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Chapter 1

Introduction

During the last decades the fundamental understanding of the physical properties of semi-
conductors and their technological applications has improved drastically. This applies not in
the last place to direct band-gap semiconductors like GaAs, which have the direct possibility
for optical and opto-electronic applications, such as semiconductor lasers, optical detectors
and switches. This has led to an overwhelming scientific interest in the physics of compound
semiconductors (III-V, II-VI) with a direct band-gap, which was further enhanced by the de-
velopment to full maturity of sophisticated crystal growth techniques such as Metal Organic
Vapour Phase Epitaxy (MOVPE), Molecular Beam Epitaxy (MBE) and later on the com-
bination of both techniques in CBE (Chemical Beam Epitaxy) or MOMBE (Metal Organic
Molecular Beam Epitaxy). Nowadays it is relatively easy to grow very pure semiconductor
crystals. In addition these elaborate growth methods offer fascinating prospects to do quan-
tum mechanical engineering, as proposed first by Esaki and Tsu!, by depositing atomic layer
upon atomic layer of distinct semiconductors, with different band-gap energies or doping
levels, in a well defined way. A wide variety of devices or carrier systems has been invented
and produced. This includes carrier confinement in thin sheets of material, so-called quan-
tum wells and heterojunctions, bandstructure engineering of artificial (super)lattices with a
macroscopic periodicity as compared to the atomic periodicity and the realization of huge
carrier mobilities following the concept of modulation doping. These semiconductor lay-
ered structures exhibit many new basic physical phenomena like the Integral? and Fractional
Quantum Hall effect® 4. These developments have stimulated a large technological and re-
search effort, resulting in the fabrication and investigation of eg. high mobility transistors®,
quantum well lasers® 7 and switches and modulators based on excitonic nonlinearities®.

Knowledge of the fundamental physics of hot carriers in semiconductors is of major im-
portance for the understanding of carrier behaviour in the presence of high electric fields,
i.e. device performance. Consequently hot carrier physics has become an important research
topic, which was initially restricted to transport measurements. Later on hot carriers were
created by laser photo-excitation® and optical techniques were applied to study the relevant
energy relaxation and scattering processes. The advent of laser systems capable of generating
light pulses with a duration in the pico- or femtosecond time-domain, initiated a new period
of intense research of hot carriers in direct band-gap semiconductors, since the important en-
ergy and momentum exchange between carriers and phonons and between carriers mutually,
could be monitored in real time. Moreover, the strive towards faster semiconductor devices,
such as optical switches, received new impulses.

This thesis deals with the ultrafast dynamics of hot carriers in GaAs (hetero)structures,
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under various experimental conditions, such as the application of high electric or magnetic
fields or intense photo-excitation. Basically a magnetic field is applied in order to gain insight
in the implications of a changing density of states function on the scattering mechanisms. The
combination of both an electric field and laser excitation is of significance for opto-electronic
devices, governed by ultrafast high-field non linear carrier transport. Variation of the laser
intensity changes essentially the carrier density, which offers the possibility to go from low
to high densities, entering the regime where many-particle interactions become important.
Different photoluminescence techniques are used to probe the carrier distributions after pulsed
laser excitation. The time-evolution of the photoluminescence signal recorded on a picosecond
timescale reveals the interesting fundamental physics of the hot carrier dynamics. This thesis
is organised as follows.

Chapter 2 will give a brief introduction of the GaAs (hetero)structures used with spe-
cific emphasis to the carrier scattering mechanisms important in the performed experi-
ments on a (sub)picosecond timescale. The ultrafast carrier dynamics is governed predom-
inantly by carrier-carrier and carrier-phonon interactions, whereas the electron-hole recom-
bination supplies us with a powerful tool to study these mechanisms. The time-resolved
photoluminescence techniques will be discussed, starting off from the introduction of the
picosecond Ti:sapphire laser and the femtosecond Colliding Pulse Mode ring dye laser, fol-
lowed by the two detection methods used, i.e. the photoluminescence up-conversion and the
photoluminescence correlation techniques.

The lineshape of photoluminescence spectra contains valuable information about the car-
rier distributions in their respective bands. In particular the carrier density and the effective
temperature of the hot carriers are extracted from the photoluminescence lineshape. The
picosecond time-evolution of both density and temperature monitors the ultrafast carrier
dynamics. However, the actual values for carrier density and temperature, as obtained from
the recorded lineshape, depends on the particular model used for electron-hole recombi-
nation, as will be shown in chapter 3. Moreover, it is not obvious how to calculate the
photoluminescence lineshape in the case of high densities and low temperatures of the car-
riers, when many-particle interactions may play an important role. In chapter 3 a lineshape
study of picosecond time-resolved photoluminescence spectra will be presented, with specific
interest to high excitation conditions, where the experimentally obtained photoluminescence
spectra exhibit anomalous high-energy side intensity shoulders, unexplained by single-particle
lineshape analysis models.

In general the carrier lifetime due to spontaneous recombination in high quality GaAs
is much longer than the times involved in the energy relaxation process. Consequently the
decay of the carrier density is usually neglected in the theoretical analysis of the carrier
cooling. Chapter 4 however presents time-resolved photoluminescence experiments on bulk
GaAs in which, under high excitation conditions, a very rapid carrier density decay rate is
observed, simultaneously with a significant reduction in the hot carrier cooling rate. These
results are discussed in terms of an energy relaxation model, including the usual carrier
phonon interactions, featuring the occurrence of stimulated recombination in order to explain
the ultrafast carrier density decay. The cooling rate reduction is directly related to the
rapid decay of the density due to recombination heating!®, which stresses the importance
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of the determination of both the time-dependent density and temperature in a picosecond
cooling experiment, as opposed to the determination of merely the temperature. Furthermore,
knowledge of the influence of a short carrier lifetime on the energy loss rates of hot carriers
is important for the performance of direct band-gap semiconductor lasers!?.

Chapter 5 deals with the problem of real space charge transfer of carriers photo-injected
in the high electric field at a metal-semiconductor interface. By using a subpicosecond pho-
toluminescence correlation technique the ultrafast separation of photo-excited electrons and
holes is monitored in real time. The experiments are analyzed with help of a Monte-Carlo
simulation, which appears to be a very powerful method in order to describe carrier behaviour
in semiconductors. The ultrafast response of the injected carriers strongly depends on the
modelling of the contacts of the device, and ultimately is not only critically dependent on the
device RC-time, but also on the excited carrier density. This investigation visualizes some
fundamental restrictions to the performance of fast opto-electronic devices and the results
are applicable directly to e.g. the operation of fast optical switches!?.

Application of a high magnetic field forces carriers to move in cyclotron orbits perpendi-
cular to the field direction. The energy states are quantized in Landau levels, which results in
an effective dimensionality reduction. As a result it becomes possible to study carrier systems
with a quasi-zero dimensional density of states by the application of a magnetic field to a
quantum well structure. The fundamental implications for the carrier-phonon interactions
has been studied extensively with the use of both continuous wave as well as time-resolved
photoluminescence spectroscopy’®~1¢. Although the time-resolved experiments have pro-
vided valuable information on the carrier-phonon coupling in these systems, a quantitative
description of the results is difficult due to the variation in time of all the relevant param-
eters. Chapter 6 presents cooling experiments of hot carriers in a quantum well structure
under application of magnetic fields up to 17 T, using continuous wave photoluminescence,
which provide a better quantitative understanding of previous reported time-resolved data.
Whether a particular phonon scattering mechanism, LO- or acoustic phonon scattering, dom-
inates the carrier cooling is found to rely heavily on the Landau level occupation, i.e. the
carrier density and temperature. Consequently the excitation conditions determine whether
the cooling rate enhances (acoustic phonons) or diminishes (LO phonons) with magnetic
field.

Finally, chapter 7 describes a photoluminescence study on the vertical transport of carriers
in a GaAs/(Ga,Al)As superlattice, with in-plane fields of up to 25 T at temperatures in
the range 4-80 K. Vertical transport at 4 K, determined by exciton transport, is shown
to be less efficient than free carrier-like transport at higher temperatures (47 and 80 K).
Application of a high in-plane magnetic field becomes of specific fundamental interest when
the magnetic length approaches the artificial (super)periodicity!”, which determines the mini-
band structure, resulting in a significant reduction of the vertical transport, as is shown in
the presented results.
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Chapter 2

Experimental arrangements and techniques

Abstract

The semiconductor materials used are briefly described, with specific emphasis to relevant
scattering mechanisms, such as carrier-carrier, carrier-phonon and intervalley scattering. The
experimental photoluminescence techniques used are discussed, in particular the picosecond
up-conversion and the femtosecond correlation techniques.
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2.1 Introduction

Optical spectroscopy provides a powerful tool to study the behaviour of hot carriers in semi-
conductors, resulting in the employment of various techniques in the past. In the experiments
described in this thesis photoluminescence techniques have been used. Photoluminescence,
i.e. radiative recombination of electrons and holes, contains information about the distribu-
tions of the electrons and holes in their respective bands. In addition, since the availability
of laser systems which can generate ultrashort laser pulses, hot carrier research has been ex-
tended to the ultrafast dynamics of carriers and phonons in the presence of external magnetic
and electric fields or intense optical excitation' 2. Nowadays pure semiconductor material can
be produced relatively easily, in which the spontaneous radiative carrier lifetimes are much
longer than the ultrafast carrier dynamics. This makes photoluminescence spectroscopy a
very convenient carrier distribution probe, even on short timescales. Further, since it has
been shown that the optical matrix element, which determines the strength of the recombi-
nation, is not affected by a magnetic field?, photoluminescence is ideally suited to menitor
the behaviour of carrier systems in magnetic fields. All these features of photoluminescence
have been exploited in this thesis to study ultrafast carrier dynamics and recombination in
GaAs and GaAs/(Ga,Al)As compounds.

In this chapter the semiconductor structures on which the experiments have been per-
formed. will be introduced briefly (section 2.2), together with carrier scattering mechanisms
of importance on a short timescale (section 2.3). Subsequently the laser systems used to per-
form the time-resolved photoluminescence measurements will be described (2.4) and finally
the luminescence techniques, i.e. up-conversion and photoluminescence correlation, will be
discussed (2.5).

2.2 Semiconductor materials

2.2.1 GaAs

Many important properties of carriers in GaAs are related directly to its bandstructure,
which is partially shown in figure 2.1. In contrast to the more conventional semiconductors
Ge and Si, GaAs has a direct energy-gap at k=0 (the centre of the Brillouin zone), formed
by the I's and I's extrema of the conduction and valence bands respectively, which makes
this material of particular interest for optical applications. At k=0 the heavy- and light-hole
bands are degenerate, while the spin-orbit split-off band I'; is positioned about 0.35 eV below
the 's-maximum. At energies close to the direct band-gap the dispersion relation between
energy and wavevector is described adequately by parabolic bands:

h2
me,h

Een(l) = 5 —1 (2.1)

where E., is the energy above the band-edge and m,, is the effective mass for the electrons
and holes, which differs substantially from the free electron mass mq.
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Figure 21 Part of the bandstructure of GaAs, with the direct band-gap at the center of
the Brillouwn zone, formed by the I's,I's extrema of the conduction and valence
bands Xg and Lg correspond to the minima of the conduction band at the edge
of the Brillouin zone

The band-gap energy of GaAs depends strongly on the lattice temperature, and varies
from 143 eV at 300 Kto 152 eV at 42 K4

Another important feature of the bandstructure of GaAs 1s formed by the presence of
two other mimima 1n the conduction band at the edge of the Brillouin zone The L- and
X-minima are situated in the <111> and <100> (and equivalent) directions at energies of
about 029 eV and 043 eV respectively above the I'-minimum Electrons can scatter from
the I'-valley to the L- and X-satellite valleys by emission or absorption of zone-edge phonons

2.2.2 GaAs/(Ga,Al)As heterostructures

After the development of sophisticated growth techmques, such as Metal Organic Vapour
Phase Epitaxy (MOVPE) and Molecular Beam Epitaxy (MBE) 1t became possible to deposit
monolayers of semiconductor materials with different band-gap energies on top of each other
i a well defined way In particular heterostructure systems consisting of alternating GaAs
and (Ga,Al)As layers have attracted considerable research interest, due to the fact that the
different lattices match almost perfectly, so that only little strain 1s introduced In addition,
the band-gap of (Ga.Al)As can be controlled by the aluminum content When a very thin
layer of smaller band-gap material (GaAs) 1s sandwiched between wider band-gap matenal
((Ga,Al)As), the motion of the carriers perpendicular to the layer structure 1s quantized
Figure 2 2 shows schematically the real space band-scheme of the resulting quantum well A
discrete spectrum of energy levels (subbands) 1s created for the carriers 1n the well, given by



8 Chapter 2

|, GaAs
: : : NN substrate
* N
!  AGaAs GaAs
»1 Conduction band
9 r
o — L -
A
w - / - - .\ -~ —
E...(AlIGaAs) 1 Wavetunctions Energy levels
E..,(GaAs)
. AN
Valence band —
distance

Figure 2.2: Schematic representation of a GaAs/(Ga,Al)As quantum well structure, with
the envelope wavefunctions and the subband energy levels.

the bound state energies of a finite square well. The values of the subband energies depend
on the quantum well width, the effective carrier masses and the barrier height. Furthermore
nonparabolicity® ® and wavefunction extension in the (Ga,Al)As barriers have to be taken
into account. The number of subbands increases with increasing well width. The quantum
confinement gives rise to a quasi-two dimensional behaviour of the carriers, for which the
density of states is given by:

§(B) = 3 T50(E - E) 22)

where the summation i runs over the different subbands and §(E) is the Heaviside step
function and E, is the subband energy.

When the width of the barrier layers is decreasing, the overlap of the wavefunctions of
carriers in adjacent wells becomes larger. In the case penetration of the wavefunctions in the
barriers is smaller than the periodicity of a large sequence of alternating wells and barriers,
a new superlattice is formed, with a new bandstructure of minibands which are separated
by minigaps™ . The so-called vertical transport through these minibands, parallel to the
growth direction, has become an important research topic and is discussed in more detail in
chapter 7.

2.2.3 Application of a magnetic field

A magnetic field B applied perpendicular to the plane of a quantum well structure fully
quantizes the carriers due to the formation of Landau Levels. The resulting energy levels are
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given by:
E=Ei+(N+%)hmc N=012.. (2.3)

with E; is the subband energy and w, = ‘;B is the cyclotron frequency.

Consequently the density of states is quasi-zero dimensional, i.e. no states exist in between
the Landau Levels, which has stimulated considerable research effort in order to understand
the fundamental consequences of dimensionality reduction®12. In real systems the discrete
energy levels are broadened due to the occurrence of several scattering processes. A number
of broadened density of states functions have been proposed, such as elliptic, lorenztian or
gaussian broadened energy states. The actual consequences for the lineshape of magneto-
photoluminescence spectra have been investigated extensively by Berendschot!® 3, who found
empirically that a gaussian shaped density of states function describes conveniently experi-
mental photoluminescence spectra. As a result for each subband the density of states can be
written as:

oo - - 7 1 2
9(E) = #(g)-% )6\'*:0 % exp { 2[E (;\?v+ Dhw] } (2.4)

where ! = /A is the magnetic length, N runs over the Gaussian broadened Landau levels
with linewidths I'y. The degeneracy of a Landau Level is given by ‘TB.

2.2.4 Metal-semiconductor interface

When a metal is brought into contact with a semiconductor a barrier is formed at the inter-
face, analogous to a one-sided abrupt pn-junction!4. Consider a n-type semiconductor, with
a work function less than that of the metal. In contact the Fermi-levels are forced to coincide
" at both sides of the interface, which results in the formation of a Schottky barrier of height
¢p and a band-bending region as is shown schematically in figure 2.3, without (a) and with
(b) an applied bias voltage V. Consequently an electric field is formed by a negative charge
at the metal surface, balanced by a positive space charge in the semiconductor. The charge
at the metal surface consists of extra conduction electrons in a thin sheet with a thickness of
about the Thomas-Fermi screening distance (~0.5 A). In the n-type semiconductor electrons
recede from the interface, leaving uncompensated donor ions, which provide for the balan-
cing positive charge. Since the donor concentration Np in the semiconductor is many orders
of magnitude less than the concentration of electrons in the metal, the region depleted of
electrons extends to a layer of appreciable thickness W, in which the semiconductor bands
are bent upwards (figure 2.3). The width of the depletion region depends on the applied
bias voltage V, the donor concentration Np, the temperature T and the specific metal and
semiconductor used, and can be calculated by solving the Poisson equation®. In the deple-
tion region approximation'®, which assumes that the space charge due to the ionised donors
amounts to eNp for 0 <x< W (x=0 at the interface) and is zero for x> W, the depletion
region thickness is given by:

2oy _v- k_f} (2.5)

W=
CND
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Figure 2.3: Schematic representation of the band-bending region at o metal-semiconductor
(Au-n-GaAs) interface unthout (a) and with (b) an appled bias voltage V.

where ¢ is the dielectric constant of the semiconductor and V;; is indicated in figure 2.3. The
constant space charge within the depletion region gives rise to a linearly decreasing electric
field £, maximal at the interface (x=0) and zero at x= W, which is given by:

26N"(vl,, _y_kTy_ Mo (2.6)
EEg e E€p

|E(x)] =

This results in parabolic decreasing bands (figure 2.3). As a consequence both the width of
the depletion region and the electric field strength at the interface increase with increasing
reverse bias, i.e. negative V (figure 2.3 (b)).

It should be noted that the actual formation of a Schottky barrier is strongly modified by
surface states, interfacial (oxide)layers and the Schottky-effect’*~¢. The actual schematic
description however is sufficient to envision what happens in the case of photo-excitation of
electrons and holes. Due to their opposite charges they will be separated in space, resulting
in a photo-current, which will be described in detail in chapter 5.

2.3 Ultrafast dynamics of photo-excited carriers

If a semiconductor is illuminated with ultrashort laser pulses with a photon energy exceeding
the band-gap energy, electrons and holes are created in respectively conduction and valence
bands. The rate of energy input into the carrier system is determined by the difference
between laser photon energy and energy gap Eg.p, and the electron-hole pair generation
rate. The subsequent carrier dynamics and energy relaxation is determined by a number of
processes, such as: 1) carrier-carrier scattering, 2) intervalley scattering or inter-band phonon
scattering, 3) phonon cooling or intra-band phonon scattering, and 4) (non)radiative carrier
recombination. In the following these processes are described briefly. with special attention
to their role in the ultrafast carrier relaxation.



Experimental arrangements and techniques 11

2.3.1 Carrier-carrier scattering

Since the wavevector of the laser photons can be neglected with respect to the wavevectors
of the carriers, the carriers are created by vertical optical transitions (Ak = 0) into non-
equilibrium distributions. The intercarrier interactions (electron-electron, electron-hole and
hole-hole) mainly provide for the redistribution of momentum and energy among the carriers
on a very short timescale. This ultrafast intercarrier scattering has been subject of many
time-resolved investigations focusing onto the development of the initial somewhat broadened
mono-energetic distribution towards a thermalized carrier gas. Only very short after intense
pulsed laser excitation a non-equilibrium carrier distribution has been observed!” '®, which
reveals intercarrier scattering times as short as 200 fs or smaller. On a picosecond timescale
the carrier distributions can be regarded as thermalized, characterized by Fermi-Dirac distri-
butions which are determined by an effective carrier temperature and quasi-Fermi levels, i.e.
a carrier density. It should be emphasized that in most cases the effective temperature still
is much higher than the lattice temperature, so that often is spoken of hot carriers. More-
over, the carrier-carrier scattering rates strongly depend on the carrier density. In favourable
circumstances, i.e. low carrier densities, the electron and hole distributions may be ther-
malized among themselves, but still have different temperatures on a picosecond timescale®.
For higher photo-excited carrier densities usually the temperature of the electron and hole
distributions are equal on a picosecond timescale?0~22,

2.3.2 Intervalley scattering

When electrons are photo-created in the I'-valley in GaAs with an excess energy larger than
the energy of the L- and X-satellite valleys in the <111> and <100> (and equivalent) k-
directions respectively (figure 2.1), they can scatter to these valleys. This intervalley scatter-
ing process involves a large change in momentum, which is of the order of magnitude of the
first Brillouin zone radius. This momentum may be taken up by a zone-edge phonon. Due
to the relatively large effective mass in the satellite valleys (~ 0.5m,) the density of states is
relatively high. In addition, due to the presence of several equivalent valleys in the different
k-directions, the L- and X-minima have a 4-fold and 6-fold degeneracy respectively. Both the
large effective mass and the degeneracy of the satellite valleys make intervalley scattering very
efficient. A variety of optical techniques has been used to measure these intervalley scattering
rates, such as time-resolved raman scattering®®, hot photoluminescence®*~?" and femtosec-
ond pump-probe transmission measurements®® 2°, The importance of intervalley scattering
after short laser pulse excitation has been illustrated elegantly by measuring the rise time of
the near band-gap photoluminescence intensity for excitation energies above and below the
energy of the satellite valleys® 3!, The initial rise time appeared much shorter in the case
electrons are created below the energy of the subsidiary valleys as compared to electron ex-
citation with sufficient energy for intervalley transfer. In the latter case the electrons scatter
rapidly to the satellite valleys, where they do not contribute to the photoluminescence signal.
Subsequently the electrons return to the I-valley within approximately 10 ps, leading to a
delay in the photoluminescence rise time3% 3!,

It is clear that also the electron transport in high electric fields is affected by intervalley
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scattering. Electrons are heated very effectively by an electric field and gain an excess energy
sufficient for scattering to the L-valley at a field of about 3 kV/cm32. In the satellite valleys
the electrons are much heavier, leading to a reduced mobility as compared to electrons in the
I-valley. These considerations lead roughly to two distinct field regions for the electron
drift velocity, that is the electron mobility. At low fields the electron mobility is high,
and at high fields when all the electrons are supposed to be transferred to the satellite
valleys, the mobility is much lower. In the intermediate region the drift-velocity versus
field curve shows a distinct optimum?!4, which can result in velocity overshoot effects in
GaAs photoconductors, which have been observed experimentally by using a time-resolved
photoconductivity technique®*~3%. The implications of intervalley scattering on the ultrafast
high field carrier dynamics in GaAs will be discussed in more detail in chapter 5.

2.3.3 Phonon cooling

The excess energy of the hot carrier distribution after photo-excitation is transferred to
the lattice by carrier-phonon interactions. These carrier-phonon interactions have been the
subject of many (time-resolved) investigations?. In polar semiconductors like GaAs, the
carriers interact with phonons by basically two different mechanisms, polar and non-polar
interactions. Moreover, since the GaAs unit cell contains more than one atom, apart from
acoustic phonons, also optical phonons must be taken into account:

1. Non-polar scattering arises from the oscillation of atoms around their equilibrium po-
sitions. The resulting scattering of carriers is adequately described by the theorem of
the deformation potential, for both optical and acoustic waves!®.

