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ABSTRACT 

Photoluminescence from direct-bandgap semiconductor quantum wells after non-

resonant excitation is predominantly observed at energetic position of the Is exciton 

resonance. The time evolution of the photoluminescence is generally interpreted 

as direct monitor of an excitonic population; a rise of the signal is interpreted as 

a buildup and the decrease as decay of the excitonic population. Recent micro

scopic calculations, however, have shown that even without an incoherent excitonic 

population, pure plasma decay yields photoluminescence peaked at the Is exciton 

resonance. 

Experimental time-resolved photoluminescence spectra are taken across a large 

region of the parameter space of carrier density and lattice temperature. They are 

compared to the expected thermal equilibrium spectra, calculated from nonlinear 

absorption measurements taken under identical conditions. Under none of the ex

perimentally explored parameters is the Is emission as bright as expected for thermal 

equilibrium. 

To distinguish excitonic and plasma contributions, the deviations from thermal 

equilibrium at the Is exciton resonance are then analyzed using a microscopic cal

culation. The dipole moment is adjusted to reproduce the excitonic binding energy 

and oscillator strength of the samples under investigation. The carrier densities 

and carrier temperatures are determined experimentally; no free fit parameters are 

necessary. 

The differences between experimental values and pure plasma calculation are ex

plained with the presence of an incoherent excitonic population. Although at first the 

emission spectra under all conditions do not vary significantly, a more detailed anal

ysis reveals that the sources of the photoluminescence can be either predominantly 

excitonic or plasma. For low temperatures and low densities the excitonic emission is 

extremely sensitive to even minute exciton populations making it possible to extract 
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a. phase diagram for incoherent excitonic populations. The maximum contribution 

of bright; excitons is found at intermediate densities and low lattice temperatures; 

the absolute number of bright excitons is tiny, less than 0.04 % of the total carrier 

density. However, it is not possible to determine the total number of bright and dark 

exciton by using photoluminescence. 
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CHAPTER 1 

INTRODUCTION 

Almost a century ago, Wolfgang Pauli was said to have contemplated already 

if semiconductors do exist and whether it would be lucrative at all to work in tliis 

field. Nowadays it is hardly possible to imagine how a life without the consequences 

of the then fundamental research would look like. 

Semiconductor optics is an important subdivision of semiconductor physics. De

velopments in this sector become increasingly important and have brought inventions 

like light emitting diodes (LED's) and semiconductor lasers into everyday life. The 

trend in applied research of optical and electronic components seemingly unstoppably 

goes towards the smaller and the faster, more and more approaching the quantum 

optical limit. The simultaneous development of ultrafast laser systems has enabled 

the observations of quantum mechanical processes on sub-picosecond time scales [1] 

and lately even beyond tliat limit - in the single cycle regime [2]. 

More and more sophisticated theoretical descriptions are necessary and being 

developed to explain these phenomena, made possible at least in part by the ever 

increasing computational capacities due to more advanced microelectronics - and 

hence closing the cycle. 

The existence of attractive Coulomb interaction leads to the formation of an 

atom-like series of bound states for an electron-hole pair in semiconductors [3]. These 

pair states are also known as excitons. Due to the large excitonic binding energy in 

II-VI semiconductors [4], they can easily be resolved even at room temperature [5]. 

Accordingly in III-V based semiconductor systems, excitonic resonances cannot 

be observed as easily due to the smaller excitonic binding energy. In two dimensional 

systems, the quantum wells, however, the excitonic binding energy is increased [4], 

and they can, be detected in absorption even for room temperature [6, 7]. 
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Traditionally, photoluminescence at the spectral position of the Is exciton reso

nance was considered as evidence for the presence of an excitonic population. While 

the rise of the Is photoluminescence after nonresonant excitation of a semiconductor 

was interpreted as its buildup [8, 9, 10, 11, 12, 13, 14], the photoluminescence de

cay was attributed to exciton recombination [15, 16]. However, recently a microscopic 

theory predicted that photoluminescence at the Is exciton resonance does not require 

excitonic populations but can be due to plasma emission only [17]. As a direct con

sequence, this means that luminescence at the spectral position of the Is resonance 

does not necessarily prove the existence of excitons, and previous interpretations may 

be in question. 

The goal of this dissertation is to reexamine what contributes to the PL emitted 

at the Is exciton resonance. The approach chosen to achieve this is to examine the 

spectral shape of photoluminescence. Therefore it is to take photoluminescence and 

absorption measurements under identical conditions. For nonresonant picosecond 

excitation, the parameter space of carrier density and lattice temperature is explored. 

Results for nonresonant excitation energetically above the Is exciton resonance are 

compared to resonant excitation data. A microscopic theory is used for analysis. This 

way a region where excitonic contributions are present is identified, while plasma 

emission dominates some of the parameter space. It is further shown that small 

excitonic populations can dominate the Is photoluminescence. 

This dissertation is organized as follows: In Chapter 2 previous experiments and 

their interpretation are reviewed, and recent theoretical developments and related ex

periments are outlined offering new perspectives at exciton dynamics. After a brief 

look at fundamentals of semiconductor quantum wells, the sample selection criteria 

and process are covered, and methods of data analysis are introduced in Chapter 3. 

Then in Chapter 4, the necessary experimental techniques and the resulting setup for 

this study are explained. An overview of the acquired data is presented in the follow

ing chapter; a detailed list can be found in Appendix A. Chapter 5 also gives a first 

analysis by applying the techniques introduced in Chapter 3. A detailed comparison 
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of the experimental results with a microscopic theory is given in Chapter 6. Finally 

the findings are summarized, and future experimental possibilities are shown. 



21 

CHAPTER 2 

BACKGROUND AND THEORETICAL 
FUNDAMENTALS 

2.1 Motivation and Background 

The Unear and nonlinear optical properties of semiconductors are strongly af

fected by excitonic effects in the spectral region close to the fundamental energy 

gap. The band structure near the F-point is shown schematically in Figure 2.1. In 

particular near the band edge, the absorption spectrum reveals the effects of attrac

tive Coulomb interaction of electron and hole by showing a hydrogen-like series of 

discrete transition Unes below the actual bandgap as well as Coulomb enhancement 

of the band to band transition edge. 

Although an exciton is often regarded as analogous to the hydrogen atom, there 

is a fundamental difference: In semiconductors, the exciton is created by optical 

excitation. This causes a finite lifetime; in GaAs based quantum well systems tjrpi-

cally the radiative lifetime of Is excitons is ~ 13 ps [18] at low temperatures. Optical 

spectroscopy on atoms typically probes the transitions of electrons between different 

excited states of an atom. The equivalent in semiconductor systems is spectroscopy 

between the different excitonic states. The transition energies in semiconductors are 

much smaller, energetically in the far infrared, or THz regime. 

Following the suggestion of Kira et al. [17], such THz measurements [19, 20, 21, 

22, 23] have been used to directly monitor exciton formation by observing the build

up of the induced absorption corresponding to the excitonic Is to 2p transition. These 

experiments give direct evidence for excitonic populations with formation times on a 

rather slow time scale of hundreds of picoseconds to nanoseconds. Initially a relatively 

flat, broadband response is triggered by the continuum. Subsequently over the next 

several hundreds of picoseconds, a resonance develops, giving a clear indication of the 
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Figure 2.1: Schematic depiction of the baud structure of bulk-GaAs at the F-point 
showing the lowest conduction band (c), heavy-hole (hh), Ught-hole (Ih) and split off 
(so) valence bands. 

presence of excitons. However, other recent experiments on THz absorption reported 

only very small exciton formation rates [24]. Only small clianges in the THz signal 

are observed after nonresonant excitation. Photoluminescence at the Is resonance, 

collected after similar nonresonant ps excitation on the same sample, still increases 

for the investigated time delay. Hence, there is evidence for exciton formation after 

nonresonant excitation, but the formation times seem to be rather long. This gives 

a first indication that the photoluminescence dynamics may not track the exciton 

dynamics. 

Also in contradiction to previous interpretations, nonresonantly excited time-

resolved photoluminescence measurements show that for 100 K lattice temperature, 

photoluminescence at the Is resonance is already developed only a few hundred 

femtoseconds after nonresonant excitation [25], much faster than any expected exci

ton formation time. The Is photoluminescence typically increases during the first 

hundreds of picoseconds and subsequently decays over several nanoseconds. This is 
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again in contradiction to THz observations which if at all indicate a formation time 

of about a nanosecond. Hence, the questions remain if and liow cxcitonic popula

tions influence the photoluminescence, and how to explain the photoluminescence 

dynamics on this long time scale. 

2.2 Theoretical Approach Used for Comparison with the Experiinent 

The calculations necessary for the comparison of theoretical results and the 

experiments shown in this dissertation were performed by Dr. Walter Hover, 

Prof. Mackillo Kira, and Prof. S. W. Koch in his group at the Philipps-Universitat 

Marburg, Germany. Here a brief introduction into the utilized formalism is presented. 

A detailed derivation and explanation of the calculations can be found in [26]. 

The complex band structure of semiconductors always forces the application of 

approximations. The easiest and for most practical purposes sufficient approximation 

is the parabolic (effective mass) approximation of the lowest conduction and highest 

valence band in the vicinity of the F-point. This is applied for the calculations used 

for comparison with the experiment; the effective masses however are determined in 

a full k p computation. 

Classically, light-matter interaction is described by the Maxwell equation 

in the conduction and valence band, respectively. Using the Heisenberg equation of 

motion to derive the equations of motion for the polarization and the carrier distribu

tion functions fe and fh for electrons and holes, respectively, yields the semiconductor 

Bloch equations. They can be seen as an extension of the optical Bloch equations 

(2.1) 

and the material response by the polarization 

k 

where pk = {a\^ac,k)- Here and are the armihilation operators of an electron 
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to systems with Coulomb interaction. They can also be derived using nonequilib-

riurn Green's functions [27] or quantum mechanical projection operators [3]. From 

the semiconductor Bloch equations, tlic response of the system to a classical light 

field is determined. The thus calculated absorption is used as a cross-check for the 

experimental pump-probe results. 

The emission properties of a semiconductor are described using semiconductor 

luminescence equations [28, 29]. It is again based on Bloch valence and conduc

tion band electrons and their attractive Coulomb interaction; the interaction with 

phonons is also included. Additionally, the light field is described in second quanti

zation 

Uq(r) -f h.c. . (2.3) 
q 

Here Eq = is the vacuum field strength with the background dielectric constant 

£o; U,(r) are plane waves, and is the creation operator of a photon in state q. 

Applying the Heisenberg equations of inotion technique then yields the semiconduc

tor luminescence equations. In the computations, no inhomogeneous broadening is 

considered. 

Recently [17], it has been shown that luminescence at the exciton energy occurs 

even in Hartree-Fock approximation, i.e. without an excitonic population included in 

the theory. Meanwhile the theory has been extended to include further higher-order 

electron-hole correlations, combining the advantage of including the full Fcrmionic 

symmetry of the underlying electrons and holes with the possibility to describe cor

related electron-liole plasmas [30] and the formation of excitons [31]. 

The quasi-steady-state photoluminescence is then given by 

The equations of motion for {B^B) couple to the photon-assisted polarization 

(-B^ajac). The fully dynamic solution including incoherent exciton formation with 

arbitrary center-of-mass momentum and exciton-phonon-coupling is only possible for 

one-dimensional systems (quantum wires) with current computer resources. Here, in 

order to compute results for quantum wells, the fact that the carrier system changes 
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slowly with carrier density and temperature is used such that an adiabatic solution 

of the photon assisted polarizations is justified. In this limit, the quasi-steady-state 

luminescence spectrum is obtained from 

by introducing an excitonic basis for the photon-assisted polarization. The prefactor 

in Equation (2.4) is determined by the square of the dipole matrix element |(icvP 

and the background dielectric constant cbg. The calculations are performed for finite 

quantum well widths and infinite barrier heights. The effective well width is adjusted 

such that the calculations reproduce the experimentally measured exciton binding 

energy. Using k p theory, mh/nie = 3 is determined. The other material parameters 

canccl out of the /3 analysis used in this dissertation; see Section 3.3.3 and Chapter 6. 

The exciton basis is not the usual low-density exciton basis, but includes also the 

phase-space filling factor and the scattering from excitation induced dephasing [32, 

30]. Both the eigenenergies and the broadenings 7,^ are frequency dependent. 

Therefore, the scattering rates are also frequency dependent and computed such 

that the exciton basis functions, energies and relaxation rates differ from frequency 

to frequency. 

The energy denominator in Equation (2.4) shows that the emission is always 

peaked at the excitonic energies, regardless whether the source terra {a\ k) 

describes true excitons and/or a correlated plasma. This four-operator expectation 

value contains a single-particle contribution Sk,k'fkfkJ which leads to non-vanishing 

luminescence as soon as electrons and holes arc excited in the quantum well. 

In order to get the full luminescence spectrum, the remaining correlated part 

of the source including Coulomb scattering is also computed. In this approach, all 

scattering processes which do not mix different center-of-mass momenta are included 

on a second-Born level for electron-hole correlations. This way the pure plasma emis

sion of a correlated electron-hole plasma is obtained. Results of these computations 

are shown later in Figure 6.2. 

Ey — huj — iji, 

0:(r = 0) 
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To get a better understanding of Equat ion 2.4, it can be further simplified by ap

proximating the microscopic scattering of photon assisted polarizations and electron-

hole correlations by a simple decay constant 7. This approximation is however only 

valid in the ultra-low-density case. The equation for the four-point correlations can 

then be solved in the same exciton basis as the photon-assisted polarization, yielding 

this simplified luminescence description: 

with the Hartree-Fock cxciton number {N,^)nF = Ylk 10^(^)1^/1/^ and in addition 

possible excitons A{N^). Equation (2.5) is reminiscent of the famous Elliott formula 

for bandgap absorption [33]: 

Q{w) describes continuum contributions to the absorption. Both formulae contain 

a sum over excitonic states which shows that luminescence peaks at the same exci-

tonic energies as the absorption. In contrast to absorption, however, the strength 

of the photoluminescence is not only determined by the exciton dipole moment 

= 0)1^ but also by the occupation number (A^i,)hf + A{N,y). 

(2.5) 

(2.6) 
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CHAPTER 3 

SAMPLES AND METHODS OF ANALYSIS 

3.1 Quantum Well Fundamentals 

From the second half of the last century, GaAs-based semiconductors played 

an important role in the advances of micro-electronics, computers and other "high

tech" devices. The next milestone in semiconductor technology was the invention of 

precise growth technologies such as MBE, allowing for controlled depositions of thin 

layers of material with accuracy down to a single atomic monolayer. This led to the 

development of layered structures such as quantum wells. 

