin,diffrefllin,diffreflup,diffrefldown,
rotation,ellipticity] = timedynamicsv2(intensity,spotsize,polarization,tc,te,tlh,
thh,tlhhh,Tbg,timestep1,endtime1,timestep2,endtime2);
save(’D:\Results\x.mat’) ; clear;

Where the results of the calculation are saved in

D:\Results\x.mat

and/or time to investigate difference reflectance plots, kerr rotation plots and
their origin. Many dependencies have already been investigated and are given
by their x.mat files shown in the excel sheet provided. They can be loaded by
the command

load(’x:\path\x.mat’);
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and their Carrier dynamics, transient reflectance, Kerr rotation, ellipticity or
cut through specific probe graphs are plotted by:

plotitv2(labda,time,Tc,Neup,Nedown,Nlhup,Nlhdown,Nhhup,Nhhdown,refrup,refrdown,
refrlin,absorptionup,absorptiondown,absorptionlin,kapup,kapdown,
kaplin,reflectanceup,reflectancedown,reflectancelin,diffrefllin,diffreflup,
diffrefldown,rotation,ellipticity,wavelength,time)

If one is interested in specific graphs of time at a specific wavelength or wave-
length at a specific time it plots these by entering their wavelength (nm) and
time (ps). Other graphs may also be manually plotted in 3D by (in this example
Kerr rotation):

surf(labda,time,rotation,’EdgeColor’,’none’);
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Appendix E

2DEG Time Resolved
Photoluminescence &
Optical Absorption

Prior to the project reported on in this thesis Time Resolved Photoluminescence
(TRPL) has been measured on the 2DEG, i-GaAs and n-GaAs to see how in-
jected electrons and holes recombine. For this a setup is used with a Ti:Sapphire
pulsed laser, pulse picker and a streak camera to time resolve the PL. Spectral
features are obtained by placing a grating behind this streak camera and let the
photoluminescence fall on a photodiode array.

By looking at the wavelength of the recombining electrons and holes and
their temporal decay as a function of parameters such as temperature, pump
intensity the electron-hole recombination mechanisms might be exposed. This
data gives information about electron decay which is important when looking
at transient reflectance measurements and therefore it is briefly treated in this
appendix.

Additionally an optical absorption spectrum has been taken on the 2DEG
and n-GaAs sample to look at the position and amount of 2DEG levels which
is off course also relevant when analyzing electron and kerr rotation behavior.
This is therefore also discussed.

The results of the TRPL measurements are treated first.

E.0.1 2DEG Time Resolved Photoluminescence

Since the main decay mechanism for excited electrons at low temperatures is
by recombination of excitons their properties are reviewed first. Next, practical
considerations specific for exciton dynamics in the 2DEG sample are discussed.
In the end, the real photoluminescence data on the 2DEG is shown, analyzed
and compared to photoluminescence data taken from i-GaAs and n-GaAs.

Exciton Properties in GaAs

In semiconductors at low temperatures the main recombination mechanism of
excited electrons and holes is through excitons[52]. Two types of excitons are
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generally distinguished: the so called Frenkel and Wannier-Mott excitons. The
distinction is in how closely the electron and hole are bound. A more closely
bound exciton state means that the electron and hole are circling around each
other with a small radius. In the case of semiconductors we have high dielectric
constants. This means that they are very effective in screening the coulomb
potential which make the excitons loosely bound and therefore have a large
radius.

In semiconductors it is also possible for an exciton to circle around an impu-
rity which can give it an additional energy. These are called bound excitons as
opposed to the free excitons which are not circling around any impurity. These
bound exciton states can show up in a photoluminescence spectrum when exci-
tons are sufficiently stable.

The free exciton binding energy levels in 3D are given by:

Eb = − µe4

32π2ε20ε
2
rh̄

2

1
n2

(E.1)

Where e is the electronic charge, µ = me·mh

me+mh
the effective mass of electrons and

holes in their respective bands making up the exciton, ε0 the vacuum permit-
tivity, εr the relative static dielectric constant and n indicate the levels. The
excitons Bohr radii are given by:

a0 =
4πε0εrh̄2

µe2
(E.2)

Assuming a relative dielectric constant of 13.1 in GaAs, exciton ground state
binding energies of 3 and 4.9 meV with bohr radii of 19 and 12 nm are calculated
for free excitons arising from light and heavy holes respectively. However, due
to the large effective mass of the heavy hole band with respect to the light hole
band much more heavy holes are present. The exact ratio can be calculated from
equation 2.36 and is equal to 15.5. In the following discussion for simplicity we
will therefore ignore the light hole-electron free exciton.

The Bohr radii are in the order of the length of the lowest bound 2D state
in the 2DEG which means that for excitons directly in the 2DEG they typically
have ∼2 times more confinement energy.

Although in principle in i-GaAs and our 2DEG no deliberate impurity con-
centrations are in the GaAs part, always low concentrations remain present
which might form decay mechanisms visible in TRPL spectra. To see what kind
of bound excitons we can expect from them we look at possible impurity states
in GaAs. They are summarized in [33] and the impurities containing states
below 60 meV are repeated here for reference in table E.1.

To a first approximation, the energy of recombining bound exciton states in
GaAs arising from these impurities may be estimated by knowing the original
electron hole energy recombination energy from the bandgap equation 2.31 and
adding the subsequent exciton binding energy and donor and/or acceptor levels
for the electron and/or hole involved:

Eboundexciton = Eg(T ) + Eb + Edonor + Eacceptor (E.3)

With this we have a tool to estimate where our possible spectral photolumines-
cence features may come from. However, it has to be noted that many donor
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Impurity Donor Acceptor
level(s) (meV) level(s) (meV)

C -26
Be -28
Mg -28
Zn -31
Si -5.8 -35
Cd -35
Li -23, -50
Ge -6 -40, -70
S -6
Sn -6 -170
Cu -23 and 5 lvls <-100
Te -30
Se -5.9, -530

Table E.1: Donor and acceptor impurity levels for several impurities in GaAs mea-
sured from the conduction and valence band respectively. Only those impurities which
have donor or acceptor levels above -60 meV are reported. Data taken from [33].

and acceptor impurity levels are almost the same in energy so it is difficult to
say precisely where they are coming from.