2. Polar phonon interactions arise in a semiconductor crystal which consists of dissimilar
atoms where the bonds are partly ionic and the unit cell does not contain a center of
symmetry. The oscillation of the ions induces a polarization of the lattice, leading to
the so-called piezo-acoustic (piezo-electric) and polar optical scattering processes.

The relative importance of the distinct phonon scattering mechanisms in GaAs has been
calculated by Pugnet et ol using simple expressions. It appears that most of the hot carrier
cooling experiments have been performed in the range where optical phonon scattering, in
particular due to longitudinal optical (LO) phonons, dominates the energy relaxation process,
that is for carrier temperatures above about 50 K. Below this temperature the carriers
interact predominantly with acoustic phonons.

One of the most striking experimental results concerning the picosecond optical phonon
cooling of carriers, is formed by the drastic reduction of the measured cooling rates with
increasing carrier densities. Initially this was suggested to originate from the screening of
the polar phonon interaction. Later on it turned out that the significant cooling reduction is
the result of a built-up of a non-equilibrium distribution of optical phonons®. In the initial
stage of the energy relaxation process a large number of optical phonons are emitted, which
must decay into large wavevector acoustic phonons, determined by energy and momentum
conservation. This decay time appeared to be larger than the optical phonon emission time,
resulting in the development of a non-equilibrium phonon distribution, much larger than the
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equilibrium phonon population at the bath temperature Consequently also re-absorption of
so-called hot phonons must be considered, which tend to reduce the net carrier cooling rate
whenever the carrier temperature exceeds the threshold for phonon emission This reduction
of the carnier cooling rate can be as high as 20 times for high carrier densities

The dispersion relation for acoustic phonons 1s given by hwq = fic,q, where ¢; 1s the sound
velocity in the material As a result acoustic phonons can interact efficiently with the bath
outside the excitation area, so that no acoustic phonon heating 1s expected

2.3.4 Recombination and luminescence

Photo-excited electrons and holes can recombine via nonradiative or radiative recombination
processes, where 1n the latter case luminescence radiation 1s emitted The radiative transitions
may occur at or near the band-edges due to a vanety of mechanisms, possibly related to
crystal imperfections or impurities However, for sufficiently pure sericonductor matenal the
radiative recombination 1s governed merely by free carriers or by excitons An electron and
hole can be bound to each other by the Coulomb interaction to form an exciton with a binding
energy R};, analogous to the hydrogen atom The value of the binding energy 1s given by the
excaitonic Rydberg (m./mp)e? times the Rydberg energy of hydrogen (13 6 eV), where m, 18
the reduced mass of the exciton and ¢ 1s the dielectric constant, which yields for bulk GaAs a
value of R} of about 4 meV In case of lugh carrier densities however the Coulomb interaction
1s screened and the band-gap energy 1s reduced due to many-particle interactions®” 38, leading
to the disappearance of distinct exciton states Since 1n this study the density of the photo-
excited carriers 1s rather high, we only consider band-to-band recombination

When time-resolved photoluminescence spectra are used to probe the ultrafast carner
relaxation, the spectral lineshape must be analyzed in order to obtain the time-evolution
of both the density and the effective temperature of the carriers In general the resulting
parameters depend on the particular model used for the band-to-band recombination process
Therefore, several models for the photoluminescence lineshape have been used, which wil] be
described 1n chapter 3

Common carner hifetimes due to spontaneous recombination 1n good quality GaAs are
much longer than the processes involved in the energy relaxation, which makes the photolu-
munescence techmque extremely useful 1n measuring the time-evolution of the distributions
of the carriers without affecting the cooling rate 1tself However, in case the recombination
time becomes comparable to the times involved in the cooling process, the recombination
has to be included 1n the analysis The effect of such a short carrier hifetime on the carrier
cooling will be discussed extensively in chapter 4

2.4 Experimental arrangements

In order to improve our 1nsight 1n the different ultrafast processes described 1n the previous
section, we have exploited different photolurminescence techniques, using laser systems with
a hght output ranging from continuous wave to picosecond and femtosecond pulses Contin-
uous wave or time-integrated photoluminescence experiments use really straightforward laser
systems and set-ups, which will not be discussed further
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2.4.1 The picosecond laser system

For the experiments on a picosecond timescale described in chapters 3 and 4 we made use
of the following, commercial available, laser system. A continuous wave Argon ion laser
(Spectra Physics, Model 2040E) is used as a pump source for a pulsed Ti:sapphire laser
(Spectra Physics, Tsunami) which is actively mode-locked with an opto-acoustic modulator.
The laser output is a train of stable pulses with a duration of 1.3 ps, deduced by means of
an autocorrelation technique. The average power amounts to 2 W with a repetition rate of
84 MHz. The wavelength can be tuned easily from 720 nm to 850 nm.

2.4.2 The femtosecond laser system

For the subpicosecond photoluminescence correlation measurements described in chapter 5
we made use of a home-built Colliding Pulse Mode (CPM) ring dye laser, which has been
described in detail by Berendschot!}, so only a brief description will be given here. The
design of the CPM laser resembles the concept of Valdmanis and Fork*. The laser generates
stable output pulses with a typical pulse width of 60 fs, a repetition rate of 100 MHz and an
average power of 20 mW per beam, centred at a wavelength of about 620 nm. In the CPM
laser the concept of passive mode-locking is applied, which means that next to a saturable
amplifier dye ( Rhodamine 6G) also a saturable absorber dye (3.3'-diethyloxadicarbocyanine-
iodide, DODCI) has been inserted in the ring cavity. The amplifier dye is pumped by a
continuous wave Argon ion laser (Spectra Physics, Model 171) operating at a wavelength of
514 nm. In order to obtain the shortest possible pulses a sequence of four quartz prisms*! has
been inserted to correct for pulse broadening due to group-velocity dispersion and self-phase
modulation!!.

2.5 Time-resolved photoluminescence techniques

Since the availability of laser systems which are able to generate ultrashort laser pulses, a
large number of experimental techniques have been developed by which measurements can
be performed with a time-resolution only limited by the pulse width. In this section two
experimental techniques will be described which have been used to perform photolumines-
cence measurements with (sub)picosecond time-resolution, i.e. the up-conversion technique
and the photoluminescence correlation technique.

2.5.1 Picosecond up-conversion technique

The up-conversion technique makes use of frequency-mixing of luminescence light with a
short laser pulse in a non linear crystal, generating sum-frequency radiation*?. The mixing
only occurs for that part of the photoluminescence signal which coincides with the laser
pulse, which makes pulse width limited time-resolution possible, provided certain conditions
are satisfied.

The experimental picosecond up-conversion set-up is displayed schematically in figure
2.4, and is very similar to the set-ups described by Hollering®® and Reinen'?. The light beam
generated by a pulsed Ti:sapphire laser system is split in two by a beam splitter. One part is
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Figure 2.4: Schematic representation of the ezperimental set-up for the time-resolved pho-
toluminescence up-conversion measurements.

mechanically chopped and subsequently focused by a microscope objective onto the sample
surface. The other part is guided through a delay-line, consisting of two retro-reflectors,
one of which can be translated by steps of 1 um using a stepping control motor, in order
to lengthen the optical path of the laser beam. The luminescence radiation emitted by the
sample is guided by a beam splitter into a light-gate, consisting of a non linear LilOj; crystal,
where it is up-converted by the laser light returning from the delay line. The up-converted
radiation is focused into a 1 m grating monochromator (Monospek) and is detected by a EMI
9789/82 QB photomultiplier tube, with the use of a lock-in amplifier.

Sum-frequency generation between the laser pulses (wy) and the luminescence (ws) is
obtained at a frequency w; + wa, whenever both signals overlap in time. The intensity of
the sum-frequency radiation is proportional to the product of intensities of the luminescence
and the laser light. Since the intensities of subsequent laser pulses is the same and their
duration is short as compared to the duration of the luminescence, the intensity of the up-
converted signal is a measure for the luminescence intensity. By tuning the length of the
delay line, the time-evolution of the luminescence signal at frequency w, is monitored. In
addition by scanning the monochromator over w; + w;, at a fixed length of the delay line
a full luminescence spectrum is recorded, emitted at a certain time after laser excitation.
However, apart from energy conservation (w3 = w; + wy) frequency-mixing also requires
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phase-matching®3, i.e. k3 = k; + k,, where k;, k, and ks correspond to the wavevectors
of the laser pulse, luminescence signal and sum-frequency signal respectively. In LilOy the
phase-matching condition can be obtained by adjusting the angle between the crystal optical
axes and the wavevectors of the light. This implies that in measuring the spectral distribution
of the luminescence radiation the angle of the non linear crystal has to be adjusted for each
wavelength. Therefore the non linear crystal is mounted on a stepping control motor, capable
of making steps of 0.01 degrees, which is tuned synchronously with the monochromator. The
approximately linear relation of the crystal angle as a function of the luminescence wavelength
is determined experimentally for each laser wavelength used. This calibration procedure is
described extensively by Hollering®® and Reinen!?, for different laser wavelengths.

The thickness of the non linear crystal affects both the up-conversion efficiency and the
ultimate time-resolution*. The efficiency is proportional to the square of the crystal thick-
ness. However, the thickness of the crystal is restricted by the spectral bandwidth and the
group-velocity mismatch between the fundamental and generated pulses, which are inversely
and linear proportional to the crystal thickness respectively*. For substantially different
laser wavelengths or pulse widths different crystals are needed. The actual LilOj3 crystal
thickness amounts to 3 mm, while it was cut at an angle of 40 degrees with respect to the
optic axes, leading to a time-resolution of a few picoseconds and optimal up-conversion effi-
ciency for the laser wavelengths used (~730 nm) in combination with luminescence emitted
by GaAs (~800 nm).

It should be noted that the frequency-mixing technique also can be used to monitor the
shape of the laser pulses or measure their duration, by means of the autocorrelation of the
pulses®?.

2.5.2 Subpicosecond photoluminescence Correlation Technique

In the photoluminescence correlation technique the time-resolution is achieved by the intro-
duction of a certain time delay 61 between two equal pulses incident on the sample, and the
measurement of the photoluminescence intensity as a function of §¢. The technique makes
use of the bimolecular nature of the recombination process, i.e. the luminescence intensity is
proportional to the product of the electron and hole populations. We follow the approach as
proposed by Rosen et al.%%, in which a background-free photoluminescence correlation signal
is measured, as opposed to the method of Von der Linde et al.*¢. The experimental set-up
is shown schematically in figure 2.5. The beam of laser pulses generated by a CPM laser
is split into two equal parts by a beam splitter (BS). One part is mechanically chopped at
frequency w; and reflected by a retro-reflector, which can be translated in steps of 0.1 um by
using a stepping control motor. The other part is chopped at frequency wp. Both beams are
collinearly focused onto the sample surface by a microscope objective. In order to avoid co-
herence effects when the two pulses overlap in time4®, the polarization of one beam is rotated
over 90 degrees using a A/2-wave plate. The luminescence radiation emitted by the sample
is guided through a 1 m grating monochromator (Monospek) and detected by a cooled GaAs
photomultiplier. The luminescence signal detected by the photomultiplier is integrated by a
lock-in amplifier, tuned at frequency w; - wq, which gives the correlation between the carrier
distributions photo-injected by the two laser pulses, i.e. the detected signal necessarily results
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Figure 2.5: Schematic representation of the experimental set-up for the time-resolved pho-
toh_zminescence correlation measurements.

from both laser pulses. When the time delay between the laser pulses is too large the carrier
distributions generated by the first pulse are gone (e.g. by recombination or other processes)
when the second pulse arrives. The correlated photoluminescence intensity measured as a
function of the time delay in between the pulses therefore contains information about the
dynamical behaviour of the photo-excited carriers.

In the case of an experimental set-up as is shown in figure 2.5 the total time-integrated
photoluminescence intensity at a certain energy hw for a time delay §t between the pulses

can be written as: -
/I(t,ﬁw,&t)dt & /[nl(E,,t) cos(wyt) + no(E.,t) cos(wst)]
X [p1(En.t) cos(wit) + pa(En,t) cos(wot)]dt (2.7
where

n1(t), na(t), m(t), p2(t) are the photo-excited electron (n) and hole (p) occupations at ener-
gies E, and E}, respectively, from the laser pulses 1 and 2.
E.+ E, = hw — Eg,, with E,, the band-gap energy.

n2(t) = ni(t + 8t) and py(t) = pi(t + 6t) when the photo-excited electron and hole dis-
tributions due to the two laser pulses are assumed to be equal, and only shifted in
time.

The terms cos{w;t) and cos(w,t) which represent the chopper action, are slowly varying
as compared to the typical carrier relaxation times and can be put before the integral. As a
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result the signal at frequency w; — w; is proportional to
I(hw, 6t) = / I(t, b, 6t)dt o / [(Ee, 1) P(En,t + 6t) + n(Eu t + 6t) p(En,t)]dt  (2.8)

Thus the measured time-integrated signal is the cross-correlation of the electron concen-
tration excited by one beam and the hole concentration excited by the other. Moreover,
measurement of the correlated photoluminescence signal at different photon energies fiw can
supply us with information about the energetic distributions of the carriers. However, all
the information is hidden in a non-transparent correlation function, which may make the
interpretation of an experiment difficult. In addition, in case the carrier dynamics consists
of two subsequent processes, this method may combine them into one time constant, due to
the time-integrated form of the ultimate correlation function measured.

On the other hand, the photoluminescence correlation technique can be realised very
simply, due to its simple set-up, and possesses a time-resolution only limited by the laser
pulse width. The signal-to-noise ratio is often very good since the luminescence radiation is
detected directly, whereas in eg. the up-conversion technique a non linear crystal is required
to accomplish the time-resolution needed. This may result in a low efficiency, especially for
short laser pulses, when very thin non linear crystals have to be used.
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Chapter 3

Lineshape analysis of picosecond time-resolved high
excitation photoluminescence spectra

Abstract

Picosecond time-resolved photoluminescence spectra of nearly resonantly excited carriers in
bulk GaAs have been measured. The spectra show anomalous shoulders at their high-energy
tails, especially pronounced at high densities and low temperatures of the electron-hole
plasma. The positions of the shoulders with respect to the main peak seem to be corre-
lated with the plasma density. In order to understand this feature several lineshape analysis
methods have been used, including an elaborate many-particle model which incorporates
plasmon-assisted optical transitions, and simple single-particle models with and without k-
conservation. It has been found that neither of the models used can describe precisely the
lineshapes of the measured high excitation spectra. However, from the best lineshape fits
reliable values for the carrier density and temperature could be extracted. The many-body
mode] and the simple model without k-conservation give very similar results, whereas the
simple model including k-conservation results in higher temperatures, leading to deviating
carrier cooling curves.
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3.1 Introduction

Lineshape analysis of photoluminescence and gain spectra has been used frequently in the
past to gain insight in the physical processes of carriers in semiconductors such as energy
relaxation!, electron-hole recombination and band-gap renormalization?~*. For this analysis
single-particle models, with and without k-conservation, as well as many-particle models have
been used.

Following the early work of Gébel et al® in GaAs, a number of optical studies has been
reported, where in the lineshape analysis k-conservation was assumed to break down® 7. This
approach led to reasonable lineshapes of GaAs gain spectra, in contrast to the k-conservation
model3. Therefore it was believed that the k-conservation model can only be used when many-
body interactions are taken into account. Due to inter-particle interactions photons with an
energy smaller than the band-gap energy can be emitted, leading to the appearance of a low-
energy tail in photoluminescence spectra. Moreover, reduction of the exchange-correlation
energy with the electron-hole plasma density causes a significant band-gap shrinkage, result-
ing in a spectral shift of the photoluminescence. Both the low-energy tail and the band-
gap renormalization demonstrate the importance of many-body effects on optical spectra
for degenerate carrier distributions. Although also in the single-particle model without k-
conservation no specific many-particle interactions are taken into account, some broadening
of the single-carrier states is simulated by the contribution to the photoluminescence intensity
of transitions between states with different wavevectors.

During the last decades several models have been reported, following the early proposal of
Landsberg?, to describe the spectral low-energy tail with help of transitions between lifetime
broadened carrier states. Haug et al.® derived a general expression for the collision broaden-
ing, including damped plasmon-assisted transitions, which influence the photoluminescence
and gain spectra in addition to a screened Coulomb interaction between the electron-hole
pairs. This model, featuring Lorenztian broadened carrier states, predicts appropriate line-
shapes of gain spectra of GaAs®. The exact collision broadening model of Haug et al. has been
used to extract electron-hole plasma parameters from photoluminescence spectra of CdTe!®
and GaAs!'. It has been found that the resulting effective temperature is always lower than
the temperature deduced from an exponential fit to the high-energy tail of a spectrum, due
to the particular wavevector dependence of the collision broadening, elucidating part of the
remaining discrepancy between the calculated energy relaxation rate and the experimentally
observed cooling curves. Furthermore the band-gap reduction with increasing carrier density
has been found to be close to well-accepted theoretical predictions'®. The collision broadening
values of Haug have been inserted in other expressions for the photoluminescence lineshape
to give a nice description of the experimental spectra of (Ga,Al)As. In addition appropriate
band-gap renormalization values have been obtained, although a lower energy cut-off had
to be invoked to avoid tailing of states deep into the gap, due to the peculiar asymptotic
behaviour of the Lorentzian collision broadening® 3. Selloni et al.® performed an exhaus-
tive comparison between several lineshape models, including many-particle interactions, and
found nearly equal densities and temperatures for all models and minor differences in the
band-gap renormalization.



Lineshape analysis of high excitation PL spectra 23

In this chapter we present picosecond time-resolved photoluminescence spectra of nearly
resonantly excited carriers in GaAs for different laser excitation intensities. From the spectra
reliable values for the carrier density and the effective temperature were extracted by using
two single-particle recombination models, with and without k-conservation, and the many-
particle model introduced by Haug et al.’. Comparison of the results shows that both the
many-body model and the simple model neglecting k-conservation give similar values for
the effective temperature and density of the carriers, whereas the simple model including k-
conservation results in higher temperature values. Determination of merely the temperature
from an exponential fit to the high-energy tail can yield even higher values. For practical
purposes it appears that the most convenient way to determine temperature and density is
by using the single-particle model without k-selection.

Further, the high excitation spectra show anomalous shoulders at their high-energy tail
of which the energy position with respect to the main peak seems to be correlated with the
electron-hole plasma density. The spectral lineshape of the shoulders can be described well
by a single-particle lineshape neglecting k-conservation. However, these shoulders can, even
by the many-particle model including plasmon-assisted optical transitions, not be explained.

The chapter is organised as follows. Section 3.2 deals with the introduction of the samples
used and the presentation of the picosecond time-resolved photoluminescence up-conversion
measurements. In section 3.3 the three different photoluminescence lineshape models will be
discussed. Section 3.4 describes the results of the different lineshape analysis models, and
section 3.5 reviews the main conclusions.

3.2 Experimental details and results

The time- and energy-resolved photoluminescence experiments were performed on two differ-
ent samples. Sample Aix456, grown by MOVPE at the university of Nijmegen, consists of an
undoped 0.25 um-thick GaAs layer which is sandwiched between (Ga,Al)As layers of 0.1 um
([Al]=0.65) and 4 um ([Al]=0.55) thickness. The uppermost (Ga,Al)As layer (0.1 um) is
capped by a GaAs layer of 100 A. Sample W285, grown at the university of technology in
Eindhoven by MBE, contains a 0.25 um-thick GaAs layer sandwiched between two (Ga,Al)As
layers ([Al]=0.35) of 0.1 um and 0.2 um thickness, and a top capping GaAs layer of 170 A-
thickness. In both samples the (Ga,Al)As layers are transparent for the incident laser light
and prevent carrier diffusion in the growth direction. The thickness of the GaAs layer is
smaller than the absorption length of about 0.5 um at the used laser wavelengths. As a
result a more or less homogeneous carrier distribution was photo-injected. In sample W285 a
superlattice buffer layer (50 x 42 A GaAs/60 A AlAs) has been inserted between the deepest
(Ga,Al)As-layer and the semi-insulating GaAs substrate in order to prevent carrier excitation
in the substrate, which could result in a disturbing photoluminescence background intensity
at the GaAs wavelength.

Carrier distributions were excited directly in the undoped GaAs layers by picosecond laser
pulses, generated by a mode-locked Ti:sapphire laser, optically pumped by a continuous wave
Argon ion laser. The laser beam was mechanically chopped to allow for lock-in detection and
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Figure 3.1: Measured (dotted curves) and calculated (sohd curves) photoluminescence (PL)
spectra at different times after excitation for ercitation levels Iy/5 (a) and
Io/200 (b) for sample Aiz456.

was focused to a 20 um-diameter spot onto the sample surface by a microscope objective.
The photoluminescence radiation from the GaAs-layer was collected in a backscattering ge-
ometry using the same microscope objective. Energy-resolved photoluminescence spectra
with picosecond time-resolution were recorded with help of the up-conversion technique us-
ing a non linear LilO; crystal as a lightgate. The up-converted photoluminescence light was
guided through a 1 m monochromator (Monospek) and detected with an EMI 9789/82 QB
photomultiplier tube and a lock-in amplifier. The sample was kept at a bath temperature of
10 K (see chapter 2 for more details).

Time-resolved photoluminescence spectra were measured for a number of excitation inten-
sities ranging from y/200 to Iy (Jo = 1.5 kW /cm?) and three different laser photon energies
(1.65 eV, 1.69 eV and 1.72 eV). Typical photoluminescence spectra recorded after excitation
of sample Aix456 with laser energy 1.69 eV, are displayed by the dotted curves in figure
3.1 at different times after excitation and two excitation levels: Iy/5 (a) and Jp/200 (b).
The spectra for one laser intensity are all shown on the same vertical scale but arbitrarily
vertically shifted for clarity. Excitation with laser energy 1.65 eV did not specifically alter
the spectra. The solid lines in figure 3.1 represent photoluminescence lineshape calculations
using an expression of a single-particle model for band-to-band recombination neglecting k-
conservation, which will be discussed 1n detail in section 3.3.2. Generally four parameters are
adjusted to obtain a good match between calculated and measured photoluminescence spec-
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Figure 3.2: Measured (dotted curves) and calculated (sold curves) photolumunescence (PL)
spectra at different times after excitation for ezcitation levels Iy (a) and lo/20
(b) for sample W285.

tra. The low-energy onset of the intensity 1s determined by the band-gap energy Eg,.,. The
spectral high-energy slope reflects the effective temperature T,y of the carrier distributions,
which are assumed to be thermalized. Obviously the increasing high-energy slope with time
in figure 3.1 is related to the picosecond carrier cooling. The spectral width corresponds to
the band-filling, i.e. the carrier density n. ). Finally the calculated spectra are multiplied by
a proportionality factor to scale the lineshape vertically to the data. This proportionality fac-
tor corresponds to the coefficient in front of the photoluminescence intensity, which contains
for instance the optical matrix element, and is related to the usual radiative recombination
coefficient B..