Two main semiconductor materials are used for GaAs based quantum well struc

tures. To take advantage of the almost identical lattice constants, a thin GaAs well, 

on the order of a few nanometer thickness, is sandwiched between AlGaAs or AlAs 

barriers. The Is transition energy is dependent on the thickness of the GaAs quan

tum well. A smaller well thickness shifts the Is resonance to a higher energy. Thick 

quantum wells act bulk-like; with increasing size, the quantum well resonances are 

shifted towards, and ultimately overlap, the absorption of the bulk substrate the 

sample is grown on. 

The oscillator strength of the Is exciton, in the case of an ideal system, that 

is without any disorder, is a \dcv\'^\(l){r = 0)p, where dcv is the dipole moment and 

(j){r = 0) the respective wave function at r = 0. In this case the line is purely 

homogeneously broadened. In real systems however, disorder is present, and for 

most samples even dominant. 

For thin wells, the linewidth is limited by interface fluctuations causing localiza

tion of electrons and holes. These localized excitonic states have slightly different 

energies, depending on their respective sizes and depths. The resulting splitting of 

the resonance can be observed in high-resolution low-intensity photoluminescence 
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Figure 3.1; Experimental linear absorption spectrum of NMC5 containing 
fifty identical ISnm-wide GaAs quantum wells in between 0.85 nm AlAs and 
19 nm Alo.26Gao.74As barriers, taken at 4 K lattice temperature. 

experiments [34] as well as in transmission measurements [35]. The emission is of

ten observed to come predominantly from lower energetic states, energetically below 

where the main oscillator strength lies [36, 37]. Thicker well sizes typically do not 

show this behavior because the energetical separation of the monolayers becomes 

negligible. They can show very narrow absorption lines [38]. 

Due to substrate absorption, GaAs samples either make it necessary to remove 

the substrate, which typically broadens the absorption line [39, 40], or to work in 

reflection. In addition GaAs quantum wells have a small heavy-hole-light-hole split

ting; see Figure 3.1. This makes it virtually impossible to detect the heavy-hole 

continuum emission without distortion as needed to determine the plasma tempera

ture; c.f. Chapter 4.2. 

Alternatively a small fraction of indium can be added to several monolayers of 

GaAs to form an InGaAs quantum well, typically of 8 nm thickness, in between GaAs 

barriers [39, 40]. The lattice mismatch created by introduction of the indium atoms 
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Figure 3.2: Experimental linear absorption spectrum of DBR42 containing 20 iden
tical 8 nni Ino.o«iGao.9.iAs quantum wells (solid) separated by 130 nm GaAs barriers. 
The absorption of the Wafertech bulk-GaAs substrate under identical conditions is 
shown dashed for reference. 

into the lattice, introduces strain into the sample. This increases the heavy-hole 

light-hole splitting to a much larger value than for GaAs quantum wells; therefore 

continuum emission can be detected undistorted over several meV; see Figure 3.2. 

The lower band edge of the indium compound shifts the Is resonance of InGaAs 

quantum wells to lower energies, below the bulk-GaAs absorption. The indium 

concentration and thickness of the well determine the energetic position of the res

onances [39. 40]. This enables the growth of a sample suited for photoluminescence 

experiments. Another advantage of InGaAs-based quantum wells is the possibility to 

work in transmission geometry; the residual substrate absorption is typically negligi

ble or small and smooth enough to be easily measured and subtracted (Figure 3.2). 
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3.2 Sample Selection 

All samples in the experiments presented in this dissertation are MBE-grown 

on semi-insulating, undoped [100]-oriented GaAs substrates from Wafertech using a 

Riber 32P system. During growth, the samples were mounted indium free; all sub

strates were rotated during the deposition process, thus yielding a radially symmetric 

thickness variation across the sample. The samples were chosen not to show pro

nounced light-coupling effects [41, 42, 43, 44]; they are typically grown thicker than 

Bragg spacing at growth center. When the wells are separated by barriers of exactly 

A/2, where A is the wavelength in the medium, the samples satisfy the Bragg spac

ing, exhibiting strongest constructive light coupling. Sample pieces close to growth 

center were chosen, because of their superior quality and homogeneity. Two samples, 

1 all24 and lall25, were grown in a different MBE system and used as a cross check 

to exclude sample and machine specific effects. 

It is preferable, for reflection and transmission measurements, to use samples with 

as narrow as possible linewidth - unless of course in disorder studies. The situation 

for photolumiriescence measurements is somewhat different. While narrow linewidth 

and large oscillator strength of the exciton resonances are still desirable, additional 

requirements come into play. Thougli having very low oscillator strength and thus 

hardly ever distorting absorption measurements, impurities usually have distinct 

signatures in emission. Both their spectral features as well as their time evolution 

can distort the actual quantum well photoluminescence under investigation. 

Figure 3.3 shows typical emission spectra of several candidate samples. The 

photoluminesccnce is collected time-integrated; c.f. Section 4.2. On the left hand side 

the samples are pumped AE = 8.7 meV energetically above the Is exciton resonance 

using a 3 ps pulse at 80 MHz repetition rate. The spectra on the right hand side are 

taken similarly, but the excitation pulse is kept at 1.5029 eV. 

All unetched samples show very pronounced impurity emission at 1.4920 eV. This 

is the dominant impurity contribution to all spectra pumped above this energy; sec 

the right hand side of Figure 3.3. However, it camiot be seen in the dotted curve 
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Figure 3.3: Normalized time-integrated photoluminescence spectra taken with ps 
excitation. The samples under investigation are (solid lines from top to bottom): 
DBR42, DBR44, DBR48, DBR50; their specifications are given in Table 3.1. The 
curves are offset for clarity. Left: The pump pulse (P) is tuned 8.7 meV energetically 
above the Is emission. Right: The pump pulse is set at 1.503 meV. The dashed line 
shows the emission from the Wafertech bulk-GaAs substrate only. The dotted line 
shows the photoluminescence of DBR44 on a piece where the substrate was removed. 

sample # of wells Is energy (eV) 
at 4K 

substrate 
removed 

DBR42 20 1.471 no 
DBR44 2 1.4569 yes 

DBR48 4 1.4795 no 
DBR50 4 1.4848 no 

Table 3.1: Parameters of samples shown in Figure 3.3 
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showing photoluminescence from DBR 44. This sample consists of two InGaAs quan

tum wells grown with an AlAs etch stop. The substrate on one piece was removed by 

selective chemical etching. This allows to distinguish whether emission from impuri

ties emanates from the bulk substrate or from traps in the MBE-grown material. The 

pump for this measurement was also tuned to 1.503 meV. The broad wings down two 

orders of magnitude below the peak of the scattered pump light are the tails of the 

pump spectrum itself. Consequently, the impurity at 1.4920 eV must come primarily 

from the substrate only. By its emission energy, it is identified as carbon. Unwanted 

carbon contaminates the bulk-GaAs substrates during the manufacturing process; 

i.e. it is present in substrates specified as "undoped". Currently, substrates that do 

not show this signature are not available. The carbon doping emission distorts the 

quantum wells photoluminescence if the Is transition energy lies nearby. 

Hence it is necessary to avoid the carbon doping emission, if the substrate is not 

removed. Substrate removal usually broadens the exciton resonances and degrades 

the surface quality, since chemically etched surfaces are not as smooth as MBI5-grown 

ones. 

As a consequence of the above findings, the Is resonance energy is tailored to 

meet the above requirement. For samples with very low indium concentration, the 

linewidths are typically very much narrower. While introducing fewer of the lattice-

mismatched indium atoms reduces the strain, it also reduces the heavy-hole light-hole 

splitting. Also for these samples, the heavy-hole continuum already lies completely 

on top of the low energy tail of the bulk-GaAs substrate absorption. This forces 

the sample to be mounted with the substrate towards the detection lens, to ensure 

that the pump light is not absorbed in the substrate and reaches the wells; this 

is necessary for a meaningful absolute density calibration. The photoluminescence 

then has to be corrected using the absorption in order to measure its correct spectral 

dependence. 
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From the above, it can be concludcd that the carbon impurity determines the 

upper Hmit of the much weaker continuum emission and pump energy. Other impu

rity states are observed at 1.4552 eV and 1.4655 eV; the latter is not present in the 

grown material. The Is emission wavelength should therefore be at about 1.477 eV 

or above. Such a sample allows several meV of continuum emission to be detected 

undistorted from "unwanted" impurity emission. The lower energy tail of the sub

strate absorption is negligible below 1.4884 eV (Figure 3.2). However the detector 

quantum efficiency (Figure 4.3) and tuning range of the fs-laser give an upper limit 

of about 1.459 eV. Increasing the indium concentration from 0.04 or less to 0.06 shifts 

the Is resonance to the most favorable energy region; the tradeoff is an almost double 

absorption hnewidth (FWHM) due to increased disorder. 

The principal sample (DBR42) consists of twenty In0.06Ga0.94As quantum wells. 

Each is 8 nm thick and grown in between 130 nm GaAs barriers. A typical absorption 

spectrum is shown in Figure 3.2. The indium concentration and well thickness are 

chosen to place the Is exciton resonance at 1.471 eV at 4K lattice temperature; its 

exciton linewidth is 0.96 meV full width at half maximum. This sample permits 

the detection of about 13meV of emission above the Is resonance, undistorted by 

substrate absorption and impurities. At the same time the Is transition energy is 

high enough to work well within the operating range of laser and detector. 

Both sides of the sample were anti-reflection coated to reduce Fabry-Perot in

terference fringes. The AR-coating was designed to eliminate the reflectivity of the 

sample. When the reflection signal from the sample is negligibly small, it is possible 

to extract the absorption from the transmitted signal through the sample only; see 

Section 4.1. This is experimentally desirable; it requires one less measurement. An

other advantage of AR-coatings is reduced scatter of pump and probe light from the 

front surface of the sample. When an AR-coating is applied, the physical roughness 

p of the air-semiconductor interface stays the same. The refractive index n > 1 of the 

AR-coating, however, reduces the effective roughness to p/n. 
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When the applied coating does not reduce the reflectivity enough to completely 

eliminate the Fabry-Perot fringes or when no AR-coating is used, the visibility of the 

fringes can be reduced by changing the spectral resolution: Convolving the fringes 

with a relatively broad Gaussian instrument response function smoothes the spectral 

shape. Using a spectrally too wide resolution function will broaden the line and hence 

distort the line shape, so this needs to be done carefully. 

3.3 Methods of Analysis 

The absorption spectra are taken with 100 fs pulses, hence giving an ultrafast 

snapshot at precisely the selected time delay. For photoluminescence the situation 

is quite different. It is taken continuously using a streak camera, all times in a 

single experiment, only quantized by the finite pixel width. The time resolution of 

the streak camera however is much larger than a single pixel; therefore spectra are 

integrated for ± 50 ps at every time delay. This also ensures a sufficient signal to noise 

ratio within the already long integration times. For the (5 analysis explained later in 

this chapter, each absorption spectrum is divided by the nonlinear absorption taken 

at the same time delay. Especially for long time delays, when cooling has mostly 

concluded and the change in the absorption peak is small, this averaging does not 

have a significant effect. 

3.3.1 Carrier Temperature T 

To describe the thermal state of the system, the carrier temperature T is ex

tracted from the continuum emission. In thermodynamic equilibrium, the Kubo-

Martin-Schwinger (KMS) relation [45, 46] 

P { f i u )  D C  g { h u j  —  f i ) a { h u j )  (3.1) 
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is generally used to establish the relation between the absorption coefficient a and 

the photoluminescence. Here, 

is the Bose distribution function, and fi is the joint chemical potential of the electrons 

and holes. 

For low enough densities and temperatures, the Bose function can be approxi

mated by a Boltzmann distribution function. The continuum absorption is spectrally 

flat for several meV above the band edge; see Figure 3.2. Therefore its emission de

creases exponentially above the band edge, located 8 meV above the Is exciton reso

nance. Due to experimental noise a small spectrally and temporally flat background 

may be present in the data; it is subtracted in all data shown. The data are therefore 

using a least mean square fit for the variables, amplitude A and carrier temperature 

T, with the corresponding standard deviations a a and ctt- AE is the energy relative 

to the Is exciton resonance. The errors given for the extracted temperatures are 

statistical. In order to get a small standard deviation for the temperature values, 

it is necessary to detect several rneV of continuum emission; this requires four to 

five orders of magnitude dynamic range. Being only extracted from the continuum 

emission, the carrier temperature T by itself contains no information about the 

dynamics at the Is exciton resonance. 

3.3.2 Is to Continuum Edge Emission Ratio: R 

To compare a large number of spectra as a function of density and lattice tem

perature, it is convenient to define a parameter to describe each spectrum. Ideally 

it is unambiguous and clearly explains all main features easily and comprehensibly. 

During the data analysis, characteristic parameters are introduced for this purpose. 

g{tiw - /i) = — (3.2) 

fit to 
r AE] 

A X exp —7—77; (3.3) 
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Figure 3.4: Schematic depiction of the definition of derived parameter R. The spec
trum shows photoluminescence Ins after nonresonant ps excitation 13.2meV above 
the exciton resonance for a lattice temperature of 4K. The estimated carrier density 
at 1 ns is 2.Ox 10^'' cm~^. Dividing the marked data points yields R{1 ns) = 311. 

For this study, the two main points of interest are the Is resonance peak and the 

band edge. While Is emission can be caused by both excitons and plasma, continuum 

emission is solely attributed to plasma decay. To connect the two, here their relative 

dynamics are considered. 

Accordingly, the definition of R as ratio of Is to continuum-edge emission is 

straight forward. It collapses the whole spectral shape into a single number, describ

ing its main features. Due to its large oscillator strength, the Is resonance dominates 

the emission spectrum. Its peak is normalized by the value at the continuum edge, 

8 meV above as shown in Figure 3.4. This number is independent of any ambigu

ities common to photoluminescence such as integration time, collection efficiency, 

detected solid angle, and coupling efficiency. Its value is typically much larger than 

1, tracking the dominance of the Is emission in the spectrum. But does it give some 
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measure for excitonic contributions? R does not take into account any effects dif

ferent temperatures have on the spectrum. The combination of R and the carrier 

temperature T, as well as correction for different oscillator strengths of the exciton 

resonances, leads to the introduction of another parameter; p. 

(3-4) 

3.3.3 j3 Factor 

The attenuation factor j3 is the defined as follows: 

-^pl(Is) 

/PL(1S) is the measured or calculated photoluminescerice at the Is energy; /pL^'^'(ls) 

gives the expected thermal equilibrium value. This definition of /? not only relates 

R and the carrier temperature T but also divides out the dipole matrix element. 

