
University of Firenze
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Abstract

The present work collects the foremost results obtained during the three years of

my PhD degree. The aim of this research is the detailed characterization of the

nanoemitters, stressing the accent on intrinsic and extrinsic aspects of the exciton

and multiexciton radiative recombination, for testing their applicability as single

and entangled photons emitters. The thesis contains specific studies related to

optical and electronic properties of GaAs/AlGaAs single nanostructures (quantum

dots and concentric quantum rings) grown by Modified Droplet Epitaxy. The na-

nostructure radiative emission is investigated through micro–photoluminescence

spectroscopy experiments at cryogenic temperature under laser excitation. The

methods we used comprehend time resolved and time correlated spectroscopy, hi-

gh spectral resolution measurements and magneto-optical characterization. The

excitonic radiative recombination is studied under several points of view: firstly a

large part of the investigation is devoted to the assignment of the main photolu-

minescence components of the single nanostructure to the corresponding excitonic

transition (neutral exciton, neutral biexciton, charged complexes, etc...). Secondly

we take into account specific features of the excitonic transitions: the line broade-

ning and the related dephasing mechanism (spectral diffusion, phonon interaction),

exciton dynamic, spin effects and photon correlation statistics.
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General aspects

Starting from the latter half of the 20th century the miniaturization of semicon-

ductor devices has led to increased integration and functionality, and to a reduced

energy consumption. Semiconductor devices have evolved from millimeter-sized

into micrometer-sized devices handling both electricity and light. Nowadays the

challenge is nanometer-sized semiconductor devices that can both provide non-

classical single-carrier and single-photon states [1, 2, 3]. Advanced epitaxial growth

techniques enable the realization of high-quality semiconductor alloys under pre-

cisely controlled conditions, and open a new way in the semiconductor physics: the

control over the nanostructure dimensionality and the consequent control of the

carrier confinement. In the late 1980s the interest of researchers shifted from quasi

two-dimensional nanostructures toward structures with further reduced dimen-

sionality: quantum wires with quasi one-dimensional confinement and quantum

dots (QDs) with quasi zero-dimensional confinement [4, 5, 6, 7, 8, 9]. Especially

interesting are the modified electronic and optical properties of these structures,

which are controllable to a certain degree through the flexibility in the structure

design. The discrete energy level structure of semiconductor quantum dots opens

new chapters both in fundamental physics, in which they can be regarded as ar-

tificial atoms, and in potential applications as devices [10, 11, 12]. Quantum dot

materials have found potential applications as lasers, photon detectors, photon

amplifiers, superluminescent LED. However, the full impact of QD technology is
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yet to come especially in the emerging field of quantum communication.

Quantum dots and applications

Recent advances towards the development of QD optoelectronic devices for Quan-

tum Communication offer many new physical aspects and possible applications

that would be worth noticing. Here I would just stress the accent on some

ideas that have recently sparked off an intense debate: the single photon emis-

sion [13, 14], the photons (and eventually carrier eigenstates) entanglement and

related items [15, 16, 17, 18, 19].

The discrete nature of the electronic state in a QD makes possible the selection

of the radiative recombination between two individual states (in a two level-like

feature), which naturally gives a single photon emitter. The demand and the

application of single photon sources is rapidly increasing since a single photon is a

good prototype of a QBit, that represents the first step toward the implementation

of quantum computation and quantum information protocols. Single photons can

be used to encode a secret key in a quantum cryptography system as described

in the work of Bennet and Brassard [20] where the QBit encoding is done on the

polarization of a single photon. Further single photons can be transported over

long distances enabling the exploitation of non-local properties of quantum states

[21, 22, 23]. These aspects pose the accent on a peculiar characteristic of the

QD system: the direct link between the confined carriers quantum states and the

corresponding emitted photons.

Other possibilities are potentially offered by QDs technology in quantum com-

putation and quantum information [24, 25, 26], for istance exploiting the multi-

particle states formed in a QD, such as the biexciton complex (two electrons and

two holes confined in a QDs usually indicated as XX). In fact the radiative

recombination of the XX state toward the single neutral exciton (one electron
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and one hole confined in a QD usually indicated as X) and the final X radiative

relaxation toward the QD ground state [27] may result in the emission of polar-

ization entangled photon pairs, under several conditions that strongly depend on

the QD properties. Therefore one of the most interesting and promising aspects

of the QDs phenomenology is nowadays the opportunity to implement a solid-

state source of triggered, entangled photons pairs, for quantum computation and

quantum information protocols dealing with flying QBits [15, 17, 28]. Emission

of polarization entangled photons from biexciton recombination in a QD has been

recently claimed [29], even if the result have been debated. Other interesting pur-

poses in order to obtain entangled electronic states deal with laterally or vertically

aligned QDs. In this case the entanglement is obtained via the exchange Coulomb

interaction between charges confined in the two coupled nanostructures [26, 30]

and/or entangled photon pairs. If the implementation of QDs as single photon

source for quantum cryptography seems an affordable task, the possibility to use

single QDs as building blocks of a quantum computer is far to come. In fact there

are still relevant drawbacks due to the non-ideality of the QDs system that may

complicate the possibility of obtaining an entangled photons source. For exam-

ple, it is well known that the environment usually plays a relevant role in the QDs

physics. In the case of quantum computation the non ideality of the QD/QBit may

led to serious problems for a realistic implementation of some quantum computa-

tion algorithms. In this sense the five (more two) Di Vincenzo’s criteria represent

an useful framework in order to understand if a physical system may be or not a

resource for the realization of a quantum computer. Nowadays the QDs properties

cannot fulfill all the Di Vincenzo’s criteria [31], especially for the scalability and

the long dephasing time. Therefore it is actually important to investigate how the

intrinsic and extrinsic properties of QDs can be tailored and to understand which

aspect can be suitable and exploitable in order to obtain a realistic and working
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quantum device.

