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ABSTRACT 

 

 Different aspects of the photoluminescence from semiconductor quantum-

confined structures are studied in this dissertation, for a better understanding of 

fundamental physics of semiconductors. 

 The precursor of any photoluminescence study is the characterization of the linear 

optical properties of the semiconductor structures. High resolution absorption 

measurements were performed in order to study the interplay of disorder and acoustic 

phonon scattering in a quantum well. Also, reflectivity measurements, together with a 

fitting procedure based on the transfer matrix formalism, are used to determine the 

thickness of samples. 

 Excitons are atom-like quasi-particles, formed from a bound electron-hole pair. 

They follow a Bose-Einstein statistic, so in principle it is possible to achieve an excitonic 

Bose-Einstein condensate. Time resolved photoluminescence measurements were 

performed over an extensive range of lattice temperatures and carrier concentrations, in 

order to determine the fraction of excitons formed from the electron-hole plasma in a 

quantum well, after non-resonant excitation. The experimental spectra were compared to 

a pure plasma calculation first, then excitons were taken into account. The highest 

fraction of formed excitons is found for low temperatures and intermediate carrier 

densities. This fraction is found to be very small, and this has clear implications on the 

excitonic Bose-Einstein condensation studies. 
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 The photoluminescence emitted left and right from a quantum well is interfered in 

a modified Mach-Zender interferometer. It is shown that the light emitted on the two 

paths will interfere for a V-shape geometry and will not for any other paths. 

 A structure formed by placing a quantum well in a field antinode of a resonant 

planar microcavity exhibits normal mode coupling: splitting of the resonance spectral 

line. For the case of resonant excitation, a third peak appears at higher excitation levels. 

The coherence properties of the photoluminescence from a normal-mode-coupling 

microcavity are studied using another version of the Mach-Zender interferometer. The 

degree of coherence measured in this way depends greatly on the pump wavelength and 

intensity, ranging from zero to 0.8. However, direct observation of the emission speckle 

shows significant coherence in all cases. The difference is explained by the different 

methods used to evaluate the coherence. 

 The strong coupling between a quantum dot and a photonic crystal nanocavity is 

investigated by observation of photoluminescence. A new method of tunning the cavity 

wavelength by deposition of a thin film of solid Xenon on all the surfaces of the sample 

is presented. The method allows the scanning of the cavity wavelength with about 5 nm 

without a decrease in the quality factor and without changing the temperature. 

Finally, an extensive study of the quality factors of quantum dot photonic crystal 

nanocavities is presented. The role of the quantum dot ensemble absorption is 

investigated. At higher excitation levels, lasing is observed and discussed. 
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CHAPTER 1 

INTRODUCTION 

 

1. Explanation of the problem and a review of literature 

 

Semiconductor optics is an important subdivision of semiconductor physics. 

Developments in this sector become increasingly important and have brought inventions 

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

trend in applied research of optical and electronic components goes naturally towards 

smaller and faster devices, approaching more and more the quantum optical limit. The 

development of ultrafast lasers has enabled the observation of quantum mechanical 

processes on sub-picosecond time scales.  

In a semiconductor system, the absorption of light occurs when a photon is 

absorbed to promote an electron from the originally filled valence band into the originally 

empty conduction band leaving a hole in the valence band. The electron and hole are 

charged particles with opposite signs, so the attractive Coulomb interaction plays a very 

important role in the correct understanding of the light matter interaction. This interaction 

leads to the presence of an atom-like series of bound states for an electron-hole pair [1], 

energetically placed just below the conduction band. These pair states are called excitons, 

and they give very sharp spectral lines (resonances). In a quantum well (QW), the exciton 

has a larger binding energy and oscillator strength than in the bulk, leading to more 
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pronounced spectral features of extreme importance in the optical properties of the 

system. 

After the initial excitation, leading to the creation of electrons in the conduction 

band and holes in the valence band, the charged particles will eventually recombine and 

emit photons. The emission of light after optical excitation is called photoluminescence 

(PL), and it constitutes the main focus of the present dissertation. 

Traditionally, PL at the spectral position of the 1s excitonic resonance was 

considered evidence for the presence of an excitonic population. The rise of the 1s PL 

after nonresonant excitation was interpreted as its buildup [2], and the PL decay was 

attributed to exciton recombination [3]. However, a microscopic theory predicted that PL 

at the 1s exciton resonance does not require excitonic population, but it can be due to 

electron-hole plasma emission only [4]. Of course, this hypothesis brings into question 

the energy conservation, since an unbound electron-hole pair has a higher energy than the 

1s excitonic resonance. The apparent contradiction is explained considering not only an 

isolated pair but also the influence of the whole electron-hole plasma. The excess energy 

is transferred to the plasma, which acts as a heat sink. As a direct consequence, this 

means that PL at the 1s resonance does not necessarily prove the existence of excitons, 

and previous interpretations may be in question. The second chapter of the present 

dissertation will focus on the study of the exciton formation in semiconductor quantum 

wells after nonresonant excitation. The third chapter consists of a rather curious study of 

the interference between PL emitted by a QW in different directions. 
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The semiconductor material can be coupled to a well defined photonic mode, 

confined by a cavity system surrounding the material. A long time ago, it had been 

predicted by Purcell that the spontaneous emission rate of a quasimonochromatic dipole 

could be controlled using a cavity to tailor the number of electromagnetic modes to which 

it is coupled [5]. Furthermore, oscillators placed in a field antinode in a cavity may lead 

to an interaction strong enough that a periodic exchange of energy between the two 

occurs many times before the excitation decays from the system [6]. 