The spectra at low excitation intensity (figure 3.1 (b)) are relatively well described by
the calculated ones, apart from their low-energy tails. This part of the spectrum corre-
sponds to photons emitted with an energy smaller than the band-gap energy and cannot
be explained by the actual single-particle lineshape. This low-energy tail can be explained
with help of lifetime broadening of the single-carrier states due to inter-particle collisions, i.e.
many body interactions®. For example an electron at the band-edge can instantaneously lose
energy due to a collision and recombine under emission of a below-band-gap photon. The
higher the lifetime broadening parameter I at the band-edge, the deeper the tailing of the
photoluminescence intensity into the energy gap. In addition the same interactions between
the particles cause the band-gap to renormalize, resulting in a band-gap reduction with in-
creasing carrier density. So the simple single-particle recombination model, which does not
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Figure 3.3: Twme-evolulion of the high-energy wntensity shoulders (dotted curves), obtained
by subtracting the fitted single-particle ineshapes from the ezperimental spectra,
for sample Aiz{56 (a) and W285 (b). The sold curves correspond to single-
particle lineshapes neglecting k-conservation.

include many-body interactions, cannot describe the low-energy tail and is only expected to
follow nicely the spectral high-energy part as it does.

However, in the case of the high excitation level (figure 3.1 (a)) also a pronounced intensity
shoulder is observed at the high-energy side of the spectra. Both the energetic position and
the intensity of the shoulder evolve in time after excitation, indicating its physical nature. It
15 interesting to note that the shoulders are specifically pronounced at high excitation density
1n combination with low effective temperatures. In this regime lifetime broadening effects can
be expected to show up in photoluminescence spectra, when the carrier effective temperature
T.s approaches the collision broademng parameter I' (k,Tug ~ I')'%, i.e. when the high-
energy slope is close to the low-energy slope. The actual low effective carrier temperatures
(Teg < 150 K), even under these high excitation conditions, are the direct result of the
nearly resonant carrier photo-excitation (electron excess energies are smaller than 5 times
the LO-phonon energy).

The intensity shoulders at the spectral high-energy side do not depend on the particular
sample involved. The dotted curves in figure 3.2 show typical photoluminescence spectra
obtained after excitation of sample W285 with laser energy 1.72 eV. The experimental spec-
tra at low excitation intensity are. apart from their low-energy tail, well described by the
sold curves, calculated by the no k-conservation single-particle recombination model (figure
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3.2(b)). However, for the high excitation data clearly resolved intensity shoulders are visible,
similar to the ones observed from sample Aix456.

Due to the excellent signal-to-noise ratio of the high excitation spectra it is possible to gain
insight in the actual time-evolution of the high-energy side intensity shoulder by subtracting
the calculated single-particle lineshapes from the measured spectra. The time-evolution of
typical remaining spectra is displayed in figure 3.3 for both samples. It is striking that also
these spectra can be described well by a single-particle lineshape neglecting k-selection, as is
shown by the solid curves. Although this subtraction method is rather arbitrary, the time-
evolution of the high-energy slope (effective temperature) and spectral width (carrier density)
of the shoulders roughly follow the similar features of the main photoluminescence peak. This
suggests that the shoulder may be a replica of the main peak. Further the position of the
shoulder clearly shifts in time to lower energy, simultaneously with the decreasing spectral
width, i.e. carrier density.

3.3 Lineshape analysis

The experimentally determined time-resolved photoluminescence spectra are analyzed with
the help of three different lineshape models, in an attempt to find in the first place a good
description of the high-energy intensity shoulders. Moreover, resulting values for crucial
parameters as temperature, density and renormalized band-gap obtained by the lineshape
analyses will be'compared mutually.

For the lineshape analysis we have used the single-particle models with and without k-
conservation and the collision broadening model as introduced by Haug et al.?. The latter
model serves as a representative for the many-body lineshape models discussed in the liter-
ature, which all give approximately equal values for the carrier density and temperature? 12
and only minor differences for the band-gap renormalization®.

All models start from a general single-particle expression for the band-to-band recombi-
nation rate 7 per unit volume at a certain photon energy fiw:

r(ho) = K' [ [ dkedin fullee) fo(kn)S(h = Egap = Ee = Bu)Sllee =k)  (3.1)

e The coefficient K’ contains the optical matrix element, which is assumed to be inde-
pendent of energy.

e Both the conduction and valence bands are assumed to be parabolic, characterised by
effective masses m, and m, respectively. Therefore the energies E. and Ej, (measured
with respect to the respective band extrema) of electrons and holes with wavevectors
k. and k, respectively, can be written as:

ﬁzkzlh
2men

Ee,h(ke,h) = (32)

Incorporation of a nonparabolic conduction band for electrons’®, reveals negligible
changes in the photoluminescence lineshape and resulting parameters. The heavy-
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and light-hole valence bands are replaced by a single band with an effective mass of
0.5mg, where my is the free electron mass.

o The carriers are distributed among the wavevector (energy) states according to Fermi-
Dirac distribution functions fen(Een(ken)):

fen(Een(ken)) = =

exp ((Ecn(ken) — Ep,, ) /kpTen) + 1

which depends on the quasi Fermi-levels Er_, and the effective carrier temperatures
T, », also collectively determining the carrier density nep:

nen = [ fu(E — Be)ge(EME = [ u(E = Er,)n(E)E (3.4)

Herein g.n(E) represent the density of states functions of electrons and holes. Since
the presented experimental photoluminescence spectra have only picosecond time-
resolution and the thermalization processes are expected to occur on a much faster
timescale!' 14 15, the assumption that the carrier distributions obey Fermi-Dirac statis-
tics is justified. Moreover, in view of the actual excitation intensities, which result in
carrier densities larger than 106 cm™? (see section 3.4), the electron and hole temper-
atures T, can be regarded as equal : T, = Ty, = T.¢ for times larger than 20 ps after
excitation!!

e The second 6-function on the right hand side of equation (3.1) expresses the conserva-
tion of wavevector in the recombination process, since the photon wavevector can be
neglected with respect to the carrier wavevectors.

(3.3)

e The photon energy Aw is determined by the electron and hole energies F.) added to
the band-gap energy Eg.,. In all the models the band-gap energy is an adjustable
parameter, assuming a band-gap renormalization governed by rigid band shifts.

3.3.1 Single-particle model with k-conservation

The first lineshape model is a simple single-particle model, incorporating preservation of
the k-selection rule, but without any broadening of the carrier states. The formula follows
directly from equation (3.1). After applying the k-selection é-function this equation passes
into:

hlk?

r(hw) = K [k KLk ()8 ~ Eyep = =5 -

) (3.5)

where g is the reduced excitonic mass (1/g = 1/m, +1/my).
Application of the energy conservation é-function, yields:

T(ﬁ“’ / (h“-’ Esap)fe fua) Egap))fh( (h“) Egnp)) (3-6)

The high-energy tail (hw > Egp, fiw > Epe + Eph) can be approx1mated by a single expo-
nential, which depends only on the effective temperature:

r{hw) oc exp[i;%] (3.7
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This expression has been widely used to extract values for the effective temperatures from
experimental photoluminescence spectra without performing a complete lineshape analysis’.
The coefficient K incorporates the optical matrix element M and can be written as?é:

_ 4né’Eg,

= — B AL 3.8
weomghzc"l | (38)

where n is the refractive index of GaAs.
K is related to the usual radiative recombination coefficient B, according to the definition
of the latter!®:
B2, = / d(hw)r(hw) (3.9)

which leads to:
Binl = K [ d(hw)y| 350 = By ol 2o = g ol (o = ) (3:10)

This formula leads for a non-degenerate carrier distribution to the well-known T,;a/ 2
dependence for the radiative recombination coefficient!™ 18,

3.3.2 Single-particle model neglecting k-conservation

The single-particle model neglecting the k-selection rule is closely related to the one assuming
k-conservation. Omitting the §-function which implies k-conservation in equation (3.1) and
replacing the k-integrals by energy-integrals yields:

A= Egap
r(tw) = C [ AE qu(E)n(hw — E = Eq)fu(EVfn(hw — E = Egp)  (3.11)

It should be noted that the coefficient C is not equal to K in equation (3.6). As a matter
of fact, insertion of equation (3.11) into equation (3.9) and separate integration over the
conduction and valence bands (which is a reasonable approximation since no selection rule
is applied) yields a coefficient C' which is close to B;'€.

In this approach without k-conservation all transitions between occupied electron and
hole states separated by energy fuv contribute to the photoluminescence intensity, irrespective
of their actual k-values, as is illustrated in figure 3.4. Consider a photon with energy Aw
which within the k-conservation model can be generated by only one vertical transition (with

wavevector k = \/%(hw — Eg.p)), indicated by the solid arrow. In the no k-selection picture
however this photon can be generated by all electrons occupying states in the conduction
band, which are separated by energy hw with occupied hole states in the valence band
(schematically represented by the dashed arrows). In the case of iw = Eg.;, in both models
only one transition can be responsible, which implies a zero effective broadening at the
band-edge. Hence, in both models no radiation with an energy smaller than the band-
gap energy can be emitted. With increasing hw however an increasing number of carrier
states are contributing to the no k-conserving photoluminescence signal. Consequently a
phenomenological effective broadening is present, without any theoretical justification, which
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Figure 3.4: Schematic representation of the recombination model wnthout k-selection
(dashed arrows) as compared unth the model including k-selection (sohd arrow).

increases from zero at the band-edge to finite values at higher photon energies. This effective
broadening will tend to enlarge the photoluminescence intensity at higher energies resulting
in a reduced high-energy slope. In order to obtain the same slope as compared to the k-
conservation model this may result in lower values for the effective temperature.

Evidently the picture of the no k-conservation recombination model does not implicitly
rely on a solid theoretical background, but is only used frequently due to its simplicity and
its successful description of experimental photoluminescence® " ! and gain® © spectra.

3.3.3 Many-particle lineshape model

Both the low-energy tail of experimental photoluminescence spectra and the band-gap shrink-
age for high carrier densities, reveal the significance of inter-carrier interactions, i.e. many-
body effects, in highly excited semiconductors. In order to explain the low-energy tail Lands-
berg proposed a lifetime broadening of the single-carrier states®. The hole left in the distribu-
tion of electrons after the recombination event may be filled up by other electrons scattering
to the empty state, making the latter state lifetime broadened. In this picture the broadening
parameter at zero temperature will go to zero at the Fermi-level, because the empty state
which approaches the Fermi-level from below can be filled up only by a decreasing number of
electrons. As a result Landsberg proposed a linear decreasing broadening which is maximal
at the band-edge, creating a significant low-energy tail, and zero at the Fermi-level. More
recently Haug et al.® calculated the collision broadening and its effect on optical spectra, for
more general applications, i.e. finite temperatures. The recombination process is taken to
be k-conserving. like in expression (3.5). The carriers states are lifetime broadened, which
in fact means that the energy-conservation é-function is replaced by a Lorenztian, which
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Figure 3.5: Collision broadening of electron and holes, as & function of wavevector, for
two carmer densities and temperatures, calculated following Haug et al®. The
arrows 1 and 2 indicate the Fermi-wavevectors for low and high density respec-
Lwely.

contains the |k|-dependent broadening parameter I'(k, hw)® 10:
Ik, hw)
[hw = Eqap — 242" + T2k, hw)

r(hw) = 4 [ dic k£.(6) (k) (3.12)

The total collision broadening parameter is composed out of the collision broadening for
electrons and holes : I'(k, hw) = ['(k, E.) + ['(k, Ey). The broadening is induced by direct
and indirect plasmon-assisted optical transitions, which are calculated using the dielectric
constant in the plasma-pole approximation, i.e. also a lifetime broadening of the plasmon
states due to inter-valence band absorption is included.

The same plasma pole approximation can also be used to calculate the density dependence
of the exchange-correlation energy of a dense electron-hole plasma?, leading to numerical
values for the band-gap renormalization AFEg,, very close to those originating from more

sophisticating calculations at zero temperature, approximately given by?! 22
AE,
2B — _4.64(npoi)¢ (3.13)
Ry

where Ry is the excitonic Rydberg energy and ap the excitonic Bohr radius.

Figure 3.5 displays a few examples of the k-dependent collision broadening parameter
for electrons and holes for two values of both the carrier density and effective temperature.
For low temperatures and high densities the collision broadening indeed starts off from a
relatively high value at the band-edge and goes to zero at the Fermi-wavevector, as first
proposed by Landsberg. Actually the broadening parameter goes to zero quadratically since
at low temperature the empty state approaching the Fermi-level from below can be filled only
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Figure 36 Calculated (sold curves) photoluminescence (PL) hineshapes for the different re-
combination models used, as compared uith a low ezcitation ezperrmental spec-
trum (dotted curves), on hnear (a) and semi-logarithmac (b) scale The results
for the different models are vertically shifted for clarty

by a quadratically decreasing number of electrons Subsequently the broadening parameter
increases again beyond the Fermu-level since the inverted reasoning holds for an electron
occupying a state above the Fermi-level and can only decay in the empty states above 1t.
Apparently for higher temperatures the broadening parameter at the Fermi-level increases
The effect of the broadening 1s the largest for electrons in the case of high densities and low
temperatures, 1 ¢ degenerate distributions It should be noted that whereas in the proposal
of Landsberg only the low-energy tail (below the Fermi-level) 1s affected by the broadening,
the actual approach also affects the high-energy tail, 1e the effective carrer temperature
As a matter of fact, due to the increasing broadening parameter beyond the Fermi-level, the
temperature should be taken lower to obtain the same high-energy slope as compared with
the single-particle k-selection model Surpnsingly the same qualitative argument was found
earlier for the simple single-particle approach without conservation of k, due to 1ts increasing
effective broadening with photon energy (section 332)

3.4 Discussion of the lineshape analysis results

3.4.1 Overall lineshape

Calculated photoluminescence hineshapes due to the different described recombination models
are depicted in figure 3 6 both on linear (a) and semi-logarithmc (b) scale, for one typical low
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Figure 3.7; Calculated (sohd curves) photoluminescence (PL) lineshapes for the different
recombination models used, as compared unth a high ercitation ezpemmental
spectrum (dotted curves), on lhnear (a) and semi-logarithmic (b) scale. The
results for the different models are vertically shifted for clarity.

excitation photoluminescence measurement without a high-energy intensity shoulder. The
results for the different models are arbitrarily vertically shifted for clarity. All lineshape
models used describe the experimental data reasonably well. As expected only the many-
particle model lineshape exhibits a low-energy tail, which slightly overestimates the observed
intensity below the band-gap. It is striking that the many-body lineshape also overestimates
the intensity at the high-energy side at signal intensities roughly two decades below the
peak, which is the direct result of the increasing broadening parameter I' beyond the Fermi-
wavevector (figure 3.5).

Figure 3.7 shows the calculated lineshapes of a high excitation spectrum, in which a
intensity shoulder is visible at its high-energy side. Once more the low-energy tail intensity 1s
overestimated by the many-particle model, which is due to the peculiar asymptotic behaviour
of the Lorenztian broadening. Introduction of a low-energy cut-off elucidates this problem?,
without affecting the resulting values for the band-gap renormalization. Clearly the high-
energy intensity shoulder is not described properly by the many-body model. An enhanced
photoluminescence intensity is generated at high photon energies, as compared to the single-
particle models, but the high-energy asymptotic behaviour observed in the measurements is
not nicely reproduced. Apparently the many-particle model overestimates the intensity below
two decades from the peak at both spectral sides, which suggests the calculated broadening
parameter to be too large.

With regard to the overall lineshape both single-particle models are very similar.
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Figure 38 Time-evolution of the effective temperature (a) and carrier density (b), as ob-
tained from the different recombination models used, after high ezcitation of
sample Awcf56

(b)

This means that for bulk GaAs the neglect of k-conservation does not affect the overall
photoluminescence hineshape, in contrast to gain spectra®

3.4.2 Carrier density and effective temperature

Time-evolutions of the carner density and the effective temperature as a result of the line-
shape analysis by the three different models are displayed 1n figure 3 8 for the highest excita-
tion intensity The values for the carrier densities and effective temperatures were determined
with a relative uncertainty within 10% and 5% respectively The values for the carrier density
are very similar for each of the used models, and show a rapid decay of the carrier density
within the first 100 ps The origin of this fast carrier density decay and 1ts consequences for
the picosecond carrier cooling will be discussed 1n detail in chapter 4

Values of the effective temperature from the simple single-particle model without k-
selection are comparable with values from the elaborate many-particle lineshape model
However, the temperature deduced from the k-conservation single-particle model appears
to be always shightly higher The lower temperature resulting from the first two models
can be traced back directly to the increasing (effective) broadening with tncreasing photon
energy This leads to an enhanced photoluminescence intensity at higher energies, which
imphes that the temperature must be taken lower to obtain the same high-energy slope as
compared to the simple k-selection model In fact the phenomenological effective broadening
in case of no k-selection fortuitously results in the same effective temperature with respect
to the many-body model

Only 1n the case of low excitation powers also an exponential fit to the high-energy tail
could be performed (see also figure 3 6(b)) Typical results are depicted in figure 39 Once
more the simple k-conservation model 1s found to generate slightly higher temperatures with
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Figure 3.9: Time-evolution of the effective temperature as obtained from four different meth-
ods, after low excitation of sample Awz{56.

respect to the other two models. It should be noted that in case of low excitation only
a tight three decades photoluminescence intensity could be measured. Consequently the
exponential fit also results in a higher temperature than the k-conservation model, which
expresses the fact that the use of equation (3.7) in the present case is not allowed, i.e. the
proper asymptotic behaviour is not yet reached at 2 decades below the peak. However, the
measurement of more intensity decades does not elucidate the problem entirely, since the
final asymptotic behaviour is equal to that of the simple k-conservation model, which also
results in higher temperature values, leading to wrong carrier cooling curves.

3.4.3 Band-gap renormalization

Values for the band-gap renormalization, as obtained by the different lineshape models, are
presented in figure 3.10. The dashed curve corresponds to the calculation of the band-gap
shrinkage as a function of the carrier density, according to equation (3.13). The renormal-
ization 15 measured in Rydberg energy as a function of the usual inter-particle distance 7,.
Figure 3.10 expresses the importance of incorporating many-particle interactions in the re-
combination model, in order to predict reliable values for the band-gap renormalization, as a
function of the carrier concentration. The single-particle models overestimate systematically
the band-gap reduction, especially for high densities (small r,). The reason is obvious, since
both simple models do not generate photoluminescence intensity within the band-gap. In
order to describe as best as possible the rising wing of the photoluminescence intensity, which
lies partially within the band-gap, the spectrum must be shifted to lower energies, resulting in
a lower value of the band-gap. It should be noted that also the band-gap shrinkage obtained
by the many-particle model is slightly larger than the values according to equation (3.13),
but the general agreement is reasonable.
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3.4.4 Radiative recombination coefficient

In the analysis procedures the calculated lineshapes are multiplied by a proportionality factor
to match them vertically to the experimental traces (expressions (3.6), (3.11) and (3.12)). The
obtained values for the proportionality factors K, C, and A for respectively the simple models
with and without k-conservation and the many-particle analysis, are shown in figure 3.11 as a
function of time after excitation. Note that also the carrier density and effective temperature
are strongly time-dependent (figure 3.8). The obtained values for the proportionality factor
are merely relative values, since no absolute photoluminescence intensities were measured.
The determination of the photoluminescence decay time due to spontaneous recombination
is a well-known technique to do a absolute measurement of the recombination coefficient.
The dashed curve in the figure corresponds to the relative value of B, according to equation
(3.9).

For times larger than 150 ps both A and K are found to be constant. Usually this
factor in front of the photoluminescence intensity is assumed to be constant, which leads
for non-degenerate carrier distributions to a Te}a/ *_dependence of B,, according to equation
(3.10)'" '8, From the measurements however, a non-constant K is found (t < 130 ps) in
the region where the density starts at a high value and subsequently drastically decreases
(figure 3.8 (b)), leading to B, values indicated by the dashed curve in figure 3.11. Indeed
these values of B, are very close to the obtained values for C, already recogmized by Lasher
et al.'5.

The present results show that the B, determination may depend critically on the exper-
imental conditions, which would explain why the experimentally determined values for B,
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cover several decades (0.2-50) x 10~ cm3s~! (see eg. Table (4.1)), which cannot be explained
by just the temperature dependence. Possibly the results of figure 3.11 confirm the statement
that a constant B, ceases to be meaningful for degenerate systems?®. However, further re-
search is needed concerning this point,in order to investigate whether the diminished relative
photoluminescence intensity at high degeneracy levels is the direct result of a reduced B,
or just due to the onset of a competition between the radiative recombination process and
other (nonradiative) processes at high densities.

3.4.5 High-energy tail shoulders

The high-energy tail shoulders clearly visible in the high excitation photoluminescence spec-
tra of both samples are not reproduced by the many-particle model, suggesting that this
feature can not be described by many-body effects only. It should be mentioned that the
shoulder cannot be explained either by the insertion of a second (light-hole valence) band,
since the energy separation between the shoulder and the main peak is too large. From the
lineshape analysis the time-dependent peak position AE, of the shoulder, with respect to the
main peak, can be deduced simultaneously with the time-evolution of the carrier density. The
results are depicted in figure 3.12 for both samples. The shoulder peak position seems to be
correlated with the obtained electron-hole plasma density. This density dependence of AE,
and the nice description of the shoulder lineshape with the simple no k-conservation model,
indicate that the possibility of the shoulder being a plasmon-effect can not be ruled out.
However, Selloni et al.® discussed several many-body recombination models each incorporat-
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ing differently plasmon effects, but neither of them are reported to generate a high-energy
side plasmon replica.

Another many-particle effect arises from the screened Coulomb interaction between elec-
tron and holes, leading to an enhanced photoluminescence intensity at the Fermi-level
(Fermi-edge singularity)® which is observed experimentally in modulation-doped quantum-
well systems®. However, the presently observed intensity shoulders are positioned in the
high-energy tail rather than at the Fermi-level. Moreover, for the actual experimental pa-
rameter values the enhancement factor at the Fermi-level is expected to be of no importance®.
Clearly, further investigation 1s needed to improve the insight in the specific cause for the
high-energy intensity shoulders.

3.5 Conclusions

In summary, high excitation picosecond time-resolved photoluminescence spectra have been
reported, which exhibit clear high-energy intensity shoulders, unexplained by single-particle
recombination models. The feature has been observed to be specifically pronounced in the
case of degenerate carrier distributions, i.e. high carrier densities and low temperatures.
Moreover, the energetic position seems to be correlated with the electron-hole plasma den-
sity. These results suggest the intensity shoulder to be caused by many-particle interactions.
However, the shoulder is not described properly by an elaborate many-particle recombination
model, incorporating plasmon-assisted optical transitions. Consequently further investigation
will be needed to explain the physical behaviour of the high-energy shoulder.