Since the binding energy of excitons is weak, it is not strange to imagine
that these recombination mechanisms are only visible at low temperatures. To
get a grip on how important this is, we note that the population of excitons
with respect to the dissociated electron-hole pair at 4.2K is almost 100% while
at for example 40K this is already only 75%. At 300K only 20% of the electron
hole pairs form excitons. The stability of excitons especially has consequences
in case of the 2DEG sample of which the possible dynamical effects will now be
discussed.

Possible Dynamical Exciton Effects 2DEG Sample

Initial Exciton Distribution

To begin with, it is noted that when a pump pulse is shone on the 2DEG sample,
the amount of electrons and holes created at the sample are distributed in an
exponential fashion: N(x) = exp

(
− x

Lp

)
where x is measured from the AlGaAs-

GaAs interface into the sample with a penetration depth Lp which is typically
1 µm. The carrier density is indicated by N(x).

Due to the built in electric field arising from the band structure, free elec-
trons tend to be driven towards the 2DEG screening the positive charged Si
impurities from the AlGaAs while the free holes are driven through the GaAs
part towards the 10 AlAs-GaAs quantum wells until they reach the AlAs bar-
rier. Typical times are calculated before in section 2.8.1 to be 10 ps - 1ns for
800 nm travel depending highly on temperature and injected carriers.

Speed of Exciton Formation

The time it takes to form free excitons if electrons and holes are close to each
other can be estimated by the Heisenberg principle ∆t ≥ h̄

2∆E which is calcu-
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lated to be 50 femtoseconds. It does not take into account that electrons and
holes first need to be in close proximity to each other before they can actually
form excitons. It also does not take into account the fact that electrons are
injected relatively high in the band and they need to relax to lower k states
before stable excitons can be formed. An intuitive argument for this is that at
higher k states electrons and holes become more localized and have a harder
time overlapping with each other to form excitons resulting in a low exciton
formation rate.

A more realistic argument is that for stable exciton formation electrons and
holes need equal group velocities which can be found by looking at dE

dk in their
energy-wavevector diagram. Due to the high effective mass of the heavy hole
band, only the very bottom of the heavy hole band gets populated which has
very low group velocities. Only the lowest k state electrons have group velocities
which can match the heavy hole group velocities which is why in reality almost
solely k=0 states can form excitons.

Due to the Pauli blockade only a very small part of the original population
can then form excitons. This predicts that when excitons are stable, imme-
diately after the pump pulse excitons are starting to get formed more or less
according to the original induced carrier distribution through the i-GaAs part.

The high initial temperature which carriers get also doesn’t favor quick ex-
citon formation[42] since more high k states will be available with respect to the
∼k=0 states.

As a final property we notice that with higher concentrations of electrons
and holes at the same position, the time it takes for them to find each other
and form excitons also diminishes resulting in fast exciton formation.

Distribution of Exciton Formation

Because of the large penetration depth of ∼1 µm and the relatively small spatial
extend of the well width (max. 50 nm) initially at most e−50/1000=5% of the
formed excitons are expected to reside in the 2DEG. The other part resides in
the bulk part of GaAs which makes typical 2DEG related phenomena like Stark
shifts (cartoon like explanation shown in figure E.1 and quantization energies
less relevant when looking at photoluminescence in our 2DEG sample.

Figure E.1: Cartoon like pic-
ture visualizing the Stark shift phe-
nomena in a symmetric quantum
well where the recombination en-
ergy shifts to lower energies with
under an applied electric field.

After some initial time, electrons and
holes become separated from each other and
any remaining exciton formation and recom-
bination will then be most probable some-
where in the middle of the GaAs part of the
2DEG sample where still small amounts of
electrons and holes may remain present.

Since excitons are charge neutral, once
they are created they are not expected to
have any tendency to move throughout the
GaAs part in the heterojunction. Since ini-
tially at most only 5% of the excitons are
formed in the 2DEG and later on also the
most probable exciton formation is in the
middle of the GaAs part it is expected that
photoluminescence spectra will show very
similar features to i-GaAs.
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Exciton Electrostatic Stability

Another issue which has not been taken into
account yet is the electrostatic energy of the
electron and hole involved. It can be imag-
ined that if the electric field residing in the
2DEG is high enough stable excitons cannot
be created because it is energetically more
favorable for the electron and hole to be sep-
arated.

From the band structure calculation treated in section 2.6 it is known that
built in electric fields are at maximum in the order of 5·104 V/m right after exci-
tation. This gives an electrostatic energy for electrons and holes of 5·104 eV/m
each. To quickly guess how stable free excitons are in our 2DEG the amount
of electrostatic energy gained and the amount of binding energy lost when the
electron and hole are pulled 1 additional bohr radius apart is estimated. Since
the exciton binding energy is inversely proportional to the bohr radius as might
be seen from equations E.1 and E.2 we know that in that case from the original
binding energy of 4.9 meV we lose 2.45 meV while electrostatically we gain only
0.6 meV. This quick estimation shows excitons are quite stable in the electric
fields present in the GaAs part of the 2DEG sample.

Temporal Dynamics

If exciton formation is relatively slow compared to carrier separation times, car-
riers always get separated. Only those low carrier densities of electrons and holes
in the middle part of the GaAs in the 2DEG sample may then form excitons and
need to be ’replenished’ by the large separated electron and hole populations.
Both the replenishing and exciton formation is expected to be slow due to the
low amount of carriers present in the middle part of the sample. Electrons and
holes then have trouble finding each other and excitons are expected to be long
lived which should be visible in TRPL.