If many oscillators are involved, the system is said to be in the nonperturbative 

regime. If this occurs for a single oscillator, the system is said to be in the strong coupling 

regime. Both regimes exhibit what is known as normal mode coupling (NMC) or 

vacuum-field Rabi splitting (VRS). Signatures of this coupling occur in reflection, 

transmission, absorption and photoluminescence as double-peaked (or double-dipped) 

spectra, separated to either side of the uncoupled resonances. The anticrossing (frequency 

repulsion) behavior of the two coupled modes can be mapped when the cavity resonance 

is tuned through the oscillator frequency, or vice versa. In a classical picture [7], the 

space inside the cavity in terms of the optical path length is distorted by the light-matter 

coupling, leading to three different frequencies satisfying the Fabry-Perot resonance 

condition. However, the central peak is absorbed, resulting in only two transmission 

peaks. 

The many atom VRS can be explained semiclassically, with no need for the light 

quantization [8]; the addition of an extra photon in the system will not change the 

splitting. In comparison, in the one atom case, the splitting is proportional to 2g n+1 , 
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where g is the coupling strength and n is the number of photons [9]. The coupling 

strength is vacµEg= , where µ is the dipole moment of the atom and vac
0

ωE = u(0)
2ε

 is 

called the vacuum field amplitude, where u(0) is the amplitude of the light mode at the 

position of the atom, ω is the energy of the photon and ε0 is the permitivity of the free 

space. Since u(0) and Evac are proportional to 1
V

, where V is the volume of the light 

mode, it is obvious that the splitting can be improved by reducing the volume of the 

cavity. 

In order to resolve the splitting, the condition κ+γ2g>
2

 must be satisfied, where γ 

is the dephasing rate of the excitation through radiative and nonradiative processes and 

2πνκ=
Q

 is the rate of loss of light out of the cavity; EQ=
δE

 is the quality factor of the 

cavity, defined as the mode energy divided by the mode energy linewidth. There are two 

distinct coupling regimes: the weak coupling corresponds to g<κ and γ , when the 

resonances just cross and there is just an enhancement of the decay rate due to the Purcell 

effect [5]. When g>κ and γ , the anticrossing occurs and the system is in the strong 

coupling regime. If κ>γ , the ratio g Q~
κ V

 has to be maximized, leading to a search for 

higher quality factors and smaller mode volumes. 

Atomic physicists accomplished much of the fundamental work on VRS 

experimentally and theoretically. Early results were achieved by using microwave 
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resonators coupled to highly excited Rydberg states with many atoms present on average 

in the resonator [10]. Gradual improvements have led to true strong coupling, where on 

average only one Cs atom is coupled to the photon mode of an ultra high finesse 

dielectric resonator [11]. 

In semiconductors, following the research on vertical cavity surface emitting 

lasers (VCSELs) [12], the nonperturbative NMC was achieved using a quantum well 

coupled to a planar microcavity [13]. Traditionally, it is said that an exciton couples with 

a photon and produces the splitting; the coupled exciton/photon system is known as a 

polariton [14]. It has been shown [15] that, using a 50 µm diameter beam, it takes about 

200,000 photons to significantly alter the VRS, which is obviously a case of non-

perturbative coupling. Moreover, it has been possible to model this case using a 

semiclassical approach based on the transfer matrix formalism [16]. 

The nonperturbative NMC between a QW and a planar microcavity, even though 

not strong coupling, lead to many interesting experiments and corresponding theories in 

the field (please see [15] for a review). As mentioned before, the PL spectrum of a NMC 

microcavity after nonresonant excitation also consists of two peaks. This is simply a 

consequence of the double peaked transmission: just photons with those frequencies are 

allowed to be emitted and eventually exit the cavity. As it was explained before, the 

source of those photons can be either excitons or an electron-hole plasma. 

For resonant pumping, when the excitation intensity reaches a certain level, a 

third peak appears at a frequency between the NMC peaks, both in transmission and PL 

spectra [17]. This is in contrast with the nonresonant pumping case, when at most two 
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peaks can be observed, and with increasing intensity the two peaks broaden and finally 

collapse into a single peak [15]. The third peak position depends on the wavelength of the 

pump. The focus of the fourth chapter of this dissertation is the study of the spectrum and 

intensity of the third peak PL as a function of the pump wavelength and intensity. The 

pump wavelength was tuned from the case of resonant excitation of the higher energy 

mode to the case of resonant excitation of the lower energy mode. The intensity of the 

pump was increased from the case when just two peaks are observed in PL to the case 

where the third peak PL is dominant, several orders of magnitude above the rest of the 

spectrum. The coherence of the all three PL peaks was also analyzed in all the above 

cases, both by interfering it with a reference beam and by direct observation of the 

speckle. 

The cavity designs were gradually improved to achieve smaller mode volumes 

and higher Q values, necessary for strong coupling. One main approach which will be 

discussed in the present dissertation was to use a two-dimensional photonic crystal (PC) 

lattice to provide the lateral confinement. The vertical confinement was achieved by total 

internal reflection within a slab membrane. The PC consists on an array of holes with a 

periodic structure. The cavity is created by one or more missing holes in the middle of the 

array. Improvements in the cavity designs led to observation of PC lasing, both using 

several QWs [18] or several layers of quantum dots (QDs) [19]. 