The carrier density and effective temperature obtained by using a single-particle no k-
conservation model appeared to be equal to the values deduced from the many-particle model.
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The effective temperature resulting from the k-conservation simple model have been found to
be rather high, in particular when merely the high-energy tail is used. Both simple lineshape
models have been found to overestimate the band-gap renormalization with increasing car-
rier concentration, whereas the values from the many-particle model reasonably agree with
theory. Finally, a reduced radiative recombination coefficient has been found in case of high
carrier densities, which makes the concept of a constant recombination coefficient in lifetime
measurements for degenerate distributions questionable.
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Chapter 4

Cooling reduction due to a rapid density decay of hot
carriers in GaAs

Abstract

The combined effect of a short carrier lifetime and of phonon emission on the cooling rate
of nearly resonantly excited carriers in bulk GaAs has been investigated using picosecond
time-resolved photoluminescence. It has been found that intense photo-excitation of carriers
results in very short carrier density decay times of about 20 ps, as opposed to common
carrier lifetimes of about 1 ns observed for low excitation levels. Furthermore a considerable
reduction of the cooling rate has been found. The rapid density decay and the significant
cooling reduction can be well described by an energy relaxation model, only when stimulated
recombination is taken into account in addition to the usual carrier-phonon interactions.
Within this model the short carrier lifetime affects the carrier cooling in two opposite ways;
(1) the rapidly decreasing carrier density reduces the cooling through recombination heating,
and (2) the extra loss of energy of the recombining carriers enhances the cooling. Mechanism
(1) dominates and leads to an overall reduction of the cooling rate. The applicability of
the used model for stimulated recombination for the actual measurements will be discussed
in terms of the absolute value of the radiative recombination coefficient and of possible
competing mechanisms, such as plasma expansion.
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4.1 Introduction

The cooling of a hot electron-hole plasma via emission of phonons has been studied extensively
in recent years, both by steady state and time-resolved experimental techniques!. Initially
the influence of the recombination rate, i.e. the finite carrier lifetime, has been neglected
in the theoretical analysis of the experimental cooling curves. However, when the carrier
lifetime becomes comparable to the time during which the photo-excited carriers relax to the
band extrema through phonon emission, the energy relaxation rate due to recombination can
no longer be neglected. This is exactly the regime we want to investigate in this chapter. In
fact our measurements show that intense nearly resonant excitation reduces the lifetime of
carriers in bulk GaAs, from nanoseconds to about 20 ps, comparable to the typical energy
relaxation times.

In order to clarify the relation between the carrier lifetime and the cooling rate we ex-
amine a simplified picture: consider a highly excited semiconductor where recombination
occurs without changing the mean energy of the carrier system. If no other energy relax-
ation processes are allowed, a rapid density reduction is necessarily associated to a raise in
the effective temperature to keep the mean energy constant. Bimberg et al.? have shown
that for a Fermi-Dirac distribution of hot carriers in GaAs, when the recombination time
is decreased this so-called recombination heating causes higher carrier temperatures. The
rate of temperature change has been found to be inversely proportional to the lifetime of
the carriers®. Especially in the case of direct-gap semiconductors, with their relatively short
carrier lifetimes, this recombination heating plays an important role in the ultrafast carrier
cooling. Indeed, this was confirmed experimentally by Leo et al.? who found an enhanced
cooling rate in annealed GaAs due to an increased carrier lifetime. Furthermore Riihle et al*
showed that additional heating processes can occur in samples where nonradiative recombi-
nation is important. Carrier lifetimes comparable to the typical relaxation times have also
been observed in GaAs quantum wells. Shum et al.3 observed a carrier density decay time
as short as 10 ps in undoped GaAs quantum wells together with a non-equilibrium-phonon-
stimulated phonon replica. The observed cooling reduction however was discussed merely in
terms of phonon heating, and no recombination heating was incorporated.

The previous discussion implies that the carrier cooling must be reanalysed in the case of
highly excited GaAs whenever the carrier lifetime is drastically reduced due to the occurrence
of stimulated recombination. This lifetime reduction due to stimulated recombination has
been studied by several groups. By use of quasi steady-state transmission Dapkus et al®
found a decrease of the carrier lifetime from 1 ns to 200 ps with increasing carrier den-
sity in a bulk n*/n/n* GaAs sample due to stimulated recombination. A similar reduction
of the carrier lifetime with increasing density resulting from stimulated recombination, has
been observed by Gobel et al.” who measured luminescence decay times as short as 70 psin a
GaAs/(Ga,Al)As quantum well structure, confirmed recently by Cingolani et al.®. Very short
carrier lifetimes due to stimulated recombination has been found in a similar structure by
Dubard et al.® using a time-resolved absorption technique. Comparable lifetimes has been
found by Reinen ef al.!® in a GaAs/(Ga,Al)As quantum well system and by Christianen
et al!’ in bulk GaAs using a time-resolved photoluminescence technique. Recently Riihle
et al.'? reported a relatively rapid carrier density decay (time constant 110 ps) in bulk GaAs,
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not unambiguously related however to stimulated recombination.

In this chapter we report a study of the effect of ultrashort carrier lifetimes on the cooling
behaviour of hot carriers in nearly resonantly excited bulk GaAs. The cooling behaviour
was examined using a picosecond time- and energy-resolved photoluminescence technique,
which will be described together with the composition of the samples and the resulting
spectra in the next section (4.2). Values of the effective temperature and density of the
carriers, which were extracted from the spectra will be discussed in section 4.3, in addition
to the lineshape analysis used. It was found that nearly resonant intense photo-excitation of
carriers results in a carrier decay time as short as 20 ps, as opposed to 1 ns in case of low
intensity excitation. Simultaneously with the rapidly decreasing carrier density, a significantly
reduced carrier cooling rate was observed. In section 4.4 an expression will be derived for
the total recombination rate for our sample geometry, incorporating both spontaneous and
stimulated emission. In section 4.5 a model for the energy relaxation rate including this total
recombination and the carrier-phonon interactions will be presented, in order to explain the
measured cooling behaviour and the rapid carrier density decay. In section 4.6 it will be
shown that both the rapid carrier decay and the resulting reduced cooling can be nicely
described by the model, featuring stimulated recombination. The short carrier lifetime will
be shown to affect the carrier cooling in two ways; (1) the rapidly decreasing carrier density
reduces the cooling rate through recombination heating? and (2) the energy relaxation as a
direct result of the loss of energy of the recombining carriers enhances the cooling. The overall
effect is a reduction of the cooling. Finally the relevance of the stimulated recombination
mechanism for the actual measurements will be discussed in terms of the absolute value of
the radiative recombination coefficient and the possible occurrence of competing processes.

4.2 Experimental details and results

The time- and energy-resolved photoluminescence experiments were carried out on two differ-
ent samples, W285 (MBE-grown) and Aix456 (MOVPE-grown) each consisting of an 0.25 um
thick undoped GaAs layer sandwiched between two (Ga,Al)As layers). These (Ga,Al)As lay-
ers, transparent for the incident laser light, avoid both surface recombination and carrier dif-
fusion in the growth direction, to ensure photo-excitation of more or less homogeneous carrier
distributions. In sample W285 an extra superlattice buffer layer (50 x 42 A GaAs/60 A AlAs)
was inserted between the Semi-Insulating-GaAs substrate and the lower (Ga,Al)As layer in
order to prevent carrier photo-excitation in the substrate which could cause a disturbing
photoluminescence background in addition to the signal from the 0.25 pm-thick GaAs layer
(see also section 3.2 for more details on the composition of the samples).

Optical excitation was achieved with picosecond light pulses from a mode-locked
Ti:sapphire laser at three different energies (1.65, 1.69 and 1.72 eV), which were focused
onto the sample surface by a microscope objective to a spot with a diameter of about 20 zm.
The laser beam incident on the sample was chopped mechanically to allow for lock-in detec-
tion. The laser time-averaged power ranged from lp/200 to Ip (Ip= 1.5 kW /cm?).
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Time- and energy-resolved detection of the emitted luminescence radiation due to
electron-hole recombination was performed in a backscattering geometry using the up-
conversion technique, where a non linear LilQ; crystal was used as a lightgate. The up-
converted signal was detected with an EMI 9789/82 QB photomultiplier tube via a 1 m
grating monochromator (section 2.5). The sample was mounted in a flow cryostat at a tem-
perature of 10 K.

Figure 4.1 shows typical measured (dotted curves) and calculated (solid curves) photo-
luminescence spectra for different excitation densities Ig (2), Io/5 (b), 1o/20 (c) and 1,/200
(d), at different delay times after excitation of sample Aix456 with laser energy 1.69 eV.
The spectra for one excitation intensity are all drawn on the same vertical scale to depict
the time-evolution of the luminescence signal. Photo-excitation of sample W285 resulted in
very similar spectra (section 3.2). Under the experimental conditions luminescence radiation
originates from free carrier recombination and thus contains information about the distri-
butions of carriers in the bands. The carrier distributions are assumed to be thermalized
at each stage of the relaxation process, since the thermalization process has been found to
be much faster than the processes involved in the phonon cooling! * 4. Consequently the
carrier distributions can be characterized by an effective temperature and density. Basically
the slope on the high-energy side of the spectra reflects the effective carrier temperature.
Obviously the observed enhancement of the high-energy slope with time is directly related
to the decreasing carrier temperature due to carrier cooling (figure 4.1). The spectral width
corresponds to the band filling, i.e. the carrier density. A higher excitation intensity (fig-
ure 4.1 (a)) leads to much broader spectra (higher density) as compared to lower excitation
intensities (figure 4.1 (b-d)). It is directly clear from figure 4.1 that after high excitation (Ig)
the photoluminescence spectra reduce rapidly in spectral width, in contrast to the spectra
for low excitation (I5/200), which exhibit a more or less constant spectral width in the used
time interval of 550 ps, in accordance to normal carrier lifetimes of about 1 ns in good qual-
ity GaAs. Also the energetic onset of the photoluminescence spectra in figure 4.1(a), which
expresses the renormalized band gap, shifts rapidly to higher photon energies with increasing
delay time, which agrees with a fast decreasing carrier density (see section 3.4 for the density
dependence of the band-gap energy).

4.3 Analysis of the photoluminescence spectra

In order to investigate the carrier cooling in more detail the actual values of the carrier
density and temperature are evaluated by fitting the measured spectra to the expression
for the band-to-band recombination rate per unit volume with energy E + E,;, neglecting
k-selection, which is given by!®:

Tspon(E) = C /OE f(E' = Er,)9e(E"Yfu(E - E' — Ep,)gn(E — E')AE' (4.1)

Herein f.; are the Fermi-Dirac distribution functions for electrons and holes respectively,
determined by the effective carrier temperature T.g and the quasi Fermi levels Ef_, , i.e. the
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carrier density n.y, and g.n are the density of states functions of conduction and valence
band respectively (The fitting procedure is described in detail in section 3.3.2).

The coefficient C contains the optical matrix element, which is assumed to be independent
of energy and is related to the usual radiative recombination coefficient B;, according to's:

B. = I Tupon(E)E (4.2)

2
ne,h

The solid curves in figure 4.1 correspond to the best fits. The values for temperature and
density obtained by this relatively simple lineshape analysis turn out to be equal to the
values deduced by an analysis using a more elaborate lineshape calculation'® 7, including
k-selection and collision broadening of the single-carrier states (section 3.4). This in contrast
to the parameters obtained from fitting the spectra to a lineshape model including k-selection
but without collision broadening, or the determination of merely the effective temperature
by fitting the high-energy tail of the spectra to a single exponent. Both fitting models result
always in too high carrier temperatures (section 3.4).

From figure 4.1 it is clear that the calculated lineshape cannot describe the measured
spectra in every detail. The discrepancy at the low-energy side between the measured and
calculated spectra does not influence the resulting values of the carrier density and tem-
perature. Striking however is the appearance of a shoulder at the high-energy side of the
spectra. The origin of this feature is discussed in detail in chapter 3. Especially for delay
times >20 ps after excitation the deviations of the recorded spectra from the calculated ones
are small enough to ensure a unique and reliable determination of the carrier temperature
and density.

Figure 4.2 shows the time-evolution of the carrier temperature (a) and density (b) for a
various number of excitation intensities (ranging from Io/200 to Io) for sample Aix456 excited
at 1.69 eV. Changing the excitation wavelength to 1.65 or 1.72 eV or replacing the sample
by sample W285 did not particularly alter the results. The solid curves in figure 4.2(a) and
(b) were calculated from an energy relaxation model which will be discussed in section 4.5.
The inset of figure 4.2(b) reports the measured carrier density decay for laser excitation level
Io on a semi-logarithmic scale (symbols) fitted by a double exponential decay composed out
of a rapid and a slow component with time constants 20 £ 5 ps and 200 % 50 ps respectively
(solid line).

Considerable differences are visible between the various excitation levels. The difference
in carrier density at 20 ps after excitation is obviously due to the different excitation powers
used, whereas the different carrier temperatures shortly after excitation is attributed to the
different carrier cooling in the first 20 ps as a function of the carrier density!. Indeed a rapid
decrease of the carrier density with a time constant of about 20 ps (solid line in the inset of
figure 4.2(b)) can be seen in the case of the highest excitation level used, which forms a striking
contrast to the more gradual density decay for the three lowest excitation levels. Further,
significant differences in the respective evolutions of the carrier temperature for excitation
levels Iy and Iy/5 are visible. Both temperatures evolve from a comparable value at 20 ps
(temperature difference AT,z is about 10 K). Subsequently AT.g grows, simultaneously with
the fast carrier density decay for /, excitation, and reaches a maximal value of about 40 K
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Figure 4.2: Carrier temperature (a) and density (b) as a function of time afler ezcitation
(symbols) for excitation levels Iy (filled dots), Io/5 (open dots), Io/20 (squares),
Iy/200 (triangles). The solid curves correspond to a model calculation described
in section 4.5. The winset in (b) shows the measured carrer density decay on a
semi-logamithmac scale (ezcitation level Iy, symbols), yielding time constants for
the double exponential fit of 20 + 5 ps and 200 + 50 ps (sohd hine).
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at 60 ps. Thereafter AT,s diminishes slowly. In summary, a remarkably fast carrier density
decay rate was measured for the highest excitation level used, coinciding with a conspicuous
slower cooling rate with respect to the results for lower excitation levels, where no such rapid
density decay was found.

These results can be compared directly with the results of Hollering et al.'® !® who per-
formed time-resolved photoluminescence measurements with a very similar experimental set-
up on a similar bulk GaAs sample!®. Instead of exciting carriers nearly resonantly as in our
case, Hollering et al. used laser light with energy 2.03 eV, creating electron and holes much
higher in their respective bands, resulting in much higher initial carrier temperatures (typical
250 K), but comparable carrier densities (typical 1 x 10'®* cm™2)'°, Although this density is
situated in our high excitation regime (o), Hollering et al. observed no rapid density decay'®,
suggesting that the effect is not only critically dependent on the carrier density but also on
the carrier temperature.

4.4 Stimulated recombination

It follows that intense nearly resonant photo-excitation results in a rapid decay of the carrier
density. In this section stimulated emission will be inserted into the calculation of the total
radiative recombination rate, in the attempt to describe the rapid carrier density decay.
The eventual stimulated recombination is initiated by spontaneous luminescence travelling
through the photo-excited region, as is visualized schematically in figure 4.3. The laser

| - -

S |
I;{Iaser

< L excitation

Figure 4.3: Schematic representation of the photo-ezcited disk in the bulk GaAs sample.
d expresses the laser spot diameter and zo the thickness of the GaAs-layer.
From each position R(r) throughout the disk photoluminescence 1s emitted in all
directions d). The resulting photons leave the disk at position Pq(r).
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pulses are assumed to excite a homogeneous electron-hole plasma in a disk with a diameter d
approximately equal to the laser spot diameter (20 um) and a thickness 2z, equal to the GaAs
layer thickness of 0.25 um. Note that figure 4.3 is not drawn on scale and that z; < d.

In order to describe the density decay observed in figure 4.2 the total recombination rate
has to be calculated. From every point R(r) in the photo-excited region photoluminescence is
emitted in all directions (figure 4.3). The spontaneous photoluminescence per unit time and
volume, with energy E+ Eg,, emitted at point R(r) in a solid angle df2, is given by 7epen(E) 42,
where 74,0n( E) is given by equation (4.1). Before these photons leave the disk region at point
Pq(r) (the position of Py(r) depends on the starting point (r) of the photon and the direction
(d©?) in which it is emitted, see figure 4.3), they travel through the photo-excited region over
a distance I(Q, 1) = |pq(r) — r|, during which amplification occurs according to:

dQ
rampl (E, 1) = T!pon(E)G exp[g(E) - 1(R, r)] (4.3)
in which g(E) is the gain given by'S:
w233
g(E) = n2E? Tﬂlm(E) (44)

where n is the index of refraction for GaAs and rqm(E) is the stimulated recombination
rate!S:

Toum(E) = C/OE dE'ge(E")gn(E — E")fe(E' — Er,) + fo(E — E' — Ef,) — 1] (4.5)

Integration over all directions dQ2 and all positions r and normalisation to the total excited
disk volume Vy = %wd*zo leads to the average amplification factor for a photon with energy
E+Egap:

e = [ ar [ 2 explo(E) - ()] (46)
resulting in a total emission rate 7o (E) of
Tspon E)
Teot(E) = Ve 4 exp[g(E ) 1(8,1)] (4.7)

In the case g(E) and/or I(Q,r) are small, 7o (E) equals rapon(E) as it should be.

In the calculation of Pq(r), i.e. the position where the photon leaves the excited disk,
the lateral confinement effect is included by applying the normal Fresnel reflection rules for
reflection at the GaAs/(Ga,Al)As interfaces. Basically only the photons which are emitted
at an angle larger than the critical one for total internal reflection contribute to the total
emission rate.

In this analysis of the stimulated recombination no adjustable parameters enter the cal-
culation other than the coeflicient for radiative recombination B, (equation (4.2)), which
determines the coefficient C in equations (4.1) and (4.5), and the laser spot diameter d which
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Table 4.1: Values of low-temperature radiative recombination coefficients B, re-
ported in the literature.

Material B, Reference
(1079 cm3!)
GaAs 7.6 (*)
GaAs 5.5 ®)
GaAs 16 *)
GaAs 50 *%)
GaAs 2.4+1 (%)
Gags1Alp19As 42 *)
GaAs 2 (%)

is an experimental parameter. Both values are of vital importance for the total recombina-
tion rate since they appear in the exponent of expression (4.7). In the calculations a spot
size of d = 20 um is used. The radiative recombination coeflicient B, is taken to be time-
dependent, since B; depends on the time-dependent temperature and density of the carriers
(figure 3.11). The temperature dependence of B, for non-degenerate carrier systems is well
known?® 2!, However, for degenerate carrier distributions, the absolute value of B, and its
dependency on carrier density and temperature are not clear exactly. The time-evolution
of B, for the actual high excitation measurements, obtained from the fitting procedure de-
scribed in the previous chapter (figure 3.11), show a reduced B, in high density regimes. In
the literature the reported low-temperature values of B, cover a wide range, as can be seen in
Table 4.1, which might be the result of the critical dependency of the determination of B, on
the experimental conditions. Consequently the absolute value of B; is used as an adjustable
parameter to obtain the best match between the calculations and observations. Finally the
obtained value will be compared to the reported values in Table 4.1.

4.5 Model calculation

Since both the radiative recombination constant and the gain depend on the density and
temperature of the carriers, the actual observed carrier density decay and cooling can only
be calculated if all relevant energy relaxation processes are taken into account. The time-
evolution of both the effective temperature T.4 and the density n.y of the carriers was com-
puted from the energy relaxation due to carrier-phonon interactions, spontaneous, stimulated
and Auger recombination. To carry out these calculations it is assumed that for times after
10 ps both the effective temperature and the density are equal for electrons and holes? 27 28,
This assumption is justified since the actual carrier densities are situated in the regime where
the electron and hole temperatures are not expected to differ much for times >10 ps*2. Fur-


http://Gao.e1Alo.19As

Cooling reduction due to a rapid density decay 51

thermore the redistribution of carriers in energy is assumed to be infinitively fast, that is
no spectral hole burning due to stimulated emission is expected to occur’, which agrees well
with the experimentally deduced thermalization times! 13 4,

We start from initial (experimental) values for T.¢ and 7. from which the initial average
carrier energy < E > is determined. After a time interval At a new density n' is calculated
from the spontaneous, stimulated and Auger recombination, and a new value for the average
carrier energy < E’' > from the energy relaxation rates due to carrier-phonon interactions,
and all recombination processes. From n' and < E' > a new value for the effective carrier
temperature at ¢ = At is calculated. For the subsequent time intervals this procedure is
repeated. The following algorithm describes the calculations in more detail.

From the initial values of T.s and n.p, the reduced Fermi energies for electrons and holes
are calculated using the expression:

Men = [ (B - Ex)a.(ENE = [ fu(E - Br,)on(E)AE (48)

where f. are Fermi-Dirac distribution functions with Er_, the reduced Fermi energy for
electrons and holes, and g., are the density of states functions. The initial average carrier
energy < E'> then follows from:

<E>= 1 [T 4B B X (1B - Br)ac(E) + B = Br)an(E)]  (49)
Tie,h YO

With help of equation (4.7) the reduced carrier density after a time interval At is calculated
from the expression:

Ly = Nep — AL [ /0 " dE r(E) — Cond,] (4.10)

in which the last term on the right hand side denotes the density decay due to Auger recombi-
nation with C, = 1073*!cm®/s for undoped GaAs at 77 K?°. However, Auger recombination
is expected to be of minor importance for the densities involved in our experiment and is
only incorporated for the sake of completeness.