The effect of temperature in this case is that at low temperatures excitons
are very stable and if their formation is fast enough this limits carrier separa-
tion. This would make free excitons relatively short lived. However, at higher
temperatures excitons get dissociated part of their time which might kill this
limitation partially which should restore the initial long lifetime of excitons

Conclusion

To conclude this part the expected properties of exciton recombination in the
2DEG sample are summarized:

� Most of the excitons in the 2DEG sample are not created at the 2DEG
itself but in the GaAs directly behind it. Their spectral behavior is there-
fore expected not to be very dissimilar from i-GaAs or n-GaAs allowing
us to guess where spectral features may come from with equation E.3.

� Exciton stability is not compromised by the electric fields present in the
2DEG sample.

� After a certain time which may range from a few ps to around a ns elec-
trons and holes are separated and exciton formation may be slow. Initially
however, exciton formation may be quite fast but an exact time is hard
to predict.
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� If exciton formation is fast with respect to electron-hole separation, tem-
perature may greatly influence exciton decay times. This is because at
low temperatures excitons are very stable and neutral excitons are not
expected to be moving with electric fields while at slightly elevated tem-
peratures excitons are part of their time dissociated enabling electron-hole
separation again.

E.0.2 Time Resolved Photoluminescence Results

The results from time resolved photoluminescence on i-GaAs, n-GaAs and our
2DEG are reported in figure E.2. Part (a) and (b) show the TRPL spectra at
4.2K in the 2DEG sample at high and low pump energies. First spectral features
are discussed while later on we will come back to their temporal behavior.

Spectral Features

Spectral features at various pump pulse intensities and 4.2K temperature are
more clearly shown in part (c). At a temperature of 4.2K, excitons are very
stable and many features are observed below the bandgap which is calculated
to be residing at a wavelength of 816.2 nm. The biggest feature is observed at
818.8 nm which is exactly that which is calculated to be the energy of heavy
hole-electron free excitons giving strength to the assumption that our 2DEG
may indeed be treated as i-GaAs. It may also be expected that this feature is
strongest since only very low amounts of impurities may remain due to the MBE
process and the main recombination mechanism in GaAs then indeed must be
through free exciton recombination. At low intensities the feature is very sharp
while at high intensities it broadens to 40% of the original FWHM.

The origin of this broadening is unclear. A possible explanation may be
that at higher pump intensities higher k states get occupied which are higher
in energy. These higher k states may also form free excitons provided that the
group velocity dE

dk is the same for electrons and (heavy) holes. However, the flaw
in this reasoning is that the observed broadening is symmetric, while with this
reasoning the broadening should be more on the lower wavelength side. The
other possibility, temperature effects, is assumed to be unlikely since these have
been measured to happen at the ∼83 ps timescales[42] while the broadening is
on the ns timescale. The exact origin can be due to several reasons such as for
example coupling between occupied exciton states and remaining electrons in
the conduction band.

The additional features are observed at wavelengths 822.5±0.5, 831.1±0.5,
838.3±1 and 851.5±2 nm. If we convert these wavelengths to energies and
subtract the bandgap energy and free heavy hole-electron exciton energy addi-
tional energies remain of 6.6±1, 22.2±1, 35.1±2 and 58±4 meV which may be
accounted to impurity states to guess to what sort of bound excitons these PL
lines correspond.

When comparing these energies to the impurity state energies in table E.1
we see that these states can belong to many different impurities. However, we
guess that the most common remaining impurities in a MBE machine is Silicon
and Carbon since these are the ones often used to n or p dope GaAs and very
low residues of these atoms might remain in the high vacuum MBE chamber.
The first and third additional energy may perfectly well be accounted to Silicon:
their strength in the PL spectrum is similar and both energies are such that they
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correspond to the physical situation where one electron of the exciton belongs
to a donor state or one hole belongs to an acceptor state while the other electron
or hole is residing in the bands.



(a) 4.2K Time resolved Photoluminescence spectrum of the 2DEG
sample when pumped with a low intensity (0.25 pJ) pump
pulse.

(b) 4.2K Time resolved Photoluminescence spectrum of the 2DEG
sample when pumped with a high intensity (500 pJ) pump
pulse.

(c) 4.2K Longer wavelength Photoluminescence spectrum of the
2DEG sample with long integration times at several pump in-
tensities. The several graphs are offset vertically for clarity.

(d) Time resolved Photoluminescence spectrum of the 2DEG sam-
ple at 40K temperature and a 150 pJ pump pulse.

(e) Time resolved photoluminescence at the free exciton photolu-
minescence line (818.8 nm) at 4.2, 20 and 40K temperatures.
A 1.5 pJ pump pulse is used.

(f) Time resolved photoluminescence at the free exciton photolu-
minescence line (818.8 nm) in i-GaAs and 5·1016cm−3 n-doped
GaAs. A 150 pJ pump pulse is used.

(g) 4.2K Time resolved photoluminescence spectrum of an i-GaAs
sample at a high intensity (150 pJ) pump pulse.

(h) 4.2K Time resolved photoluminescence spectrum of a
5·1016cm−3 n-doped GaAs sample at a high intensity (150 pJ)
pump pulse.

Figure E.2: Time resolved Photoluminescence data of the 2DEG, i-GaAs and n-GaAs
samples.
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The origin of the second strong peak with residual energy of 22.2 meV is less
clear. There is reason to believe that this may correspond to exciton holes cou-
pling to the carbon acceptor state with energy 26 meV but the energy is a bit on
the low side for this. Previously performed studies on a similar GaAs-AlGaAs
heterojunction[70] suggests that the second peak may be due to electrons from
the 2D electron gas recombining with holes from bulk GaAs which is conve-
niently called a HB band. Another possibility suggested in these studies is that
it is due to donor acceptor pairs. This reference does not state which donor
acceptor pair.