Strong coupling between a quantum dot (QD) and an external cavity was achieved 

recently by three independent groups. One used an InGaAs quantum dot embedded in a 

micropillar [20]; another used an interface fluctuation QD in a microdisk [21]; and 
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another one used an InAs QD coupled to a photonic crystal nanocavity [22]. The last 

approach will constitute the foundation of the last two parts of my dissertation. The 

sample is excited nonresonantly, and the photoluminescence is collected in reflection 

geometry. A new method was developed, allowing the scanning of the cavity peak 

through the QD resonance, while keeping the temperature of the sample constant. This 

was achieved by condensing a thin film of Xe on all surfaces of the PC, changing the 

properties of the cavity resonance.  

In the end, a study of the quality factor (Q) of the PC nanocavities will be 

presented. The influence of absorption due to the ensemble of quantum dots on the 

quality factor Q will be investigated. For higher level of excitation, lasing is observed in 

certain cavities, and the influence of the QD absorption and gain on the lasing conditions 

is discussed as well. 
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2. Explanation of the dissertation format 

 
The introduction and motivation for the work in this dissertation are described in 

the previous section. The seven manuscripts found in the appendices comprise the main 

body of the dissertation. I had important contributions to all, and primary role in several 

of them. Throughout my research, I benefited from the help and counsel from my 

advisor, G. Khitrova, and H. M. Gibbs. Also in the first years of my PhD research, I had 

an important theoretical help from C. Ell. 

The first manuscript (Appendix A) is a theoretical study of the disorder and 

acoustic phonon scattering processes in semiconductor quantum wells, developed mainly 

by A. Thränhardt and C. Ell. I provided the experimental high resolution absorption 

spectra, necessary to check the theoretical calculations. The second manuscript 

(Appendix B) is a study of the polariton dispersion in semiconductor quantum wells, with 

the primary contributions of A. V. Mintsev and L. V. Butov. Measuring the room 

temperature linear reflectivity and fitting the resulting spectrum with the one calculated 

by a transfer matrix approach made possible a meaningful interpretation of the results, 

and this was my contribution to the paper. Even though my contribution to those two 

manuscripts (published in the first years of my graduate studies at the Optical Sciences 

Center)  involves just measurements of the linear optical properties of the semiconductor 

structures (reflection, transmission, absorption), it constituted the foundation of my 

subsequent research in the field of photoluminescence. 

The third and fourth manuscripts are parts of an experimental and theoretical 

study of exciton formation in semiconductor quantum wells by time resolved 
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photoluminescence. I was an integral part of the experimental team, together with S. 

Chatterjee, taking data either together or independently. The theory was developed at the 

Philipps University in Marburg, Germany, by W. Hoyer, M. Kira and S. W. Koch.  

The fifth manuscript (Appendix E) is a study of the interference of the PL emitted 

by one or several QWs on different paths. With initial help from H. Stolz, I was the main 

contributor to the experiments, data taking and analysis. The original idea and a possible 

explanation of the experimental findings were provided by the same group from 

Marburg. 

The fourth chapter of the present study consists on a study of coherence of the PL 

emitted from a normal mode coupling planar cavity. I designed the experimental setup, 

took and analyzed all the data, with help and advice from G. Khitrova and H. M. Gibbs. 

Discussions with Valerii Zappaskii were also very helpful for the experimental design 

and data interpretation. It is the only chapter that is not based on a publication; however, 

the findings were presented at the FiO/OSA 2005 meeting [23]. 

The samples used in all the experiments involving quantum wells were grown by 

molecular beam epitaxy (MBE), by H. M. Gibbs and G. Khitrova. 

The sixth manuscript (Appendix F) describes a new method of scanning the cavity 

wavelength by condensing Xenon (Xe). I had the primary contribution to this work, 

designing and constructing the Xe admission system, and taking most of the experimental 

data, with important help from J. Hendrickson, B. C. Richards and J Sweet. 
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Finally, the seventh manuscript (Appendix G) is a study of quality factors and 

lasing from quantum dot photonic crystal slab nanocavities. I was once again part of the 

team that designed and performed the experiments described in this paper.  

The quantum dot samples used in the last two manuscripts were grown by MBE 

by D. G. Deppe and O. B. Shcheckin at the University of Texas in Austin. The photonic 

crystal structure was designed and fabricated at Caltech by T. Yoshie and A. Scherer. 

Some of the articles appended to this dissertation were selected to be published in 

the Virtual Journal of Nanoscale Science & Technology (Appendix B, Appendix C, 

Appendix D, Appendix E, Appendix F), or in the Virtual Journal of Ultrafast Science 

(Appendix C, Appendix D). This comes to prove the deep impact and importance of the 

research presented in this dissertation. 
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CHAPTER 2 

PRESENT STUDY 

 

 The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important 

fundamental physical findings in these papers. 

 

1. Linear optical properties of planar semiconductor structures  

 

Measuring the linear optical properties (reflectivity, transmissivity, and 

absorption) is the precursor of any research in the domain of semiconductor 

photoluminescence. It can also be an integral part of the research itself.  

High resolution absorption measurements of the DBR13 sample (30 high quality 

In0.04Ga0.96As quantum wells, separated by GaAs barriers) were performed in order to 

understand the role of radiative decay, structural disorder and acoustic phonon scattering 

on the quantum well 1s exciton absorption line (see Appendix A). The measurements 

were done at temperatures of 4.5K, 30K, and 60K. Even though the effect of temperature 

on the line broadening is minimal in this temperature range, the high accuracy 

measurements show very good agreement with the theory developed. The results show 

that the disorder, phonon and radiative broadenings are not simply additive. Also, it is 

shown that the absorption line shape can vary considerably, depending on the  
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Figure 1.1: Linear characterization setup 
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amount of disorder in a sample. The experimental setup used for the measurements of 

linear optical properties is shown in figure 1.1. 