0.1 The present work

GaAs/AlGaAs nanostructures

GaAs and the related AlxGa1−xAs alloy have been intensively studied for more

than forty years with tremendous improvement in the growth processes and in

the characterization of their properties. These semiconductors form a family of

important materials used not only as active elements in many devices but also as

constituents of lattice matched heterostructures. A detailed review of the photo-

luminescence in AlxGa1−xAs materials can be found in ref. [32].

One of the most important steps in the exploitation of these materials was

the planar growth of alternate layers of GaAs and AlxGa1−xAs for the efficient

realization of superlattices, quantum wells, Bragg mirrors, etc.., due to the almost

perfect lattice match. Next steps of the research have seen the realization of

lower dimensional GaAs/AlxGa1−xAs nanostructures, such as quantum wires and

quantum dots. Therefore in a first stage, the effect of carriers confinement inside

GaAs/AlxGa1−xAs quantum dots was obtained by studying interface fluctuations

in narrow GaAs/AlGaAs quantum wells [33]. Finally the invention of the modified

droplet epitaxy technique (MDE) in 1991 [34] has led to the possibility to realize

effective three-dimensional GaAs islands on top of a AlGaAs surface, avoiding

the usual two-dimensional layered growth. Such non conventional growth method

has opened the route to a novel generation of quasi 0D nanostructures even using

lattice matched materials.

The present thesis is an investigation of these peculiar strain-free nanostruc-

tures by using high resolution spectroscopy. With respect to conventional Stranski-

Krastanov QDs, where the growth is realized via strain associated to the islands
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and the barrier material [35], the advantages of MDE are evident. On one side

MDE offers a larger choice of QDs materials and in particular it allows the use

of high quality compounds as the GaAs system. On the other side, as will be

deeply underlined in the following, the residual strain in the SK growth is known

to be at the basis of several problems in the optical quality of the QDs, such as

piezoelectricity, e–h separation, In segregation, etc.. . In this sense, one advantage

of MDE is the possibility to obtain strain-free nanocrystals, allowing a simpler de-

scription of the relevant physics and an easier interpretation of the experimental

data. More generally the MDE growth is a very versatile technique and presents

many advantages that will be widely discussed all over the present work. For ex-

ample, MDE makes possible the formation of conventional QDs but also exotic

nanostructures such as quantum ring, double concentric quantum rings and quan-

tum dot molecules [36, 37]. The GaAs/AlGaAs MDE nanostructures present an

intense photoluminescence (PL ) emission from quantum confined excitons radia-

tive recombination. The emission spectral window is usually centered at 680−750

nm and the tuning is possible by changing the nanostructures size and the material

composition. This is a further remarkable difference respect to the conventional

InAs SK quantum dots, where the PL emission lies in the near infrared region

down to the telecommunication window of the commercial optical fiber (1300nm).

At the same time, for practical application such as single photon emitters, however,

it would be desirable to work in wavelengths where commercial silicon-based single

photon detectors reach their maximum quantum efficiency (up to 70% around 700

nm) and this is fulfilled by GaAs MDE nanostructures.

Outline of the thesis

The present research is an investigation of the main topics related to optical and

electronic (excitonic) properties of self assembled GaAs/AlGaAs nanostructures
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growth by MDE with particular attention to the QD and concentric quantum ring

(CQR ) cases. The experimental technique is photoluminescence spectroscopy of

single emitters excited by continuous and pulsed laser beams.

The aim of this work is the detailed characterization of MDE nanostructures,

putting the accent on intrinsic and extrinsic properties of the exciton and multi-

exciton radiative recombination, for testing their applicability as single and entan-

gled photons emitters. As demonstrated in the wide literature related to excitonic

recombination inside a quantum potential, there are many questions still under

study and far to be completely solved. Several features of the line shape of exci-

tonic radiative recombination are here studied including the inhomogeneous line

broadening and related phenomena such as the Coulomb interaction with trapped

charges or the exciton-phonon interaction at high temperature. Taking advantage

of the lack of strain in the GaAs/AlGaAs compound, the fine structure splitting is

evaluated as effect due to geometrical anisotropy of the confining potential. Fur-

ther the photon correlation is investigated as assignment method for the spectral

lines and as a test for single photon emission. Finally the GaAs/AlGaAs concentric

quantum ring nanostructures are taken into account in a pioneering investigation

of their optical and electronic properties.

This thesis is organized as follows:

In Chapter 1, the main features of the excitonic radiative recombination in

QDs are theoretically described. The condition in which the QD system can be

regarded as source of single photons and/or a polarization entangled photons are

also reviewed.

Chapter 2 displays some experimental issues presented in this thesis. In the

first part, MDE nanostructure growth and morphology are described. In the second

part, all the experimental apparatuses and investigation methods are addressed.

Chapter 3 reports the results of CW measurements, with particular attention
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to the inhomogeneous broadening and decoherence mechanisms. The investigated

aspects are the quantum confined Stark shift induced by charges in the QD envi-

ronment (spectral diffusion) and temperature dependent measurement to provide

information on the exciton-phonon interaction (polaronic effect).