However, both statements at first glance seem illogical since the complete
energy 27.9 meV of this peak does not seem to fit to any donor + acceptor state
energy mentioned in the table. By comparison to bulk TRPL plots shown in (g)
and (h) taken at low temperature we see that this feature remains and becomes
strongest at high Si doping densities excluding the HB band possibility. It does
indicate it may be due to the Si impurities. How exactly this goes is uncertain,
but it may be possible that the mentioned donor acceptor pair is from electrons
and holes in free excitons both residing on a single Si impurity. This would
suggest that the additional electrostatic energy the bound exciton gets is quite
large: 23.5 meV.

The final very weak broad exciton peak is not close to any of the impurity
levels which makes it completely uncertain what this PL peak represents. One
wild guess is that they may form trions in which case two holes in impurity states
couple with an electron to form an exciton and when they recombine it might
knock the additional hole to the valence band but this is all highly speculative
and not very probable. A more realistic possibility is again that this peak comes
from a bound exciton in which an electron or hole binds to an impurity of which
the levels are not stated in table E.1. It may also be possible that this state
is due to a HB band but this would require very high band bending near the
2DEG which has not been observed in similar measurements[70].

Part (d) of figure E.2 shows what happens to the photoluminescence of the
2DEG sample if the temperature is raised to 40K. Most of the features below
the free exciton line disappear and direct recombination from the conduction
and valence band becomes possible due to less stable excitons. Remember that
in this case the occupation level of free excitons compared to free electrons and
holes is only 75%. The distribution of free electrons and holes by the Fermi-
Dirac function in the bands also becomes visible in the tale like PL behavior
at low wavelengths. That the features below the free exciton line more or less
disappear can be understood in the sense that the free excitons are less stable
which means they frequently form and dissociate. This makes it hard for them
to find an impurity to couple to and form a bound exciton.

Temporal Dynamics

Now that the spectral features have been discussed it is time to look at the time
dynamics of the 2DEG sample and those of the i-GaAs and n-GaAs sample. To
begin with, notice the timescales at which free exciton PL decays shown in part
(e) and (f).

The observed exponential decay times are 2.35 (4.2 K) and 9 (20, 40 K) ns
for the 2DEG, 360 (4.2 K) and 260 (40 K) ps for i-GaAs sample and 100 (4.2
K) and 70 (40 K) ps for the n-GaAs sample (initially). Later on in the n-GaAs
sample decay times of 750 ps are observed. Here it is mentioned that the decay
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time is constant for pump energies ranging from 0.25 pJ to 500 pJ in case of the
2DEG, while for the i-GaAs and n-GaAs it becomes much shorter at low pump
energies and therefore they are plotted in part (f), (g) and (h) with a relatively
high 150 pJ pump energy.

Growth in the free exciton luminescence is also observed: The luminescence
reaches its maximum at around ∼ 300 ps for i-GaAs and n-GaAs. The 2DEG
sample growth is very dependent on temperature: At 4.2K it is as large as 2.3
ns while at 40K it is reduced to 900 ps.

The rather striking difference in decay times between the 3 samples can be
explained as follows. In i-GaAs excited electrons and holes do not feel any built-
in electric field but also they do not have many impurities to couple to. This
means free excitons are the main recombination process producing exponential
PL decay times of around 300 ps. In n-doped GaAs the situation is similar with
the exception that many Si impurities are present to which free excitons may
couple. This produces a faster decay of around 80 ps which is attributed to free
excitons coupling to impurities. At later times this decay changes to a 750 ps
lifetime.

A reason for this might be the very long lifetime of the large PL peak so far
associated with the second peak seen in part (h). It has been assumed before
that this peak comes from excitons binding to donor and acceptor states of
Silicon impurities. At some moment all the free excitons may get bound to the
Si impurities and since these live very long, free excitons stop losing excitons to
these impurities causing a longer decay time.

The 2DEG sample has a built-in electric field which separates the carriers.
This is immediately observed in the free exciton lifetimes which are up to 30
times larger. Interestingly, already at 20K temperatures the free exciton decay
time is dramatically enhanced from 2.35 to 9 ns. This is in agreement with what
is predicted in section E.0.1. This fact makes us believe that exciton formation
is fast in comparison with electron hole separation time. Further evidence can
be obtained by looking at the growth of the free exciton signal.

The growth in the free exciton signal is of comparable size in i-GaAs and
n-GaAs equal to ∼ 300 ps. Since no carrier movement is expected1 in these
cases it is safe to assume that this indicates typical rates at which free excitons
can be formed. At lower intensities the signal grows faster and decays faster
which corresponds to the intuitive argument that at higher pump energies higher
electron k states are populated slowing down exciton formation due to the Pauli
blockade explained previously in section E.0.1.

In the 2DEG sample the growth of the free exciton PL peak at 4.2K tem-
perature is around 7 times larger reaching its maximum at 2.3 ns. At somewhat
elevated temperature this growth becomes faster and its maximum is reached
at 900 ps. It is emphasized that these numbers give the temporal position at
which the maximum is reached. This number is also somewhat susceptible to
the decay rate.

In any case we do see that in the 2DEG sample growth of the free exciton
PL is slower which might indicate that carriers do get separated and due to
the low electron-hole densities present in the middle of the GaAs electrons and
holes have a harder time finding each other.

However, this neglects all the detailed subtleties which might be going on in

1Or at least symmetric electron-hole carrier movement not influencing exciton creation.
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the sample which have to do with exact band filling and the portion which can
form stable excitons, times of subsequent exciton formation, the exact amount
of free excitons created, exciton dissociation, induced changes in the stable band
structure of the 2DEG sample with temperature and possible nonlinear speed
of equilibration. It is therefore hard to be conclusive in our statements.

The only thing which can be said about the change in growth with tem-
perature is that from the previous band structure calculations it is known that
at higher temperatures higher electric fields are present in the stable situation
which might speed up the stable situation in which electrons and holes are sep-
arated so that the equilibrium situation of separated holes and electrons might
be achieved fast.