The computer simulation of the light propagation through a multi-layer structure 

is also an important tool for designing and understanding the optical properties of our 

sample structures. The linear dispersion theory using a transfer matrix approach based on 

Maxwell’s equations [24, 25] has been used for our simulations.  

 The light propagation through a thin film of thickness d and complex refractive 

index N can be described by the following characteristic matrix relationship: 

 a b

a b

isinδcosδE E
η=

H H
iηsinδ cosδ

 
    
        

 

      (1.1) 

where Ea and Ha are the tangential components of the light electromagnetic fields at the 

surface of incidence, Eb and Hb are the tangential components of the fields at the surface 

of emergence. 

2πNdcosθδ=
λ

    (phase shift)    (1.2) 

YNcosθ   (s-polarization)
η= YN        (p-polarization)

cosθ






 (optical admittance of the thin film) (1.3) 

 0 0

0 0

H εY= =
E µ

    (optical admittance of free space) (1.4) 

In the case of multiple layers, the transfer matrices of consecutive layers are 

multiplied: 
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Figure 1.2: Measured (solid) and computed reflectivity spectrum of sample CAT89 (top 
mirror, bottom mirror, spacer), at 0.5 mm from the growth center. 
             

 
 

 
Figure 1.3: The thickness d of MBE growth samples as a function of the distance r from 
growth center. 
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a
rq

rsub
r

r=1 suba
r r r

sub

E
isinδcosδE 1B
η= =

ηC H
iη sinδ cosδ

E

 
                          

 

∏     (1.5) 

The reflection, transmission and absorption coefficients will then be: 

2

a

a

η B-CR=
η B+C

  a sub
2

a

4η Re(η )T=
η B+C
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  (1.6) 

           
This method is particularly useful to simulate the optical properties of planar 

semiconductor cavities. Figure 1.2 shows an example of the measured and computed 

reflection spectrum of CAT89 sample, composed of a bottom mirror, a top mirror, and a 

spacer (the thickness of the spacer equals the designed maximum reflectivity wavelength 

of the mirrors, 900 nm). The spectrum was taken at room temperature. The thickness and 

composition of different layers can be adjusted independently, in such a way that the 

calculation fits the experiment, yielding accurate values of these parameters.  

The technique was employed (see Appendix B) to determine the thickness of the 

sample as a function of the radius from the center of the sample (see figure 1.3). This 

made possible an accurate scaling of the PL measurements and hence meaningful figures 

of the polariton dispersion in semiconductor quantum wells.  
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2. Exciton formation in semiconductor quantum wells 

 

 Photoluminescence from direct-bandgap semiconductor quantum wells after non-

resonant excitation is predominantly observed at the energetic position of the 1s exciton 

resonance (figure 2.1). The time evolution of the photoluminescence was generally 

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

a buildup [2] and the decrease as decay of the excitonic population [3]. However, 

microscopic calculations [4] have shown that even without an incoherent excitonic 

population, pure electron-hole plasma recombination yields photoluminescence peaked at 

the 1s exciton resonance. 

 The goal of this study was to distinguish between plasma and exciton 

contributions to the photoluminescence, and to determine if either of them dominates the 

emission under any circumstances. The approach was to compare the experimental 

photoluminescence with the theoretical plasma contribution and to see to what extent 

they agree (Appendix C and Appendix D). 

A sketch of the experimental setup is shown in figure 2.2. Time-resolved 

photoluminescence spectra were taken across a large range  of carrier densities and lattice 

temperatures. Also, the nonlinear absorption α was measured under identical initial 

conditions (figure 2.3).  
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Figure 2.1: Top: Photoluminescence spectrum of DBR42 sample (20 In0.07Ga0.93As QWs, 
separated by GaAs barriers). Bottom: Absorption spectrum of the same sample, together 
with the spectra of the pump and probe beams used in the experiment. 
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Figure 2.2: Experimental setup used in the exciton formation studies. L=lens with the 
corresponding focal length in cm, P=polarizer, BS=beam splitter, F=flip mirror, 
P=periscope. 
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Figure 2.3.: Measured (solid) and thermal equilibrium (dashed) photoluminescence on a 
logarithmic scale as a function of the energetic detuning from the 1s exciton resonance 
∆E. 
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Knowing the absorption, one can also calculate the expected thermal equilibrium 

photoluminescence [26]: 

th.eq
PLI ( ω) g( ω-µ)α( ω)∝        (2.1) 

where  

B

ω-µ
Bk T

1 ∆Eg( ω-µ)= exp( )
k T

e 1
≅ −

−

       (2.2) 

is the density of states under low carrier density conditions, α(ω)  is the absorption 

coefficient, and ∆E=E-E1s is the energetic detuning from the 1s exciton resonance. The 

carrier temperature T can be extracted from the continuum photoluminescence slope. 

In order to compare such a large number of spectra in a time-effective fashion, a 

single parameter was needed, that can meaningfully summarize the whole spectrum. This 

was found to be the β-factor [27], defined as follows: 

 PL
th.eq
PL

I (1s)β=
I (1s)

         (2.3) 

 The experimental data then needed to be compared to the theory. A formula was 

developed for the photoluminescence, similar to the Elliott formula for the absorption 

[28]: 

 ( )
2 r *l † †cv λ

λ k' k k' k
λ k,k'B λ λ

d φ (r=0)ωPL(ω)= Im φ (k) a a b b
ε E - ω-iγ

 
 
 
∑ ∑    (2.4) 

where the source term consists of both plasma (Hartree-Fock) and incoherent exciton 

contributions  

† † e h
k' k k' k ν ν k k νa a b b = N +∆ N =f f +∆ N .     (2.5) 
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It can be seen that the PL contains excitonic resonances, and it is indeed expected to peak 

at the 1s resonance, even when only the plasma contribution is taken into account.  