In Chapter 4 time resolved measurements are presented to access kinetics of

the exciton recombination. In order to give a clear interpretation of the sidebands

nature in the exciton radiative recombination at high temperature, the exciton

0-phonon line and sidebands lifetime are studied. Besides, the quantum size effect

on exciton lifetime at low temperature is studied.

Chapter 5 is a review of polarization resolved measurements. A study of the

exciton fine structure in magnetic field is presented providing information on intrin-

sic features of GaAs/AlGaAs QDs such as Landè g factor and diamagnetic shift.

In addition, high resolution, polarization resolved measurements are performed in

order to study the fine structure splitting at 0-magnetic field.

In Chapter 6, by time correlated measurement performed using an Hanbury-

Brown and Twiss interferometer, the single photon emission and exciton correlation

properties are studied. The bunching/antibunching feature of the second order

correlation function (g(2)) for the different spectral components of the PL emission

provides information on the QD occupation, exciton dynamics and on the single

photon emission properties of GaAs/AlGaAs QDs.

In Chapter 7 we report CQR photoluminescence experiments. The specific

study on CQRs deals with time resolved and time correlated measurements. This

investigation provides additional information on the line broadening mechanism

and thus on the exciton dynamics in these particular ring-shaped nanostructures.

Further the single photon emission from individual CQR is discussed.
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Chapter 1
Quantum dot level structure

In the following section the relevant phenomena related to the exci-

tonic complexes recombination are shortly analyzed for discussing

how the emission of single photons and entangled photons pairs

can be obtained.

1.1 Neutral exciton, trion and biexciton complexes

Electron and hole, confined in a QD bind to form an exciton (X) through their

mutual Coulomb interaction. The confinement in a nanometer sized quantum box

influence the (X) dynamics being the electronic states quantized.

A naif representation of the exciton formation and recombination in a QD is

presented in Fig.1.1. After the optical excitation of electrons and holes in the

barrier and the consequent energy relaxation, the carriers can be captured in the

QD and then recombine emitting a photon. When a single X (Fig.1.1 (a)) is

created inside the QD, the radiative recombination results in a sharp line in the

photoluminescence (PL ) spectrum (note that the same symbol X is used to label

the carriers complex in the QD and the corresponding line in the PL spectrum).

1



2 1.1. Neutral exciton, trion and biexciton complexes

The underlying atom-like two-level structure of a single QD exciton transition can

lead to nonclassical light emission, i.e., photon antibunching and sub-Poissonian

photon statistics [38]. After the photon emission, the system is in the inactive

ground state and a second photon cannot be emitted. The emission probability

recovers its mean value only after the excited-state occupancy reaches the steady-

state population, determined by the excitation and relaxation rates. The dead-time

between successive photon emission events leads to photon antibunching and sub-

Poissonian photon statistics. In fact, the X level is characterized by a radiative

lifetime τr (as short as ∼ 1ns) and we cannot expect to observe two photons in a

time interval shorter than τr.
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Figure 1.1: (a), (b) and (c): recombination scheme of neutral exciton X, charged exciton
T and neutral biexciton XX respectively. The excitonic complexes are captured in the
QD (represented as confining well potential for electrons and holes in conduction and
valence band). In the first case (a) the X recombination leaves an empty QD and
produces a single sharp line in the PL spectrum. In the second case (b) the trion
recombines leaving an uncoupled charge in the QD producing a sharp line shifted in
energy respect to the X case. In the last case (c) is represented the XX recombination
which gives rise to a sharp line in the spectrum at lower energy than X and leaves the
QD occupied by a X complex which recombines as described in the case (a).
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Other frequently observed excitonic complexes are the charged excitons or tri-

ons T . In Fig.1.1 (b) the example of a positively charged T is shown. When the

QD is occupied by an X and a spectator charge (a hole in the example of Fig. 1.1

(b)) the recombination energy of the e− h pair is shifted depending on the sign of

the additional charge and the QD geometry. The T recombination process leaves

the QD occupied by a single charge previously present in the QD due to dopant

defects or to extrinsic charge capture. The difference in energy between the X and

T optical transitions is denominated binding energy [typically the T binding energy

of our QD s varies around 1 and 2 meV, that is a large splitting compared to the

line broadening which is between tens to hundreds of µeV ]. Since the presence of

X and T complexes in the QD are mutually exclusive, their spectral contributions

can be recognized and isolated [39]. We are again in presence of a two-level like

recombination and the T complex can also be regarded as a single photon source.

The last excitonic complex considered here is the biexciton XX (see Fig.1.1

(c)). When two e − h pairs are captured in the QD the first state in conduction

and valence band is filled by two electrons and two holes, respectively. The recom-

bination of one of the two excitons results in a sharp line with lower energy respect

to the X case, being the process influenced by the presence of the second e − h

pair. Typically the binding energy of biexcitons for GaAs/AlGaAs QDs is in the

range 2-5 meV. The recombination of one exciton leaves the QD in the X state

that, as previously described, recombines emitting an X photon. In this peculiar

recombination cascade, there is a direct correlation in the XX −X photons which

allows to obtain correlated photon pairs and eventually to produce polarization

entangled photon pairs.

In conclusion of this review, let us briefly mention multiexciton (MX) states

often observed in PL experiments. The QD state filling with more than two

excitons produces radiative recombination denominated MX. The correspondent
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emission spectrum is composed by several sharp lines and broad bands either at

higher and lower energy respect to the fundamental X transition [40].