At low temperatures lower electric fields are known to be present and also
free excitons are very stable which limits their movement. Nevertheless part of
electrons and holes might still get separated at a slower time creating a large
growth time.

It is noted that by identical reasoning one might also hypothesize that free
exciton growth should be longer at higher temperatures since in the stable sit-
uation of separated electrons the low concentration of free electrons and holes
in the middle of the GaAs also limits the chance of them meeting each other
which should create a bigger growth then at low temperatures where excitons
are thought to quickly form excitons due to the high density electron-hole pop-
ulations present at the same position creating a quick growth.

Again, both reasonings contradict each other and the exact picture of growth
times might very well be quite complicated due to all the reasons mentioned
above.

Conclusion

The conclusion of time resolved photoluminescence measurements which is of
relevance for the measurements done in this report is that in the 2DEG sample
carrier recombination seems indeed slowed down by the built in electric field
with respect to bulk GaAs. This effect is highest for somewhat mobile carriers
at slightly elevated temperatures. Typical growth times in the free exciton
creation in the order of nanoseconds is observed for the 2DEG which is relevant
when looking at bands emptying in subsequent transient reflectance and time
resolved Kerr rotation measurements.

E.0.3 2DEG Optical Absorption spectrum

The optical absorption spectrum of both bulk n-doped GaAs and the 2DEG
sample absorption has been shown previously in section 2.5.1 but is repeated
here for convenience in figure E.3. It has been measured previously by my
supervisor P. Rizo and A. Pugzlys. To determine the 2DEG absorption, the
bulk absorption is first measured in the traditional way by shining a tunable
narrow bandwidth laser on the sample and measure the original, transmitted and
reflected intensity of the light. The absorption is then the difference between the
original laser intensity and the sum of the transmitted and reflected intensity.

The 2DEG absorption is determined by doing the same with the 2DEG
sample and subtracting the bulk GaAs absorption. Figure E.3 is then obtained.

The bulk absorption follows formula 2.31 quite well except that the energy
scale in the figure appears to be offset by 30 meV. In light of the time resolved
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(a) (b)

Figure E.3: (a) Absorption spectrum of a bulk GaAs sample doped with 5 ·1016cm−3

Si donors. (b) Absorption spectrum of the 2 dimensional electron gas sample where
the original bulk Absorption is subtracted.

photoluminescence which also seems to agree with several calculated predictions
it seems very unlikely that this is a feature of our sample. More likely it is due
to a not calibrated measurement apparatus.

When the 2DEG absorption is investigated in part (b) taken into account
the offset in part (a) we observe a somewhat smeared step like behavior in
absorption which is due to the 2D Density of states mentioned in section 2.5.1.
The smearing is because the hole density of states is not step like because holes
are not quantized. The absorption is proportional to the joint density of states
and the hole density of states therefore smears this joint density of states.

From the figure two quantum well levels can be deduced which have quanti-
zation energies of 5±4 and 15±4 meV. It is hard to tell what happens to these
two levels when the temperature is raised. The electrons in the 2DEG are be-
ing more distributed over the various electron levels smearing our spectra even
more. The second level does seem to reside at a bit higher quantization energy
of 18 meV±4 meV but since this is almost within measurement range it hard
to state to be conclusive about it.

The 2DEG quantization levels predicted by the band structure calculation
are -10, 0 and 1 meV at 4.2K temperatures and 35, 62, 80, 92 and 102 meV with
respect to the fermi level. From these it is predicted that at low temperatures
the absorption should not be very different from the bulk GaAs one while at
high temperatures a huge initial offset of 35 meV is expected and the next level
is expected to reside 27 meV further.

We see that the calculation overestimates the changes a bit: at low temper-
atures apparently the band bending in the 2DEG is larger then expected which
is something anticipated: due to low amounts of impurities always present in
i-GaAs the band bending is sharper at low temperatures then expected. At
higher temperature big changes are predicted but spectra are smeared to much
for this to be visible. In any case we note that the change in electron levels is
not very noticeable over the temperature range of 4.2 - 100K.



Appendix F

Introduction 1D Poisson

The 1D Poisson program calculates, given a layered (doped) semiconductor
input, the distribution of mobile electronic charge in the several bands. In order
to explain this principle, it is probably best to consider the standard pn junction
example consisting of a n and p doped semiconductor attached to each other.
Initially when both sides of the junction are not connected the fermi energies
in the two regions differ due to different doping levels. When both sides are
attached diffusion drives electrons and holes to their separate regions. However,
when both electrons and holes diffuse an electric field builds up due to the
remaining charged background impurities. This electric field tends to drive the
carriers back. A cartoon like figure showing this process is shown in figure F.1.

Figure F.1: Principles in calculating the band structure of a p-n junction. (a)
Originally the p and n type region differ in fermi energy. (b) When both sides are
attached diffusion drives the majority carriers to the other side aligning the fermi
energies. (c) Due to the missing carriers background charge builds up creating an
electric field driving the carriers back. (d) When these two processes cancel each other
exactly a charge distribution is obtained and when the fermi energies as a function
of position are drawn to an equal level a band structure for the p-n junction can be
shown.
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A self consistent Poisson calculation, used in the 1D Poisson program, cal-
culates the charge distribution of mobile carriers such that both contributions
cancel each other exactly. The program uses this principle to calculate the final
band structure, shown in case of the pn junction in part (d) of figure F.1, over
any given 1D layered semiconductor structure. It starts by dividing the given 1D
structure into small segments. Then it determines for each segment the amount
of initial carriers present by first calculating the amount of ionized impurities
considering the impurity levels, shallow and deep, of the specific impurity and
applying simple Boltzmann statistics. After this initial step it starts varying
the electron and hole carrier distribution until it converges to an equilibrium
situation where diffusion and electric field exactly cancel each other. Next, it
calculates the respective fermi energies belonging to this carrier concentration
and finally it makes all these fermi energies equal shifting the original conduction
and valence bands. A 1D band structure is then obtained.