In the first approach, the experimental and theoretical β were compared when 

only the plasma contribution was taken into account. It can be seen (figure 2.4) that the β 

values agree pretty well for higher temperatures (50K) and at low temperatures (4K) for 

high initial carrier densities. For intermediate and low levels of initial carrier densities 

however, we can see that there is a big discrepancy between the experimental and the 

pure plasma theory β values. This difference could be accounted for, when the excitonic 

contribution was included in the calculation. Knowing what amount of excitons was 

needed to compensate for the difference, we were able to calculate the fraction of bright 

excitons that were formed (figure 2.5). We can see that the number of bright excitons 

formed is higher for low temperatures and intermediate carrier densities and goes down 

abruptly at low and high carrier density levels. Also, it can be seen that the fraction of 

bright excitons formed from the electron-hole plasma is very small, less than 0.04 %. 

The total number of excitons, bright and dark, cannot be determined from the 

interband photoluminescence, because there is no information available about the 

momentum distribution of the excitons. Photoluminescence monitors only the optically 

active excitons, with small momentum. Dark excitons, with max
photonq q ω≥ =  cannot 

radiate. Moreover, only photoluminescence close to normal can leave the semiconductor, 

because of the large difference in refractive index compared to vacuum. If we assume 

thermal distribution of exciton momenta, the total fraction of excitons formed would be 

4%. This fraction could be much larger if we take into account the hole burning around 
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q=0, due to the fast radiative lifetime of the optically active excitons, which leads to the 

depletion of those momentum states (figure 2.6). 

             

 
Figure 2.4: Experimental and theoretical values of β, as a function of the carrier density 
at 1ns. 
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Figure 2.5: Bright exciton fraction as a function of the carrier density. The bright excitons 
were defined here as those excitons with the in-plane momentum small enough that the 
photon can escape the sample (with angles smaller than the total internal reflection 
angle). 
             
 

    

Figure 2.6: Possible momentum distribution functions for the excitons: thermal 
distribution (left) or hole burning (right). 
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At 4K, the carrier temperature is always greater than the lattice temperature, that 

is, there is never equilibrium between the lattice and the carriers (figure 2.7). After the 

nonresonant excitation, the carriers initially at higher temperatures cool down 

exponentially in time with a typical decay constant of 0.5-0.6 ns. For temperatures higher 

than 30K, the carriers achieve the lattice temperatures in approximately 0.1ns.  

 The β factor is smaller than 0.6 for all experiments with nonresonant excitation 

(figure 2.8). So, the thermal equilibrium KMS relation for which β=1 is never satisfied, 

up to our highest carrier density of 1010 cm-2. Even when an incoherent excitonic 

population is created, it is smaller than the one satisfying the KMS relation at a given 

temperature. At higher temperatures, the rate of exciton formation is smaller than the 

cooling rate, so β decreases with time. 

In conclusion: Photoluminescence is dominated by the electron-hole plasma at 

higher temperatures and low temperatures, high carrier densities; it is dominated by 

excitons at low temperatures, low and intermediate carrier densities. The 

photoluminescence doesn’t necessarily monitor bright excitons, and even when it does, 

the density of excitons is often much smaller than the plasma density; that is, the plasma 

may still determine the dynamics.  

Excitons follow a Bose-Einstein statistic, so in principle it is possible to achieve 

an excitonic Bose-Einstein condensate. The findings presented is in this chapter could 

have high impact and importance for interpreting experiments working towards or 

claiming Bose-Einstein condensation (BEC) of excitons [29, 30]. 
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Figure 2.7: The time evolution of the carrier temperature for different carrier densities. 
             

 

Figure 2.8: The time evolution of the β factor for different carrier densities. 
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3. Interference of photoluminescence from  

semiconductor quantum wells 

 

 The fact that a quantum well is a 2-dimensional structure, being optically thin in 

the direction normal to the quantum well, causes equal probabilities for spontaneous 

emission to the left or right. Experiments were performed where the two emission paths 

were combined into a common detector and interference fringes were observed (see 

Appendix E). 

 The light emitted by a single In0.07Ga0.93As QW sample was collected by similar 

lenses on both sides of the quantum well. The path lengths were adjusted to be equal. 

Apertures were placed after the two lenses, to observe how light emitted in different 

directions interferes. The apertures were adjustable, both horizontally and vertically. 

Different cases were analyzed: both emission paths normal to the plane of the quantum 

well, emission at the same angle into opposite directions (achieved by moving the 

apertures the same distance, in opposite directions), emission at the same angle in a V-

shape geometry (achieved by moving the apertures the same distance, in the same 

direction), and emission at different angles for the two paths (figure 3.1). 

 For emission normal to the quantum well plane in both directions, a maximum 

visibility of ~ 50% was observed. The same behavior was observed in the V-shape 

geometry, corresponding to the same in-plane momentum of the photons emitted left or 

right. For all other paths, the visibility deteriorated very fast with the deviation from the  

V-geometry.  
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These results depend upon the fact that emission from a quantum well originates 

in a plane thin compared with the wavelength of the light in the material. The nature and 

spatial position of the emitters is otherwise irrelevant for the principal result, namely that 

interference is seen only when the light taken in the V geometry is interfered (that makes 

the paths indistinguishable from every emitter). The experiment is then very similar to the 

so called diffractometer [24], except the two apertures used there are on the same side of 

the source. 