The definition is based on the KMS-relation Equation 3.1 presented above and 

motivated by a concept used in [47]. There, photoluminescence peak heights at the 

Is and 2s resonances were compared via a Boltzmann function, and a suppression 

of the Is emission was observed. However, in this dissertation relates the Is peak 

to the continuum emission [48]. is found by multiplying the measured 

nonlinear ah by a Boltzmann factor to approximate the Rose function, using the 

temperature T extracted as described above in Chapter 3.3.1. It is then normalized 

to agree with the measured continuum photoluminescence; the dashed line in Fig

ure 3.5 shows Thus the parameter (3 quantifies how the Is emission of 

a given spectrum differs from that expected from the measured absorption assum

ing thermodynamic equilibrium. In addition, it also gives a handle on the relative 

emission strength, corrected for the respective dipole matrix elements and oscillator 

strengths. Consequently, while the height of the Is resonance is not as important 

anymore as in R, the temperature T, due to the exponential factor, is dominating. 

The statistical error ap for /? is calculated from the errors in the least mean 

square lit for the temperature. It is given by (T/j = /3 x A / a^- Note that ap does 

not (Explicitly depend on the carrier temperature T but only on the amplitude A and 
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Figure 3.5: Schematic depiction of the definition of the /9-factor. The experimental 
spectrum (solid) used shows photoluminescence for a lattice temperature of 4K. It 
is compared to the KMS result (dashed), i.e. the measured nonlinear otL 
multiplied by the Boltzmann factor. The photoluminescence is integrated from 0.95 
to 1.05 ns after nonresonant ps excitation 13.2 meV above the exciton resonance and 
with a carrier density Heh = 4.4x 10^ cm~^. 

its error ux from Equation 3.3. The temperature dependence of the statistical error 

is hence the same as for jS. This is because the zero of energy in Equation 3.3 is 

taken at the Is resonance; were it taken at the continuum edge, A would be a small 

number, and would enter in projecting it back to the Is resonance. 
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CHAPTER 4 

EXPERIMENTAL REALIZATION AND SETUP 

In order to investigate the problems as outlined in the previous chapters, it 

is necessary to perform photoluminescence and nonlinear absorption measurements 

under identical conditions. Here the necessary methodologies are described, and the 

realization of the experimental setup is presented. 

4.1 Absorption 

The linear and nonlinear absorption of the sample under investigation is mea

sured with the setup schematically shown in Figure 4.1. Both pump and probe 

pulses are generated by an actively mode-locked Titanium-.Sapphire laser with a 

fixed repetition rate of 80 MHz and a maximum time-integrated output power of 

2 W. It is pumped by a diode-pumped, intra-cavity frequency-doubled Nd:YAG laser 

at 2.4122 eV with 9.5 W CW. The spectrally broad 100 fs pulses are tunable using a 

birefringent filter; the peak wavelength is typically centered at the heavy-hole con

tinuum edge. 

The long photoluminescence lifetimes of several nanoseconds require a reduc

tion of the laser repetition rate from 80MHz (12.5 ns period). For the experiments 

presented it is reduced by a factor of 40 to 2 MHz (0.5 (is period) unless stated other

wise. The reason is to eliminate carrier accumulation effects in the sample. Also the 

maximum detection speed of the streak camera is 2 MHz in trigger mode; faster ex

citation is therefore not detected in time-resolved photoluminescence measurements; 

c.f. Section 4.2. The reduction in repetition rate is realized by using an electro-optic 

modulator (EOM) outside the cavity, making use of the electro-optical effect in an 

ammonium diliydrogen phosphate (APD) crystal. When applying a voltage, the po

larization of transmitted light is rotated by 90 degrees. The light is then analyzed 
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Figure 4.1: Sclieriiatic; drawing of the experimental Setup. The labels are: X, 
periscope; BS dielectric 90:10 beam splitter; LIO. 10 cm lens; L45, 45 cm lens; P 
polarizer; D variable delay line with multiple passes; S shaker; H hollow retro reflec
tor; LI.5, 1.5cm lens; W4, quarter wave plate; F, flip mirror; L5, 5cm lens. 
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using a Glan-Thompson polarizer, only allowing correctly polarized pulses to pass 

through. Typical extinction ratios of better than 300:1 are achieved. Due to the 

relatively long switching times of the EOM, on the order of 10 ns, limited by the 

electronics, it is not possible to extinguish all pulses equally; one pulse has to be 

suppressed less. Generally, the less suppressed pulse hits the sample immediately 

after the unsuppressed pulse to avoid accumulation effects. 

After the EOM, the laser beam is raised to the operating height of 13.5 cm with 

the periscope X; the height is predetermined by the entrance slit height of the streak 

camera. Here also the polarization is rotated from vertical (s) to parallel (p) to 

get better diffraction efficiency in the pulse shaper. Using a periscope eliminates 

chromatic effects always present in wave plates. It is consecutively split up into two 

beams using a dielectric 90:10 beamsplitter; its substrate is wedged and the rear 

surface AR-coated to eliminate unwanted reflections. 

The weaker probe beam is put through a collimation unit consisting of two 0.1 NA 

microscope objectives. This also increases the probe pulse diameter to 2r = 5 mm, 

completely filling the collimator's exit pupil. The large diameter and corresponding 

large Raleigh-range zii{r) = r^/Ao enable the beam to remain collimated over very 

long distances. The probe is then propagated across a stepping-motor-driven Im 

delay line. To reahze a delay between pump and probe pulse of up to 11ns, it is 

necessary to use four passes. On top of the delay line, two hollow corner-cube retro 

reflectors are used to guide the beam. One of them is mounted on a shaker to easier 

find temporal overlap when using a cross-correlation technique between pump and 

probe. Although corner cubes return the incident beam satisfactorily, hollow right-

angle-prism retro reflectors would be preferable; unlike the corner cubes, they cannot 

cause a high offset and have one less reflection. 

The majority of the light, 90 % of its power, is split off into a grating pulse shaper. 

A detailed description of its setup can be found in [49]. For selective excitation, a 

spectrally narrower timable 3 ps pulse is generated in a grating pulse shaper. Unless 
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stated otherwise, the spectral width of the pump pulse is 2meV (FWHM). For com

pleteness, AE, i.e. the spectral position of the pump relative to the Is heavy-hole 

resonance, is given in Appendix A for all data sets. 

The sample is held in a cold linger cryostat with small window separation, allow

ing for detection within large solid angles. The windows are broadband AR-coated 

on both sides. The system is evacuated using an oil-free turbo pumping stand and a 

liquid-nitrogen-cooled cryogenic pump. The first reaches a lower end pressure, while 

the latter has a greater pumping speed for water vapor. During operation, the cryo

stat is held under vacuum with an ion pump to avoid any vibrations and to allow 

for long cold tiuies with limited condensation, caused by inevitable leakage through 

diffusion. 

The pump and probe pulse are focussed onto the sample using two different lenses 

for individual focussing. To ensure spatial overlap, the front side of the sample is 

imaged onto a CCD camera using a 0.1 NA objective and 100 x magnification. The 

fine adjustment is done by maximizing the bleaching of the Is resonance for small 

time delays of about 10 ps. Temporal overlap is achieved by detecting both probe 

and scattered pump light with the streak camera. For a better time resolution, the 

shape of the differential absorption can be used as a measure for time delay. A pair 

of linear polarizers in both the pump and probe beam is used to set their respective 

polarizations and powers. 

The probe signal is detected in transmission geometry. Another linear polarizer 

is used as an analyzer in the beam; introducing an optional quarter-wave plate can 

be used to further suppress scattered pump light. All experiments are conducted in 

cross hnear polarization geometry; the polarizer settings are given in Table 4.1. 

All but one mirror before the sample are ultrafast broadband dielectric mirrors 

used at 45° incidence angle. Their reflectivity is above 99.9 % for both s and p po

larization. Only the mirror steering the probe at a slight angle is metalhc, protected 

gold, to avoid dispersion effects. Though having a slightly lower reflectivity, and thus 

sacrificing signal intensity, metallic mirrors are used on the detection side exclusively. 
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beam polarizer setting 

pump parallel 
probe vertical 
detection vertical 

Table 4.1: Typical polarizer settings 

The extremely flat reflectivity of gold in the wavelength range of interest ensures an 

undistorted signal. 

The transmission is spectrally resolved using a / = 50cm imaging grating 

monochromator using a 600 lines/mm grating blazed at l^m and 50/xm entrance 

slit width; it is detected with a back-illuminated liquid-nitrogen-cooled Si CCD with 

12 /ini X 24 fim pixels. This resolution is matched to the one achieved with the streak 

camera, limited by its limited number of pixels and therefore small spectral window; 

c.f. Section4.2. The CCD chip is back illuminated. While yielding a higher quan

tum efficiency than front illuminated models, this leads to interference fringes for 

coherent (laser) light inside the CCD itself. This does, however not affect the QL 

measurements. As can be seen from Equation 4.3 and Equation4.4, the Fabry-Perot 

fringes are divided out when calculating aL; the signal intensities are much larger 

than the respective subtracted background intensities. Since the photoluminescence 

is intrinsically incoherent, these measurements are not affected. 

In order to calculate the absorption qL of a weakly absorbing sample it is nec

essary to know both /r, the reflected, and It, the transmitted, intensities [50]: 

However, when the reflectivity approaches zero, as for an AR-coated system. Equa

tion 4.1 is reduced to; 

aL ~ — ln(/T). (4-2) 
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In order to extract absorption Q;L(A,AT,T) and differential absorption AQ:L(A,Ar,T) 

from the actually recorded transmitted probe signal /t(A,AT,T), the following cor

rections need to be made: 

Here Iq is the spectrum of the incident light, PL(A) the photoluminescence and 

scattered pump light: i.e. the detected signal with pump light on only, no probe. 

BG(A) is the signal from the CCD, acquired when both pump and probe beams are 

blocked. Because the samples are AR-coated on both sides and not investigated at 

Bragg spacing, the extraction of the absorption from the transmission is valid [50]. 

4.2 Photoluminescence 

4.2.1 Photoluminescence with Continuous Wave Excitation 

Photoluniinescence with continuous wave excitation is essentially taken in the 

same way as the pump-probe measurements described above, of course without any 

probe light. The main difference is that the pulsed Titanium;Sapphire laser is forced 

to run CW. This is achieved as follows: The active rnode-locker is usually disabled, 

alternatively it can be driven out of pha.se with the cavity to further suppress mode 

locking. Setting the wavelength of emission requires several steps. The glass in 

the dispersion compensator is removed until the laser emission nearly ceases. Then 

the desired mode is selected with the birefringent filter in the cavity. If the correct 

wavelength cannot be reached, some glass is again added to the cavity. This process 

is repeated iteratively until the desired emission wavelength and mode characteristics 

are reached. It is important not to change any mirrors in the cavity because this 

changes the beam path through the rest of the setup. The beam path of the CW 

light is, similar to the pump pulse, through the pulse shaper onto the sample, and 

(4.3) 

pump on 

pump 
(4.4) 
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the ahgnment is identical to the pump-probe experiment. The spatial overlap of 

pump beam and detection area is then aligned as for the pump-probe experiments. 

To eliminate heating effects, the pulse picker can be driven by a pulse generator to 

produce flat-top 100 ns pulses with a low duty cycle. 

The detection is again similar to the pump-probe experiment. The only correc

tion necessary is the substraction of the camera background. The spectral resolution 

can be increased by using a 1800 lines/mm grating and furtlier narrowing of the slit 

width. While absorption measurements are absolute and any spectral features are di

vided out, it is necessary to consider the energy dependence of the response function 

for the photoluminescence. However the spectral response of Si can be considered as 

flat at 1.476 eV over the range of ±15meV under investigation. 

4.2.2 Time-Resolved Photoluminescence 

The time-resolved luminescence measurements pose the greatest experimental 

challenge. In order to detect as large a solid angle as possible - and therefore the 

most signal - an AR-coated 1" diameter f = 1.5 cm plano-convex lens is used for 

collection. The center of the pump spot is then imaged onto the entrance slit of a 

second identical 50 cm imaging monochromator. 

The photoluminescence is detected with a Hamamatsu streak camera with a slow 

sweep unit. The use of a streak camera after a monochromator enables the simultane

ous detection of spectral behavior and temporal evolution, ultimately limited by the 

time-frequency uncertainty relation. The streak camera is used in peak single photon 

counting mode, i.e. when more than one camera pixel per photon incident reads a sig

nal above the set threshold, only the largest of neighboring pixels is counted. While 

photon counting enables the use of the full dynamic range of the streak camera, the 

signal has to be attenuated enough not to lose counts on multi-photon events. Each 

photon event on the camera triggers a signal, but once its amplitude surpasses the 

set threshold, additional photons are not counted within the readout-cycle time. As 



46 

c 
o 

c 
.2 
to in 
E 
to 
c 
S 
I- 0.01 

300 400 500 600 0 100 200 

Streak Camera Pixel 

Figure 4.2: Attenuation of the thin film filter introduced in front of the streak camera. 
The attenuation is specific to each pixel. 

a rule of thumb, fewer than 3% of the pump pulses should result in a photon count 

per channel, if distortion is to be avoided. 

To even better utilize the dynamic range of the streak camera, a film neutral 

density filter is placed at the exit plane of the monochromator reducing the fluence 

by 40 for all energies < 1.474 eV. This is extremely helpful because a partial goal of 

this study is to detect several meV of continuum emission which is intrinsically four 

to five orders of magnitude lower than the emission peak at the Is resonance. The 

latter itself decays after reaching a peak shortly after excitation. The transmission 

curve of the spectrometer-filter system can be seen in Figure 4.2. The relatively slow 

filter cutoff is due to edge diffraction. All data presented in this dissertation have 

been multiplied by this factor to present them undistorted. The spectral response of 

the streak camera system is plotted in Figure 4.3. It is dominated by the rapid drop 

off of the multichannel plate at low and high wavelength. The small window under 

investigation makes the correction negligible. 

The slow sweep unit allows for detection of temporal windows of 3.8 ns and 8 us, 

amongst others. A time resolution of 90 ps is measured for the spectrometer-streak 

camera system, using a 100 fs pulse. This value is mainly due to timing jitter in the 

pulse picker during long integration times of up to 36 hours; an output from pulse 

picker electronics is used as a trigger input for the streak camera. To adjust the time 
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Figure 4.3: Spectral response of the streak camera system (S2-ER cathode) on a 
logarithmic scale. The inset shows the region of interest for the experiments on a 
linear scale with an expanded energy scale [51]. 

zero occurrence in the time window detected, an analog delay box is used; unlike 

digital delays, adding cable does not add additional jitter. 