1.2 Fine structure of quantum dot excitons

We now introduce the spin configurations of the carriers bound to form excitonic

complexes. In the case of the neutral exciton X the two carriers involved in the

radiative recombination process have a definite spin, as schematically illustrated by

Fig.1.1 (here we will only consider heavy holes states). The four excitons formed

by the different spin combinations are characterized by their angular momentum

M = Jh,z +Se,z where Jh,z = ±3/2 and Se,z = ±1/2 are the hole and electron spin

along the z axis, respectively [41]. The coupling with the radiation field is allowed

only for the M = ±1 complex that is usually indicated as bright exciton, while for

M = ±2 we obtain the dark exciton. In the present work we will always refer to

the bright states M = ±1 .

In presence of an ideal quantum dot, with perfect cylindrical symmetry around

the z direction, the X levels with M = ±1 are degenerate and energetically indis-

tinguishable, as summarized in Fig.1.2 (a) assuming orthogonal polarization ΠX

and ΠY . Taking into account the step of the recombination involving the X com-

plex, the final electromagnetic field state can be interpreted as the superposition

of the two opposite polarization states of the emitted photons and is described by

Eq.1.1. In this sense the emitted photon can be considered as a flying QBit .

|ψf〉 =
|ΠX , ~ωX〉 + |ΠY , ~ωX〉√

2
=

|ΠX〉 + |ΠY 〉√
2

∗ |~ωX〉 ≡
|1〉 + |0〉√

2
(1.1)

The final state |ψf〉 of the X recombination is (for any chosen polarization basis)

the superposition of the two photon states with opposite polarization |ΠX,Y 〉 and

energy ~ωX . Encoding the basis states |1〉 and |0〉 in the photon polarization and
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Figure 1.2: Recombination scheme of the X and XX compounds and corresponding
features of the PL spectrum for a cylindrical symmetric QD (a), and an asymmetric
QD (b)

tracing out the others degree of freedom (in this case acting a spectral filtering) we

obtain a photonic QBit. The case of the T state can be schematized in a similar

manner of the X case. The photon polarization obtained in the T recombination

is described by 1.1 while the emission energy is different. The final state |ψf〉
comprehends the spectator charge in the QD but the photonic part can be isolated

and the QBit is encoded in the same way of the X case.

In the hypotheses of perfect QD symmetry is also possible to obtain polarization

entangled photon pairs in the XX →X → gs transition (see Fig.1.2). The XX is

a singlet spin state and the associated spin interaction is in any case zero. The

recombination from paths for the two XX spin states are equally probable and

indistinguishable, the same is for the X recombination path (being the X level

degenerate). In this situation the final photonic state after the almost simultaneous

radiative cascade XX →X → gs is described by Eq.1.2. Encoding the QBit in the

photons polarization and tracing out the other degrees of freedom we can get an
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entangled Bell state as summarized in Eq.1.2.

|ψf〉 =
|ΠX , ~ωX ; ΠX , ~ωXX〉 + |ΠY , ~ωX ; ΠY , ~ωXX〉√

2
=

|ΠX ; ΠX〉 + |ΠY ; ΠY 〉√
2

∗ |~ωX ; ~ωXX〉 ≡
|11〉 + |00〉√

2

(1.2)

In a real QD several effects may influence the Hamiltonian symmetry. It is com-

monly recognized that the piezoelectric field (eventually introduced by strain in

the crystal structure) and geometrical asymmetries of the QD, break the exciton

Hamiltonian introducing an e−h fine interaction (anisotropic exchange interaction)

of the X level [42]. The polarization splitting, usually indicated as fine structure

splitting (FSS), of the XX emission is identical to that of the X complex be-

cause the XX is a spin-singlet state. The two electrons (holes) in conduction

(valence) bands have a zero total spin and even in an asymmetric potential there

is not fine interaction. The XX exhibits neither exchange nor Zeeman interaction

splitting [41, 43, 44], therefore, in the optical spectra any FSS of the emission is

fully determined by the FSS of the X complex in the final state of the electron-

hole recombination. Within this energy scheme of the XX →X → gs cascade (see

panel (b) of Fig.1.2) the two allowed XX recombination paths are energetically

distinguishable.

|ψf〉 =
|ΠY , ~ω1; Π

Y , ~ω2〉 + |ΠX , ~ω3; Π
X , ~ω4〉√

2
(1.3)

The final state of the two emitted photons (Eq.1.3) has not the same entanglement

scheme of Eq.1.2: the energy state is now completely mixed with the photon

polarization state and the wavefunction cannot be factorized in the two degrees of

freedom. Even if several theoretical and experimental proposal have been made in

order to recover the polarization entanglement scheme [29, 45, 46], the Hamiltonian
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asymmetry forbids an easy exploitation of the QD emission.

Finally we mention how the charged exciton T does not show any FSS. Since

the charge displacement in the QD determines a zero total spin of the conduction

or valence band in the initial and final state of the recombination the T complex

is never influenced by the exchange interaction.



Chapter 2
Experimental

In this chapter the GaAs/AlGaAs nanostructures and the experi-

mental techniques related to this thesis are presented. In the first

part the features of the modified droplet epitaxy (MDE) growth

method are shortly described. The overview of the band struc-

ture of the AlxGa1−xAs compounds and the exciton formation in

the GaAs/AlGaAs quantum dot system overcomes the aim of the

present work and we refer to literature for a detailed description

[47, 48, 49, 50, 51, 52]. In the second part the most important

properties and performances of the experimental apparatuses are

described.