Experiments were also performed with multiple similar quantum well samples, 

separated by barriers with different thickness. When the barrier was in the vicinity of 

Bragg spacing (half of the wavelength of the emission), a maximum visibility close to 

that of a single quantum well was observed; the interference pattern from each quantum 

well was added in phase at the detector. In the case of anti-Bragg spacing (λ/4), there was 

a π phase shift between consecutive quantum well interference patterns, leading to the 

cancellation of the interference fringes at the plane of the detector; a maximum visibility 

of ~ 4% was observed. 

             

 
Figure 3.1: Possible geometries for studying interference of left and right emission from 
quantum wells: V-shape, leading to interference (left); opposite directions, leading to no 
interference (right). 
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4. Coherence degree of the emission from a normal-mode-coupling 

semiconductor microcavity 

 

The transmission spectrum of a planar microcavity containing a semiconductor 

quantum well shows two peaks (and correspondingly, two dips in reflection) when the 

cavity mode and exciton absorption energies are the same [13, 15]. The same two peaks 

are observed in the photoluminescence following a weak pulsed broadband laser 

excitation, overlapping both transmission peaks. When the pump intensity is increased, a 

third peak is observed, both in the normal emission and the transmission spectra [17]. 

Further increasing the pump power, the third peak emission quickly takes over and 

becomes the dominant feature in the photoluminescence spectrum (see figure 4.1). 

The coherence degree of the emission was measured, by interfering it with a 

reference laser beam, split from the same laser beam used for pumping. The experimental 

setup is shown in figure 4.2. The sample used was NMC63, consisting of 2 In0.04Ga0.96As 

quantum wells emitting at λ=830 nm (1s heavy hole exciton resonance) in the center of a 

3λ/2 GaAs spacer, between top and bottom mirrors made out of 14 and 16.5 respectively, 

consecutive λ/4 double layers of GaAs/AlAs. The sample was excited at a small angle 

(5o), and the emission was collected normal to the sample. The reference and the 

emission were combined and propagated together through a spectrometer. The reference 

arm of the interferometer included a delay line for adjusting the delay between the signal  
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Figure 4.1: Reflectivity and PL spectra of NMC63 sample. The PL was recorded at 
different values of the pump power; the pump spectrum is shown in the top graph. 
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Figure 4.2: Experimental setup for measuring the coherence degree. P=polarizer, 
BS=beam splitter, B=beam block, A=aperture, L=lens with the corresponding focal 
length in cm. 
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and the reference. The two beams were combined with a very small vertical angle 

between them, while the spectrometer’s grating was diffracting horizontally. The 

spectrometer's output image was recorded with a 2D CCD. In this way, it was possible to 

record in one shot both the spectrum of the two combined beams (horizontal) and the 

coherence degree at each particular wavelength (vertical); see figure 4.3. 

             
 
 

 
 
 
 
 
Figure 4.3: CCD image, simultaneously recording the spectrum (horizontal) and the 
interference fringes (vertical). 
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The coherence degree was defined as 

22
peak-to-peak

C
c 2

I C

F-S-R[( ) ]E 4f = =
S×RE +E

 

where EC and EI  are the coherent and incoherent parts of the emission signal, S is the 

recorded intensity of the signal, R is the intensity of the reference, and F is the intensity 

of the observed interference fringe pattern. 

 Measurements were performed extensively, at various pump intensity levels, 

starting from the case when just two peaks are observed and finishing with the third peak 

several orders of magnitude greater than any other feature in the observed emission 

spectrum. The pump spectrum was changed also using a pulse shaper; first we excited 

with broadband pulses, overlapping both transmission peaks, just the lower energy peak, 

or just the higher energy peak. Then we used narrow linewidth pulses (~0.4nm), pumping 

directly in the lower energy peak, the higher energy peak and three different wavelengths 

in between.  

The spectra of the emission were also measured in all the above cases. It can be 

seen (Figure 4.4) that the third peak emission wavelength changes when the wavelength 

of the narrow bandwidth pump is tuned from the upper to the lower energy peak. The 

wavelength difference between the pump and the emission shrinks when we tune the 

pump wavelength to longer wavelengths. 

 The results show that the coherence degree depends greatly on all the above 

parameters. It generally increases with the pump intensity for all pump wavelengths. In 

the case of resonant broadband excitation of both peaks, the coherence degree goes from  
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Figure 4.4: Spectra of the NMC63 emission after narrowband excitation, for different 
pump wavelengths. The pump power was, from top to bottom: 300 µW, 500 µW, 1000 
µW and 1000 µW. The dashed lines are the pump spectra and the solid lines are the 
emission spectra. 
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about 0.1 at low pump power (0.2 mW), up to about 0.5 at high power (5 mW). As shown 

in figure 4.5, in the case of narrow band excitation, fc for the third peak is close to zero 

when pumping directly in the upper energy peak at all possible excitation levels, and it 

gradually goes up to 0.75 when pumping directly or very close to the lower energy peak 

with the highest available pump intensity (about 1 mW). The coherence degree also 

increases when the detuning between the pump and the emission decreases (figure 4.6). 

             
 

 
 
 
Figure 4.5: The coherence degree of the third peak emission as a function of the pump 
power, for different narrowband pump wavelengths. 
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Figure 4.6: The coherence degree of the third peak emission as a function of the 
narrowband pump wavelength, when the pump power was kept constant. 
             
 
 

The time evolution of the emission was also measured with a streak camera; the 

third peak emission at high powers always has a duration of 15-20 ps. 

The degree of coherence measured with the interferometric method described 

before measures just the contrast of the interference between the emission and a reference 

beam from which the pump was split. Direct measurements of the speckle pattern, 

independent of the pump beam, were performed. The emission was focused on a scatterer 

(ground glass), and then the surface of the glass was imaged on a camera. For better 

visibility of the speckle pattern, the camera was slightly defocused from the image plane. 