The magnification of the imaging system on the detection side was chosen to be 

1:4, to match the F/# of the monochromator as well as to limit the field of view 

to 12.5 fim on the sample. The latter is limited horizontally by the entrance slit of 

the monochroinator and vertically by the entrance slit of the streak camera. The 

latter also partially determines the temporal resolution. When the entrance slit of 

the streak camera is opened further than 50 jira, its temporal resolution decreases. A 

smaller slit width, however, does not improve the temporal resolution, but limits the 

number of photons passing through the slit and hence reduces the signal amplitude. 

It is also possible to take data with time resolutions as fast as 2 ps by running the 

streak camera using a synchro-scan plug-in at 80 MHz repetition rate. In this case, 

dispersion introduced by the monochromator has to be taken into account. The signal 

gets distorted, because the time axis of the streak camera is different for different 
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Figure 4.4: AQL versus carrier density at 4K. Both carrier density and AaL are 
shown per quantum well; they are assumed to be the same in each quantum well be
cause pump depletion is negligible. For low carrier densities the curve is extrapolated 
by linear regression. 

wavelengths. This distortion can be corrected numerically; then dispersion in the 

monochromator used to spectrally resolve the signal determines the time resolution. 

4.3 Characterization of Excitation Conditions 

To ensure absolutely equal conditions of all measurements the physical positions 

of the spots need to be well defined. The pump spot size needs to be chosen several 

times larger than the probed area, so only the uniformly illuminated center section 

is probed. Accordingly a f=10cm lens for the probe and f=45cm lens for the 

pump were used. Because of different beam diameters at the respective lenses, the 

measured Gaussian spot profiles are 20 fxm FWHM and 60 fim FWHM respectively. 

Pump depletion is neglected in the density calculation. Tlierefore the carrier 

density can be seen as identical in each quantum well. Using the above parameters, 

the initial carrier density introduced into the each quantum well can be calculated 

t 8 a I M M g 8 

1x10" 1x10' 1x10'" 1x10'̂  

Carrier Density (cm"^) 
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as follows; 

= (4.5) 

Here aL is the absorption value at the pump energy per quantum well, that is the 

measured value divided by the number of wells; a is measured to be 1 per micron in 

the heavy-hole continuum (see Figure 3.2). The time-integrated power is given by P. 

The pump pulse value Pq in Equation 4.5 can be found by correcting for the imperfect 

pulse suppression; hu> is the photon energy of the pump, /rep the repetition rate. 

Together j ^^ gives the number of photons per pulse. The number of absorbed 
^FWHM12 

photons is tlien normalized by the pump area A—27r fg Ipumpi''^) fdr, when 

assuming circular symmetry. Here is the probe diameter (FWHM), and 

/puinp(r) is the intensity distribution of the pump. The area of the pump spot cancels 

from Equation 4.5. 

To estimate the carrier density during the decay at longer times, it is assumed 

to be linearly proportional to the change in absorption AaL. A calibration curve 

showing maximal bleaching of the nonlinear absorption at 10 ps versus the calculated 

initial carrier density (Figure 4.4). Prom it the carrier density at any time delay can 

be read off using the corresponding AaL. The carrier density n{t) may consist of both 

electrons and holes as well as excitons or n = Ueh + i^x The influence of excitons on 

the absorption aL, |^, may be smaller than that for free electrons and holes, 

However, assuming both as equal should give an error of less than a factor of two. 

Hence conclusions drawn later in Chapter 6 would not change significantly, especially 

since nx n^h for many conditions. 
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CHAPTER 5 

EXPERIMENTAL RESULTS 

In this chapter an overview of the acquired data is given. It is an attempt to 

structure the results by showing exemplary spectra and explain dependencies in the 

parameter space of time delay, excitation density, lattice temperature and excess 

energy of the pump relative to the Is exciton resonance AE. 

All data presented here were taken on DBR42; due to its superior quantum ef

ficiency, it yielded the best signal to noise ratio. Mostly CW data taken on other 

samples, amongst them a single quantum well, are noisier but exhibited a similar 

behavior, thus excluding significant radiative couphng [41, 42, 43, 44] and reabsorp-

tion [29] as well as sample specific efi'ects. A detailed list of data and excitation 

conditions as well as other parameters of the experiment such as integration times 

and excess energy of the pump is given in Appendix A. 

5.1 Absorption Changes after Nonresonant Excitation 

As pointed out several times before, the absorption measurements play a critical 

role. They are necessary for a meaningful density calibration. To get a better 

understanding of the density range covered in these experiments, Figure 5.1 shows 

exemplary nonlinear absorption spectra for the largest initial carrier density with 

nonresonant excitation at 4K lattice temperature. For the experiment with the 

largest excitation density realizable, immediately after excitation the Is resonance is 

bleached to less than one fourth of its original height (dashed). The estimated initial 

carrier density is 2.0x10^^ cm"^. The band edge is significantly red-shifted: the 2s 

state is no longer bound. With increasing time delay, the exciton resonance begins 

to recover. 1 ns after excitation, the exciton peak has already regained 75 % of its 
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Figure 5.1: Top: Nonlinear absorption spectra of DBR42 at 4K lattice tempera
ture for various time delays; The corresponding carrier densities are 2.0x10^^ cm~^ 
at 10ps (dashed) and 2.0xl0^°cm~^ at Ins after nonresonant excitation (dot
ted). The linear absorption spectrum is shown for comparison (solid). Bot
tom: Temporal evolution of the peak height for various initial carrier densi
ties: 2.9x10^cm"'^ (squares), 4.1xlO®cm'~^ (circles), 1.6x 10'"cin~^ (triangles), 
2.9xl0'''cm"" (stars), and 2.0x 10" cm"- (pentagons). The lines are guides to the 
eye. 

linear value (solid). According to Figure 4.4, this corresponds to a carrier density of 

about 2.0x10'" 

To examine the temporal behavior of the nonlinear absorption in greater detail, 

the lower panel of Figure 5.1 shows the peak height of the differential absorption AaL 

versus time for several excitation densities. With larger initial carrier density, the 

exciton resonance is bleached further. It recovers on a nanosecond time scale; 5 ns 

after excitations the deviations to the linear value are much less than 1 %. This makes 
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Figure 5.2: Left: Nonlinear absorption spectra of DBR42 at 4K lattice temperature 
for short time delays. The initial carrier density is 2.0 x 10^^ cm^^. Right: Energetical 
position of the resonance relative to the peak position of the linear aL versus time 
for several initial carrier densities; 2.0xl0^^cm^^ (squares), 1.2xl0^^cm~^ (circles), 
4.0x10® cm"^ (triangles), and 1.2x10® cm~^ (stars). Note the break in the x-scale. 

very accurate differential absorption measurements necessary to ensure a meaningful 

density calibration at low densities. 

At the same time the energetical position of the resonance shifts, depending 

on both time delay and carrier density [52, 53, 54, 55]. This effect is even more 

pronounced for shorter times than shown in Figure 5.1. On the left hand side of Fig

ure 5.2, nonlinear absorption spectra for purnp-probe delays of -3 ps to 3ps are plot

ted. The maximum induced carrier density for the data set shown is 2.0x10^^ cm""-. 

The largest blue sliift is reached at about 1 ps, roughly coinciding with the end of 

the pump pulse. Subsequently, the Is resonance shifts back, recovering its "linear 

position" on a nanosecond time scale. 
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Figure 5.3: DilTerential absorption spectra with noriresonant excitation of DBR42 for 
several time delays. The introduced carrier density is 2.0x10^' cm"*. The spectral 
region -5meV to -ImeV below the Is exciton resonance is magnified in the inset. 

The time evolution of the blue shift and its magnitude are shown on the right 

hand side of Figure 5.2. Note the break in the x-scale; for -4 ps to 1 ps time delay the 

x-scale is shown linearly, above 1 ps the plot is semi-logarithmic to show better short 

positive time delays. For elevated carrier densities, the resonance starts to shift to 

larger energies during the pump pulse. 

The largest shift is found for elevated densities (1.2x10^^ crn~^, circles), except 

at the highest carrier density introduced (2.0x 10^^ cm"^, circles). This is consis

tent with [54], where a saturation behavior of the blue shift above 5x 10^° cm^^ is 

observed. For decreasing densities, the shift is less pronounced (4.0x10® cm"-, trian

gles) . Eventually for low enough densities, no shift is observed at all (1.2x10'' cni~'^, 

stars). 
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In prior work, a blue shift for nonresonant excitation has been interpreted as 

excitonic signature [52]. The magnitude of the shift was later found to be well-width 

dependent [53], only clearly observable in thin quantum wells and decreasing with 

increasing well thickness. In light of findings in this dissertation (c.f. Chapter 6), 

prior interpretations need to be reexamined. 

Taking a closer look at the low energy side of the differential absorption reveals 

traces of induced gain. Figure5.3 shows differential absorption spectra for Ops time 

delay, that is while the pump pulse is present. The inset magnifies the cris-crossed 

area as indicated, 1 ineV to 5 meV below the cxciton resonance. Here the y-scale is 

magnified by about a factor 4.5. For the duration of the pump pulse, induced gain 

develops below the resonance. At early times it is situated at 2.1 meV below the 

resonance, reaching the maximum gain at the end of the pulse. Subsequently, the 

lineshape recovers, and the line becomes broadened by induced absorption above and 

below the resonance. The origin of this phenomenon is not yet understood. 

5.2 Time-Integrated Photoluminescence 

While the main goal of the experiments is to examine photoluminescence and 

absorption under identical conditions, already some information can be deduced 

from the photoluminescence itself. A first classification of the samples' emission 

characteristics can be obtained by studying time-integrated PL with continuous wave 

excitation (Figure 5.4). If one extrapolates the continuum tail to the Is exciton 

resonance, one can calculate the ratio of this value to the Is luminescence peak and 

tlien divide it by the Is to continuum ratio of the linear absorption. For all samples, 

this gives the PL ratio lower than the absorption ratio implying a /? of less than one. 

The error introduced by considering the linear absorption only is small; the density 

range for the CW experiments is similar to the pulsed experiments. 

Generally, the carrier temperatures are very hot in the CW experiments: The 

carriers are introduced typically 13.7 meV above the Is; this corresponds to 6 meV 

excess energy in the conduction band or 70 K. The extracted carrier temperature is 
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Figure 5.4: Time-integrated photoluminescence with continuous wave excitation of 
DBR42 on a semi-logarithmic scale for various excitation power levels. The peak 
2.5 meV below the Is emission is presumed to be impurity emission (c.f. Figure 3.3). 

40 K, significantly higher than the lattice temperature of 4K. The excitation energy 

is slightly higher than in the ps excitation experiments; the exact same energy could 

not be achieved with the laser due to its large cavity length. The narrow band CW 

laser line is broadened by the spectral resolution to 0.8 rneV. The signal detected 

from scatter in CW experiments is relatively high compared with the ps excitation 

experiments presented in the next section: the ps pump is short in duration, shut off 

after 3 ps and then remains zero for a comparably long time while in CW experiments 

the pump is always on. 

The linewidth (FWHM) of the emission is broader for higher excitation density. 

Even at the largest excitation density the 2s resonance is still somewhat resolved. 

With the current heat sink, it is not possible to take even higher densities with CW 
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sample DBR42 DBR13 1all24 DBR18 
Approximate (3 0.5 0.14 0.2 - 0.7 0.4 

Table 5.1: Approximate (3 of Is emission with CW excitation 

excitation because localized heating due to the pump shifts the resonance to lower 

energies. Traces of this effect can be seen in the 100 mW curve where the peak 

emission is already slightly red-shifted. 

Impurity emission is relatively more important for time-integrated photolumi-

nescence measurements with CW excitation than for ps excitation. The reason is 

the much longer lifetime of impurities, several tens to hundreds of ns compared to 

only a few ps for the quantum wells. CW excitation experiments therefore even allow 

for a crude classification of the factor (3 of Is emission as described above. Typical 

approximate (3 values for different samples are given in Table 5.2. 

5.3 Time-Resolved Photoluiniiiescence after Noiiresonant Excitation 

For the time-resolved photoluminescence after nonresonant picosecond excitation 

the carriers are introduced into the sample in a very short time; typically the dura

tions of the pump pulse is 3 ps. The rise and subsequent decay of the luminescence are 

detected time-resolved; c.f. Chapter 4.2.2. A representative set of emission spectra 

can be seen in Figure 5.5, shown on a serni-logarithmic (left) and linear (right) scale. 

The emission is peaked at the Is resonance. The spectra are integrated from t-0.05 ns 

to t-f-0.05ns around each time point. The scattered pump spectrum is still visible in 

the spectrum with the shortest time delay (0.1 ns). Despite being integrated nomi

nally from 50 ps to 150 ps after excitation and the cross-linear polarization geometry 

of the setup, some residual scatter can be seen due to the limited time resolution of 

the system which broadens the 3 ps pump pulse to 90 ps effectively. The total scatter 

is low compared to the photoluminescence: time-integrated its peak is lower than the 

2s emission. 
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Figure 5.5: Experimental photoluminescence spectra on a linear (right) and semi-
logarithmic scale (left) for several time delays after nonresonant excitation with an 
initial carrier density of 9.7xl0®cm""^ for a lattice temperature of 4K. The photo-
luminescence is integrated from t-0.05ns to t-|-0.05ns for each time step t. 

The small discontinuity on the high energy slope 3 meV above the peak is due to 

the imperfect correction of the attenuator used for higher energies. For time-resolved 

experiments, the impurity emission below the Is peak emission is much smaller at 

early times than in the CW experiments (Figure 5.4). The buildup of the impurity 

states occurs on a much longer time scale than the one under investigation. Generally, 

the absorption in the substrate, despite its much larger thickness, is smaller than the 

quantum well absorption at the excitation energy. 

The initial elevated carrier density broadens the emission line significantly. As 

the carrier density dccays, the linewidth decreases. After about 1 ns the 2s resonance 

starts to become clearly resolved. At the same time the system cools down towards 

the lattice temperature. This is manifested in an increasing slope of the continuum 
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emission. A detailed description of the cooling behavior is given in Section 5.3.2. The 

large carrier density broadens the line; when such broadening overcomes the intrinsic 

inhomogeneous broadening, the lineshape becomes predominantly Lorentzian. As 

the density decays the inhomogeneous broadening becomes dominant, and the line 

becomes very asymmetric. 

Also the peak amplitude changes with time delay. The first curve, after 0.1 ns, 

is lower than the 1 ns curve. The maximum peak height is not reached until several 

hundreds of picoseconds after the end of the excitation pulse. A detailed description 

of the Is peak dynamics with time and carrier density is given in Section 5.3.1. 

5.3.1 Decay of Is and Continuum Luminescence 

The time evolution of the Is emission can be studied in several ways. It is 

possible to spectrally integrate between the FWHM points or all energies below the 

midpoint between Is and 2s. Alternatively, the peak of the emission spectrum can 

be traced. Here the spectrum is integrated 0.05 meV around the peak of the linear 

absorption spectrum. The results for the other methods of analysis do not change 

the results significantly. 