2.1 Modified Droplet Epitaxy

In the last two decades, several fabrication methods have been reported for the

efficient growth of quantum dots with high crystallin quality and improved optical

quality. The most common technique is self organized nucleation of QDs consti-

tuted by lattice mismatched materials, such as In(Ga)As/GaAs, which have been

8
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QDot QRing Concentric

QRing
QDot

molecules

Figure 2.1: Differen type of GaAs/AlGaAsMDE nanostructures: AFM images (1µ×1µ)
of uncapped samples.

successfully obtained by the Stranski-Krastanov (SK) method in 1993 [35]. A sig-

nificant amount of lattice strain is a relevant characteristic of SK nanostructures

being the lattice mismatch a key point in the QD formation. Further, more in

order to obtain good crystalline quality, a wetting layer of the same QD material

is usually present on top of the barrier material. The presence of both strain and

wetting layer affects the QD electronic and optical properties. To overcome such

limitations obtaining self-assembled nanostructures, a different method of fabrica-

tion of lattice-matched and lattice-mismatched materials [53] based on molecular

beam epitaxy (MBE), is the modified droplet epitaxy (MDE ) [54, 55]. MDE is

a non conventional growth method for III-V compounds developed by N. Koguchi

and coworkers in the NIMS laboratory of Tsukuba, Japan. This method is the

evolution of the droplet epitaxy that was tuned-up in the 1991 [34]. The modified

droplet epitaxy [34], owing to its intrinsic high designability, allows the growth of

a large variety of different materials and structures, ranging form quantum dots

[56, 57, 58], quantum dots molecules [37] and quantum rings as shown in Fig.2.1

[36, 59, 60, 61]. Such technique permits also the realization of nanostructures with

extremely low areal densities (down to few 108QDs · cm−2) allowing single nano-

crystal spectroscopic characterization with no need of further sample processing.

Further, the independent tuning of nanostructure sizes and densities can be ob-
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tained. A detailed description of the MDE growth method overcomes the aim of

this thesis and here I will briefly describe the prominent aspects of the typical

GaAs/AlGaAs nanostructure growth, giving an example of its versatility.

2.1.1 GaAs/AlGaAs Quantum dot to Concentric Quantum ring

transition

Making use of MDE it is possible to realize a series of different GaAs/AlGaAs

nanostructures, starting from the same initial Ga droplet configuration, in which

the nanostructure (NS ) morphology is progressively changed, from GaAs/AlGaAs

lens shaped QD, to single quantum ring (QR) and, eventually, to concentric quan-

tum ring (CQR) structures.

The investigated samples are grown by MDE in a conventional MBE reactor.

The growth scheme is as follows. After the growth of 300 nm GaAs buffer layer and

400 nm Al0.3Ga0.7As barrier layer at 580 ◦C by MBE, the substrate temperature

is lowered to 200 ◦C, the As valve closed and the As pressure in the growth

chamber depleted. Supplying only Ga cation atoms at this temperature and in

absence of As, the initially deposited Ga atoms are incorporated into the As

terminated surface resulting in a Ga stabilized surface. Subsequent Ga deposition

allows to the formation of tiny Ga droplets on the substrate with high circular

symmetry. In the present example the samples are prepared by supplying a total

amount of Ga of 3.75 monolayers (MLs) (at 0.5 ML/s rate), where we indicate as

1 ML of Ga the amount of cations necessary to obtain 1 ML of GaAs in presence

of As. Following the deposition of the droplets, and maintaining the substrate

temperature at 200 ◦C, an As4 molecular beam with fluxes in the range 2 × 10−4

– 5× 10−6 Torr beam equivalent pressure (BEP) is irradiated on the surface. This

growth step causes the complete arsenization of the Ga contained in the droplets

into nanometer size crystals. By choosing the appropriate As flux during the latter
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step the control of the NS shape is obtained, in fact the NS morphology shows a

marked dependence on the As flux [54, 36, 59, 60] (as shown in the three bottom

panels of Fig. 2.2). When the As flux is 2× 10−4 Torr BEP, the droplet are frozen

in their initial configuration, thus permitting the formation of lens shaped QDs,

with an average height of ≈ 7 nm and a base of ≈ 30 nm . As the Arsenic pressure

decreases, the shape of the NS develops a well defined hole in the middle, thus

changing toward a ring structure [36]. When the As flux is 4×10−5 Torr BEP, the

shape of NS s is ring–like, with an average base size which does not strongly differ

from those of the QDs (≈ 40 nm) but with a noticeable reduction in the maximum

height, now ≈ 2 nm (see the second panel in Fig. 2.2). Further reduction in the

As flux down to 1 × 10−5 Torr BEP does not induce strong changes in the NS

shape: the NSs remain ring–like, assuming a more regular shape. Decreasing the

As pressure below 5× 10−6 Torr BEP induces major changes in the NS shape. A

second annular structure now encircles a small internal ring, producing a double

concentric ring structure (third panel in Fig. 2.2). The inner ring radius is around

∼15 nm, while the outer ring radius reaches the ∼50 nm value. The height of

both rings is reduced to 1.5 nm. It is worth mentioning that the two structures

are not well defined in all the directions, as shown in Fig. 2.2 by the AFM profile

of a single CQR MDE − NS, where the two rings tend to merge along the [011]

direction. Better definition of the two rings can be obtained by a further decrease

of the As flux (down to 2×10−6 Torr BEP) during the arsenization step as reported

in ref. [59] (see also Section 7.1.

After the complete arsenization of the Ga droplets, a growth interruption of

10 min at 350 ◦C at constant As flux is performed. Then, an Al0.3Ga0.7As barrier

layer of 50 nm was grown by migration enhanced epitaxy (MEE) [62] at the same

temperature of 350 ◦C. Finally, the samples are annealed (10 min at 650 ◦C under

As flux) in the chamber. A second set of samples is grown without capping in the
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Figure 2.2: AFM images (500 nm× 500nm) of the uncapped samples.

same conditions for morphologic characterization.