The 1D Poisson program even goes one step further in that during the cal-
culation for a given region it also calculates the 1D Schrodinger wavefunctions
and eigenenergies for each iteration step and takes it into account through the
2D density of states in calculating the fermi energies and dopant ionizations.



Appendix G

Additional Practical
Considerations TRKR and
TR in the 2DEG

Spin Dephasing and Carrier Relaxation

The presence of the created holes might be relevant when looking at spin de-
phasing. They enhance exciton formation and therefore carrier recombination.
Furthermore, the Bir-Aronov-Pikus dephasing might start playing a role in case
of a big hole population. One of the original ideas of creating n-doped semi-
conductor structures is that as soon as a relatively small amount of holes and
electrons are created these holes can relax and recombine with the large electron
bath created by the n-type doping. Right after holes have recombined the not
spin dephased electrons tend to live very long due to lack of carrier recombi-
nation and interaction with holes. Due to this fact it is thought that it is best
to use relatively small intensities when creating a spin population if long spin
coherence times are to be observed. However, the injected hole population is
highest at a place in the bands where a low amount of holes is initially present.
By looking at the original bands it can be said that they will get redistributed
deeper into the GaAs which might reduce this effect.

Bleeching

Another feature related to the pump pulse is that since we generally work with
relatively high pump fluences spectrally quite narrow, during the movement
of the pump pulse through the sample the absorption also might get bleeched
during the trajectory of the pump. Although carrier relaxation to the bottom
of the band is quite fast[42] one must also realize that near the 2DEG the
amount of carriers absorbed, and therefore the injected carrier density, is much
higher then later on in the GaAs. This might cause both angular momenta
electron bands to fill up in energy till the energy matching the pump frequency
is reached killing kerr rotation near the 2DEG complicating the interpretation
of Kerr rotation results a lot. It will not be assumed throughout this thesis but
has to be kept in mind.
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Appendix H

Ultrashort Pulsed
Ti:Sapphire Laser

A short introduction concerning the operation of the ultrashort Ti:Sapphire laser
is given here. This laser gives ∼ 30-100 femtosecond wide pulses at a variable
repetition rate of 200 kHz - 80 MHz which are split into a pump and probe
beam and are modulated and delayed by different means needed to measure the
final signal with lock in techniques.

The ultrashort Ti:Sapphire laser used for this theses is a commercial available
box provided by Kapteyn-Murnane Labs. The insides of the box is shown in
figure H.1 and its working will now be described very briefly. The box needs
an input to create population inversion in the Ti:Sapphire crystal, the active
laser medium. This input consists of a diode pumped solid state laser called
Verdi provided by Coherent. It provides several Watts of CW laser light at 532
nm. It is provided through mirrors 1 and 4 to the crystal. Mirrors 2 and 3 are
transparent for the 532nm wavelength shown as a green beam.

Mirrors 2, 3, 5, 6, 7, 8 and 9 are placed inside the cavity such that the
total optical path length is ∼1.87 meters so that if one pulse goes round it has
traversed 12.5 ns which in the end will give a repetition rate of 80 MHz. End
mirror 9 is partially transmissive which gives the 80 MHz pulse output.

To create ultrashort pulses two important ingredients apart from a tradi-
tional laser setup are needed. The first one is two prims which are used to
make not only one single wavelength fit an exact number of times between the
two outer mirrors but to make a whole spread of wavelengths fit between the
two outer mirrors. This is done by playing around with dispersion in these
prisms and refraction from them. By making a big spread of wavelengths fit
between two mirrors and creating sufficient population inversion for the wave-
length spread lasing may be obtained for all wavelengths.

To make all the lasing frequency components run in phase such that they all
add up to make 30 femtosecond pulses a second ingredient is necessary. This
ingredient is provided by the lasing medium itself. The Ti:Sapphire crystal acts
as a saturable absorber which basically means that only the highest intensities
can pass this medium. This is only achieved if all the frequencies are in phase
such that it creates a very localized high intensity pulse. Additionally, the
medium also acts as a Kerr lens which means that the pulse gets automatically
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Figure H.1: Kapteyn-Murnane ultrashort Ti:Sapphire laser box producing 30-100
fs laser pulses at a repetition rate of 80 MHz or a mode locked division of it. The
working is explained in the text.

focussed to a small, thus high intensity, spot.
Since the Ti:Sapphire medium can only be population inverted at a certain

rate only a certain amount of fixed energy can be deduced from every pulse in
the 80 MHz pulse train for stable operation. To obtain higher intensity pulses
an acoustic optical modulator (AOM) is placed in the cavity. This modulator is
basically a transparent crystal in which if an electric RF pulse is applied a weak
grating is induced. This grating disappears quite quickly such that by applying
RF pulses at a certain rate, of every n’th pass of the 80 MHz pulse a relatively
big amount of energy may be deduced to form a new pulse in the first order
diffraction of the grating without compromising the stability of the pulse in the
cavity.

In reality, two such RF pulses are applied, the first one creating a first
order diffraction in the direction of mirror 8 while the second one picks up the
diffracted and non diffracted beam coming back from mirror 9 and 8 to create a
higher intensity of the deduced pulse in the direction of mirror 10. This mirror
lies a little bit below the 80MHz beam path and picks up the mode locked pulse.
After a certain amount of passes of the pulse inside the cavity it has regained
its original energy after which the pulse picking procedure can be repeated.

More information about ultrafast laser technology may be found here[68].



Appendix I

Measured TRKR on bulk
n-GaAs

Earlier measurement performed on bulk n-GaAs are presented here. They were
measured by my supervisor P.Rizo and A.Pugzlys. Interpretation of this data
is difficult and ongoing as the discussion in section 2.5.4 shows. An absence of
growth is observed at all temperatures. This could be due to spectral integration
over the TRKR signal but is considered to be unlikely due to relatively strong
signal and high pump energies needed to achieve it. It is believed to be an
indication against electron cooling model discussed in the measurements on the
2DEG.
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(a) (b)

Figure I.1: Temperature dependence TRKR results from bulk GaAs at 820 nm probe
wavelength with unknown (but probably a few hundred pJ) pump intensity. (a) shows
the signal showing no growth while (b) shows the results of their exponential decay
versus temperature.