The left hand side of Figure 5.6 shows the Is peak luminescence versus time on 

a semi-logarithmic scale. Each data set is normalized to its maximum. The data 

sets are offset one order of magnitude for clarity. The largest density, shown in the 

bottom curve, has the fastest photoluminescence decay; a single-exponential fit to the 

decay yields a 1 ns lifetime. The lowest density shown at the top has a much longer 

photoluminescence lifetime of 2.6 ns. Its low signal level only allowed for detection 

of about 3.5 ns after excitation with reasonable signal to noise ratio, even with an 

integration time of 36 hours. 

The linear plot on the right hand side of Figure 5.6 clearly shows the dynamics 

of the peak of the Is emission. The values are again normalized to the respective 

maximum. The emission continues to increase after the end of the excitation pulse. 

For lower excitation densities, the peak is reached about 0.8 ns after excitation. Witli 
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Figure 5.6: Temporal evolution of the Is resonance peak height. The initial carrier 
densities are (from top to bottom) 2.9xl0^cm~-, LlxIO'" cm~"^, and 1.0x10^^ cm~'~. 
All data sets are normahzed. left: semi-logarithmic scale, data sets are offset by one 
order of magnitude for clarity, right: linear scale, the data sets are offset for clarity. 
The lifetimes and peak positions are given in Table 5.2. 

increasing carrier densities, it occurs at earlier times. The highest density shows an 

even faster rise, peaking after 0.4 ns. 

Similar temporal behavior has been observed in previous experiments also. The 

buildup of the photoluminescence after nonresonant excitation has been interpreted 

as buildup of an incoherent excitonic population [8, 9, 10, 11, 12, 13, 14]. The sub

sequent decay was taken as evidence for this population decaying [15, 16]. However 

in light of findings presented later in this dissertation, c.f. Chapter 6, interpretations 

using a purely excitonic picture need to be reviewed carefully. 
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Figure 5.7; Temporal evolution of the continuum-edge emission. The data are spec
trally integrated from the continuum edge to 0.01 meV above it. The initial carrier 
densities are (from top to bottom) 2.9x10® cm~^, 1.1x10^° cm~^, and 1.0x10^^ cm"*^. 
All data sets are normalized, left: semi-logarithmic scale, data sets are offset by one 
order of magnitude for clarity, right; linear scale, data sets are offset for clarity. The 
lifetimes and peak positions are given in Table 5.2. 

initial carrier density Is lifetime Is peak continuum lifetime continuum peak 

2.9x10® cm-2 2.3 ns 0.9 ns 0.85 ns <0.1 ns 
l.lx 10'" cm~^ 1.1 ns 0.65 ns 0.7 ns <0.1 ns 
1.0x10^' cnr '^ 0.95 ns 0.5 ns 0.6 ns <0.1 ns 

Table 5.2: Photoluminescence lifetimes and time delays of the peaks of the Is and 
continuum-edge emission for several initial carrier densities at 4K lattice tempera
ture, extracted from the time traces shown in Figure 5.6 and Figure 5.7. 
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Recent THz experiments also question a purely excitonic interpretation [24]. The 

observed photoluminescence dynamics are similar to the results presented here, show

ing a clear rise after the pump pulse. The THz absorption signal of the Is to 2p 

transition however shows no significant increase within the first 400 ps. This clearly 

denies the possibility for a buildup of a significant incoherent excitonic population. 

However, the signal to noise ratio in THz experiments is much worse than in optical 

spectroscopy. Hence the sensitivity limits the actually detectable excitonic contribu

tion. 

The dynamics of the continuum emission for the same conditions are plotted in 

Figure 5.7. The main emphasis in this section is on the continuum edge; the slope and 

lience the temperature dynamics are described in the following section. The data are 

spectrally integrated across a narrow range, from the band edge to 10 fieV above it, 

to achieve an acceptable signal to noise ratio. The decay of the continuum emission, 

especially at elevated densities, cannot be fit by a single-exponential function as 

well as the Is emission decay. At low densities, the decay time is on the order of 

1 ns similar to the high density value of the Is emission. Generally, the decay of 

the continuum shows a less pronounced density dependance; it is faster for higher 

densities. The peak of the continuum luminescence is reached directly after the end 

of the excitation across the density range under investigation. 

While the carriers are introduced only across the narrow energy range of the 

pump pulse, Coulomb scattering causes the electrons and holes to thermalize to 

Fermi-Dirac distributions with a carrier temperature T on a sub-picosecond time 

scale [56, 57]; the carrier temperature T is usually much hotter than the lattice 

temperature J'/,. Within the achieved time resolution, this can be regarded as in

stantaneous. After the redistribution, carriers are also present in states with much 

larger energies than the pump energies. Subsequently, the plasma can directly decay 

across the whole energy range. 

The dependence of the decay times on the lattice temperature is shown in Fig

ure 5.8 in a semi-logarithmic plot. For an initial carrier density of 8.2xl0®cm""^, the 



62 

T 

r 

i 
o 
c r 
o o 
c r 0) 
0 m o> 
c 
1 
3 

r 

r 1 o : 'S-* 
: O . jr 

I £ 
3 
3 

1 .E : ^ 

r 

r 
c 
o 
O r 

X 
•2 0 2 4 8 •2 0 2 6 8 6 4 

Time (ns) Time (ns) 

Figure 5.8: Temporal evolution of the Is resonance peak height (left) and continuum 
edge (right) at several lattice temperatures (from top to bottom): 4 K, 30 K, 50 K, 
70K, and 80 K. The initial carrier density is 8.2xl0^cm'~^ for all data sets. The 
curves are normalized and offset by one order of magnitude for clarity. The decay 
constants are given in Table 5.3. 

lattice temperature Is lifetime Is peak continuum lifetime continuum peak 

4K 1.0 ns 0.75 ns 0.76 ns <0.1 ns 
30 K 2.7 ns 0.3 ns 2.4 ns <0.1 ns 

50 K 1.7 ns 0.1 ns 1.7 ns <0.1 ns 
70 K 0.5 ns <0.1 ns 0.5 ns <0.1 ns 
80 K 0.36 ns <0.1 ns 0.36 ns <0.1 ns 

Table 5.3; Pliotolurninescence lifetime and time delay for the respective peak of the 
Is and continuum-edge emission lifetime for several lattice temperatures, extracted 
from the time traces shown in Figure 5.8. 
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lattice temperature is varied from 4 to 80 K. As the temperature is increased, the 

lifetimes of both the Is resonance and the continuum edge increase. Above about 

30 K lattice temperature, the lifetimes begin to decrease. Also, the lifetimes become 

more similar, being identical for 50 K and higher temperatures. The extracted values 

are given in Table 5.3. 

The decrease of the photoluminescence lifetime for even higher lattice tempera

tures can be at least partially explained by carriers escaping from the quantum well. 

The energy of the quantum well is roughly 44 meV below the bulk GaAs band edge. 

The carriers are injected by nonresonant optical pumping with an energy 13 rneV 

above the quantum well energy. The fast redistribution from the pump energy into a 

Fermi-Dirac distribution causes some carriers to scatter to higher energies than this; 

his effect is stronger, the broader the distribution function. Hence more and more 

carriers are no longer caught in the well and easily scatter out; subsequently they 

may decay nonradiatively, emit PL at the bulk GaAs Is resonance, or lose energy 

and fall back into the quantum well. 

5.3.2 Carrier Temperature T and Cooling 

The carrier temperature is extracted from the slope of the continuum emission 

as described in Section 3.3.1. The temporal evolution of the extracted carrier tem

perature is shown in Figure 5.9 on a semi-logarithmic scale; exemplarily, four carrier 

densities, 2.0x10'^ cm~^ (squares), 1.1x10'° cm~^ (circles), 7.9x10® cm~^ (triangles), 

and 2.9xl0®cm'"^ (stars) are shown. 

Even though the carriers are injected with the same excess energy for all experi

ments, already the first experimental values vary: The higher the density, the higher 

the temperature. The functional form of the following decay behavior is similar for 

all densities: An exponential fit of the form Ci -f C2 x exp(—i/r) with Cj and C'2 

constants, a decay constant r « 0.5 ns is found. Hence the temperature at each spe

cific time are lower for smaller densities than for elevated densities. However, under 

no circumstances is the lattice temperature of 4 K reached [58, 47, 59]. The lowest 
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Figure 5.9: Temporal evolution of the carrier temperature at a lattice temperature of 
4K. The initial carrier densities are (from top to bottom); 2.0x10^^ cm~^ (squares), 
1.1x10^°cm~^ (circles), 7.9x10®cm~^ (triangles), and 2.9x10^cm~^ (stars). The 
lines are a guide to the eye. 

experimental value determined here is 10.5 ± 0.5 K, 2.8 ns after excitation with an 

initial carrier density rieh — 2.9 x 10®cm~^. 

An initially hot distribution cools towards the lattice temperature by scatter

ing with acoustic and for larger excess energies (>36meV) also longitudinal-optical 

(LO) phonons. The typical scattering times are on the order of several hundreds of 

picoseconds [60] and below 100 is [61], respectively. However apparently in contradic

tion to that, for 4 K, the lattice temperature is never reached. This behavior can 

be at leat partially explained when considering the decay of free carriers through 

the channel of the Is exciton resonance. It lies 8 meV below the band edge. Energy 

conservation requires this energy difference, corresponding to 96 K, to be accounted 

for. It is absorbed by the remaining free carriers, heating the remaining plasma. 

For higher lattice temperatures, the carrier temperature equilibrates with the 

lattice. Exemplary cooling curves are shown in Figure 5.10, all taken with an initial 

1.5 2.0 
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Figure 5.10; Temporal evolution of the carrier temperature for five different lattice 
temperatures: 80K (pentagons) 70K (stars), 50K (triangles), 30K (circles), and 
4K (squares). The initial carrier density for all measurements is 8.2xl0®cm"^. 

carrier density of 8.2x10'' cm"^. For 80 K (pentagons), 70 K (stars), and 50 K (trian

gles), the carriers equilibrate very rapidly with the lattice; for 30 K this takes about 

Ins. The 4K curve is shown for completeness (squares). Due to the shorter lumi

nescence lifetimes at high temperature, the temperatures can only be extracted up 

to 3.5 ns or 3 ns after excitation for 70 K and 80 K lattice temperature, respectively. 

5.3.3 Ratio Is to Continuum-Edge Emission; R 

Studying the ratio of Is to continuurn-edge emission as a description for each 

spectrum presents a possibility to examine dependencies of the photoluminescence 

from a purely experimental point of view. Emission above the bandgap energy can 

be attributed to the continuum emission of free carrier plasma. At the Is exciton 

resonance however both bound incoherent excitons as well as the plasma contribute. 
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Figure 5.11: Temporal evolution of the ratio of Is to continuum emission edge R for 
4 K lattice tenipcrature on a semi-logarithmic scale. The initial carrier densities are 
2.0X10'' cm"''^ (squares), l.lxlO'^cm"'^ (circles), and 2.9x10® cm~^ (triangles). The 
inset shows the same data on a double-logarithmic scale. 

The two are connected by calculating their ratio and studying its dynamics; a detailed 

description of the concept is given in Section 3.3.2. 

Time Dependence of R: R{t) 

The natural approach to R is to study its variation with evolution of time. In 

a first step, only data taken at 4K lattice temperature are considered. Exemplary 

curves for various initial carrier densities are shown in Figure 5.11. While, depending 

on the carrier density injected, the peak emission at the Is resonance rises for at 

least a few hundreds picoseconds and then starts to decay, R{t) shows a monotonous 

increase. The functional shape of the R{t) curve however is in itself dependent on the 

initial carrier density. At high excitation densities, where the spectrum is dominated 

by plasma emission (see Chapter 6), R{t) slowly rises from roughly ten to several 

thousand. For lower densities, initially after excitation R{t) starts out a factor of 
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two higher than for the high densities. At about 1 ns, curves for all densities cross 

at about i?(lns) Ri400. 

On the double-logarithmic scalc, R{t) has approximately a linear functional form 

for all initial carrier densities. The slope decreases with carrier density; the crossing 

at 1 ns can again be seen very clearly. While the semi-logarithmic scale appears to 

suggest that lower densities approach saturation, the double-logarithmic plot does 

not indicate such a behavior. 

Temperature Dependence of R{t) 

At elevated lattice temperatures, R{t) shows significantly less dynamics. In 

Figure 5.12, the temporal evolution of R is shown for 30 K (bottom), 50 K (middle) 

and 80 K (top) lattice temperatures for several different initial carrier densities. The 

plots are similar to Figure 5.11, and the insets again show the same data sets on a 

log-log scale. Note the different time scales for the plots; due to the different decay 

times (see Section 5.3.1), the data are taken only for short time delays with increasing 

temperature. 

Initially, the values are between ten to twenty for all elevated lattice tempera

tures, similar to the low temperature case. For longer time delays however, the values 

of R are much smaller than for 4 K. At 30 K lattice temperature, R(t) saturates at 

~ 60 within 2 ns. For even higher densities the saturation is reached faster and at a 

lower value, R(t) «23 for 50 K. At 80 K the long-time limit is R(t) « 12. Here R(t) 

shows hardly any dynamics. This is consistent with the fact that the carrier temper

atures are also similar at early time; especially for cold lattices, they are much larger 

than the lattice temperature. While at 4K lattice temperature, the R{t) curves are 

very density dependent, this also becomes less pronounced with increasing lattice 

temperature. 

The R analysis suggests that the system dynamics are different at 4K than for 

the elevated lattice temperatures. Initially after excitation into the continuum, a 

hot plasma is created; the corresponding R values are between ten and twenty for 
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Figure 5.12: Temporal evolution of R for higher lattice temperatures: 30 K (bottom), 
50 K (middle), and 80 K (top). The graphs show the densities on a semi-logarithmic 
scale, the insets on a double-logarithmic scale. Note the varying x- and y-scales for 
each lattice temperature. The carrier densities are given in the corresponding legends 
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all carrier densities. For 80 K lattice temperatures the R values are in the same 

range for all delay times, implying an exclusive decay of the free plasma without any 

excitons. The analysis in Chapter 6 suggests that significant amounts of excitons 

only contribute at the lowest lattice temperature. Under these conditions the largest 

R values are reached. Hence it may be concluded that also for the other lattice 

temperatures hardly any excitons are present in the system. However. R also shows 

a decreasing trend with lattice temperature. Therefore no conclusive statements are 

possible without considering temperature effects. 