The surface of the uncapped samples was observed via Atomic Force Microscope

(AFM). Typical example of AFM images of uncapped samples are shown in Fig.

2.2. The areal density of the NSs, irrespective whether they are QDs, QRs or

CQRs, is similar: ≈ 1 × 1010 cm−2 [lower (≈ 6 × 108 cm−2) when the growth

conditions are optimized for CQR]. The density is determined by the initial droplet

density which, in turn, shows a marked dependence on the substrate temperature

[63]. It’s worth noting that MDE growth allows an independent tuning of NS

size and density.

The optical characterization was performed by macro–photoluminescence spec-

tra measured at 15 K using a closed cycle cold finger cryostat. The PL was excited

with an Nd : Y AG duplicated laser (λexc = 532 nm). The excitation power density

was 10 W/cm2. The spectra were measured by a grating monochromator operating

with a Peltier cooled CCD camera.

The PL spectra of the as grown samples at T = 15 K are reported in Fig. 2.3

a). All the samples show a PL characterized by a broad emission band located
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Figure 2.3: a): normalized PL spectra of QDs, QRs and CQRs (as grown) samples
at T= 15 K and 10W/cm2 laser power density (the spectra are vertically shifted for
clarity). b)Peak energy (left scale, open squares) and nanostructure height (right scale,
full squares) for QDs, QRs and CQRs (as grown).

between the GaAs and the Al0.3Ga0.7As energy gaps. The emission of QDs is

peaked at Epeak = 1.738 eV with a Full Width at Half Maximum (FWHM) of

110 meV. QRs emission is characterized by a narrower (FWHM = 75 meV) and

slightly blue-shifted (Epeak = 1.74 eV) band, respect to that of QDs. As shown

in Fig. 2.3 b) the anticorrelation of the PL shift and the NS maximum height is

an indirect proof of the morphology effect on the carrier confinement. A common

feature of all the ring structures, when compared to the standard QDs sample

is a reduction of the PL yield. In the present case the emission from QRs is

∼30 times smaller than QDs. PL emission, with intensity comparable to that of

QDs (only a factor four), is observed in the case of the CQRs sample. The PL

band is, on the other side, strongly blue-shifted (Epeak = 1.792 eV) and narrower

(FWHM = 60 meV) with respect to QDs. The observed changes in the PL

yield are related to the growth conditions. In fact the MDE nucleation mechanism
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relies on growth kinetic at low-T in order to obtain high structure flexibility, even

if low T implies more defective as-grown material. Two steps can be considered

critical in determining both the structural flexibility of the growth technique and

the material defectivity: (i) the droplet arsenization step, conducted at low–T

and high beam flux; (ii) the initial 10 nm of AlGaAs barrier, grown by migration

enhanced epitaxy (MEE) at an extremely low–T . The correct choice of As flux

and substrate T , through the control of the GaAs formation kinetic, allows to

determine the NS shape. On the other side, the incomplete diffusion of As inside

the Ga droplets is one of the major problems affecting the crystalline quality in

the MDE–NS. Also the first layers of the barrier must be grown at low–T , in

order to freeze the NSs in the achieved form and prevent them from reaching the

GaAs thermodynamical equilibrium state, that is a flat epilayer. MEE growth

procedure is used in this process step, that is a growth method which permits to

obtain good quality layers even at substantially low growth–T [62]. Nevertheless

the temperatures used in MDE are by far lower than the one used in ordinary

MEE, thus producing a defected AlGaAs layer in the region just above the NSs.

For that reason a post growth annealing is usually necessary [64].

2.2 Single nanostructure spectroscopy

Even though important information can be extracted from the study of an ensem-

ble of nanoparticles using conventional PL techniques, it is well known that the

possibility of performing experiments with a microprobe allows to retrieve infor-

mation on a single QD. In fact, it is established that structural disorder plays

a major role in determining the spectral features of the nanoobjects, as a conse-

quence of the inhomogeneous broadening that may represent a limitation for some

application, as for example low threshold lasers.
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Within the typical inhomogeneous PL line (broadening of tens of meV) it is not

possible to discriminate on the local properties of the dot such as different exciton

complexes, single photon emission, spin effects, etc.. . Moreover, measurements on

an ensemble of QDs cannot resolve between biexcitons, trions and p-state recom-

bination, which are expected to have very different features. Finally, variations

of the QD size can produce a spread in the oscillator strength which is somehow

averaged when the PL from the ensemble is studied. It is therefore clear that a

great help can be given by microprobe techniques, which, providing high spatial

resolution, give information on the properties of the single emitters. Among the

several techniques, microphotoluminescence (µPL ) and scanning near-field opti-

cal spectroscopy (NSOM) are probably the most widely used, since they can be

implemented in a wide spectral range (UV to IR) and different experimental se-

tups have been realized to combine spatial and temporal resolution to explore the

dynamical properties of the nanoobjects [10, 65, 66, 67, 68, 69]. While microPL

spatial resolution is substantially limited by the diffraction of the lightwave, NSOM

spectroscopy is in principle limited only by the aperture of the probe (50-100 nm).

The price to be paid is usually a strong reduction in sensitivity. Moreover the

implementation of a NSOM apparatus for temperature-dependent measurements

is not an easy task, so that, most of the recent experiments on single quantum

dots has been performed by µPL experiments.