To calculate the new average carrier energy < £'> after the time interval At, we calculate
the total energy relaxation rate per unit volume due to carrier-phonon interactions, Auger
and radiative recombination of the carriers:

d& dé d&

—CE )C—Ph + (_t)Auger + (_)rec (411)

d&
(E)“‘ = d dt

e The energy relaxation due to carrier-phonon interactions is calculated following Pugnet
et al¥® including the polar optical (LO), non-polar optical deformation, piezo-acoustic
and acoustic deformation (ADP) interactions of both electrons and holes:

d€ d¢ d€é d€ d€
(a)c—ph = (a)Lo + (E)NPO + (E)plezo + (E)ADP (4.12)
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The energy relaxation rates for the different carrier-phonon interactions are computed
accounting for static screening in the random phase approximation. For the holes the
same expression as for the electrons is used divided by a numerical factor 2, accounting
for the reduced overlap of p-like valence band wavefunctions as compared to the s-
like conduction band functions®®. In front of the electron relaxation rate due to LO-
phonon scattering a parameter a (< 1)? is used, instead of solving the coupled Boltzman
equations of the carrier and phonon systems , in order to take into account phonon
heating!” 183132 As a consequence of the relative long lifetime of LO-phonons, a
phonon emission bottleneck can arise, resulting in carrier cooling rates which can be 20
times (a ~ 0.05) smaller than expected from theory!. Evidently the use of one single
parameter to describe the time-dependent effect of phonon heating is a simplification.
However, the strongest transient phonon heating effects occur within the laser pulse and
in the first 10 ps thereafter. when a non-equilibrium phonon distribution is formed which
ends up in thermal equilibrium with the carriers3" 32, Subsequently both distributions
relax in thermal equilibrium on a timescale of tens of picoseconds. As a result phonon
heating affects the cooling rate of the hot 3D carriers at all times after excitation
whenever the carrier temperature exceeds the threshold for phonon emission3?. It is
this rather slow phonon heating effect which is accounted for by the parameter ¢ in
the calculation. The initial strongly time-dependent phonon heating determines the
first carrier temperature measured in figure 4.2 (a) and its variation with excitation
intensity.

e In a radiationless Auger recombination event the band-gap energy E,; is added to the
plasma, which results in the following energy relaxation rate for Auger recombination:

dé

(H?)Auser = —Esapcpng.h (4.13)

e The energy relaxation rate due to the recombining carriers is calculated with help of
equation (4.7) according to:

d&

(Et‘)rec =./0 E rtot(E) dE (414)

Finally the average carrier energy after the time interval At is given by:

<E'>= 71,{<E‘> xn — At x (j—f)tot} (4.15)

From this equation the effective carrier temperature and reduced Fermi energies Eg_, after
the time interval At are calculated self consistently, using equations (4.8) and (4.9). For
the next time interval At the algorithm is repeated. In this way the cooling curve and the
time-evolution of the carrier density are obtained simultaneously in time steps of width At.

The actual size of At is not particularly important as long as the variation of the density

and temperature within one step is not too large. In practice it appeared that for At < 100 fs
the computed traces are equal. so in the calculations At= 100 fs is used.
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4.6 Discussion

4.6.1 Results model calculation

The results of the complete model calculations are shown by the solid curves in figure 4.2. All
curves were calculated with step size At = 100 fs, phonon heating parameter a = 0.3, spot
size d = 20 pm, and radiative recombination constant B, = 7 x 10~° cm3s~!. It should be
emphasized that in order to match the calculations simultaneously to both the time-evolution
of the density and the temperature, the freedom to chose both adjustable parameters (o and
B,) is restricted to a narrow range. The actual values correspond to the only combination
which leads to reasonable agreement with the experiment.

The computations starting from the parameters at t= 20 ps of the highest excitation in-
tensity (Ip) reveal a drastic decrease of the carrier density within the first 100 ps, which is in
the model determined completely by stimulated recombination. Also the much slower decay
rates, observed for the lower excitation levels, are nicely described by the computed traces.
Regarding the calculation of the time-dependent effective temperature good agreement is
obtained for T.¢ > 60 K. The rather high value of a (0.3) suggests that phonon heating not
particularly affects the cooling at times > 20 ps after nearly resonant excitation. It is clear
from figure 4.2 (a) that the calculated temperature curves tend towards a final temperature
of about 40 K which is the threshold for LO phonon emission. Below this temperature the
carriers have to relax by other phonon scattering mechanisms resulting in a smaller energy
relaxation rate®®, which apparently cannot describe the experimentally observed further de-
crease below 40 K (figure 4.2 (a)). This deviation could be related to impunty scattering,
not included in the present analysis, which recently has been proven to form an extra relax-
ation channel, dominating the acoustic phonon scattering in relatively pure GaAs (impurnty
concentration ~ 10' cm~2), as opposed to ultrapure GaAs (impurity concentration ~ 10!
cm~2)3. Moreover, a similar discrepancy has been found by Riihle et al.’?, who assigned it
to the difficulty to analyze low temperature photoluminescence spectra.

It should be noted that although a considerable recombination rate was calculated for
the highest excitation level used, the measured spectra in figure 4.1 (which were recorded
in a backscattering geometry) can be fitted by using merely the expression for spontaneous
recombination. As a direct result of the particular dimensions of the photo-excited region
(d » 2, figure 4.3) the stimulated recombination rate in the perpendicular direction is
orders of magnitude smaller than in the lateral direction. Consequently the density decay
is caused completely by stimulated recombination in the lateral direction and it is expected
that stimulated emission spectra can be measured in the lateral direction, as was shown
by Dubard et al.® for a quantum well structure and as commonly is used in measurements
following Shaklee et al.3%, in which the stimulated recombination intensity from the sample
edge is detected to determine the gain® 3 or the band-gap renormalization®?.

4.6.2 Recombination heating

Let us concentrate on the influence of a short carrier lifetime, on the carrier cooling rate. This
influence is visible in figure 4.2 (a) by comparing both the experimental and theoretical results
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of excitation intensities Iy and Iy/5. The initial effective temperature difference AT,z at
t= 20 ps is relatively small, i.e. AT ~10 K, grows significantly at later timesto AT.g ~ 40K
at 60 ps, and diminishes subsequently. Thus a reduced cooling rate appears for excitation level
I, with respect to excitation level Iy/3, just at those times after excitation when a considerable
density decay rate is present, and which is well described by the model calculation. Hence,
the observed reduction of the cooling rate can be attributed completely to the fast density
decay rate, without further phonon heating effects.

In order to discuss the bare effect of a short carrier lifetime on the carrier cooling, figure 4.4
illustrates the importance of the contributing mechanisms, that is spontaneous and stimulated
recombination and carrier-phonon interactions. The initial carrier temperature and density
was taken to be: Tg=145 K and n.,=1.7 x 108 em™?, equal to the experimental results
of the highest excitation level used. The solid curves in figure 4.4 represent the results
of the complete model calculation and correspond to the solid curves in figure 4.2 for Jg
excitation. The dashed curves correspond to calculations in which the loss of energy of the
recombining carriers (%)..ec was omitted. The dotted curves were calculated by neglecting
any recombination to occur. Obviously in the presence of a rapidly decaying density (solid
curves) the cooling rate is reduced considerably with respect to the case of no density decay
(dotted curves). This reduction is the consequence of two effects:

(i) due to the rapid decrease of the carrier density, the carrier distribution will be heated,
which is known as recombination heating®3. The recombination heating originates
from the first term on the right hand side of equation (4.15): <E'>= 5 <E>. Its
effect is simulated by the dashed-dotted curve in the inset of figure 4.4 (a), calculated
by omitting ('%)m for the experimentally observed carrier density decay for excitation
level Jo. In this hypothetical case the mean energy of the system is constant while the
density reduces rapidly which results necessarily in a temperature enhancement. For our
experimental parameters we deduce an enormous heating from 145 K to 800 K, when
the carrier density decreases from 1.7 x 10'® cm=2 to 7 x 10! cm™2 within 40 ps. These
effects are considerably larger than the recombination heating discussed by Bimberg
et al? and Leo et al3, because they compare samples with carrier lifetimes between
300 ps and 1.5 ns, whereas in this case lifetimes of about 20 ps are involved. However,
for the experimental lifetimes observed by Leo et al.® our model generates comparable
results.

(ii) due to the rapid carrier recombination rate the loss of energy of the recombining car-
riers (4 ),.c forms an extra energy relaxation channel (expression (4.14)). In order to
illustrate the significance of ('—:{f),ec the time-evolutions of n. and T.& are shown by the

dashed curves in figure 4.4, calculated without taking (%)m into account. Comparison

with the solid curve proves that (%), enhances the cooling conspicuously and thus
definitely cannot be neglected. After comparison of the contributions of the separate
energy relaxation processes (expressions (4.12), (4.13), and (4.14)), (% ). appeared

one of the major contributions together with (4£),0.

Thus the experimentally observed extraordinary fast density decay rate reduces the carrier
cooling considerably by means of recombination heating, opposed partially by the extra loss
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of energy of the recombining carriers which enhances the cooling. The actual reduction of
the cooling is much larger as compared to earlier reports of recombination heating because
of the extremely short carrier decay time of about 20 ps. However, no real carrier heating is
observed although a huge bare recombination heating effect is present (inset figure 4.4). First,
due to a very efficient carrier energy relaxation, basically by LO phonons and recombination,
no heating occurs. Second, in case carrier heating would occur the stimulated recombination
rate would be diminished drastically due to its strong temperature dependence, which would
remove the cause of the heating. The stimulated recombination rate strongly decreases with
increasing temperature because the population inversion [f. + fu — 1] (equation (4.5))% 38
diminishes with temperature. Consequently, in case carriers are created higher in the bands
leading to higher carrier temperatures it is much more difficult to observe stimulated re-
combination, which could be the reason that Hollering et al!® did not observe a rapidly
decreasing carrier density in their high excitation photoluminescence experiments. We wish
to emphasize that the present model calculations nicely reproduce the results of Hollering
et al.’®, which shows that the mechanism of stimulated recombination indeed exhibits the
proper temperature dependence to explain all observations.

The relatively low initial carrier temperature at 20 ps after excitation (145 K, compare
with 230 K at 2.03 eV excitation'® !%), is due to the relative resonant creation of electrons in
the conduction band. For an excitation energy of 2.03 eV the photo-excited electrons have an
excess energy exceeding the energy difference between the I' and L conduction band minima
(290 meV') and the I'- and X-minima (430 meV). Therefore the electrons will scatter rapidly
into the satellite valleys and will return to the I'-minimum within approximately 10 ps, at
an energy of 7x the LO phonon energy (36.8 meV), heating the carriers already present
in the [-valley!® 18, Thereupon the electrons will relax to the band edge by LO phonon
emission. Excitation with an energy of 1.69 eV results in an excess energy of 5x the LO
phonon energy. Riihle et al.4! discussed the fact that cooling curves obtained from excitation
at different energies below the satellite valleys, but with comparable excitation intensities,
are very similar. Therefore we conclude that the relatively low carrier temperature shortly
after excitation is due to absence of intervalley scattering, which implies that nearly resonant
excitation means creation of the electrons at an energy below the satellite valleys.

4.6.3 Radiative recombination coefficient

The absolute value of the radiative recombination coefficient B, is very important for the
density decay, as is illustrated in figure 4.5, which displays the calculated time-evolution of
both temperature (a) and density (b) of the carriers for different values of B,, in addition
to the experimental data for excitation intensity Iy (symbols). Evidently the density decay
rate enhances when B, increases. Furthermore the initial amount of cooling reduction, i.e.
recombination heating, increases as the density decay rate becomes faster, in agreement with
the calculations of Bimberg et al.?. For a value of B; (at 77 K) of 7 x 107° cm3s™? the
calculated time-evolutions of both the carrier density and temperature nicely describe the
experimental results, whilst also the proper density decay curves for the other excitation levels
are predicted (figure 4.2). This actual B, value agrees reasonably with the low temperature
values reported in the literature (Table 4.1), although it should be mentioned that these values
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cover a remarkable wide range, which is probably due to its sensitivity to the experimental
conditions under which the B, determinations have been performed.

Since the density decay rate depends critically on the absolute B, value the drastic effect
of the stimulated recombination on the carrier decay rate is nearly gone for B, = 2 x 10™°
cm®s™! (dotted curves in figure 4.5), a value which still lies within the reported B, range
(Table 4.1). Hence, due to the relative uncertainty in the absolute value of B; and because
the density decay depends dramatically on its absolute value, the occurrence of stimulated
recombination in the actual experiment could be questioned. Concerning this point it is
important to note that the mechanism of stimulated recombination exhibits the proper de-
pendencies on both the density and the temperature of the carriers. For decreasing excitation
levels a decreasing density decay rate was observed, and the result that no such drastic den-
sity decay rate has been seen for higher effective temperatures'®, can be well understood in
terms of stimulated recombination. Furthermore the stimulated recombination rate might
be underestimated in the model calculation due to the relative simplicity of the model, in
which a spatial homogeneous electron-hole plasma is assumed and only a very simple con-
finement effect of the (Ga,Al)As barriers, whereas the latter effect certainly can be of great
importance¥.

On the other hand it is worthwhile to consider other possible effects which might cause
carrier density decay rates as fast as 20 ps for high excitation levels.

(i) Auger recombination can lead to very short carrier lifetimes (<3 ps) in samples with
very high p-doping levels (9 x 10" cm™3)%. The nonradiative Auger rate however
depends on the density according to nd,, which implies that for the densities involved
in this study (assuming a value of 10~ cm®/s for the Auger constant of intrinsic
GaAs at 77 K?°) Auger recombination is of no importance®2. Also other nonradiative
recombination processes, associated with eg. impurities or non-equilibrium phonons,
have been reported* 3, but none of them are expected to dominate the recombination
in good quality GaAs.

(ii) Lateral ambipolar diffusion of the electrons and holes out of the photo-excited region
is negligible on a timescale of hundreds of picoseconds, since the purely diffusive drift
length in 1 ns is of the order of 3.5 um® (assuming a diffusion coefficient equal to 120
cm?/5*). On the other hand the lateral diffusion has been found to be enhanced due to
an increased Fermi-pressure, leading to a considerable plasma expansion®: 46, A Fermi-
pressure can drive electrons and holes laterally away, which would certainly affect the
carrier density on a timescale of hundreds of picoseconds or even faster. This plasma
expansion has been proposed originally to explain the measured dependence of the car-
rier temperature on the laser excess energy in steady state luminescence experiments*’
and the (Mott-like) linear relation between carrier density and temperature in gain and
transmission experiments*® 48, Within its lifetime, an electron-hole plasma can expand
laterally, in order to form an equilibrium unbound Boltzman distribution, characterized
by a linear dependence between density and temperature. However, the same linear
relation has been found for a three dimensional confined plasma, in which no expansion
was possible to occur®.
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The observed drop of the effective temperature below 40 K, unexplained by the model
calculation, including phonon cooling and stimulated recombination, could indicate an
expanding plasma, leading to an extra energy relaxation channel. However, the discrep-
ancy could also be related to the neglect of impurity scattering in the energy relaxation
model33, or to the difficulty in fitting low temperature photoluminescence spectra'?.
Moreover, it should be noted that any spatial expansion of the plasma tends to in-
crease the actual spot size resulting in a considerable enhancement of the stimulated
recombination rate, due to the exponential dependence of the total amplification on
the spot size (equation (4.6)). A complete theoretical description of the present experi-
ment, including plasma expansion, is very complicated. These calculations would have
to incorporate both time- and spatial-dependent carrier temperatures and densities,
yielding a time- and spatial-dependent gain, energy relaxation rate, radiative recom-
bination coefficient, plasma drift and spot size, all very important for the stimulated
recombination rate and the plasma expansion. By repeating the experiment for differ-
ent spot sizes it should be possible to discriminate between both effects, which exhibit
an opposite spot size dependence.

4.7 Conclusions

In summary, the cooling of hot carriers in nearly resonantly highly excited GaAs has been
investigated. The electrons have been created below the satellite valleys, resulting in rela-
tively low effective carrier temperatures due to the absence of intervalley scattering. It has
been found that intense photo-excitation results in a rapidly decreasing carrier density (time
constant 20 ps), in contrast to lower excitation levels for which much longer lifetimes have
been observed. In addition to the ultrafast density decay rate a significant reduction in the
carrier cooling rate has been found.

The short carrier lifetime has been assigned to the occurrence of stimulated recombination
due to the high density accompanied by a relative low temperature. The rapidly decreasing
carrier density causes a remarkable reduction of the cooling due to recombination heating, op-
posed partially by the extra cooling due to the loss of energy of the recombining carriers. The
resulting reduction of the cooling is well described by a model calculation, which incorporates
energy relaxation due to carrier-phonon interactions, the stimulated recombination process,
and a time-dependent radiative recombination coefficient. Moreover, the absolute value of
the radiative recombination coefficient has been found to be of crucial importance for the
occurrence of stimulated recombination and its competition with other ultrafast processes.

It should be noted that the results not only are of interest from the fundamental point of
view, but also for the design of direct-gap semiconductors laser structures to improve their
operational characteristics'®. Moreover, the present study subscribes to the discussion of
Riihle et al.’? that it is of vital importance in any picosecond carrier cooling experiment to
deduce both the carrier density and the effective temperature from the measurements, rather
than only the temperature, especially for those excitation conditions which might lead to
short carrier lifetimes and thus recombination heating.
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Chapter 5

Ultrafast carrier dynamics at a metal-semiconductor
interface

Abstract

The ultrafast carrier dynamics in the high electric field at a Au-GaAs interface has been
studied both experimentally, using a subpicosecond photoluminescence correlation technique,
and theoretically by a Monte-Carlo simulation. The correlated photoluminescence decay
time is directly related to the carrier sweepout from the GaAs depletion region, i.e. to the
time needed for electrons and holes to abandon the depletion region travelling in opposite
directions. The decay time has been found to increase drastically with input power, ranging
from a few picoseconds at low excitation to a considerably higher value (10-20 ps) at high
excitation. These results indicate a significant retardation of the sweepout, which can not be
explained merely by intervalley scattering and space-charge effects. From the Monte-Carlo
calculations it has been found that the applied field collapses totally almost instantaneously
after laser excitation, due to the enormous excess of photo-excited charges. The sweepout
only recovers after some time needed to recharge the device. Already for a recharging time
constant of 1 ps, which corresponds to the estimated device RC-time, a drastic reduction of
the carrier sweepout has been found, in good (quantitative) agreement with the experimental
findings.
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5.1 Introduction

The physics of the ultrafast dynamics of hot carriers in high electric fields is important
not only for designing structures for high speed opto-electronics but also for the funda-
mental understanding of energy relaxation and non linear transient transport in high elec-
tric fields. Originally the investigations concerning the ultrafast non-stationary and non-
equilibrium carrier transport have been constricted to predictions, due to the lack of ex-
perimental techniques'. However, since the availability of picosecond (and more recently
of femtosecond) light sources a large number of time-resolved experimental investigations
have been conducted to check the predicted ultrafast behaviour of carriers in semiconduc-
tors. Recently, several groups have employed successfully a photoconductivity technique?,
using (sub)picosecond laser pulses and fast optical switches, to measure the transient trans-
port and have used Monte-Carlo calculations in an attempt to understand the results®=2.
Experimental evidence has been found for a velocity overshoot in GaAs, above the steady
state drift velocity, as predicted first by Ruch®. The velocity overshoot has been found to
occur for electrons photo-excited into the I'-valley of the conduction band in a biased GaAs
photoconductor. The electrons are accelerated in the I'-valley due to the high electric field.
Above a certain field strength the electrons can gain enough energy to be scattered to the
satellite L-valley, resulting in a lower drift velocity?. Photo-excitation closer to the conduc-
tion band-edge results in a larger velocity overshoot, because the electrons spend more time
in the [-valley, before they can scatter to the satellite valley. These velocity overshoot effects
due to the inherent bandstructure and intervalley scattering should not be confused with the
transport transients arising from space-charge-separation effects®. Since the photo-excited
electrons and holes drift in opposite directions the continuously changing electric field can
produce a photo-conductive transient as well.

However, the present results cannot be fully interpreted only in terms of intervalley scat-
tering and space-charge effects. As a consequence additional phenomena, such as the influ-
ences of the contacts and a time- and spatial-dependent electric field, have to be incorporated.

In this chapter we present an investigation of the ultrafast carrier dynamics in the high
intrinsic electric field at a metal-semiconductor interface, in order to study the parameters
which determine the transient transport. The carrier sweepout from the depletion region
of a modified biased Au-GaAs Schottky barrier was studied both experimentally, by use
of a subpicosecond photoluminescence correlation technique’ and theoretically by Monte-
Carlo simulations. The use of the photoluminescence correlation technique in this kind of
experiments, as proposed first by Von Lehmen et al.® ®, offers the possibility to monitor the
carrier transport on a subpicosecond timescale. Moreover, in principle this technique can
supply us with energy-resolved correlated photoluminescence spectra in order to probe the
carrier energy distributions and their energy relaxation.

In the next section (5.2) the composition of the modified Schottky barrier sample will be
discussed, which is of major importance for the total photoluminescence yield. Subsequently
the experimental results, obtained by the correlation technique, will be presented (section
5.3). The photoluminescence decay time, which is a measure for the carrier sweepout from
the 0.3 um-thick GaAs depletion region, has been found to be increased drastically from
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a few picoseconds at low laser intensity (carrier density < 5 x 10'® cm™3) to a value as
high as 10-20 ps after more intense excitation (density > 5 x 10'7 cm™3). These results
indicate a significant retardation of the carrier sweepout with increasing laser input power. In
order to understand the experimental results a Monte-Carlo simulation was performed. The
ingredients and assumptions in this Monte-Carlo simulation will be discussed in section 5.4. In
section 5.5 the results of the calculations will be compared with the experimental observations.
The experimental carrier sweepout appears to be much too slow to be explained by merely
intervalley scattering and space-charge effects. It will be shown that the modelling of the
contacts is of crucial importance, and that a contact recharging time has to be introduced, in
order to reproduce the drastically retarded sweepout found in the experiment. Finally, the
conclusions will be summarized in section 5.6.

5.2 Sample composition

The layer composition of the modified MBE-grown Schottky barrier sample is shown schemat-
ically in figure 5.1. The actual barrier is formed by an 0.3 pm-thick n-type GaAs (doping
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Figure 5.1: Layer composition of the modified Schottky barrier
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concentration: 1017 cm=3) layer and a semi-transparent Gold film of 80 A-thickness, to allow
for laser excitation through the metal top contact. To suppress interface recombination and
provide for a superior optical quality the sample contains a very thin (100 A) intermediate
undoped Al ;GagAs-layer between the metal and the depletion layer, capped by a 100 A-thick
undoped GaAs-layer, as well as a heavily doped n-type (doping concentration: 10'® cm™3)
superlattice buffer layer (100 x 50 A GaAs/ 50 A Al3;Ga¢;As) between the depletion layer
and the n*-GaAs substrate. The superlattice has been inserted to prevent carrier creation in
the substrate which could cause a disturbing background signal in addition to the depletion
layer photoluminescence. Since the superlattice luminescence wavelength differs from that
from GaAs this signal can be easily filtered out by a monochromator. The actual size of the
sample equals 4 x 4 mm. A voltage bias can be applied across the sample between an AuGeNi
backside-contact and the top contact. The insertion of the intermediate (Ga,Al)As-layer and
the superlattice was found to leave the current-voltage characteristics unchanged for reverse
biases. Capacitance-voltage measurements indicate a value for the Schottky barrier height
of 0.90 V and a total capacitance of 8.3 nF for a reverse bias of 3 V, yielding a capacitance
per area of 5.2 x 1074 F m~2.