5.4 (3 Analysis 

The combination of absorption and photoluminescence measurements leads to 

the extraction of the (3 factor as described in Section 3.3.3. The calculations used 

for comparison presented in Chapter 6 rely on thermodynamic equilibrium consider

ations. Therefore it is necessary that quasi-equilibrium can be assumed. Especially 

for short time delays after excitation, coohng effects are very pronounced [58], and 

the interpretation has to be done carefully keeping this in mind. For this reason, 

although the experimental (3 is shown for short time delays also, the main emphasis 

of the analysis lies on time delays of 1 ns or greater. 

5.4.1 Density Dependence of j3 

In order to make a meaningful comparison of the (3 values amongst themselves, 

their behavior versus carrier density is studied. For this purpose, the values 1 ns after 

the excitation are chosen. 

On the face of it, the choice of 1 ns may seem completely arbitrary. However it 

proves to be a convenient choice. For shorter time delays, the carrier temperature 

is still very much hotter than the lattice at 4K. By Ins, most of the cooling has 

occurred [58], reaching values between 13.5 K at the lowest and 20.7 K at the highest 

density; see Figure 5.9 and Figure 5.10. Although the temperatures across the whole 
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density range under investigation vary by 8 K, this difference does not decrease for 

longer times. 

Also, the theory used for comparison in the following chapter avoids numerical 

restrictions by making use of an adiabatic approximation. Therefore, times shortly 

after excitation cannot be interpreted with the approach used in Chapter 6 of this 

thesis, so only longer time delays are considered. This results in lower signal am

plitudes and hence also worse signal-to-noise ratios; especially the continuum fit is 

less reliable for increasing time delays. Furthermore the density calibration is less 

accurate. For low densities, the carrier-induced change in absorption is small again 

making noise more significant. 

Consequently, Figure5.13 shows (3 values, taken at a time delay of Ins, versus 

carrier density, corresponding to Ins after nonresonant excitation. Both graphs 

are plotted on double-logarithmic scales. The data were taken for different lattice 

temperatures, 4K (bottom), 30 K (middle), and 50K (top). In addition, a complete 

set of data was taken at 80 K lattice temperature. Here, the density conversion using 

corresponding AaL values starts to fail; therefore under these conditions, meaningful 

(3 versus carrier density is not possible. 

At the lowest lattice temperature, /3(lns) is taken over four orders of magnitude 

in density. Its dynamics covers slightly over one order of magnitude. At low and 

intermediate densities, jS increases with density. For elevated densities the curve 

approaches saturation; above ~ 3 x lO^cm"^, (3 is more or less constant (see also 

Figure 6.1). 

The dynamics of the data taken at 50 K and 30 K lattice temperature is much 

smaller, about a factor of two. The overall lower signal intensity of the photolu-

minescence limits the accessible density range within reasonable integration times. 

The slower decay as well as the energetic position of the laser spectrum allow for 

carrier densities larger than at 4K lattice temperature. For both cases the carrier 

temperatures have equilibrated with the respective lattice temperatures. 
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Figure 5.14; Temporal evolution of j3 for 4 differeut initial carrier densities: 
2.0x10'' cra"'^ (pentagons), 1.1x10^° cm~^ (triangles), 7.9x10® cm~'~ (diamonds), 
and 2.9xl0®cm~^ (stars). 

The decay of (5 with density is slower for higher lattice temperatures. The 

high density values do not vary; for densities of about SxlO'^^cm"^, (3 is ^ 0.5. 

Deviations are found for lower carrier densities. Already at an intermediate density 

of 2xl0®cm"^, cooling from 50 K to 18 K reduces /3 by a factor of two. 

In these experiments, the density dependence can be further investigated by 

studying the temporal evolution of (3 as shown in Figure 5.14. (3 is plotted versus time 

delay after nonresonant excitation in the continuum on a semi-logarithmic scale for 

four different initial carrier densities: 2.0x10'' cm~^ (pentagons), 1.1 x 10'" cm"'^ (tri

angles) , 7.9xl0^cm~"^ (diamonds), and 2.9xl0^cm"'"^ (stars). These arc representa

tive across the density range covered in the experiments with a lattice temperature 

of 4K. Because of the pulsed nature of the experiment, the carrier density in the 

system decays with time. 

For intermediate and elevated initial carrier densities, (3 shows only very little 

dynamics with time, as can be seen from the top two data sets in Figure 5.14. It stays 



73 

0.01 

1x10 1x10' 1x10° 
,2 

Carrier Density n . (cm ) 

Figure 5.15: Low density behavior for (3 with T = 4K. The dashed line shows a 
linear regression through the Ins values (squares). For three initial carrier densi
ties, 7.9X10^ crn~' (rhombi), 4.1xl0®cm~^ (circles), and 2.9x 10^ cm"'^ (stars), data 
points for delay times longer than 1 ns are shown. 

almost constant, maybe decaying slightly, thus implying that a quasi steady-state 

has been reached. The initial values however are larger for higher densities. With 

decreasing densities, (3 decays with time; data sets with lower initial carrier density 

have a slightly steeper slope. 

Figure 5.15 shows P versus carrier density for 4K lattice temperature and low 

densities on a double-logarithmic scale; in addition to the 1 ns data (squares), j3 

values at several time delays are also shown. To reduce cooling related effects, values 

for delay times smaller than 1 ns are excluded. The functional behavior follows an 

interpolated curve through the 1 ns values, as indicated by the dotted line. Here the 

decay of (3 is thus fully parameterized by the density decay. This shows that the 

values of (5 depend upon the excitation density and temperature, not past history. 

Thus a comparison with quasi steady-state theories is possible. This is important 

since thermodynamic equilibrium in the KMS sense discussed above is never reached: 
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Figure 5.16: (3 versus carrier density for 50 K lattice temperature. Values for all 
different time delays are shown. 

(3 is always considerably less than unity at all times for which the photoluminescence 

is measurable. The Is emission is always weaker than that predicted by KMS. 

For higher lattice temperatures, a similar parameterization can be applied. In 

Figure 5.16, (3 is shown for all time delays after nonresonant excitation and a lattice 

temperature of 50 K. For each time step, the density values are calculated using 

Figure 4.4. Cooling effects are much less pronounced at these higher densities (see 

Figure 5.3.2), therefore justifying the use of delays < 1 ns. 

5.5 Dependence on Pump Excess Energy AE 

AE describes the excess energy of the pump relative to the Is resonance 

AE = Epump-Eis. All excess energies presented here are larger than the excitonic 

binding energy. For different excess energies AE, the absorption at the pump ener

gies varies. In order to measure the influence the different excess energies have on 

the system, especially on (3, comparable carrier densities need to be achieved; the 
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Figure 5.17: Carrier temperature (top) and P factor (bottom) versus time for 
4K lattice temperature. The pump energies are 8.8meV (squares), 24.3 meV (cir
cles), and 32.2 meV (triangles), the calculated initial carrier density in all cases is 
1.2x10^0 cm-^ 

time-integrated pump power must be adjusted accordingly. Especially for large ex

cess energies this is difficult since the substrate distorts the quantum well absorption 

and other resonances like the Is light-hole come into play. 

The most straight-forward effect of different pump energies are different ini

tial carrier temperatures. Increasing excess energy means larger excess energy and 

hence hotter carriers. However on the time scales of interest, the influence of the 

initial hotter carrier temperature is small. The extracted carrier temperature for 

three different excess energies, AE = 8.8 meV (squares), AE = 24.3 nieV (circles), and 

AE — 32.2 meV (triangles), are shown in the top graph in Figure5.17 on a semi-

logarithmic scale. Only at very early times, much shorter than 1 ns, is a difference 
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observed. For time delays larger than 1 ns, the evolution of the carrier temperature 

is similar for all pump energies. 

For /3, no significant influence of the pump energy could be observed either, as can 

be seen from the bottom of Figure 5.17; here corresponding (3 values are shown, also 

on a semi-logarithmic scale. Only the (3 factor for the largest pump energy appears 

to be slightly lower. However the uncertainty of the density calibration decreases 

with pump excess energy and is hence largest in this region. A small overestimation 

of the carrier density can also explain the small deviation. 

5.6 Time-Resolved Photohiminescence after Resonant Excitation 

Naively, resonant excitation could be considered as a special case of the excess 

energy dependence; the pump energy is changed in comparison to previously pre

sented experiments. However, in this case the excitation is not at all into the band, 

but directly into, literally "in resonance with", the Is state. In addition the dynamics 

in the semiconductor is changed. 

Resonant excitation introduces a coherent polarization at q fa 0 in the semicon

ductor. It virtually instantaneously starts to decay and dephase. The latter causes 

an incoherent excitonic population at all q to build up. Subsequently, the population 

itself decays. 

It should be stressed again that the spectra are taken in cross linear polarization 

geometry. Nevertheless the signal in tlie detector rises instantaneously within the 

achieved time resolution. This can be seen as an indicator of fast dark to bright 

scattering of excitonic states. 

The spectrum of the 3 ps pump pulse is slightly wider than the Is absorption line. 

To ensure no higher energy states are excited, the pump spectrum is detuned slightly 

below the exciton resonance. Multi-photon processes offer an additional nonresonant 

chamiel for nonresonant excitation. In GaAs based systems, they are significantly 

less efficient than direct excitation by a factor K)-' [62]. 
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Figure 5.18: Photoluminescence spectra after resonant excitation for several time 
delays at a lattice temperature of 4K. The initial carrier density is l.Ox 10^°cm~^. 

Typical emission spectra are shown in Figure 5.18. At a lattice temperature of 

4K, the sample is excited resonantly with a carrier density of about 1.0xl0"'cm~^. 

The most prominent feature is the Is emission peak at zero on the renormalized 

energy scale. At early times, the emission is very broad, and the high energy tail 

is Lorentzian in shape. An impurity state causes a second peak 2 rneV below the 

resonance (c.f. Chapter 3). Since it is also resonantly pumped, the emission rises 

much faster than when fed after nonresonant excitation. 

After about 0.4 ns the density has decayed enough for the 2s resonance to be 

resolved. Continuum emission can be detected instantaneously within the time reso

lution of the system. However for 4 K lattice temperature, its amplitude is about two 

orders of magnitude lower than for nonresonant excitation into the continuum itself. 

This difference decreases with increasing lattice temperature; at 30 K the spectra are 

already very similar. 
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5.6.1 Decay of Is and Coiitinuiini Luminescence 

Another significant difference between resonant and nonresonant excitation can 

be found in the luminescence dynamics. For early times, the Is luminescence over

shoots (see left hand side of Figure 5.19). This is partially due to scatter of the res

onant excitation pulse; also the polarization reradiates fast [63]. The second, slower 

decay is still faster than in the nonresonant case. For 4 K lattice temperature it is 

about twice as fast, 0.66 ns. This value increases with lattice temperature, similar to 

the nonresonant case, reaching 2.0 ns at 30 K. Here the deviation is much smaller. 

The decay of the polarization is quasi-instantaneous on the time scales consid

ered. The polarization partially reradiates and partially creates incoherent excitons 

in all momentum states. Bright excitons, that is excitons with momentum states 

qx < decay fast, with a lifetime of 13 ps. The decay of the whole population 

is then dominated by the dark to bright scattering rates, which is still slightly faster 

than the plasma decay [64, 66, 67, 65]. For elevated lattice temperatures, the exci-

tonic population can also decay into a free electron hole plasma via acoustic-phonon 

coupling. This decays slowly, hence lengthening the lifetime, ultimately towards the 

nonresonant excitation limit. 

The temporal evolution of the continuum luminescence is shown on the right 

hand side of Figure 5.19. It does not peak inuiiediately, but after a few hundreds of 

picoseconds at low temperatures. Especially at early times the Lorentzian tails of the 

Is ('mission arc still prominent at the continuum edge, 8 nieV above the resonance. 

Since the emission measured at the continuum edge is about two orders of magnitude 

smaller than in tlie nonresonant excitation experiments, the influence of the Is tail 

is much larger. It is experimentally impossible to distinguish the two. This is a 

possible explanation for the earlier peak time at 4 K than at 15 K. 

At 30 K the decay starts instantaneously within the time resolution. Here also 

the lifetime of 2.0 ns is the same as the Is lifetime at resonant excitation as well 

as similar to the continuum decay in the nonresonant case. The numbers do not 
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Figure 5.19: Temporal evolution of the Is resonance peak height (left) and continuum 
edge (right) at several lattice temperatures after resonant excitation (from top to 
bottom): 30K, 15K, and 4K. The initial carrier density is 1.0x10^°cm~^ for all 
data sets. The curves are normalized and offset by one order of magnitude for 
clarity. The decay constants of the second, slower decay are given in Table 5.4. 

lattice temperature Is lifetime continuum luminescence 

4K 0.66 ns 0.55 ns 

15 K 0.99 ns 1.34 ns 
30 K 2.0 ns 2.0 ns 

Table 5.4: Photoluniinescence lifetimes of the Is and continuum-edge emission after 
resonant excitation for several lattice temperatures, extracted from the time traces 
shown in Figure 5.19. 
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rigorously agree with those given in Table 5.3; the carrier densities vary as well. The 

decay times for the experiments with resonant excitation are given in Table 5.4. 

5.6.2 Carrier Temperature T 

The temperature dynamics for resonant excitation is different from interband 

excitation. The carriers are injected cold; the excitation wavelength is tuned directly 

on the absorption resonance hence eliminating all excess energy. 

Figure 5.20 shows the extracted carrier temperature versus time for three dif

ferent lattice temperatures: 4K (squares), 15K (circles), and 30 K (triangles). The 

decay times are much faster at lower temperatures, for 4 K the fits only yield reliable 

results during the first 1.5 ns. This time increases to 7 ns for 30 K lattice temperature. 

Most curiously, at a lattice temperature of 4K (squares), the temperature dy

namics after resonant excitation show a cooling behavior. Initially after excitation, 

the continuum slope yield a temperature of ~30 K, rapidly coohng by 10 K in the 

next few hundred picoseconds. This can be seen as some evidence for two-photon 

absorption of the pump pulse; the nonresonantly excited carriers subsequently cool. 

Additionally, as some cold excitons are converted into free electron-hole plasma, the 

system cools. The observed cooling should therefore be regarded as significant and 

not an artefact. However, for resonant excitation the continuum emission is gener

ally even weaker than for nonresonant excitation. Its low amplitude may make it 

sensitive to influence from the Is resonance: The homogeneous broadening of the Is 

resonance is manifested in an underlying Lorentzian contribution to the lineshape. 

The resulting high and low energy tails, though small, may significantly distort a 

signal of equal or lesser strength. A linear fit to a Lorentzian line f 8meV 

and above yields temperatures in a similar range. It should again be noted that the 

continuum emission is very weak, so that these findings may be slightly distorted and 

not too much attention should be paid to the local minimum 0.6 ns after excitation. 