2.2.1 Experimental apparatus

The general scheme of the experimental apparatus is summarized in Fig. 2.4. The

main building blocks are four: the laser sources, the cryogenic apparatus (ultra-low

vibration cryostat), the confocal microscope, the spectroscopy apparatus for the

PL analysis. The different parts are evidenced in Fig.2.4 by dashed rectangles.
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Figure 2.4: Scheme of the experimental apparatus. The main building blocks are evi-
denced by dashed rectangles.

Cryogenic apparatus

We used an ultra low vibration cold finger cryostat (Janis ST 500), working with

either liquid Helium or Nitrogen, which allows a fine tuning of the sample temper-

ature between 4.4 K to room temperature. Its peculiar feature is the possibility

to work with no help of pumps but just with the pressure formed in the dewar

containing the cooling liquid. For magneto photoluminescence measurements we

used an Oxford cryostat modified for the insertion of a superconductive magnetic

coil.

Laser sources

The CW sources are a frequency doubled Nd : Y AG laser emitting at 532 nm,

HeNe lasers emitting at 633 nm and 534 nm. The pulsed sources are a dye laser at

600 nm (pumped by the second harmonic of a Nd : Y ag laser) emitting 2 ps pulses
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with a repetition rate of 76 MHz and the second harmonic of a Ti : Sapphire laser

emitting 100 fs pulses with a repetition rate of 82 MHz at 400 nm.

Microscopy apparatus

The PL collection is performed by a high numerical aperture microscopy objective

working in confocal configuration with a second microscopy objective. In all the

experiments the lateral spatial resolution (∼1 µm) of the confocal microscope is

always determined by the diffraction limit of the main objective O1 (the diameter

dimension of the confocal fiber is usually 3.5 µm and it is selected in order to

exploit that resolution limit).

The control of the microscope position in the horizontal plane, parallel to the

optical table, is controlled by mechanical stages with a spatial resolution of 25

µm. Either the main objective O1 and the confocal optical fiber are mounted on

mechanical translation stages with a resolution of 5 µm. The focusing of O1 in the

z vertical direction and the lateral x − y adjustments of the confocal optical fiber

are finely tuned by piezo stages. Finally the position of the excitation/collection

on the sample can be finely tuned adjusting the position of the mirror on the top

of O1 with micrometer screws.

The microscope is equipped with an imaging apparatus formed by a 200mm-

focal length photographic objective, a commercial silicon-based CCD camera and

a white lamp light (not shown in the figure) for the sample illumination.

The excitation laser beam is focused on the sample using the main objective

O1. The laser beam is aligned on the PL optical path by using an optical fiber,

achromatic collimating lens (not shown) and a dichroic mirror. The dichroic mirror

allows the separation of the collected PL and the excitation beam. The excited

area on the sample is determined by the fiber core diameter, the focal length of

the collimation lens and of O1 and is usually of the order of 10 µm. Alternatively
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the PL excitation can be realized through the cryostat window focusing the laser

beam on the sample with a lens. In this case the spot size is about 50 µm diameter.

In both cases the excitation spot dimension is much larger than the microscope

resolution thus allowing almost uniform excitation of the PL over a large portion

of the sample.

Finally it is worth noticing that the reached spatial resolution joined to the

areal density of the MDE nanostructures allows an easy distinction of PL emission

from different nanostructures. In fact, we can usually collect the PL from a few

nanoemitters that are spectrally separated due to the size dispersion.

Spectroscopy apparatus

The collected photoluminescence is dispersed by a grating spectrometer in which is

fed through the confocal optical fiber. The use of the optical fiber allows to easily

interchange the monochromator for different experiments. In fact we can use an

high resolution setup for CW measurements with a silicon based CCD camera or

a lower resolution setup for time resolved investigation with fast detectors.

Typically the PL emission from excitons in a QD is characterized by a series

of sharp lines. Both the line broadening and the fine splitting of the energy levels

could be as small as ∼10 µeV. Therefore a detailed spectral analysis of the single

QD photoluminescence needs high resolution measurements, in order to carefully

determine line shape and broadening. For high resolution PL we used a U1000

Jobin-Yvon, 1 m-focal length, double grating monochromator obtaining a spectral

resolution better than 25 µeV. We also equipped the confocal apparatus with a

polarizer and a rotating half (quarter) wave plate for linear (circular) polarization

detection. The selection of the detected PL polarization was performed before the

collection in the confocal optical fiber as shown in Fig.2.4.

For time resolved measurements, where a high spectral resolution is not re-
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quired, the implemented setup was equipped with a Czerny-Turner, 0.3 m focal

length, single grating spectrometer Acton Spectra Pro 2300i. In one of the two

spectrometer exits the PL is detected by using a silicon based CCD camera. The

second exit of the spectrometer allows the selection of a sharp portion of the spec-

trum through the use of a slit. This selection makes possible the investigation of

the temporal dynamics of carriers-complexes inside the nanostructure by a time

correlated single photon counting setup (TCSPC) as discussed later. The spec-

tral resolution of the stup for time resolved experiments is of the order of 250 µeV

(expressed as full width at half maximum, or FWHM , of a sharp HeNe laser line).

Magneto-photoluminescence

The study of the fine structure of energy levels is also performed in presence of

an external applied magnetic field. The used setup, developed in the Quantum

Dot research center in the NIMS laboratory in Tsukuba (Japan), is conceptually

identical to that shown in Fig.2.4 and in addition is equipped of a superconductive

magnetic coil providing a variable magnetic field finely tunable between 0 and 5

Tesla. All the measurements are performed in Faraday configuration, where the

applied magnetic field is parallel to the z sample growth direction (the vertical

symmetry axis of the nanostructures). This allows to study either the Zeeman

splitting and the diamagnetic shift providing information about the spin configu-

ration of the carries involved in the recombination process.