The resulting images are shown in figure 4.7.  
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Figure 4.7: Recorded speckle patterns: a) Narrowband (0.4 nm) Ti:Sapph laser pump 
beam. b) LED emitting at 830 nm, passed through an interference filter with 0.6 nm 
bandpass. c) NMC63 emission (passed through the same interference filter) after 
narrowband pump excitation, with λ=829.7 nm and  P=1000 µW. d), e), f) The same as 
figure c, but with λ=829.7 nm, P=500 µW (d); λ=831.5 nm, P=1000 µW (e); λ=831.5 
nm, P=500 µW (f). 
             
 

For comparison, the speckle pattern of the narrow bandwidth Ti:Sapph pump laser 

(coherent) and of an LED (incoherent; an interference filter with 0.6 nm bandpass was 

used for similarity of the spectra) were recorded. It can be seen that the third peak 

emission from a normal mode coupling microcavity exhibits speckle at all times, for all 
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the pump wavelengths and shapes that were used, and for all pump power levels that 

yielded a strong enough emission that the scattering was visible. Thus, the emission from 

the third peak is shown to have a significant amount of coherence at all times. 

The apparent contradiction between the interference and speckle results could be 

explained by the way the coherence was evaluated. Speckle is an indication of the 

coherence without resorting to any additional reference beam. However, the emission 

might be dephased from the original pump beam, the amount of dephasing increasing 

when the pump is well separated from the emission (nonresonant excitation). Pumping in 

the upper energy peak gives the largest separation between pump and emission 

wavelengths, which decreases gradually towards zero when the pump is tuned towards 

the lower energy peak. Assume the dephasing (relative phase between pump and 

emission) is different from pulse to pulse, as is the case for any nonresonantly pumped 

laser. Then, the emission is coherent within each individual pulse, but the interference 

pattern resulting from the overlap of the emission and the pump and averaged over a 

large number of pulses (the experiments were performed with an acquisition time of 

10ms, so 800,000 pulses were averaged) shows no interference fringes. 

A bright, short pulse of incoherent light would have been highly desirable for 

directly exciting an incoherent population of excitons, which, having no in-plane 

momentum available for scattering to dark exciton states, would have been the best 

candidate for BEC studies. An important contribution of this research was to determine 

that the emission from a NMC sample exhibit speckle and is therefore coherent, so it is 

not a useful incoherent source for such experiments. 
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5. Scanning a photonic crystal slab nanocavity  

by condensation of xenon gas 

 

 One of the typical signatures of the strong coupling between a quantum dot (QD) 

and a photonic crystal (PC) cavity is the vacuum Rabi splitting (VRS), that is the splitting 

of the line at zero detuning (when the cavity and the dot are in resonance). Given a cavity 

and a quantum dot with fairly close emission wavelengths, the zero detuning is usually 

achieved by tuning the temperature [22]. The quantum dot wavelength changes about 0.7 

nm when the temperature is increased about 25K (from 10K to 35K), while the cavity is 

practically insensitive to temperature over this range. Plotting the energies of the two 

emission peaks as a function of the temperature yields a typical anticrossing curve, which 

is characteristic for the strong coupling regime. 

The disadvantage of this method is the very limited range of wavelength scanning 

by changing the temperature. If the temperature is raised above 40K, the quantum dot line 

broadens considerably because of the acoustic phonon interactions. Even below 35K, the 

linewidth changes significantly during the temperature scanning process. Practically, in 

order to observe strong coupling, one needs to have a quantum dot, emitting very close to 

the cavity wavelength, and within the volume of maximum cavity light field 

(approximately 0.04 µm3). The two requirements make it very difficult to find a strongly 

coupled cavity/dot system on a given sample. 
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Figure 5.1: Schematic of the experimental setup used for quantum dot/photonic crystal 
experiments. AOM=acousto-optic modulator, FM=flip mirror, BS=beam splitter, L=lens 
with the corresponding focal length in cm, DL=diode laser, MO=microscope objective, 
V=ultra-high-vacuum valve, PG=pressure gauge, R=regulator. 



 52

A new method was developed, where the temperature was kept constant, allowing 

then the quantum dot wavelength and linewidth to be constant as well. Instead, the cavity 

wavelength was tuned, by depositing a thin layer of solid Xe inside the photonic crystal 

holes, and on the top and bottom of the membrane slab. 

The experimental setup is shown in figure 5.1. The sample was held at low 

temperature (4-25K) in a He-flow cryostat, with internal nanopositioners, horizontal and 

vertical. This made possible the accurate positioning of the excitation beam on the 

photonic crystal nanocavity, in such a way that the maximum of the light field overlaps 

perfectly on the center of the cavity volume. The Xe gas was allowed first into a vacuum 

chamber where its pressure was recorded, then into the cold cryostat where it condensed 

on the sample and the other cold surfaces, acting as a very good adsorption pump. The 

cryostat was then closed, and the process was repeated to achieve the next step in shifting 

the cavity peak. 

The sample was excited either by a cw Ti:Sapph ring laser, or by a pulsed diode 

laser (20 ns pulses at 1.25 MHz), both emitting at 770 nm. The pump beam was 

collimated and expanded, then focused onto the sample using a reflective microscope 

objective with high numerical aperture (0.5) and long back focal distance (8 mm), 

resulting in a spot diameter on the sample of about 1 µm. The PL was collected by the 

same objective, propagated through a spectrometer and detected by an InGaAs detector 

array. A small infrared camera was used to visualize the sample, for the initial rough 

alignment of the pump beam on the PC nanocavity.  
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Figure 5.2: SEM image of the quantum dots (top) and photoluminescence spectrum of the 
same quantum dot ensemble (bottom). 
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The sample used consisted of a single layer of InAs quantum dots, embedded in 

the center of the GaAs layer that will form the slab of the photonic crystal nanocavity. 