For higher lattice temperature, the cooling dynamics are inverted. The temper

ature rises with time, reaching its steady state value by Ins. The carriers never 
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Figure 5.20: Temporal evolution of carrier temperature T after resonant excitation 
for an initial carrier density of l.Ox 10^" cm~^ and three different lattice temperature: 
4K (squares), 15K (circles), and 30K (triangles). 

equilibrate with the lattice temperature. At both 15 K and 30 K, larger values are 

reached. In the latter case the continuum tail converges towards 36 K, very similar 

to the nonresonant case (c.f. Section 5.3.2). 

5.6.3 R{t) Analysis 

Analogous to the nonresonant excitation case (Section5.3.3), the comparing the 

Is peak emission to the continuum-edge luminescence is an attempt to identify vari

ations in their dynamics. The ratio R is plotted versus time in Figure 5.21 for three 

different lattice temperatures 4K, 15 K and 30 K and an initial carrier density of 

1.0x10^° cm~^ for all cases. The inset shows the same data in a double-logarithmic 

plot. The shorter delay times accessible at low temperatures are again due to the 

faster decay limiting the signal amplitude and signal to noise. 

For lower lattice temperatures, the ratio R is larger. Although the curves are 

clearly offset with respect to each other, t heir fimctional form is somewhat similar, 
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Figure 5.21: Temporal evolution of Is to continuum emission edge ratio R(t) after 
resonant excitation for an initial carrier density of 1.0x10^^ cm~^ and three different 
lattice temperature: 4K (squares), 15K (circles), and 30K (triangles) on a semi-
logarithmic scale. Inset: same on double-logarithmic scale. 

as can be seen in the inset. After an initial fast decay, R reaches a steady state value 

by 1 ns. This is in sharp contrast to the dynamics of R for nonresonant excitation 

described in Chapter5.3.3. For 4K lattice temperature, the values at early times 

are much larger in the case of resonant excitation; also in the nonresonant case, no 

steady state is reached in the time range investigated. 

For 30 K lattice temperatures, R values for both resonant and nonresonant exci

tation converge towards R ̂  30. Here the main difference is the early-time dynamics. 

While R{t) increases for short time delays of about 1 ns, the resonant data starts out 

higher and then decreases. The results taken for the intermediate lattice temperature 

of 15 K lie in between the two other curves. Starting out at about R fa 1300, R has 

fallen below R fa 200 within 1 ns, reaching a steady state. 
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Figure 5.22: Temporal evolution of /5 after resonant excitation for an initial car
rier density of 1.0x10'" cmand three different lattice temperature: 4K (squares), 
15 K (circles), and 30 K (triangles). 

5.6.4 p Analysis 

As shown in the two previous sections, the dynamics of both the carrier tem

perature and R for resonant excitation deviate significantly from the nonresonant 

case. Again, now the P factor is used for comparison, combining the two as well as 

eliminating effects due to the varying oscillator strength. A definition and detailed 

explanation of (3 can be found in Section 3.3.3. 

The temporal evolution of /? is shown in Figure 5.22 on a semi-logarithmic scale. 

For an initial carrier density of 1.0x10^° cm~^, three different lattice temperatures 

are examined; data points taken at 4 K are shown as squares, 15 K as circles and 30 K 

as triangles. The different time spans for which /3 is extracted are due to the decay 

times, which decrease with lattice temperature, in the range under investigation. 

The most important observation is that for the first time (3 values larger than 

one are found. For 4K lattice temperature, [3 starts out at 3 ^ 30 immediately after 
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excitation; within 0.5 ns, it has fallen to /? ?« 2, but stays larger than one for all 

times. 

When arguing in thermal equilibrium terms, this means that too many Is exci-

tons are still present in the system relative to the value expected for thermal equilib

rium. While for nonresonant excitation free carriers are created by optically exciting 

into the band, the resonantly excited polarization has already completely dephased 

within 100 ps and an incoherent population remains. Of course, this conclusion au

tomatically implies that too few excitons form after nonresonant excitation to give 

thermal equilibrium; this question will be addressed in the following chapter. 

With increasing lattice temperature, the functional form of the (3 versus time 

curve approaches the nonresonant data presented above. For 15 K, only the first 

value, 0.1 ns after excitation, is larger than unity, all others converge towards /3 = 0.33. 

The largest lattice temperature of 30 K completely resembles the (3 behavior for 

nonresonant excitation. Intriguingly, (3 decays with time for all cases, altliough only 

at the lowest lattice temperature cooling is observed, while for 15 K and 30 K the 

temperature actually rises. Tlierefore it can be concluded that for longer times the 

system always tries to reach a plasma-dominated state. 
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CHAPTER 6 

COMPARISON EXPERIMENT - THEORY 

The experimental findings are explained with a microscopic theory. The cal

culations presented here were performed by Dr. Walter Hoycr, Prof. Mackillo Kira 

and Prof. S. W. Koch in his research group at the Philipps-Universitat Marburg in 

Germany. 

The main goal of the analysis is to evaluate the influence of excitonic contri

butions on the Is photoluminescence. The attenuation factor (3 is used to compare 

experimental and theoretical results. It describes the suppression of the ratio of pho

toluminescence and absorption taken under identical conditions relative to the value 

expected from KMS. The definition of (3 (Section 3.3.3) eliminates the influence of 

the dipole-matrix-element of the Is exciton resonance. Inhomogeneous broadening 

in not considered and only the main features in the line shape of pliotolurninescence 

and absorption spectra are reproduced. 

The experimental /? as a function of density and temperature is compared to 

theoretical values. Unlike in the experiment, it is possible in the theory to clearly 

distinguish between plasma and excitonic contributions to the photoluminescence 

emitted at the Is resonance. In a first step, using solely sample specific parameters 

such as dipole matrix element and excitonic binding energy, the pure plasma value 

for (3 is calculated. Then if necessary for agreement with the experiment, excitonic 

contributions are included. It should be again stressed that no free fitting parameters 

are necessary or included in the analysis. 

Initially, the question is whether the experimental findings can be explained 

using a pure plasma source. Therefore in Figure 6.1, the (3 factor extracted from 

the experiment is compared to the pure plasma calculation. The data shown on 

top arc taken at a lattice temperature of 50 K. The carrier temperatures extracted 

from the experimental continuum tail for all data points shown are (50±2) K; all 
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Figure 6.1; /3 versus carrier density. Full squares refer to experimental values taken 
at Ins after nonresonant excitation at a lattice temperature of 4K. The densities 
refer to densities at 1 ns. The theoretical values (dotted line) are calculated using the 
PL formula (2.4) for a pure e-h plasma with a carrier temperat ure of (16±2) K. Top: 
same for 50 K lattice temperature, but data points for all time delays are shown. The 
density for each time step is calculated according to Chapter 4.3. The extracted e-h 
plasma temperature is (50 ± 2) K; the theoretical curves are computed for a carrier 
temperature of 48 K. 

cooling has occurred in the first 100ps after excitation (Figure5.10). (3 values for 

several time delays are shown in one graph. As shown in Section5.6.4, the (3 versus 

density relation is fully parameterized by the density at this temperature. The carrier 

density for each measurement was extracted from the calibration curve as described 

in Section4.3. The carrier temperature used for the calculations is 48 K. Over most 

of the density range under investigation, good agreement between the pure plasma 

calculation and the experiment is found. 

The situation is different at a lattice temperature of 4K. The experimental data 

and pure plasma calculation /3 are shown in the bottom part of Figure 6.1. Here 

only experimental values 1 ns after excitation are shown as a function of density, 

c.f. Section 5.4.1. The extracted carrier temperatures vary from 13.5 K at the lowest 

density to 20.7 K at the highest density. The theoretical curve is calculated using 
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carrier temperatures between 14K and 18 K. Even at a low lattice temperature of 

4K, the high density results agree with the pure plasma calculation; note that at 

the high density under investigation, the exciton absorption is still very pronounced 

with the peak reduced by only 25 % (Figure 5.1). At lower densities (3 is considerably 

lower, i.e. deviations from KMS (see Section 3.3.3) around the Is-exciton resonance 

are even larger than in the experiment. 

This is consistent with the findings in Section 5.3.1. The Is emission lifetime in 

the plasma dominated density regime is identical to the continuum decay at 4K. At 

the same time the Is decay is different, i.e. slower, for lower densities. 

This comparison shows that, under suitable conditions, the Is photoluminescence 

can be completely dominated by plasma emission, and the spectra can be explained 

by applying a pure plasma theory. This is the case for all investigated densities at 

high temperatures as well as more surprisingly at low temperatures for high densi

ties. However, it is also evident that at 4K and low to intermediate densities, the 

pure plasma calculation underestimates (3. The stronger measured Is emission is 

a t t r ibu ted  to  the  presence  of  incoheren t  bound  exc i ton  popula t ions  A{Nx) .  

To test this assumption, optically active q—0 excitons are added in the the

ory. The changes in the spectral shape of the emission can be seen in Figure 6.2. 

Exemplary calculated photoluminescence spectra for two different carrier densi

ties are shown. All spectra are calculated for a carrier temperature of 16 K. The 

dashed line shows the KMS result, the theoretical absorption spectrum multiplied 

by exp{-AE/(A'/;j • 16 K)}. The pure plasma calculation is shown as a dotted line. 

The solid line gives the emission spectrum for the combined pure plasma and exci-

tonic contributions. 

As can clearly be seen, the Is photoluminescence can be strongly enhanced by 

the addition of excitons. An excellent theory-experiment agreement for f3 for all 

densities is obtained, as shown in Figure 6.3. 

The top graph in Figure 6.4 shows the q — 0 excitons necessary for agreement 

of the experimental and theoretical P versus density curves in Figure 6.3. From tliis 
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Figure 6.2: Theoretical photoluminescence spectra for two carrier densities 
(5.0x10^cm~^, top and 1.3x10^^cm~^, bottom) and a carrier temperature of 16K: 
pure plasma (dotted) and including excitons (solid). The exciton contributions used 
are as shown in Figure 6.4. The KMS result (dashed) is obtained by multiplying the 
computed nonlinear aL by the Boltzmann factor. 
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Figure 6.3: (3 versus carrier density. As in Figure 6.1, the full squares refer to exper
imental values taken at 1 ns after nonresonant excitation at a lattice temperature of 
4 K and the densities refer to densities at 1 ns. The solid line shows a theoretical fit 
including a g = 0 exciton contribution shown in the inset. Top: same for 50 K lattice 
temperature and extracted e-h plasma temperature of 50±2 K; the theoretical curves 
are computed for a carrier temperature of 48 K. 
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Figure 6.4: Top: Phase diagram of q = 0 excitonic contributions as a function of 
the carrier density on a double-logarithmic scale as used in the fit curve sho'wn in 
Figure 6.3. Bottom:Phase diagram of bright excitons -with q < as a function 
of the carrier density on a double-logarithmic scale as used in the fit curve shown in 
Figure 6.3 extracted from ANx{q — 0) and Equation 6.2. 

can be concluded that the Is photoluminescence is dominated by the recombination 

radiation of excitons at low temperatures and for low and intermediate densities. 

With decreasing carrier density the contributing exciton fraction decreases roughly 

quadratically, as can be seen in the top graph in Figure 6.4. 

Even under favorable conditions, the density of optically active excitons may 

only be a tiny fraction of the plasma density. It can be calculated by 

Nx = ^J ANx{q)<eq, (6.1) 



90 

where Nx {q)  is the exciton momentum distribution. When assuming the distribution 

of excitons as constant for all q < cylindrical symmetry, one can write 

c. = °) r"'~ 5 dg = (5 2) 

The maximum bright photon momentum is given by There

fore, ~ 4.4 X lO^cm"^ x ANx{q = 0) for AQ = 843nm. This translates to 

^taght ^ g X 10'' cm"^ or 0.04% of the density at about Ueh = 4 x 10® cm~^; see 

bottom graph in Figure 6.4. This is the largest bright exciton fraction in the density 

range covered here. The number of bright excitons therefore is only a tiny fraction 

of the total carrier density; it is unknown whether the remaining carriers are bound 

(dark) excitons or plasma. 

It is impossible to deduce any information about the center-of-mass distribu

tion of the excitons from the interband photoluminescence experiments presented 

here. Photoluminescence is only sensitive to optically active excitons with small 

momentum. Dark excitons, with q > ̂ photon cannot radiate; in addition, only photo

luminescence close to normal can leave the semiconductor due to the large difference 

in refractive index with respect to air (vacuum). THz absorption measurements di

rectly test the buildup of an excitonic population and are therefore more appropriate 

to access information about the total exciton number by monitoring induced absorp

tion of the Is to 2p transition in the far infrared [70]. Quantitative analysis of these 

spectra yield the absolute exciton fractions. 

To get some more accessible figures for the exciton contributions, distribution 

functions can be postulated. Two exemplary cases are shown in Figure 6.5. When 

assuming a thermal distribution of Is excitons at 4 K (solid), the maximum excitonic 

contribution shown in Figure6.4 corresponds to a total excitonic fraction of 4%. 

However, if significant hole burning around q — 0 is present, this number would be 

much larger. The fast radiative lifetime of optically active Is excitons depletes the 

distribution for small q (dashed). If the hole in tliis non-thermal distribution is 10 %, 

the exciton fraction would increase to 40%. In an ideal structure, that is without 

disorder, the non-thermal distributions and therefore the depth of the hole, can be 
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Figure 6.5: Possible distribution functions for excitons. The value of Nx(q) given 
in Figure 6.4 corresponds to the y-axis crossing of the distribution. No hole burning 
(solid); hole burning down to 10% (dashed). 

calculated [68, 69, 70]. However in real samples, disorder destroys perfect momentum 

conservation and more momentum states can contribute to the emission. 

Exciton formation after nonresonant excitation should be most efficient at in

termediate densities. Due to kinetic arguments, at low densities the probability for 

elcctron-holc collisions is small. For large densities the Fermionic nature of the con

stituents comes into play. Exciton binding is hampered by phase space filling effects 

and screening of the attractive Coulomb interaction. 

As shown above, especially towards lower density tiny bright exciton densities 

dramatically enhance the Is emission. Consequently, depending upon temperature 

and density, excitonic luminescence can be almost entirely from the plasma or almost 

entirely from excitons. 

The generally accepted mechanism for exciton formation is three-particle inter

action, especially via acoustic phonon assisted processes. An electron and hole can 

dump excess energy and momentum into the lattice via acoustic phonon interaction; 

for large enough excess energies also via LO phonons. However, acoustic phonons 

also play an important role in cooling the hot plasma. This changes its distribution 

and hence the emission probability for each energy; cooler temperatures favor lower 

energies. Hence an increase in the Is photoluminescence may not only track creation 
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of Is excitoiis but can also be caused by cooling. This, together with the conclusions 

reached in the previous chapter of this dissertation, show that photoluniiilescencc 

is not an unambiguous tool to study exciton dynamics for all carrier densities and 

lattice temperatures and has to be treated accordingly. 