Appendix J

Fourier and Wavelet
Analysis Kerr Rotation

In this appendix the results of the measured time resolved Kerr rotation in the
presence of magnetic fields are fourier and wavelet transformed. For the fourier
transform, 5 times more samples are taken then points being present in the
time signal to obtain smooth fourier transforms where g-factors can be easily
determined. In our case we use complex morlet wavelet analysis to frequency (g-
factor) and time resolve the time resolved kerr rotation plots where a magnetic
field has been used. This is explained briefly in this chapter.

J.1 Wavelet analysis

For the wavelet transform the complex Morlet wavelet has been used in Matlab
6.5 (with the wavelet toolbox) which is the following function:

CM(t− t0, Fc) =
1√
πFb

e2πiFc(t−t0)e
− (t−t0)2

Fb (J.1)

here Fb is a bandwidth parameter, Fc is the center frequency1 of the wavelet
and t0 is time around which the wavelet is centered. The absolute value of this
wavelet returns a Gaussian centered around t = t0 . By ’fourier transforming’
the time resolved Kerr rotation signals instead of with a frequency component
e−iωt:

F (ω) =
∫ ∞

−∞
f(t)e−iωtdt (J.2)

with the complex wavelet component:

F (Fc, t0) =
∫ ∞

−∞
f(t)CM(t− t0, F c)dt (J.3)

we obtain plots which are (center) frequency and time resolved. Just as in
the case of a normal fourier transform an absolute magnitude and a phase is

1Center frequency because when this wavelet is fourier transformed it actually contains a
spread of frequencies around frequency Fc. However, if Fb � Fc then the spread is very small
and we can practically ignore the word center in it.
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obtained. Since we want to use this technique solely to obtain some information
about temporal g factor behavior only the absolute magnitude is plotted in the
following plots.

The bandwidth parameter Fb in this is a crucial parameter. If Fb is large, a
good spectral resolution is obtained but poor time resolution while if it is small,
good time resolution is obtained but poor spectral resolution. In the following
wavelet plots typically Fb is chosen such that a time resolution of 50-100 ps is
obtained so that the various g factors or their spreads can be followed in time.
For ease of analysis the center frequency Fc is transformed into a g factor:

g =
hFc

µbB
(J.4)

A little program has been written in Matlab 6.5 utilizing the Matlab wavelet
toolbox to perform the wavelet (and fourier) analysis quickly. It has the follow-
ing syntax:

time=sign(:,1);signal=sign(:,2);[time,signal,g,c]=
fouriertime(time,signal,1e-12,7,0.2,0.6,50e-12,1000);

For this to be performed a 2 column variable sign needs to be created of which
the first column contains time information while the second contains the signal.
The fifth argument in

fouriertime

should contain the g factor boundaries. The eighth argument should contain
the temporal length of the wavelet (in seconds) while the final argument gives
the time (in ps) until which the wavelet and fourier plots need to go. In the
next section it is explained which time resolved Kerr rotation dependencies are
studied and their results are summarized.

J.2 Experiments

The various results are now summarized:

� Magnetic field scan at 820 nm probe wavelength, 200 pJ pump energy and
4.2K temperature. Shown in figure J.1.

� Pump energy scan at 820 nm probe wavelength and 4.2K temperature.
Shown in figure J.2.

� Very extensive pump energy scan at 800 nm probe wavelength and 4.2K
temperature. Shown in figures J.3, J.4 and J.5

� Temperature scan at high pump energy (∼ 915 pJ) at 820 nm probe
wavelength. Shown in figures J.6 and J.7.

� Temperature scan at low pump energy (∼ 35 pJ) at 820 nm probe wave-
length. Shown in figures J.8 and J.9.

� Probe wavelength scan at high pump energy (∼ 1 nJ) at 4.2K temperature.
Shown in figure J.10.
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� Probe wavelength scan at high pump energy (∼ 915 pJ) at 100K temper-
ature. Shown in figure J.11.

In all cases the pump wavelength is 780 nm which is 70-90 meV above the
bandgap depending on temperature. Most of this excess energy is given to
electrons as explained in section 2.5.1.

J.3 Results



(a) B=1 Tesla Fourier Transform (b) B=1 Tesla Wavelet transform. Wavelet is on average 100 ps
long.

(c) B=4 Tesla Fourier Transform (d) B=4 Tesla Wavelet transform. Wavelet is on average 50 ps
long.

(e) B=6 Tesla Fourier Transform (f) B=6 Tesla Wavelet transform. Wavelet is on average 50 ps
long.

(g) B=7 Tesla Fourier Transform (h) B=7 Tesla Wavelet transform. Wavelet is on average 50 ps
long.

Figure J.1: Magnetic field dependence at 820 nm probe, 200 pJ pump energy at
4.2K temperature. g Factors clearly shift downwards with magnetic field. Wavelet
analysis shows it is not a feature of shifting g factors although they do shift in time.
An additional small g factor ∼0.46 is also observed at high magnetic fields. Electron
injection is 70 meV above its band (780 nm pump).



(a) Pump energy = 1.95 pJ fourier transform. (b) Pump energy = 1.95 pJ wavelet transform.

(c) Pump energy = 19.5 pJ fourier transform. (d) Pump energy = 19.5 pJ wavelet transform.

(e) Pump energy = 195 pJ fourier transform. (f) Pump energy = 195 pJ wavelet transform.

(g) Pump energy = 1 nJ fourier transform. 7 Tesla fields are used
in this case

(h) Pump energy = 1 nJ wavelet transform. Wavelet is 100 ps
long. 7 Tesla fields are used in this case.