5.3 Experimental details and results

Subpicosecond time-resolved photoluminescence measurements were performed with help of a
correlation technique. of which more details are given in section 2.5. The sample was excited
by two laser pulse trains (generated by a CPM dye laser. pulse width 60 fs, energy 2.03 eV,
repetition rate 100 Mhz) of equal amplitude, with a variable time delay ét in between. The
two beams were chopped separately at frequencies w; and w, and were focused to a 20 um
diameter spot onto the sample surface. The time-integrated photoluminescence signal of the
depletion layer was guided through a 1 m monochromator (Monospek) and detected by a
cooled GaAs photomultiplier with use of a lock-in amplifier tuned to frequency wy-w,. The
resulting photoluminescence signal can be expressed as the crosscorrelation of the electron
{(n,) and hole (p,) populations. photo-excited by the first (i = 1) and second (i = 2) laser
pulses (section 2.5):

1(6t) = / [ (£)p2(t + 68) + no(t + 6t)py (2)]dt (5.1)

As a consequence the correlated photoluminescence intensity is determined by the overlap in
both real space and k-space, of the photo-injected electron and hole distributions inside the
GaAs depletion region. The dependence of the signal on the time delay 6t between the two
pulses is a measure for the carrier sweepout from the depletion region. The correlated pho-
toluminescence intensity was measured at an energy close to the band-edge, as a function of
the reverse bias across the sample (0 < Vi, < 4.0 V), i.e. the backside-contact is positively
charged with respect to the top contact (figure 2.3 (b)). Also the laser excitation power was
varied from 0.1 mW to 2.0 mW. that is the concentration of created carriers ranged from

about 1 x 106 to 5 x 10'7 cm™3.
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A typical correlation trace for the entire time interval used (6t < 600 ps) is depicted in
figure 5.2 for a reverse bias of 2.0 V and an excitation power of 0.75 mW. It is clear that
the photoluminescence decay is composed out of a rapidly and a slowly decaying component.
As a consequence the experimental data were fitted to the sum of two exponential functions,
according to:

1(68) = Awrors - €XP|=~2] + Ang - exp— -] (5.2)

Tshert Tlong
The dashed curve in figure 5.2 represents the best fit. The contribution to the signal with
the long time constant hardly decays within the time interval used. But the short decay
time, which we attribute to the carrier sweepout from the GaAs depletion layer, strongly
depends on reverse bias and excitation power, as follows from figure 5.3, which shows typical
measured correlation curves for different applied reverse bias voltages (figure 5.3 (a)) and
excitation powers (figure 5.3 (b)). The dashed curves correspond to the best fits according
to equation (5.2).

The measured correlated photoluminescence decay curves are well described by the double
exponential decay. For no applied bias and an excitation power of 0.8 mW the recorded curve
is completely flat on the displayed time interval. With increasing reverse bias voltage the
decay time becomes considerably shorter. Apparently the amplitude of the correlated signal
decreases with the decay time as follows from figure 5.3 (2), in which the input power is
constant. From figure 5.3 (b) it is clear that reducing the excitation power also causes the
correlated photoluminescence decay times to be shortened significantly. Concerning the fast
decay times Tyhon, figures 5.4 and 3.5 overview the results of fitting the experimental curves
to equation (5.2), for a variety of reverse bias voltages and input powers respectively.

The main features to be noted are the following. With increasing reverse bias voltage
(figure 5.4) the photoluminescence decay time reduces drastically over three orders of magni-
tude, from several nanoseconds at zero bias voltage to a few picoseconds at 4.0 V reverse bias
voltage. For the lowest reverse bias voltages (< 0.2 V) the depletion width of the Schottky
barrier was estimated to be considerably thinner (~ 0.1 ym, expression (2.3)) than the total
active GaAs layer thickness (0.3 pm). Therefore the decay time approaches the spontaneous
carrier lifetime. since the photoluminescence decay is determined mainly by carriers in the
flat band region. With increasing reverse bias both the depletion width as well as the internal
electric field increase, leading to a considerably faster carrier sweepout, which results in pho-
toluminescence decay times as fast as 3 ps under favourable conditions. This time constant
agrees with the results of Von Lehmen et al.®, who assigned it to electrons traversing the
depletion region at their saturation velocities. In addition. the correlated photoluminescence
decay time increases with increasing excitation power. For instance for 3.0 V and 4.0 V re-
verse bias voltage the correlated photoluminescence decay time grows from a few picoseconds
at 0.1 mW to a significantly higher value of about 10-20 ps at 2.0 mW excitation power
(figure 5.5).

Figure 5.6 shows the dependence on the excitation power of the fitted coefficients A,por,
normalised to the input power. for various applied reverse bias voltages. Since the time-
integrated correlated photoluminescence was measured (equation (5.1)) the amplitude of the
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signal is connected to the photoluminescence decay time, resulting in a similar dependence
on the excitation level for Agpen (figure 5.6) as compared to Tyhon (figure 5.5).

In addition to the rapidly decaying correlated photoluminescence contribution also a
background-like signal is present (figure 5.2). Since this component hardly decays within
the time interval used, a reliable determination of its time constant 7j,,, would require an
extension of the measurements towards longer delay times. From the present experimental
results T, Was estimated to amount to several nanoseconds, within the experimental error
independent of the parameters varied (input power and reverse bias voltage). Moreover, also
the normalised coefficient Ajong of this slowly decaying component does not vary strongly
with bias voltage or input power. For the origin of this component a few explanations are
possible:

(i) despite the precaution taken by growing the superlattice buffer, carriers are created in
the substrate causing a disturbing luminescence background.

(i) carriers created in the 100A-thick GaAs caplayer cause the background.

(iil) the background is due to carriers which are left behind in the depletion layer after
the first carrier sweepout because of the built-in potential barriers, i.e. the intermedi-
ate AlGaAs layer and the superlattice buffer layer for low-energetic holes or electrons
respectively.

To our opinion the lack of a distinct dependence on the experimental parameters, suggests
the background to originate from the region which is the least affected by the bias voltage,
that 1s the substrate.
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5.4 The Monte Carlo simulations

In order to find an interpretation of the presented experimental results Monte-Carlo simula-
tions were performed. Special attention was given to the striking retardation of the carrier
sweepout in the case of an increasing laser input power.

In these simulations the device is modelled schematically assuming a band bending at
the metal-semiconductor interface as is indicated in figure 5.7. The 0.3 um-thick GaAs layer
is separated from the Au by a barrier formed by the intermediate AlGaAs layer and the
Schottky barrier. Due to its heavy doping the superlattice is assumed to form no barrier for
the electrons and a large one for the holes. The applied bias voltage creates an interface charge
at the Au film which is compensated for by a constant intrinsic space-charge throughout
the whole depletion layer giving rise to a linear decreasing electric field and a parabolic
potential (figure 5.7). This means that in this model the depletion width is constant and
equal to the GaAs layer thickness, whereas the doping concentration is varied with the applied
bias voltage. In an actual Schottky device the doping level is constant and the depletion
width changes with bias voltage (section 2.2). Although this model is rather schematic we
believe it nevertheless contains the basic physics needed for describing semi-quantitatively
the experimental results for the high reverse bias voltages (> 2.0 V), when the depletion
region approaches the GaAs layer thickness.

The carriers are created in the depletion layer according to the absorption coefficient of
GaAs for the laser light. The subsequent transport and energy relaxation of both electrons
and holes in the GaAs layer are computed in a Monte-Carlo simulation’®, accounting for
the various scattering mechanisms such as optical and acoustic phonon-, ionised impurity-.
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intervalley-, and carner-carrier scattering'? ¥ Both electron-heavy- and -light-hole pairs are
considered, including hole inter-band transitions!* Standard 104 electron-hole pairs were
used In some cases the statistical accuracy of the results was checked with simulations using
10° electron-hole pairs

The correlated photoluminescence signal 1s calculated according to equation (5 1), making
two sumplifying assumptions in order to keep the problem manageable

(1) the carrier distributions excited by both pulses are the same, but shifted in time Thus
the effect of the second pulse arriving at the sample whose features (eg absorption,
local electric field) may be changed by the carriers of the first pulse, 1s neglected

() the distribution 1n k-space 1s taken to be independent of the real space position inside
the device A scaling factor, which represents the integral over k-space, counts the
number of carriers at each position

Ewvidently photo-excitation of charged particles may give rise to a space-charge field Directly
after excitation, when the electrons and holes are still close to each other this field 1s zero
However, as soon as the electrons and holes start to separate as a result of the applied field,
a counteracting electric field will builld up To account for this space-charge effect, which
can be especially large for the highest intensities used, the Poisson equation 1s solved in one
dimension every 10 fs of the calculation, resulting in a time-dependent local driving field in
addition to the applied field

5.5 Theoretical results and discussion

5.5.1 Results of the Monte-Carlo simulations

The calculations were performed for reverse bias voltages of 15 V and 30 V, viz aver-
age fields of 50 kV/cm and 100 kV/cm respectively and input powers ranging from 01 to
2 5 mW Figure 5 8 shows the calculated correlated photoluminescence signal arising from re-
combination of electrons with heavy-holes, as a function of the delay time between the pulses
for a number of input powers The photoluminescence intensity due to electron-light-hole
recombination appeared to be one order of magnitude smaller It 1s directly clear from this
figure that for all excitation powers and both bias voltages the computed photoluminescence
correlation signal decays within 3 ps, 1n sharp contrast to the experimental results (figure
53) On the other hand, as in the experiment, an enhancement of the photoluminescence
decay time 1s found with increasing input power This result indicates the significance of the
building of a space-charge field for the sweepout Furthermore, in some cases the calculated
correlation signal exhibits irregularities, especially visible at 3 0 V reverse bias voltage (10
and 1 5 mW input power), where at about 400 fs delay time a kind of plateau 1n the intensity
decay 1s formed and some scattering can be seen 1n the respective data points It should be
noted here that the actual time steps used in the calculation (10 fs) are much smaller than
the honizontal space in between the points in figure 5 8
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Figure 5.8: Calculated correlated photoluminescence (PL) decoy curves for 1.5 V (a) and
3.0 V (b) bias voltage, for different ezcitation powers ranging from 0.1 mW to
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In order to gain insight in the physical behaviour of the easy to measure but difficult
to interpret photoluminescence correlation signal, figure 5.9 reports the time-evolution of
the electron-heavy-hole photoluminescence in real time, as would be measured with the up-
conversion technique. All luminescence traces start from the same value of 0.67 at zero time
after excitation. This value corresponds to the fraction of heavy holes in the simulation. In
the time-evolution of the photoluminescence signal roughly two regimes can be distinguished.
Within the first 300 fs the photoluminescence intensity rapidly decreases, followed by a more
slowly decay on a picosecond timescale.

(i) The initial rapid decay is predominantly the result of intervalley scattering. The elec-
trons are created by a 2.03 eV laser pulse and posses an excess energy larger than the
energy of the L- and X-satellite valleys in the conduction band. As a result of the large
effective mass of the satellite valleys the photo-excited electrons are very efficiently scat-
tered into these valleys'> '®, where they do not contribute to the photoluminescence
intensity. As a matter of fact most of the electrons leave the depletion region travelling
in the satellite valleys. It should be emphasized that these electrons keep contributing to
the space-charge field and the electrical current, and are probed in photo-conductivity
measurements, but are not seen in photoluminescence experiments.

(ii) The electrons which remain in the I'-valley give rise to a more slowly decaying pho-
toluminescence signal. because of their sweepout from the depletion region on a pi-
cosecond timescale (figure 5.9). This carrier sweepout apparently strongly slows down
with increasing laser input power. When the total number of carriers increases, the
field strength of the counteracting field, as opposed to the applied electric field. gets
stronger leading to a somewhat retarded carrier sweepout.

(iii) But the actual situation is more complicated, since the effects discussed in (i) and (ii)
cannot be regarded as completely independent. Due to the separation of electrons and
holes, the local electric field varies both in real space and time. Electrons scattering
back from the L- and X-satellite valleys into the I'-valley can gain enough energy by
the electric field to be rescattered to the satellite valleys. However, in the regions
of low electric field the electrons remain in the I'-valley giving rise to an enhanced
photloluminescence signal, i.e. an extra shoulder, at about 400 {s after excitation.
Obviously the number of rescattered electrons that remain in the I'-valley grows with
increasing importance of the space-charge field, i.e. with increasing input power. This
is the origin of the increase of the correlation signal with increasing laser power (figure
5.8).

Basically it is the slow contribution of the direct photoluminescence signal which corresponds
to the calculated correlated photoluminescence decay in figure 5.8 and its power dependence.
Apparently the shoulder in the direct photoluminescence starting at about 300 fs for high
input powers corresponds to the faint feature at similar delay times in the correlated signal.
The physical behaviour of both computed luminescence signals can be well understood in
terms of intervalley scattering and charge-separation effects. but it appears that they can by
no means explain the anomalous long correlated photoluminescence decay times measured
(figure 3.3). which are probably the result of an other mechanism. neglected so far.



Ultrafast carrier dynamics at a metal-semiconductor interface

75

—
n

Int. (arb. units) PL Int. (arb. unit

PL

0.15

0.10

0.05

o
o
=)

© © o o
o o o o
o - (=2} (o]

©
o
oo

e Temperature : 300 K
* Bias Voltage : 1.5 V
ot Excitation power (mW) :
1 :"Ro:%.ooo : géf}
] "‘n:n%o a 0.50
4 o .ﬁf.ng::“ ‘A.Oo - 1.0
1 o° e::AA:A:°°°° s é.g
j ° oaoununuunoun .'.AA::RZZO:OO R 25
* °o;".o . nauuu ) -.:“::fgﬁﬁgﬁ
p °°°°no° e . Duun ""::“Af:“ﬂgooﬁn
°°o°° -.... unnuu '.-..‘::::.Q:A“‘!gg
20000583 88anaanoC08S '--..eeﬁg“ 1
00 1.00 2.00 3.00
Time (ps)
(a)
¢ Temperature : 300 K
1 Bias Voltage : 3.0 V
8‘° Excitation pgwler (mW) :
s ° ° .
s 09%9500%% « 0.25
S Ty = 0.50
'y abad AAAA 3°oo . 1.0
T a0 ba, . 00 8 1.5
: o "s» AAA " 00 « 2.0
3,.“' '.'- “ ‘A.O [} 2-5
§ 'n l. AA 5‘000
.na .- nAA “Aooo
Oeo -.-- “‘An‘A‘goo
e !nunn"“o " s n“‘::“nggﬁ%
LITYY g8s. " ba a |
00 1.00 2.00 3.00
Time (ps)
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5.5.2 Calculations including a contact regeneration time

The pronounced input power dependence and the tendency to instabilities present in the
computed photoluminescence curves suggest that the photo-excited charge is dominating
the charge initially present in the biased device. It is therefore worthwhile to consider the
situation in more detail. In the case of the highest input power the photo-injected charge
is still four orders of magnitude lower that the total charge on the device. However, it is
the charge density, i.e. the charge on the illuminated part, that is important and not the
total charge present on the device. For example the photo-excited charge density can exceed
the intrinsic one by a factor of 20, inevitably leading to serious consequences for the carrier
sweepout, as will be shown in the following.

Very shortly after excitation a number of holes will reach the top contact, where these
holes neutralize the metal surface charge, leading to a reduced field strength. In the case that
the photo-excited charge density exceeds significantly the intrinsic one, the applied field may
be destroyed totally by only a small part of the excited holes. It will take some time before
the field will be restored, that is the time needed to recharge that part of the device which
is decharged, i.e. the illuminated part. Obviously this recharging time is connected to the
RC-time constant of the device studied, which is basically the illuminated part incorporated
in the total device on which a surplus of charge is present. From C-V measurements the
capacitance of the illuminated part was estimated to be about 0.2 pF. The resistance is be-
lieved to be determined by the very thin semi-transparent top Au-contact which has a square
resistance of a few Ohms, rather than the low Ohmic highly doped backside-contact. As a
result the RC-time is expected to be about 1.0 ps. In order to investigate the consequences
for the carrier sweepout of such a recharging time, we introduced a so-called regeneration
time constant 7, by which charge is transferred to the illuminated part of the top contact
tending to keep the total voltage across the depletion layer constant. In practice the positive
charge reaching the top contact is compensated for by adding negative charge with a time
constant T, in order to keep the effective bias constant. However, it should be noted that
also in the case holes are stick in the band bending region, eg. at the built-in barrier due to
the intermediate AlGaAs layer (figure 5.7), an extra amount of charge has to be transferred
to the top contact.

The correlation traces were recalculated for a number of regeneration times ranging from
0.25 to 1.0 ps. The results for excitation powers 0.1 mW (a), 1.0 mW (b) and 2.0 mW (c),
and a bias voltage of 3.0 V are shown in figure 5.10. In the calculations with 7rg= 0, which
are equivalent to the calculations described in the previous section (figure 5.8), the recharging
is given infinite speed to keep the voltage across the depletion layer constant. The curves
for a bias voltage of 1.5 V show a similar behaviour as a function of the regeneration time
and the input power. When a finite value for the regeneration time is used the correlated
photoluminescence decay times become much longer. Even for the lowest excitation power
(0.1 mW) already a noticeable reduction of the correlated photoluminescence decay rate is
visible. For the intermediate (1.0 mW) and high (2.0 mW) input powers the reduction in
the photoluminescence decay rate becomes enormous. It is striking that the introduction of
a regeneration time which is still considerably small (7, < 1.0 ps), already can retard the
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carrier sweepout up to timescales of ten picoseconds, in case of the highest input powers.
This can be traced back directly to the enormous excess of photo-excited charge density.
Ultimately, the measured carrier sweepout depends not only on the regeneration time but
also on the photo-excited charge density.

Figure 5.11 summarizes the calculated photoluminescence correlation decay time as a
function of input power, for 2 number of bias voltages and regeneration times. The results
for an infinitely fast regeneration time (7.y = 0) indicate some retardation of the carrier
sweepout with input power, determined completely by space-charge effects. Obviously for
this case the calculated decay times appear much too small with respect to the experimental
observations. The discrepancy between the experiment and these first calculations can be
solved by the introduction of one single time constant 7y, which represents a device recharg-
ing time. For all input powers the decay times get considerably longer with increasing 7ye.
Note that the calculated decay times for a regeneration time of 1.0 ps are in reasonable quan-
titative agreement with the experimental results (figure 5.5). Furthermore the calculated
decay times for the higher bias voltage (3.0 V) are shorter than for the lower bias voltage
(1.5 V) in agreement with the results of figure 5.4. However, the assumption in the model of a
homogenous space-charge for all bias voltages, rather than a bias dependent depletion region
width, makes a detailed comparison not possible. Concerning the measured coefficient Agport
of the correlated signal as a function of the laser input power (figure 5.6), the model also pro-
duces comparable dependencies, which is not surprisingly because in the photoluminescence
correlation technique the decay times and amplitudes are closely related.

Evidently the amount of photo-excited charge is of crucial importance for the actual
sweepout. It is therefore interesting to see what happens to the effective bias across the
depletion region after intense laser excitation. Figure 5.12 depicts the time-evolution of the
effective bias for an initial bias voltage of 3.0 V, 1.0 mW input power and for different values
of the regeneration time .. It is clear that directly after excitation the effective bias is
destroyed completely due to the neutralization of the metal surface charge by the photo-
excited holes that reach the top contact. Note that the effective bias may even be inverted
for some time, which is caused by the inertia of the carriers moving to the contacts. Obviously
the speed of the recharging process depends on the value of the regeneration time, that is the
longer the regeneration time the longer the effective bias remains destroyed. In the absence
of the electric field, a large number of electrons is returning from the satellite valleys to the
[-valley, while in addition the carrier sweepout from the depletion region is delayed. Both
effects give rise to a considerable enhancement of the photoluminescence decay time.

The effect of the photo-excited charge density on the electric field gains definitely in
importance with increasing input power as follows from figure 5.13, which shows the time-
evolution of the effective bias for a number of input powers calculated with a regeneration
time of 1.0 ps and an initial bias voltage of 3.0 V. For the lowest input power the amount
of photo-excited charge is too low to destroy the applied field completely, however already a
significant retardation of the carrier sweepout is present (figure 5.11 (b)). With increasing
power the voltage drop increases and exists longer. Apparently for the highest input powers
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the bias voltage can be inverted due to the inertia of the carriers moving to the contacts.
For excitation powers > 1 mW the effective bias may even show chaotic oscillations on a
timescale of more than ten picoseconds!”. The enormous amount of excess charge can lead to
peculiar highly non linear transport transients. The precise nature of the chaotic behaviour
is subject of a further study*’.

The consequences of the total collapse of the electric field are enormous for the
photoluminescence decay, which is depicted in figure 5.14 for a bias voltage of 3.0 V, an
input power of 1.0 mW and for several values of the regeneration time constant. For each
regeneration time constant used the photoluminescence intensity still decays very fast within
the first hundreds of femtoseconds, due to the intervalley scattering. But the appearance of
the extra intensity peak starting at about 500 fs becomes more and more distinct. With-
out an electric field the electrons return relatively rapidly to the [-minimum?!® !¢, where
they contribute again to the photoluminescence signal, resulting in a conspicuous rise in
the photoluminescence intensity after the first fast decay. Moreover, as long as the effective
bias is not restored, the electrons and holes are not separated in real space and the carrier
sweepout is retarded, leading to a drastic reduction of the photoluminescence decay rate, in
accordance with the measured photoluminescence correlation decay times (figure 5.10).

5.6 Conclusions

In summary, the ultrafast carrier sweepout from the depletion region of a Au-GaAs Schottky
barrier has been found to be strongly affected by the contacts. which might act as an extra
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limit for operating a device at its maximum frequency or which might lead to peculiar highly
non linear transport transients. Since even at moderate laser input powers the injected charge
density is dominating the one initially present, the applied field collapses almost instanta-
neously after laser excitation, while its reconstruction takes the time needed to recharge the
device. A contact recharging time constant had to be invoked in the Monte-Carlo analy-
sis to explain the experimental observations. The use of a recharging time of 1 ps, which
corresponds to the estimated device RC-time, leads to the nice quantitative reproduction
of the experimentally observed carrier sweepout. Ultimately the actual carrier sweepout is
determined by both the contact regeneration time and the photo-created carrier concentra-
tion. In view of the common values of the electric fields involved and the laser input levels
used, it should be noted that the concept of a finite time for the restoration of the internal
electric field should be applicable to other opto-electronic devices as well, for example fast
opto-electronic switches!®.
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Chapter 6

Energy Relaxation of hot 2D carriers in high
magnetic fields due to optical and acoustic phonons

Abstract

The energy relaxation rate of hot carriers in a GaAs/(Ga,Al)As quantum well structure has
been studied for different laser excitation intensities in magnetic fields up to 17 T using c.w.
photoluminescence spectroscopy. In the regime where LO-phonon scattering dominates the
hot carrier cooling a magnetic field reduces the energy relaxation rate. For the lowest exci-
tation power used, an enhancement of the cooling with magnetic field has been found due to
acoustic phonon scattering. These results are supported by model calculations. Furthermore
the results are discussed with respect to previously reported time-resolved photoluminescence
measurements on GaAs/(Ga,Al)As quantum well structures and bulk GaAs. The present
c.w. photoluminescence measurements provide a better quantitative understanding of the
time-resolved data.
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6.1 Introduction

Study of hot carrier energy relaxation rates in quasi zero-dimensional carrier systems simu-
lated by a GaAs/(Ga,Al)As quantum well structure in high magnetic fields, has been carried
out mainly by time- and energy-resolved photoluminescence (PL) spectroscopy!. It has been
found that the carrier cooling in highly excited bulk GaAs is reduced considerably in high
magnetic fields?. In a GaAs/(Ga,Al)As quantum well system however, an enhancement of
the carrier cooling with magnetic field has been observed after an initial reduction up to
B ~9 T%3_ Although these time- and energy-resolved experiments have provided valuable
information on the carrier dynamics in these systems, a full comprehension of the results is
difficult due to the variation in time of all the relevant parameters like the effective temper-
ature and density of the carriers and the Landau level linewidths.