The density of the dots is high, about 400/µm2, for a reasonable probability of finding 

strongly coupled dots. A SEM picture of the quantum dots and the PL spectrum of the 

quantum dot ensemble are shown in figure 5.2. 

The photonic crystal structure was then fabricated by successive electron beam 

lithography and reactive ion beam etching. A sacrificial AlAs layer which was grown 

under the GaAs slab layer was removed in the end using a selective chemical etching 

process. In this way, the 3D confinement was achieved in the plane of the quantum dots 

by the 2D photonic crystal structure and in the vertical direction by total internal 

reflection due to the high refractive index contrast between the sample and air (vacuum). 

The vertical confinement was not perfect, allowing some light to escape from the cavity, 

and this was actually the only available diagnostic method of the emission. 

The photonic crystal cavity followed a design that improved the coupling with the 

quantum dot [31]. It consisted of an array of holes in a triangular lattice, with a defect in 

the center. The defect was created by three missing holes in a line, with the end holes 

shifted outward. A schematic picture of the photonic crystal structure is shown in figure 

5.3. 

The results of the Xe condensation experiments show that the cavity peak shifts as 

much as 5 nm, while the temperature was kept constant and low (10-25K). The quality 

factor of the cavity was practically constant during the condensation process, around 

12,000. In this way, it was possible to achieve the strong coupling of a given cavity with 
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two different quantum dots emitting at different wavelengths. Certainly, the proximity of 

cavity and dot resonances and the issue of temperature-dependent linewidths are less of a 

factor now in selecting a nanocavity for strong coupling experiments [32].  

             

 

 

Figure 5.3: Schematic of the photonic crystal slab structure (top) and SEM of the PC 
nanocavity (bottom) [22] 
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6. Quantum dot photonic-crystal-slab nanocavities:  

quality factors and lasing 

  

 The quality factor Q of photonic crystal slab nanocavities is of crucial importance 

for both quantum dot lasing and the observation of strong coupling. An extensive study 

of quality factors is presented in Appendix G. 

 The experimental setup is the same as presented in Chapter 2.5, figure 5.1. To 

investigate the role of ensemble QD absorption on the quality factor of the PC 

nanocavities, the sample was excited with a continuous wave Titanium Sapphire ring 

laser (emitting at 780 nm), at very low powers (2-10 µW). Alternatively, a 20 ns pulsed 

diode laser, emitting at 784 nm and with a 2.5 % duty cycle, was used to investigate the 

dependence of Q on the excitation power and to determine what the best conditions for 

lasing are. The pulsed laser was preferred in order to avoid the heating of the sample at 

higher powers (up to 1 mW peak power). 

 Five nanocavities were selected, having the same ratios r/a=0.27 and s/a=0.20 

(where r is the radius of the holes, s is the the shift of the spacer end holes, and a is the 

lattice constant; see figure 5.3), in such a way that their wavelengths cover the whole 

spectral range of ensemble quantum dot ground state and first excited state emission, 

when the temperature is tuned from 20 to 200K. Their Q’s were measured as a function 

of the cavity wavelength. The excitation power was kept very low, to avoid the saturation 

of the uncoupled or poorly coupled QD absorption. The empty cavity (with no resonant 



 57

quantum dots present) Q was also determined from the low energy points where no 

absorption is expected, and it is found to be approximately 20,000. 

 The result of the analysis shows that at the low powers required for strong 

coupling, the cavity Q is controlled by the QD absorption. At energies corresponding to 

the QD peak distribution or above, the quality factors are reduced by the QD ensemble 

absorption. The Q’s are much higher on the low energy tail of the QD distribution, where 

the absorption is lower, thus improving the conditions for strong coupling. The drawback 

is the lower spectral QD density corresponding to the lower absorption which will 

decrease the likelihood of finding a strongly coupled dot to a specific cavity.  

 A similar set of measurements and analysis was performed when using the pulsed 

diode laser as excitation source, in order to determine whether the single layer of QDs 

can produce gain and lasing. Pumping harder, the Q increases because the absorption of 

more and more uncoupled QDs becomes saturated. The empty cavity Q can be exceeded 

when there is gain present, overcoming some or all of the cavity losses. And indeed, gain 

is observed, at energies around the peak of the QD ensemble ground state and below (in 

the range –30 - +10 meV). 

The quality factor was measured as a function of the peak excitation power, for 

cavities lying in the upper and lower halves of the ground state QD distribution. In the 

first case (cavity in the upper half of the distribution, corresponding to no gain), the 

output increases sublinearly and saturates at high powers, implying that there is no lasing. 

In contrast, for cavities situated in the lower half of the distribution (where gain was 

observed), the output increases superlinearly before the Q reaches the resolution limit of 
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our apparatus (approximately 40,000). The lasing is apparent through a linewidth 

narrowing and a threshold-like behavior in the output versus input plot 

The influence of the ensemble QD absorption and gain on the cavity Q can be 

explained by the fact that, even though the maximum field area is just 0.15 µm2, the field 

is non-zero over a much larger area (a few µm2), which encloses many more QDs. This 

also makes it difficult to estimate the number of QDs that contribute to lasing. However, 

it is sure that just a small number of QDs lase, certainly no more than 16 [33]. 
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