Figure J.2: Pump energy dependence at 820 nm probe, 4 Tesla magnetic fields and
4.2K temperature. Wavelets are 50 ps long unless otherwise stated. Electron injection
is 70 meV above its band (780 nm pump).



(a) Pump energy = 3 pJ fourier transform. (b) Pump energy = 3 pJ wavelet transform.

(c) Pump energy = 10 pJ fourier transform. (d) Pump energy = 10 pJ wavelet transform.

(e) Pump energy = 32 pJ fourier transform. (f) Pump energy = 32 pJ fourier transform.

(g) Pump energy = 100 pJ fourier transform. (h) Pump energy = 100 pJ fourier transform.

Figure J.3: Part 1/3: Pump energy dependence at 800 nm probe, 7 Tesla magnetic
fields and 4.2K temperature. Wavelets are on average 50 ps long. Electron injection
is 70 meV above its band (780 nm pump).



(a) Pump energy = 251 pJ fourier transform. (b) Pump energy = 251 pJ wavelet transform.

(c) Pump energy = 288 pJ fourier transform. (d) Pump energy = 288 pJ wavelet transform.

(e) Pump energy = 363 pJ fourier transform. (f) Pump energy = 363 pJ fourier transform.

(g) Pump energy = 457 pJ fourier transform. (h) Pump energy = 457 pJ fourier transform.

Figure J.4: Part 2/3: Pump energy dependence at 800 nm probe, 7 Tesla magnetic
fields and 4.2K temperature. Wavelets are on average 50 ps long. Electron injection
is 70 meV above its band (780 nm pump).



(a) Pump energy = 575 pJ fourier transform. (b) Pump energy = 575 pJ wavelet transform.

(c) Pump energy = 724 pJ fourier transform. (d) Pump energy = 724 pJ wavelet transform.

(e) Pump energy = 832 pJ fourier transform. (f) Pump energy = 832 pJ fourier transform.

Figure J.5: Part 3/3: Pump energy dependence at 800 nm probe, 7 Tesla magnetic
fields and 4.2K temperature. Wavelets are on average 50 ps long. Electron injection
is 70 meV above its band (780 nm pump).



(a) 4.2 K temperature fourier transform. (b) 4.2 K temperature wavelet transform.

(c) 10 K temperature fourier transform. (d) 10 K temperature wavelet transform.

(e) 20 K temperature fourier transform. (f) 20 K temperature wavelet transform.

(g) 40 K temperature fourier transform. (h) 40 K temperature wavelet transform.

Figure J.6: Part 1/2: Temperature scan at high (∼ 915 pJ) pump energy at 820
nm probe wavelength. 7 Tesla fields are used. Wavelets are on average 50 ps long.
Electron injection is 70-90 meV above its band (780 nm pump).



(a) 60 K temperature fourier transform. (b) 60 K temperature wavelet transform.

(c) 80 K temperature fourier transform. (d) 80 K temperature wavelet transform.

(e) 100 K temperature fourier transform. (f) 100 K temperature wavelet transform.

Figure J.7: Part 2/2: Temperature scan at high (∼ 915 pJ) pump energy at 820
nm probe wavelength. 7 Tesla fields are used. Wavelets are on average 50 ps long.
Electron injection is 70-90 meV above its band (780 nm pump).



(a) 4.2 K temperature fourier transform. (b) 4.2 K temperature wavelet transform.

(c) 10 K temperature fourier transform. (d) 10 K temperature wavelet transform.

(e) 20 K temperature fourier transform. (f) 20 K temperature wavelet transform.

(g) 40 K temperature fourier transform. (h) 40 K temperature wavelet transform.

Figure J.8: Part 1/2: Temperature scan at low (∼ 35 pJ) pump energy at 820 nm
probe wavelength. 7 Tesla fields are used. Wavelets are on average 50 ps long. Electron
injection is 70-90 meV above its band (780 nm pump).



(a) 60 K temperature fourier transform. (b) 60 K temperature wavelet transform.

(c) 80 K temperature fourier transform. (d) 80 K temperature wavelet transform.

(e) 100 K temperature fourier transform. (f) 100 K temperature wavelet transform.

Figure J.9: Part 2/2: Temperature scan at low (∼ 35 pJ) pump energy at 820 nm
probe wavelength. 7 Tesla fields are used. Wavelets are on average 50 ps long. Electron
injection is 70-90 meV above its band (780 nm pump).



(a) Fourier transform of the 790 nm probe wavelength signal. (b) Wavelet transform of the 790 nm probe wavelength signal.

(c) Fourier transform of the 800 nm probe wavelength signal. (d) Wavelet transform of the 800 nm probe wavelength signal.

(e) Fourier transform of the 810 nm probe wavelength signal. (f) Wavelet transform of the 810 nm probe wavelength signal.

(g) Fourier transform of the 820 nm probe wavelength signal. (h) Wavelet transform of the 820 nm probe wavelength signal.

Figure J.10: Probe wavelength dependence at 4.2K Temperature and high (∼ 1 nJ)
pump energy. 7 Tesla fields are used. Wavelets are on average 50 ps long. Electron
injection is 70 meV above its band (780 nm pump).



(a) Fourier transform of the 800 nm probe wavelength signal. (b) Wavelet transform of the 800 nm probe wavelength signal.

(c) Fourier transform of the 820 nm probe wavelength signal. (d) Wavelet transform of the 820 nm probe wavelength signal.

(e) Fourier transform of the 830 nm probe wavelength signal. (f) Wavelet transform of the 830 nm probe wavelength signal.

(g) Fourier transform of the 840 nm probe wavelength signal. (h) Wavelet transform of the 840 nm probe wavelength signal.

Figure J.11: Probe wavelength dependence at 100K Temperature and high (∼ 915
pJ) pump energy. 7 Tesla fields are used. Wavelets are on average 50 ps long. Electron
injection is 90 meV above its band (780 nm pump).
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