In this chapter we present the results of a study on the energy relaxation rate of two
dimensional carriers in magnetic fields up to 17 T using c.w. photoluminescence spectroscopy.
Under these steady state conditions, hot carrier phenomena are governed by the balance
between power input into the carrier system due to photo-excitation and the power Joss due
to the interaction with optical and acoustic phonons. The influence of the magnetic field
on the energy relaxation rate has been investigated for different excitation intensities, by
determination of the effective temperature from photoluminescence spectra.

In the next section (6.2) the used quantum well sample will be described, followed by a
brief description of the experimental set-up. Section 6.3 will present the experimental re-
sults, which will be analyzed with the use of an energy relaxation model, including optical
and acoustic phonon scattering in the presence of a magnetic field. It has been found that for
low excitation intensities, in the regime where acoustic deformation potential scattering dom-
inates the cooling process, the effective carrier temperature reduces with increasing magnetic
field, which expresses the enhanced energy relaxation rate due to acoustic phonon scattering
with magnetic field strength. For higher laser excitation levels, when optical phonon scatter-
ing is most important, the magnetic field has been found to reduce the carrier cooling rate,
leading to an increase of the carrier temperature with increasing magnetic field. In section 6.4
these results will be compared with time-resolved photoluminescence measurements, which
leads to a better quantitative understanding of the time-resolved data. Finally section 6.5
will summarize the main conclusions.

6.2 Experimental details

The photoluminescence measurements were performed on a MBE-grown modulation doped
quantum well sample* consisting of 10 GaAs layers of 9 nm width, separated by 31 nm thick
(Ga,Al)As barriers ([Al]=0.34). Each barrier consists of two 9 nm undoped layers which
surround a 13 nm thick Si-doped layer.

A Krypton ion laser operating at 647.2 nm was used to excite carriers optically.
The laser beam was mechanically chopped to allow for lock-in detection. The emitted
photoluminescence signal was guided through a 1 m grating monochromator (Monospek)
and detected by a GaAs photomultiplier tube using a lock-in amplifier. The sample was
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Figure 6.1: Typical photoluminescence (PL) spectra for magnetic fields of 10 end 16 T,
for a laser excitation intensity of 2 kW/cm? (dotted curves). The sohd curves
correspond to the best hneshape fits of the spectra, according to expression (6.1).

cooled down to a temperature of 4.2 K in a He bath cryostat, mounted in one of the hybrid
magnet systems (25 T) of the High Field Magnet Laboratory of the University of Nijmegen.

6.3 Experimental results and model calculation

Photoluminescence spectra were measured as a function of magnetic fields up to 17 T, oriented
parallel to the sample growth direction, for a number of laser excitation intensities. Figure
6.1 shows typical photoluminescence spectra at magnetic fields of 10 and 16 T, for the lowest
laser excitation intensity used (2 kW/cm?). The low excitation spectrum at B=10 T shows
one full and two partially filled Landau levels. For higher laser excitation levels more Landau
levels are filled, i.e. a different Landau level occupation is present, as can be seen in figure
6.2, which displays a typical spectrum at a magnetic field of 9 T for 20 kW/cm? laser
intensity. The inset shows the high energy tail of some spectra on a semi-logarithmic scale in
addition to the corresponding values of the effective carrier temperatures 7.4 (dashed lines), as
obtained from the high-energy slopes. In both figures 6.1 and 6.2 the solid curves correspond
to the best lineshape fits to the spectra, according to an expression for the band-to-band
photoluminescence radiation given by* :

I(hw) ~ /O e o (E)an(hw — Eqap — E)fu(E) fu(hw ~ Egep — E)AE (6.1)
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setl shows the high energy tais of some photoluminescence spectra on a semi-
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containing the Fermi-Dirac distribution functions f.5 for electrons and holes, and the two
dimensional Landau level density of states functions g, given by> ®

s 1 - - — (i ! ¢2
Gen(E) = #(5)_’ > Ii‘, exp { 2 (11«2+ 2P

1=0

} (6.2)

where | = \/g is the magnetic length, i runs over the Gaussian broadened Landau levels
with linewidths T, and w. = <2 is the cyclotron frequency with m} = m}(E) due to the
nonparabolicity of the conduction band” ®. From the lineshape analysis, the density n. and
the effective temperature T.g of the carrier distributions were obtained, as well as the values
for the Landau level linewidths T,.

Figure 6.3 shows the values for the effective temperature, as obtained from the lineshape
analysis, as a function of the magnetic field for an excitation intensity of 2 kW/cm?. The
effective temperature increases from 65 K at B=7 T up to 80 K at B=11 T, and decreases
subsequently to 40 K at B=17 T, while at 15 T a shoulder is visible. The increased cooling
for B >11 T, resulting in a lower effective temperature, is attributed to acoustic deformation
potential (ADP) scattering of the carriers.



Energy relaxation of hot 2D carriers in high magnetic fields 89

150

Excitation Intensity:
x 2 kW/cm?

2
[
s..
2 ADP
g 100+ scattering
oy . %-
g $¥ 3 i
& : ER g
. 504 I I I‘I
W
-
=
o
| &)
00

5 10 ‘15
Magnetic Field (T)

Figure 6 3 The effective carrier temperature as ¢ function of the magnetic field for an
excitation wntensity of 2 kW/cm? The dashed curve 1s the result of a model
calculation for ADP scattering where ezperimentally obtained velues for n. and
I', were used Bo=10T

In order to support this assertion, we calculated T.g=T.g(B) from the equilibrium condi-
tion
<dE/dt>a=<dE/dt > henens (63)

where < dE/dt >,; 1s the average power 1nput per carrier into the two dimensional carrier
gas by laser photo-excitation, which was kept constant for all values of the magnetic field,
and <dE/dt>phonons 18 the average energy relaxation rate per carrier due to carrer-phonon
interactions, which depends on the temperature and concentration of the carriers, the Lan-
dau level linewitdths and the magnetic field strength® Since 1t 1s difficult to determine
<dE/dt>,, directly from the laser excitation power, 1ts value was calculated from the equi-
librium condition (6 3) using the expressions for <dE/dt > phonons aS given by Reinen et al®
for one value of the magnetic field B = By (10 T 1n figure 6 3) and with the values for T.g,
n. and [, which were determined from the photoluminescence spectrum at B = By For
all other values of the magnetic field this <dE/dt >, was assumed to be constant and Tg
was chosen such that the equilibrium condition (6 3) was fulfilled, using the experimental
values for n. and I, Thus in the analysis no adjustable parameters were used The re-
sulting dashed curve in figure 6 3, calculated using only <dE/dt >app, does not follow the
experimental points exactly, however the main features for B >9 T are well described by the
model The mitial increase of the effective temperature up to a magnetic field of B ~9 T 1s
due to a reduction of carrier-LO phonon interactions dominating the carrier cooling 1n this
field range The observed decrease of Tg for B >9 T 1s a direct result of the increase of
<dE/dt>spp with B This 1s due to the increasing Landau Level degeneracy with magnetic
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field (1/7{®> = eB/wh) and a resulting increase of the density of states As a consequence
intra Landau level transitions, which dominate the ADP scattering in this field range, are
enhanced® The varniation of the effective temperature for higher fields, i.e. around 15 T,
1s due to the oscillating density of states when the Fermi energy moves in between the first
and zeroth landau level®. The strong dependence of <dE/dt >xpp on the density of states
at the Ferm: energy was previously observed 1n the width of a partially filled Landau Level
as a function of 1ts occupation, which is under these conditions mainly determined by ADP
scattering®.

With increasing excitation intensity up to 10 kW/cm? a transition is visible from a de-
crease of the effective temperature with the magnetic field strength to a monotonic increase.
This is shown 1n figure 6.4 where the effective temperature increases from 70 K at B=6 T
up to 110 K at B=13 T, whilst at B=8 T and B=13 T shallow minima are present due
to hot electron magneto-phonon resonances. which have been discussed in detail by Reinen
et al'® 11, For even higher excitation intensities, 1 e. 20 kW /cm?, the effective temperature
increases more drastically with magnetic field. The dashed curve in figure 6.4 shows the
results for the energy relaxation rate due to LO-phonon scattering < dE/dt >10 using the
model mentioned above. Reasonable agreement 1s obtained showing that LO-phonon scat-
tering dominates the cooling. However, the slight monotonic increase of the temperature
with magnetic field strength 1s not explained by the model, indicating an additional reduc-
tion of the carrier cooling due to the magnetic field. The effective temperature in the high
excitation regime, considerably enhances with B 1n this field range, and can eventually show
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a pronounced maximum beyond 17 T due to magneto-phonon resonances'® !, The present
results for B < 15 T indicate clearly the reduced carrier cooling with field in this regime
where the energy relaxation is dominated by LO phonon scattering.

6.4 Discussion

Time- and energy-resolved photoluminescence measurements on GaAs/{Ga.Al)As quantum
well systems in high magnetic fields have shown a reduction of the carrier cooling up to
B ~9 T, followed by an enhancement up to 20 T. The reduction due to LO-phonon in-
teractions up to B ~9 T with respect to the zero field cooling rates, has been assigned to
the formation of quasi zero-dimensional carrier states, i.e. well separated Landau levels,
and a resulting enhancement of non-equilibrium phonon effects?. The enhancement observed
for B >9 T in these quantum well systems has been assigned to an increased hole-phonon
coupling® 1? and an increase of ADP scattering with the magnetic field strength?. The mea-
surements in figure 6.3 show a similar enhancement of the carrier cooling rate, and a corre-
sponding decreasing effective temperature, with increasing magnetic field strength. Also the
Landau Level occupation observed in the experiments of figure 6.3 are comparable to those
observed in the time-resolved experiments on the quantum well systems. A direct comparison
of Landau level occupation is difficult due to the variation in time of both the temperature
and density of the carriers in the time-resolved photoluminescence measurements. However,
the photoluminescence spectra reported by Hollering et al.? and Ryan et al3 show roughly
one full and two partially filled Landau levels at field values above 9 T, which is similar to the
occupation observed in our low excitation c.w. photoluminescence measurements (figure 6.1).
Therefore our measurements and theoretical analysis confirm the conclusions by Hollering
et al? that the enhancement of the carrier cooling for B >9 T is due to ADP scattering which
dominates the cooling in this field range and these carrier densities (n. ~ 1 x 10" em™3) and
effective temperatures (7.4 < 60 K) , i.e. observed Landau Level occupation.

However, with increasing excitation intensity the decrease of the effective temperature
with increasing magnetic field strength changes into a monotonic increase, that becomes
even stronger at higher excitation intensities. Our calculations show that in this regime LO
phonon scattering dominates the carrier cooling. This behaviour of the effective temperature
with field resembles very much the results from time-resolved PL measurements on bulk
GaAs?, where LO phonon scattering has been found to dominate the energy relaxation up
to the highest magnetic fields used, and where a monotonic reduction of the carrier cooling
with increasing magnetic field has been found.

6.5 Conclusions

We conclude from the present measurements and the time-resolved photoluminescence data
that in the regime where LO phonon scattering dominates the carrier cooling, a magnetic
field reduces the energy relaxation. For lower excitation levels, i.e. lower Landau Level
occupation, where acoustic phonon scattering dominates the carrier cooling, an increase of
the carrier cooling rate with magnetic field has been found, which is related directly to the
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increase of intra Landau Level scattering due to an increasing Landau Level degeneracy
with field. Finally it should be noted that a transition from LO-phonon scattering to ADP
scattering dominating the hot carrier cooling should be observed both in bulk and lower di-
mensional structures. The magnetic field value at which this transition will occur depends on
the excitation conditions. This conclusion is confirmed by the recent experiments of Rossin
and coworkers'¥ ' who found an enhanced exciton photoluminescence intensity and a cor-
responding exciton cooling in ultrapure bulk GaAs samples, related directly to an enhanced
free electron-acoustic phonon energy relaxation rate with increasing magnetic field strength.
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Chapter 7

Vertical transport in a GaAs/(Ga,Al)As superlattice
containing an enlarged quantum well in high in-plane
magnetic fields

Abstract

Vertical transport in a GaAs/(Ga,Al)As superlattice has been studied using photolumines-
cence and magnetophotoluminescence measurements with in-plane fields of up to 25 T at
temperatures in the range 4-80 K. Vertical transport at 4 K (which is determined by exciton
transport) has been found to be less efficient than free-carrier like transport at high tempera-
tures (47 K and 80 K). Application of a high in-plane magnetic field tends to reduce the hole
transport considerably. In addition a drastic enhancement of the total photoluminescence
yield with in-plane field has been observed.
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7.1 Introduction

With the improvement of crystal growth techniques such as molecular beam epitaxy (MBE)
it has become possible to grow superlattice (SL) structures, as were first envisaged by Esaki
and Tsu!, with abrupt interfaces. Consequently, the study of transport in the SL growth
direction (vertical transport) has attracted considerable research interest® 3. Most studies
have used GaAs/(Ga,Al)As SLs because of the more mature state of the growth technol-
ogy for this system. The use of Enlarged Quantum Wells (EQWs), which act as a carrier
sink when embedded in a SL structure, has allowed the dynamics of carriers through the SL
minibands to be examined using time-resolved photoluminescence®~7. The application of a
magnetic field oriented parallel to the plane of the SL has provided insight in some funda-
mental vertical transport properties in Sls®~!3, From the observation of Landau Levels in
inter-band absorption experiments with in-plane field Belle et al.® ® were able to deduce the
combined electron and hole miniband width, since the Landau Levels disappeared when the
cyclotron energy just exceeded the miniband width (in agreement with cyclotron-resonance
experiments performed by Duffield et al.!?). More recently, an investigation of the SL photo-
luminescence (PL) intensity in parallel magnetic fields up to 8 T has been performed!*. In the
present study we have further exploited vertical transport in GaAs/(Ga,Al)As Sis containing
an EQW in high in-plane magnetic fields up to 25 T by means of magnetophotoluminescence
(MPL). We have also examined the variation of PL intensity with laser excitation power at
three different temperatures (4 K, 47 K and 80 K).

We have found the vertical transport at 4 K (which is due to exciton transport) to be
less efficient than the free-carrier like transport at higher temperatures (47 K and 80 K).
The application of an in-plane magnetic field has been found to reduce the vertical transport
considerably due to magnetic field-induced suppression of hole transport. A drastic additional
increase of the total PL intensity has been observed with increasing field which is suggested
to originate from the decreased influence of nonradiative recombination.

7.2 Experimental details

Two superlattice samples, NU374 and NU443, were grown by MBE with nominally the same
layer composition during different growth runs. A relatively wide GaAs EQW of 8.5 nm was
grown on top of a 0.15 um thick (Ga,Al)As layer ([Al] = 0.33), with a 0.6 um SL structure
consisting of 1.3 nm (Ga,Al)As ({Al] = 0.33) barriers and 3.4 nm GaAs QWs being grown
above the 8.5 nm EQW. A 50 nm (Ga,Al)As ([Al] = 0.33) and 20 nm GaAs capping layer
completed the structure. The laser light entered the structure from the capping layer and not
the GaAs substrate. The superlattice samples were excited at energies above the (Ga,Al)As
bandgap using picosecond pulses generated by a Rh6G dye laser synchronously pumped by a
mode-locked Krypton ion laser (Excitation wavelength: 600 nm, Repetition rate: 82 MHz).
The laser light was focused to a 15 pum spot on the sample surface. Magnetic fields of up
to 25 T were provided by one of the hybrid magnet systems®® of the High Field Magnet
Laboratory at the University of Nijmegen. The samples were mounted with the planes of
the SL and the EQW parallel to the magnetic field direction. Measurements were made at
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Figure 7.1: Typical photoluminescence (PL) spectrum for sample NU443. The two peaks
omginate from the superlattice (SL) and the enlarged quantum well (EQW).

different temperatures in the range 4-80 K.

7.3 Results

Figure 7.1 shows a typical time-integrated PL spectrum for sample NU443 at 47 K recorded
without a magnetic field. Sample NU374 displayed a similar spectrum. Two clearly resolved
peaks are observed at approximately 1.62 eV and 1.56 eV and the energies are in agreement
with those expected for the SL and EQW'3~17, The effect of increasing excitation intensity
on the EQW and SL spectrally-integrated PL intensities is displayed in figure 7.2 for the
sample temperatures of 4 K (a), 47 K (b) and 80 K (c). We should emphasise that the
results of figure 7.2 are obtained by a spectral integration of the time-integrated PL spectra,
rather than a simple determination of the PL peak height. The latter method would give a
significant underestimate for the emitted PL at the higher powers, since it does not account
for the broadening of the PL peaks with increasing excitation power. It can be seen that the
slope of the PL intensity (indicated between brackets in figure 7.2) versus excitation intensity
remains essentially linear (slope 0.9-1.0) with increasing temperature for the EQW, whereas
the slope for the SL luminescence changes from linear at 4 K to (sub)quadratic (slope 1.5-
1.6) at 47 K and 80 K. Note that the vertical transport in the present SL samples is rather
efficient; this follows from the minimum ratio of EQW and SL integrated PL intensity (~ .2)
in comparison with the volume ratio of the EQW and the whole SL (0.014).
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Figure 7.3: The shift of the PL peak energy versus in-plane magnetic field for the SL (open
symbols) and the EQW (filled symbols) for sample NU374.

Magnetophotoluminescence measurements in sample NU374 have been performed at 77 K
with in-plane magnetic fields of up to 25 T. Figure 7.3 shows the shifts in the peak positions of
the lowest Landau level for increasing magnetic field. Over the whole range of magnetic field
values used both the SL and the EQW peak energies shift linearly with field, i.e. 0.58 meV/T
and 0.34 meV/T respectively for the SL and EQW. The SL shift agrees well with the exper-
imental and theoretical values of Belle et al® and Maan'3. The shift of the EQW peak is
smaller than for the SL as would be expected for a two-dimensional system'® and compares
favourably with the lower field results of previous reports'® 1719 for a similar well width.

The filled symbols in figure 7.4 show the in-plane magnetic field dependence of spectrally-
integrated PL intensities for the SL (squares) and EQW (circles), together with their sum
(triangles) for excitation powers of 5 mW and 15 mW. The open symbols correspond to
the SL (squares) and EQW (circles) spectrally-integrated PL intensities when normalised
to their values at 8 T. Again, it is important to note that in figure 7.4 the spectrally-
integrated PL intensities are displayed and not the PL peak heights; any broadening effect
on the PL lineshape, (e.g. such as power broadening) will exclude the use of the simple
peak height determination. In the case of a changing magnetic field the simultaneously
changing Landau Level degeneracy accounts for a varying PL linewidth which implies that
the spectrally-integrated PL intensity must be used. In figure 7.4 the SL PL increases in an
approximately linear fashion with increasing magnetic field. For high excitation power only,
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Figure 7.4: The spectrally-integrated PL intensity (filled symbols) of the SL (squares), EQW
(dots) and SL + EQW (triangles) as a function of in-plane field for two ezcita-
tion powers. The open symbols reflect the PL wntensity of the SL (squares) and
EQW (dots) normalised to their values at 8 T.

O



Vertical transport in a GaAs/AlGaAs superlattice 99

the SL PL intensity tends to saturate beyond approximately 20 T The EQW PL decreases
with increasing field for both excitation powers From the normalised PL data in figure 7 4
(b) 1t follows directly that this decrease of the EQW PL with n-plane field can be as large
as 30% at 25 T However, as shown by the filled triangles, the sum of the EQW and SL PL
mncreases considerably with field, in contrast to similar previous in-plane MPL measurements
in which a 5% decrease of the EQW PL intensity at 8 T has been observed, but without an
increase in total PL intensity®*

7.4 Discussion

The increased exciton binding energy 1n two-dimensional systems!® 7 means that for temper-
atures up to 80 K the EQW PL 1s mainly exaitonic, as 1s evidenced by the narrow symmetric
PL lineshape for the range of sample temperatures investigated Following the reasoning of
Block et al 7 all vertical transport parameters are assumed to be linear with excitation power,
so the number of carriers arnving in the EQW 1s also expected to be linear with excitation
power In the case when the time of exciton formation 1s short enough, the exciton PL
intensity will be proportional to the number of excitons present, 1e linear with excitation
power this 1s shown in the present measurements (figure 7 2) The 3-dimensional properties
of a SL mean that excitons are 1onised®® 2! at a temperature of 80 K creating free electrons
and holes in SL minibands For this reason many of the PL studies of vertical transport in
SL structures have been conducted at 77 K to ensure free carners are indeed present® 2!

The radiative processes in a SL are therefore expected to involve both free electrons and
holes at 80 K The slope of the PL intensity versus excitation power graph would therefore
be expected to be approximately quadratic’, as 1s observed at 80 K Moreover, the slope of
PL intensity versus power graph at 47 K (figure 7 2) (b)) 1s also found to be (sub)quadratic,
revealing that a considerable amount of excitons are 1onised at this temperature, resulting 1n
a free-carner hike recombination mechanism At 4 K the linear slope 1n figure 7 2(a) for the
SL shows that luminescence 1s excitonic, as might be expected At lower excitation powers
(<10%), the ratio of the PL intensities from the SL and EQW strongly depends on the sam-
ple temperature, reflecting the different efficiencies of the vertical transport at the various
temperatures Apparently, the vertical transport through the SL at 4 K, which 1s governed
by excitons (figure 7 2(a)) 1s less efficient than the free carrier transport at 47 K and 80 K,
resulting 1n a relatively weaker PL signal at 4 K onginating from the EQW as compared
with the S The more efficient tunnelling mechamism at the higher temperatures raises the
EQW PL intensity above that emitted by the SL for excitation powers smaller than 10%, as
1s observed 1n figures 7 2 (b) and (¢) Similar trends of the vertical transport behaviour with
temperature have been found by others® 22 The growing relative intensity of the SL PL with
respect to the EQW with increasing excitation power for the higher temperatures 1s not due
to a reduction in vertical transport, but 1s the direct consequence of the different radiative
recombination mechanisms, 1e excitonic (hnear with power) for the EQW and free-carrier
like (quadratic with power) for the SL. Consequently at 47 K and 80 K a cross-over appears
where the SL PL intensity starts to exceed the EQW PL intensity Obwiously this cross-over
1s absent at 4 K since at this temperature the respective slopes of the SL and EQW PL
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intensity versus excitation powers are more or less equal.