Even though photoluniinescence studies cannot resolve the question concerning 

the total exciton number and the detailed exciton distribution function, the results 

clearly show an increased importance of excitons at low lattice temperatures and 

intermediate and low carrier densities. This observation is in qualitative agreement 

with exciton formation studies in quantum wires [31]. 
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CHAPTER 7 

CONCLUSIONS AND OUTLOOK 

Photoluminescence experiments are conducted across a large region of the param

eter space of carrier density and lattice temperature. Carefully conducted nonlinear 

absorption measurements under identical conditions are used for density calibration 

at the respective times. A carrier temperature T is extracted from the slope of the 

continuum photoluminescence. At 4 K the carrier temperature T always exceeds the 

lattice temperature Ti, i.e. the carriers never equilibrate with the lattice. For el

evated lattice temperatures > 30 K, the carrier temperature approaches the lattice 

temperature within the first 100 ps after excitation; i.e. rapid equilibration occurs. 

For analysis a factor /3 is defined as a measure for the Is peak height corrected 

for carrier temperature, oscillator strength, and linewidth. The latter causes (5 to 

be very robust; different samples with varying broadening, both homogeneous and 

inhomogeneous, give similar results. The (3 analysis offers a tool allowing one to 

estimate the amount of excitons contributing to emission of photoluminescence at the 

Is resonance. However, quasi-equilibrium conditions are a mandatory prerequisite 

for evaluation of the theory to be valid. 

The (3 factor is smaller than 0.5 for all experiments with nonresonant excitation. 

Accordingly, the tliermal equilibrium KMS relation for which p — 1 is never satisfied. 

Even if an incoherent excitonic population forms, it is smaller than postulated by 

the KMS relation at each given temperature; the exciton formation rate is slower 

than the cooling. 

For resonant excitation and 4 K lattice temperature, a f3 factor larger than 1 is 

found; more excitons than necessary for thermal equilibrium are present in the system 

after the fast initial polarization decay. For 30 K lattice temperature, however, the 

time dynamics of /3, as well as of the Is and continuum-cdge luminescence, are 
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Figure 7.1: Factor /? versus carrier density. Full squares refer to experimental val
ues taken at 1 ns after nonresonant excitation at a lattice temperature of 4 K. The 
densities refer to densities at 1 ns. The theoretical values (dotted line) are calculated 
using pure e-h plasma theory with carrier temperatures of 14 K for small and 18 K 
for elevated carrier densities. The solid line shows a theoretical fit using the lumi
nescence formula 2.4 including a q = 0 exciton contribution as shown in the inset. 
Top: the same for 50 K lattice temperature, but data points for all time delays are 
shown. The extracted e-h plasma temperature is (50 ± 2) K; the theoretical curves 
are computed for a carrier temperature of 48 K. Inset: Phase diagram of g = 0 
excitonic contributions as a function of the carrier density. 
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similar to the nonresonant excitation case. Enough acoustic phonos are present for 

the excitonic system to become more plasma-Kke. 

The density dependence of (3 after nonresonant excitation is shown in Figure 7.1; 

the experimental values are shown as squares. In a first step, these are compared 

to a pure plasma calculation shown as the dotted curves. The remaining deviations 

at intermediate and lower carrier densities at 4K lattice temperatures are explained 

by the presence of incoherent excitons. When these are added into the theory, the 

experimental values are well described by the full calculation. The inset shows the 

excitonic contributions necessary to produce the fit. ANX{Q = 0) gives the q = 0 

contribution. When calculating the bright excitonic contribution by integrating the 

exciton momentum distribution Nx{q) for q < a maximum bright exciton 

fraction of less than 0.04 % is found. 

Exciton formation after nonresonant excitation is most efficient at intermediate 

densities. Due to kinetic arguments, at low densities the probability for electron-hole 

collisions is small. For large densities the Fermionic nature of the constituents comes 

into play. Exciton binding is hampered by phase space filling effects and screening 

of the attractive Coulomb interaction. 

Tlie P analysis, like all photoluminescence based techniques, is only sensitive to 

optically active excitons with small photon momenta q. To get a definite answer on 

the questions of exciton formation, it would be necessary to perform additional THz 

experiments. Their quantitative analysis together with a detailed PL and ah analysis 

can offer tliose answers. Accordingly, a region in parameter space can be identified, 

where excitons not only dominate emission, but also constitute the majority - if not 

all - of the carriers. Here one can only conclude that the maximum total exciton 

fraction is less than 4% if radiative decay does not result in a hole in the exciton 

center-of-mass distribution around zero in-plane momentum. But a hole deep enough 

that the total exciton fraction is 100 % cannot be ruled out. 

The appearance of the Is-exciton resonance in luminescence is ubiquitous and 

independent of the existence of bound excitons. Due to its largo oscillator strength, 
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it always dominates the spectrum in emission. This is similar to the behavior in 

absorption, and indeed the mathematical description of luminescence, Equation 2.4, 

resembles the Elliott formula for absorption. Under suitable conditions excitons 

form after nonresonant excitation, and a regime of low temperature and intermediate 

density is identified as most favorable. 

In conclusion, by carefully mapping out the parameter space of carrier density 

and lattice temperature, conditions are identified under which the photoluminescence 

emission at the Is resonance after nonresonant excitation into the continuum can be 

dominated by plasma or excitons. Only for low and intermediate densities at low 

temperatures, do excitonic populations exist in sufficient numbers to be the main 

contributor to the emission. In all other cases, namely elevated lattice temperatures 

and high densities (> 2 x 10"-' cm~^) at low temperatures, the emission is plasma 

dominated. Even when the Is emission is monitoring bright excitons, the number of 

bright excitons is tiny; also the total number of excitons may be much smaller than 

the plasma density, i.e. the plasma may determine the dynamics. 

These results are in agreement with the THz results claiming an excitonic pop

ulation after 1 ns for elevated carrier densities of 1 x cm~^. The main advantage 

of photoluminescence-based techniques is the increased sensitivity; THz experiments 

are very much limited to high carrier densities due to presently available equipment 

limitations. 

In light of the findings presented in this thesis prior pliotoluminescence exper

iments have to be partially reinterpreted. Claims towards excitonic Bose-Einstein 

condensation may monitor plasma-related phenomena. Photohuninescence studies 

at densities above 2 x 10^° era"-, which is still well below transparency, do not allow 

for a purely excitonic interpretation. 
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APPENDIX A 

LIST OF DATA 

Photoluminescence and Absorption Measurements DBR42, 20MQW 

Date Pump Excess Pump Repetition Lattice Comment 

Energy (AE) Power Rate Temperature 

030728 ls+13.2meV 137.0/xW 1 MHz 4K 

030401 ls+13.2meV 3.4 /jW IMHz 4K 

030403 ls+13.2meV 26.0/iW 1 MHz 4K 

030421 ls+13.2 irieV 137.0/iW 1 MHz 4K 

030422 ls+13.2meV 70.0 ;UW 1 MHz 4K 

030423 ls+13.2 meV 180.0/iW IMHz 4K 

030424 ls+13.2 ineV 46.0 liW IMHz 4K 

030426 ls+13.2 meV 26.0/iW 1 MHz 4K 

030427 ls+13.2 rneV 1.0 yuW 1 MHz 4K 

030428 ls+13.2 meV 3.6//W IMHz 4K ah OK 

030505 ls+13.2 meV 3.5/iW IMHz 4K 

030506 ls+13.2 me V 6.8/iW 2 MHz 4K oL OK 

030508 ls+13.2 meV 3.5/iW 1 MHz 4K 

030508b ls+13.2 meV 6.8//W 2 MHz 4K comparison 

030510 ls+13.2 meV 1.9/xW 2 MHz 4K 

030511 ls+13.2 ineV 1.0 /iW 2 MHz 4K 

030513a ls+13.2 meV 150.0//W 2 MHz 4K 

030513b ls+13.2 meV 70.0 AtW 2 MHz 4K 

0305i3c ls+13.2 meV 490.0 //W 2 MHz 4K 



Date Pump Excess 

Energy (AE) 

Pump 

Power 

Repetition 

Rate 

Lattice 

Temperature 

Comment 

030514a ls+13.2 rncV 60.0 fiW 2 MHz 4K 

030514b ls+13.2 meV 50.0 /iW 2 MHz 4K 

030515a ls+13.2 me V 40.0 im 2 MHz 4K 

030515b ls+13.2 meV m.OiiW 2 MHz 4K 

030515c ls+13.2 raeV 300.0 //W 2 MHz 4K qL OK 

030517a ls+13.2 meV 25.0/xW 2 MHz 4K 

030517b ls+13.2 meV 10.0/iW 2 MHz 4K 

030518b ls+13.2 meV 490.0 /iW 2 MHz 4K 

030518c ls+13.2 mcV 0.7 AiW 2 MHz 4K 

030520a ls+13.2 meV 250.0/iW 2 MHz 30 K 

030520b ls+13.2 meV 20.0/uW 2 MHz 30 K 

030522a ls+13.2 meV 5.0 ;UW 2 MHz 30 K 

030523a ls+13.2 meV 500.0//W 2 MHz 30 K 

030524a ls+13.2 meV 2.0/iW 2 MHz 30 K 

030525a ls+13.2 mcV 80.0/xW 2 MHz 30 K 

030526a ls+13.2 meV 400.0 fiW 2 MHz 30 K 

030528a ls+13.2 meV 20.0/iW 2 MHz 4K 

030529a ls+13.2 meV 20.0/iW 2 MHz 30 K 

030530a ls+13.2 meV 20.0/iW 2 MHz 50 K 

030531a ls+13.2 nieV 20.0//W 2 MHz 70 K 

030601a ls+13.2 meV 20.0/iW 2 MHz 80 K 

030602a ls+13.2 meV 20.0/iW 2 MHz 90 K 

030606a Is 25.0 AiW 2 MHz 30 K 

030607a Is 25.0 2 MHz 4K 

030608b Is 25.0/iW 2 MHz 15 K 



Date Pump Excess Pump Repetition Lattice Comment 

Energy (AE) Power Rate Temperature 

030626a ls+13.2 moV 200.0/iW 2 MHz 80 K 

030626b ls+13.2 meV 20.0 2 MHz 80 K 

030626c ls+13.2 meV 6.25/iW 2 MHz 80 K 

030626d ls+13.2 meV 62.5 mW 2 MHz 80 K 

030801a ls+37.6 meV 100.0/iW 2 MHz 4K 

030801b ls+37.6 meV 10.0 /iW 2 MHz 4K 

030801c ls+32.1 meV 200.0/iW 2 MHz 4K 

030801d ls+32.1 meV 20.0/iW 2 MHz 4K 

030801e ls+24.3 irieV 10.0 2 MHz 4K 

030801f ls+24.3 rrieV 100.0 /iW 2 MHz 4K 

030801g ls+19.4meV 30.0 nW 2 MHz 4K 

030801h ls+19.4meV 300.0/iW 2 MHz 4K 

030801i ls+8.8meV 300.0 fiW 2 MHz 4K 

030801j ls+8.8meV 30.0//W 2 MHz 4K 

030626a ls+13.2 meV 600.0/iW 2 MHz 60 K 

030626b ls+13.2 meV 200.0/iW 2 MHz 60 K 

030626c ls+13.2 meV 6.0/iW 2 MHz 60 K 

030626d ls+13.2 meV 20.0/AV 2 MHz 60 K 

030626c ls+13.2 meV 60.0 /iW 2 MHz 60 K 
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Photoluminescence and Absorption Measurements DBR 55, SQW 

Date Pump Excess Pump Repetition Lattice Comment 

Energy (AE) Power Rate Temperature 

030619a ls+13.2 ineV 490.0/iW 2 MHz 4K 

030619b ls+13.2meV 40.0//W 2 MHz 4K 

030619c Is-1-13.2 meV 20.0/AV 2 MHz 4K 

030619d Is-f 13.2 meV 10.0/xW 2 MHz 4K 

Photoluminescence and Absorption Measurements DBR55, 4MQW 

Date Pump Excess 

Energy (AE) 

Pump 

Power 

Repetition 

Rate 

Lattice 

Temperature 

Comment 

030623a ls+13.2meV 420.0 //W 2 MHz 4K 

030623a ls+13.2 meV 40.0/xW 2 MHz 4K 

CW Photoluminescence, lattice at 4K 

Date Pump Excess Pump Power Sample Number 

Energy (AE) Range of wells 

030710a Is-1-13.8 meV 1/AV - 10 mW DBR 13 30 

030711a ls+13.8meV 300 nW - 10 mW DBR 18 10 

030712c ls-fl3.8 moV 1 /iW - 10 mW DBR 18 10 

030712c ls+17.1 meV 1/xW- lOmW DBR 18 10 

030711b ls-t-14.1meV 300 nW - 10 mW DBR 42 20 

030812 ls+14.1 meV 1 /iW - 10 mW DBR 42 20 

030715 ls-t-14.1 meV 10 /iW 10 mW lall24 10 
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Absorption Measurements DBR42, 20MQW (Blue Shift) 

Date Pump Excess Pump Repetition Lattice Comment 

Energy (AE) Power Rate Temperature 

030610a ls+13.2 meV 500.0 /iW 2 MHz 4K 18001/mm 

030610b ls+13.2meV 200.0/iW 2 MHz 4K 18001/mm 

030610c ls+13.2 meV 10.0//.W 2 MHz 4K 18001/mm 

030610d ls+13.2 meV 100.0 /iW 2 MHz 4K 18001/mm 

030611a ls+13.2 meV 400.0/iW 2 MHz 4K 18001/mm 

030611b ls+13.2 meV 30.0 /xW 2 MHz 4K 18001/mm 

030611c ls+13.2 ineV 300.0 /iW 2 MHz 4K 18001/mm 

030611(1 ls+13.2 meV 3.0/AV 2 MHz 4 K 18001/mm 

03061le ls+13.2 meV 30.0/iW 2 MHz 4K 18001/mm 

030611f ls+13.2 meV 1.0//W 2 MHz 4K 18001/mm 

030612a ls+13.2 meV 500.0/AV 2 MHz 4K 18001/mm 

030612b ls+13.2 meV 500.0/iW 2 MHz 15 K 18001/mm 

030612c ls+13.2 meV 500.0 yuW 2 MHz 30 K 18001/mm 

030807a ls+13.2 meV 500.0/iW 2 MHz 4K 6001/mm 

030807b ls+13.2 meV 100.0 //W 2 MHz 4K 6001 /mm 

030807c ls+13.2 meV 300.0 //W 2 MHz 4K 6001/ram 

030807d ls+13.2 meV 30.0/iW 2 MHz 4K 6001/mm 
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