The present measurements are the highest magnetic field (25 T) photoluminescence mea-
surements in SL structures in the in-plane orientation. The sample temperature was 77 K,
which means that the vertical transport is dominated by free carriers; this is confirmed by a
determination of the PL intensity as a function of the excitation power at a constant magnetic
field of 8 T which yielded a slope of approximately 1.5 for the SL. Obviously the ratio be-
tween the SL and EQW PL intensities in the presence of an in-plane field (figure 7.4) is much
larger than without field (figure 7.2(c)). The excitation powers used, 5 mW and 15 mW,
correspond to respectively the 30% and 100% laser power levels in figure 7.2(c), which is the
region where the SL and EQW PL intensities are of the same order of magnitude. Moreover,
as will be discussed subsequently, the parallel magnetic field affects the carrier recombination
in such a way?® that the ratio between SL and EQW PL intensity indeed reaches much higher
values than without a magnetic field.

Previous MPL measurements with in-plane fields up to 8 T reported in-plane field induced
shrinkage of the hole wavefunction, which localises the holes in a single well of the SL, when-
ever the cyclotron energy exceeds the miniband width, leading to a reduction of the vertical
transport'¢. Although in the present experiments this condition is not yet reached! ?* the
decrease of the EQW PL intensity with parallel field (figure 7.4) strongly suggests a reduction
in vertical transport, which might be due to a less-efficient hole tunnelling. Certainly the
present excitation powers are such that the photo-excited electron and hole concentrations
(10'® cm™3 - 10'® cm™3) are larger than the residual doping levels; as reported in previous
studies without a magnetic field® 25: 26 the vertical transport in this so-called high density
regime is completely determined by the hole dynamics which controls the ambipolar motion.
This argument will also hold, it is believed, in the presence of a magnetic field. Therefore,
the diminishing EQW PL intensity with increasing in-plane field (figure 7.4) is most probably
due to reduced hole vertical transport, in agreement with the results obtained by Uraltsev
et al}, so less holes will reach the EQW before recombination. As a result the observed
enhancement of the SL PL intensity with growing parallel field can be also expected (figure
7.4). However, this mechanism of reducing the hole vertical transport will not affect the
total PL yield, i.e. the sum of the EQW and SL PL intensity should remain constant with
changing magnetic field®. Consequently, to explain the drastic enhancement of the total
PL intensity with field (triangles in figure 7.4) an additional effect must be incorporated.
A similar increase of the PL intensity with in-plane field has been observed by Stanaway
et al.23 in the MPL of a relatively wide quantum well (300 A), which could be qualitatively
described by a reduced efficiency of nonradiative traps with in-plane field. A reduction in
the influence of nonradiative traps with parallel field implies that more carriers recombine
radiatively when the field increases, giving rise to a larger total PL signal. It should be noted
that this mechanism also affects the EQW PL signal from our sample. However, this second
mechanism affecting the PL yield (in competition with the magnetic field-induced suppres-
sion of the hole vertical transport) has a greater effect on the SL PL than on the EQW PL.
This follows from the fact that the nonradiative traps are mostly located at the interfaces®
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and there are many more interfaces in the SL region (approximately 440) than in the EQW
region. The effect of the field is thus much greater for the SL PL.

In the case of 15 mW laser excitation (figure 7.4(a)) the SL as well as the total PL in-
tensity tends to saturate beyond 20 T, in contrast to 5 mW excitation where no saturation
appears. This saturation can be described in terms of the suppression of the nonradiative
recombination be described as follows: for moderate magnetic field strengths in figure 7.4(a)
(8-20 T) the radiative recombination rate is strongly affected by the field-induced reduction
in nonradiative recombination efficiency; but beyond a certain threshold field value (in this
case approximately 20 T) the influence of the nonradiative traps is reduced to such an extent
that they can be neglected. Consequently no further enhancement of the PL signal with field
is observed (figure 7.4(a)) for fields larger than 20 T. In the case of lower laser power (figure
7.4(b)) the threshold field value is not yet reached and no saturation is observed.

We wish to emphasise that although we are able to explain the drastic enhancement of
the total PL yield in figure 7.4 qualitatively in terms of nonradiative traps in an in-plane
field and their influence on the PL intensity, the actual mechamism which takes place is by
no means clear at the moment. More theoretical and experimental work is needed to clarify
this point.

7.5 Conclusions

Photoluminescence in a 3.4/1.3 nm GaAs/(Ga,Al)As SL structure containing an enlarged
quantum well (EQW) has been investigated. The PL intensity for the SL and EQW is
seen to depend strongly on the excitation power. From this dependence the nature of the
recombination mechanism could be deduced. Variation of the sample temperature from 4 K
to 80 K shows that the EQW PL is mainly excitonic in this temperature range, while the
SL PL changes from mainly excitonic at 4 K to mainly free carrier-like at 47 K and 80 K.
The vertical transport through the SL at 4 K (determined by excitons) is found to be less
efficient than the free carrier-like transport at higher temperatures (47 K and 80 K).

Magnetophotoluminescence measurements in in-plane fields of up to 25 T reveal a dimin-
ishing EQW PL signal with growing field due to a suppression of the hole vertical transport.
Moreover, a strong enhancement of the total PL intensity with in-plane field has been found,
which can be qualitatively described by a reduced influence of nonradiative traps. However,
more experimental and theoretical work is needed to gain insight into the actual mechanisms
which provide for this behaviour.
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Summary

The fundamental physics of hot carriers in semiconductors is of great importance for the
understanding of carrier behaviour in high electric fields. The basic properties of hot carriers
in pure material are related to their mutual interactions and their coupling to the lattice.
Consequently the investigation of hot carrier energy relaxation rates delivers valuable infor-
mation about the carrier-carrier and carrier-phonon interactions, which are important topics
in solid state research. Since the relevant scattering mechanisms take place on a very short
timescale, the use of laser systems capable of generating light pulses of (sub)picosecond du-
ration offers the possibility to monitor the carrier dynamics in real time. Direct band-gap
semiconductors, such as GaAs are ideally suited for this purpose using (time-resolved) optical
spectroscopy. Moreover, the development of sophisticated growth techniques for GaAs and
related compounds has made it possible to produce layered structures in which carriers behave
in a two dimensional way or in which new bandstructures are formed arising from quantum
confinement or macroscopic (super)lattice periodicities. The consequences for carrier energy
relaxation and transport have been studied extensively, leading to a growing fundamental
insight. Furthermore, the application of a magnetic field can be used to quantize the carrier
motion perpendicular to the field giving rise to Landau Levels. For high fields this results in
an effective dimensionality reduction of two and thus, in measuring two dimensional systems,
it is possible to study carrier systems with a zero-dimensional density of states.

This thesis describes experiments using ((sub)picosecond time-resolved) photolumines-
cence spectroscopy on GaAs (hetero)structures in order to investigate the ultrafast hot carrier
dynamics, under varying experimental conditions. Both the effect of electric and magnetic
fields on the carrier energy relaxation, recombination and transport is studied. In Chapter 1
a brief introduction is given to the important aspects of fundamental hot carrier research,
followed by a brief description of the different experiments presented in this thesis. Chap-
ter 2 deals with the basic properties of the GaAs (hetero)structures, with specific emphasis to
the ultrafast carrier scattering mechanisms relevant on a short timescale. Furthermore, the
different time-resolved photoluminescence techniques, i.e. photoluminescence up-conversion
and photoluminescence correlation, are introduced. In chapter 3 different photoluminescence
lineshape models are discussed, which are used to extract values for the time-dependent effec-
tive temperature and density of the photo-excited carrier distributions, in order to monitor
the ultrafast carrier cooling. From a careful comparison of the carrier densities and tempera-
tures, as deduced from different many- and single-particle recombination models, it becomes
clear that the results obtained with a single-particle model including k-conservation leads
to deviating carrier cooling curves. The effective temperature determined using this model
is slightly higher than those using a many-body theory or a single-particle model neglecting
k-conservation in the recombination process. Further, the high excitation photoluminescence
spectra exhibit shoulders on their high-energy tail, which cannot be explained by single-
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particle recombination models, and are specifically pronounced for degenerate carrier dis-
tributions. The spectral position of the shoulder seems to be related to the electron-hole
plasma density. These results suggest the shoulder to be caused by many-particle interac-
tions, however it appears that it can not be explained by a many-particle recombination
model, incorporating plasmon-assisted transitions.

In chapter 4 the cooling of hot carriers in highly excited GaAs has been investigated. The
electrons have been created below the satellite valleys in the conduction band, resulting in
relatively low effective carrier temperatures due to the absence of intervalley scattering. It
has been found that intense photo-excitation results in a rapidly decreasing carrier density
(time constant 20 ps), in contrast to lower excitation levels for which much longer lifetimes
have been observed. In addition to the ultrafast density decay rate a significant reduction in
the carrier cooling rate has been found. The short carrier lifetime has been assigned to the
occurrence of stimulated recombination due to the high density accompanied by a relative
low temperature. The rapidly decreasing carrier density causes a remarkable reduction of
the cooling due to recombination heating, opposed partially by the extra cooling due to the
loss of energy of the recombining carriers. The resulting reduction of the cooling is well de-
scribed by a model calculation, which incorporates energy relaxation due to carrier-phonon
interactions, the stimulated recombination process, and a time-dependent radiative recombi-
nation coefficient. Moreover, the absolute value of the radiative recombination coefficient has
been found to be of crucial importance for the occurrence of stimulated recombination and
its competition with other ultrafast processes. These results not only are of interest from
the fundamental point of view, but also for the design of direct-gap semiconductors laser
structures to improve their operational characteristics. Moreover, the present study stresses
that it is of vital importance in any picosecond carrier cooling experiment to deduce both
the carrier density and the effective temperature from the measurements, rather than only
the temperature, especially for those excitation conditions which might lead to short carrier
lifetimes and thus recombination heating.

In chapter 5 the ultrafast carrier dynamics in the high electric field at a Au-GaAs interface
has been studied both experimentally, using a subpicosecond photoluminescence correlation
technique, and theoretically by a Monte-Carlo simulation. The ultrafast carrier sweepout
from the depletion region of the Au-GaAs Schottky barrier, has been found to be strongly
affected by the contacts, which might act as an extra limit for operating a device at its
maximum frequency or which might lead to peculiar highly non linear transport transients.
Since even at moderate laser input powers the injected charge density is dominating the
one initially present, the applied field collapses almost instantaneously after laser excitation,
while its reconstruction takes the time needed to recharge the device. A contact recharging
time constant had to be invoked in the Monte-Carlo analysis to explain the experimental
observations. The use of a recharging time of 1 ps, which corresponds to the estimated
device RC-time, leads to the nice quantitative reproduction of the experimentally observed
carrier sweepout. Ultimately the actual carrier sweepout is determined by both the contact
regeneration time and the photo-created carrier concentration. In view of the common values
of the electric fields involved and the laser input levels used, it should be noted that the
concept of a finite time for the restoration of the internal electric field should be applicable
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to other opto-electronic devices as well, for example fast opto-electronic switches.

Chapter 6 presents a study on the energy relaxation rate of hot carriers in a
GaAs/(Ga,Al)As quantum well structure for different laser excitation intensities in mag-
netic fields up to 17 T using continuous wave photoluminescence spectroscopy. In the regime
where LO-phonon scattering dominates the hot carrier cooling a magnetic field reduces the
energy relaxation rate. For the lowest excitation power used, an enhancement of the cool-
ing with magnetic field has been found due to acoustic phonon scattering. These results
are supported by model calculations. Furthermore, the results are discussed with respect
to previously reported time-resolved photoluminescence measurements on GaAs/(Ga,Al)As
quantum well structures and bulk GaAs. The present continuous wave photoluminescence
measurements provide a better quantitative understanding of the time-resolved data.

Finally chapter 7 deals with experiments on vertical transport in a GaAs/(Ga,Al)As su-
perlattice containing an enlarged quantum well, using photoluminescence and magnetopho-
toluminescence measurements with in-plane fields of up to 25 T at temperatures in the range
4-80 K. Variation of the sample temperature from 4 K to 80 K shows that the enlarged
quantum well photoluminescence is mainly excitonic in this temperature range. while the
superlattice photoluminescence changes from mainly excitonic at 4 K to mainly free carrier-
like at 47 and 80 K. The vertical transport through the superlattice at 4 K (determined
by excitons) is found to be less efficient than the free carrier-like transport at higher tem-
peratures (47 and 80 K). Magnetophotoluminescence measurements in in-plane fields reveal
a diminishing enlarged quantum well photoluminescence signal with growing field due to
a suppression of the hole vertical transport. Moreover a strong enhancement of the total
photoluminescence intensity with in-plane field has been found, which can be qualitatively
described by a reduced influence of nonradiative traps.






Samenvatting

Studie van de fundamentele fysica van hete elektronen in halfgeleiders is van groot belang
voor het doorgronden van hun gedrag in hoge elektrische velden. In voldoende zuiver ma-
teriaal worden de primaire eigenschappen van hete ladingsdragers bepaald door hun onder-
linge interacties en hun wisselwerking met het rooster. Als gevolg levert onderzoek naar de
energie-relaxatie processen van hete ladingsdragers belangrijke informatie op, wat betreft de
interacties tussen ladingsdragers onderling en de koppeling tussen ladingsdragers en fono-
nen. Gezien het feit dat de relevante verstrooiings mechanismen plaatsvinden op een zeer
korte tijdschaal, biedt het gebruik van lasersystemen die lichtpulsen kunnen genereren met
een (sub)picoseconde pulsbreedte, de mogelijkheid om de dynamica van de ladingsdragers
nauwgezet te volgen. Het halfgeleidermateriaal GaAs, wat een directe bandafstand bezit, is
uitermate geschikt voor het doen van (tijdsopgeloste) optische metingen. Bovendien is het
de laatste jaren mogelijk geworden om, met behulp van geavanceerde kristalgroei methoden
voor GaAs, gelaagde structuren te fabriceren waarin de ladingsdragers zich in feite twee-
dimensionaal gedragen, of waarin een nieuwe bandstructuur is gevormd door quantumop-
sluiting of een macroscopische roosterperiodiciteit. Dit heeft grote gevolgen voor zowel de
energie relaxatie als het transport van hete ladingsdragers, welke uitvoerig bestudeerd zijn.
Bij dit onderzoek is o.a. gebruik gemaakt van een hoog magneetveld, die de ladingsdragers
een beweging loodrecht op het veld oplegt, waarbij de mogelijke energietoestanden gequan-
tiseerd zijn in Landau niveaus. Voor hoge magneetvelden resulteert dit in een reductie van
de dimensie met twee. Het aanleggen van een voldoende sterk magneetveld op een twee-
dimensionale structuur geeft als zodanig de mogelijkheid om systemen van ladingsdragers te
onderzoeken waarvan de toestands-dichtheidsfunktie nul dimensionaal is.

In dit proefschrift zijn ((sub)picoseconde tijdsopgeloste) fotoluminescentie experimenten
beschreven, aan GaAs (hetero)structuren uitgevoerd, teneinde de ultrasnelle dynamica van
hete ladingsdragers te bestuderen onder verschillende experimentele omstandigheden. Zowel
het effect van een elektrisch veld, als een magneetveld op de energie-relaxatie, recombinatie en
het transport van ladingsdragers is onderzocht. In hoofdstuk 1 is een korte inleiding gegeven
wat betreft het belang van fundamenteel onderzoek aan de dynamica van hete ladingsdragers,
gevolgd door een korte beschrijving van de experimenten die gepresenteerd worden in dit
proefschrift. In hoofdstuk 2 zijn enige belangrijke eigenschappen van de gebruikte halfgeleider
preparaten beschreven, waarbij speciale aandacht is besteed aan de verstrooiings processen
die van belang zijn op (sub)picoseconde tijdschaal. Aansluitend zijn de gebruikte tijds-
opgeloste fotoluminescentie technieken, te weten de op-conversie en correlatie technieken,
geintroduceerd.

Hoofdstuk 3 beschrijft de verschillende methoden die gebruikt zijn om de lijnvorm van
fotoluminescentie spectra te berekenen. Uit de lijnvorm worden namelijk de dichtheid en
de temperatuur van de hete ladingsdragers bepaald, zodat het koelproces gevolgd kan wor-
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den. Zorgvuldige vergelijking van de dichtheden en temperaturen, bepaald met behulp van
verschillende recombinatie modellen met of zonder veel-deeltjes interacties, leert ons dat de
resultaten verkregen met een één-deeltje model inclusief k-selectie een afwijkend koelgedrag
te zien geven. De temperatuur bepaald met behulp van dit model is namelijk hoger dan
wordt bepaald met behulp van een geavanceerd veel-deeltjes model of een één-deeltje model
zonder k-selectie. Verder vertonen de fotoluminescentie spectra, gemeten met intensieve la-
serexcitatie, een intensiteits schouder aan de hoge energie kant van de spectra. Deze schouder
kan niet verklaard worden met behulp van één-deeltje recombinatie modellen, en is juist ge-
prononceerd in het geval van gedegenereerde ladingsdragers distributies. De spectrale positie
van de schouder is ogenschijnlijk gerelateerd aan de dichtheid van de ladingsdragers. Deze
resultaten suggereren dat de schouder veroorzaakt wordt door veel-deeltjes interacties. Het
blijkt echter dat ze niet verklaard kan worden met behulp van het gebruikte veel-deeltjes
recombinatie model.

In hoofdstuk 4 is het koelgedrag van hete ladingsdragers in GaAs onder intense laserex-
citatie bestudeerd. In dit experiment worden elektronen geinjecteerd beneden de satelliet
minima in de geleidingsband, wat resulteert in relatief lage temperaturen van ladingsdragers.
Dit heeft een opvallend snelle afname van de dichtheid van de ladingsdragers tot gevolg,
met een tijdconstante van 20 picoseconden. Dit staat in sterk contrast tot metingen met
een lage laserintensiteit, die een veel langzamer afname van de dichtheid tot gevolg had-
den. Bovendien wordt tegelijkertijd met de snelle afname van de dichtheid ook een sterke
reductie in de koelsnelheid van de ladingsdragers waargenomen. De korte levensduur van
de ladingsdragers is toegeschreven aan het optreden van gestimuleerde emissie, als gevolg
van een hoge dichtheid samen met een relatief lage temperatuur. De snelle afname van de
dichtheid leidt tot een reductie van de koeling ten gevolge van het zogenaamde recombina-
tie opwarmingsmechanisme. Dit resultaat wordt ondersteund door een modelberekening, met
als ingrediénten de gebruikelijke energie-relaxatie t.g.v. fonon-wisselwerkingen, gestimuleerde
emissie en een tijdsafhankelijke constante voor stralende recombinatie. De absolute waarde
voor deze constante blijkt van essentieel belang voor het optreden van gestimuleerde emissie,
en de competitie met andere processen op picoseconde tijdschaal. De gepresenteerde resulta-
ten zijn van belang voor het verbeteren van de specificaties van halfgeleider laserstructuren.
Tevens blijkt dat het van wezenlijk belang is om zowel de dichtheid als de temperatuur van
de ladingsdragers te bepalen in een picoseconde experiment naar het koelgedrag van ladings-
dragers, omdat een snelle dichtheidsafname een reducerend effect op de koelsnelheid van de
ladingsdragers heeft.

In hoofdstuk 5 wordt de ultrasnelle dynamica van ladingsdragers onderzocht in het sterke
elektrische veld aan een metaal-halfgeleider overgang. Het betreft een experimentele stu-
die met behulp van subpicoseconde fotoluminescentie correlatie metingen, ondersteund door
theoretische berekeningen m.b.v. een Monte-Carlo simulatie. Het blijkt dat het ultrasnelle
transport van geinjecteerde elektronen en gaten uit het depletiegebied van een Au-GaAs
Schottky barriére sterk afhangt van de contacten, wat kan leiden tot sterk niet-lineaire trans-
port verschijnselen. Omdat zelfs voor gemiddelde laserintensiteiten de geinjecteerde ladings-
dichtheid de intrinsieke dichtheid geheel domineert, stort het aangelegde veld bijna meteen
na de laserexcitatie geheel in. Het herstel van het intrinsieke veld duurt een poosje, nl. die
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tijd die nodig is om het device weer op te laden. In de Monte-Carlo simulatie is daarom een
zogenaamde regeneratietijd geintroduceerd om de waarnemingen te kunnen verklaren. Een
tijdconstante van 1 picoseconde, die overeenkomt met de geschatte RC-tijd van het preparaat,
leidt tot een goede kwantitatieve overeenkomst met de experimentele resultaten. Uiteindelijk
wordt het snelle transport van de ladingsdragers bepaald door de regeneratie tijdconstante
en de geinjecteerde dichtheid van ladingsdragers. Gezien de normale waarden van de elektri-
sche velden en laserintensiteiten in het experiment, is het te verwachten dat het concept van
een herstelperiode voor het interne veld ook van toepassing is op andere opto-elektronische
devices, zoals bijvoorbeeld snelle optische schakelaars.

Hoofdstuk 6 beschrijft een fotoluminescentie studie naar de snelle energie-relaxatie van
hete ladingsdragers in een GaAs/(Ga,Al)As quantum put structuur, voor verschillende laser-
excitatie intensiteiten, in magneetvelden tot 17 T. In het regime waar LO-fonon verstrooiing
de energie-relaxatie domineert, wordt deze vertraagd in een magneetveld. Voor de laagste
laserintensiteiten die gebruikt zijn, wordt echter het koelgedrag gedomineerd door akoestische
fonon verstrooiing, wat leidt tot een betere koeling van de ladingsdragers in een magneetveld.
Deze resultaten zijn ondersteund door model berekeningen. Tevens is een vergelijk gemaakt
met eerder gepubliceerde tijdsopgeloste fotoluminescentie metingen aan bulk GaAs en quan-
tum put structuren. De huidige continue metingen leiden tot een beter kwantitatief begrip
van de tijdsopgeloste metingen.

Tenslotte presenteert hoofdstuk 7 experimenten wat betreft het verticaal transport van la-
dingsdragers in een GaAs/(Ga,Al)As superrooster. Aan het einde van het superrooster is een
enigszins verbrede quantum put ingebouwd om het verticaal transport zichtbaar te maken.
De studie is uitgevoerd m.b.v. fotoluminescentie en magneto-fotoluminescentie metingen in
magneetvelden tot 25 Tesla, en voor temperaturen tussen 4 en 80 Kelvin. Het verticaal trans-
port bij 4 Kelvin, wat bepaald wordt door excitonen, blijkt minder efficiént te zijn dan het
transport van vrije ladingsdragers voor hogere temperaturen (47 en 80 Kelvin). Magneto-
fotoluminescentie metingen, met het magneetveld loodrecht op de superrooster groeirichting,
tonen een verminderde fotoluminescentie van de verbrede quantum put met een groeiend
magneetveld, wat terug te voeren is op een verminderd verticaal transport van gaten. Bo-
vendien wordt een sterke toename van de fotoluminescentie intensiteit van het superrooster
waargenomen in een magneetveld, wat kwalitatief beschreven kan worden door een vermin-
derde invloed van niet-stralende recombinatie.
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