Further details of this kind of measurements will be discussed in the specific

Section 5.1.

Time-resolved and time-correlated spectroscopy

The time resolved and time correlated experiments are of the utmost importance

in this work since they represent a powerful tool to investigate the confined car-
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riers dynamics. Besides, this investigation can provide information on the single

photon emission properties of single nanostructures, allowing a deep insight into

the electronic structure and the state filling.

The radiative transitions from QD excitonic levels usually present radiative life-

times as short as ≈ 1ns, while the charge capture is typically shorter (≈ 10 − 100

ps). Therefore the charge dynamics investigation is performed by using fast detec-

tors. We used two detectors: a micro channel plate phototube (MCPT Hamamatsu

R3809U51) for time resolved analysis and two avalanche photodiodes (APD Perkin

Elmer SPCM-AQR) for time correlated experiments. The estimation of the time

resolution is performed by selecting the pulsed laser line through the spectrometer

exit slit and adjusting the detected laser intensity to a count rate similar to the

typical PL intensity. In the first case the MCPT temporal resolution is about

70 ps while in the second case, for the APD detector, is about 600 ps (expressed

as FWHM of the time response of the pulsed laser source). For lifetime mea-

surements we used a time correlated single photon counting (TCSPC) method.

The photon arrival statistics on a single-photon detector is measured by a Time

to Amplitude Converter (TAC) triggered by the laser pulses. The START signal

is provided by the detection of a PL photon and the STOP by the laser trigger.

The time delay ∆ from START and STOP generates output of the TAC with

amplitude proportional to ∆. The analog signal is converted by an ADC. In this

way is possible to build a histogram of the time delay events and to reconstruct

the photon statistics.

Intensity time correlated measurements are made with an Hanbury-Brown and

Twiss (HBT ) interferometer, providing further information on the photon statistic.

The HBT interferometer is a useful tool to study the g(2) function that allows to

test the single photon emission and to investigate the correlations in the PL

emission of single nanostructures.
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Figure 2.5: In the top panel (a) is represented the conceptual scheme of an HBT setup.
The collected light emitted by a photon source is fed into the interferometer which is
composed by two identical single photon detectors acting as START and STOP events.
The measured time delay between a START and a STOP is processed and reported as
an histogram. In panel (b) the histogram of the photon arrival statistics is schematically
described. After the collection and detection of a START -STOP event the time delay
is measured and converted by an ADC in a channel number. The histogram of the
START -STOP events consists in the statistical distribution of the time delays of the
emitted photons.
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For a detailed discussion on the theory of the g(2) we remind to the litera-

ture [27] and in the appropriate appendix 8. Here we limit the discussion to the

description of the experimental apparatus.

The simplified scheme of this setup is shown in panel a) of Fig. 2.5. The PL

radiation is collected by the confocal microscope. The collected light is collimated

at the output of the optical fiber and sent to a 50% beam splitter. The two

beams are fed into two low resolution spectroscopic apparatuses as described before

(the two arms of the HBT interferometer). The spectral filtering, acted by the

spectrometer exit slits, allows to isolate the contribution of a single line in the

spectrum and consequently to register the photon arrival through the avalanche

photodiode (this is possible both in CW or pulsed excitation). In Fig. 2.5 the two

arms of the interferometer are represented by the two detectors 1 and 2. The two

APD produces logic pulses transmitted to the fast electronic for the elaboration.

Through the same apparatus for TCSPC, represented by the correlator in Fig.

2.5, is possible to measure the time delay between the arrival of one photon on

detector 1 and the following photon on detector 2 (the time delay between two

APD logic pulses). Note that in the STOP arm of the interferometer a time delay

is introduced by an electric cable. The histogram builded reporting the START-

STOP event time distribution is proportional to the g(2) function [27, 70]. In the

panel (b) of Fig.2.5 is schematically shown how the histogram is builded.



Chapter 3
Continuous wave excitation of

quantum dot photoluminescence:

line broadening and dephasing

mechanisms

In the following section the main features that typically character-

ize the single QDs spectra are presented. In the first part the dif-

ferent excitonic recombination components, such as neutral exci-

ton (X), charged exciton (T ), neutral bi-exciton (XX) and multi-

exciton (MX) lines are studied by changing the excitation laser

power density. The analysis concerning the line shape and broad-

ening is divided into two parts: firstly the quantum confined Stark

shift induced by charged trap defects (studied by high resolution-

low temperature measurements) and secondly the effect of phonon

interaction on the line shape (analyzed by temperature resolved

measurements).

23
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3.1 Exciton complexes is GaAs/AlGaAs quantum

dots

We will start presenting CW measurements performed on a single GaAs/AlGaAs

quantum dot as a function of the excitation power by using the micro–photoluminescence

(µPL) setup previously described in 2.2.

This QDs sample presents a relatively low nanostructures density (∼ 109QDs ·
cm−2) and a broad size dispersion. More details on the growth procedure and

annealing effects can be found in Refs. [55, 36, 71] and [59]. µPL experiments

were performed using a 100× (50×), high numerical aperture NA = 0.7 (NA =

0.4) microscopy objective and a single mode optical fiber acting as confocal pinhole,

leading to a lateral resolution of ∼0.5 µm (∼1 µm). The sample was cooled down

at T=10 K in a cold finger cryostat. With a 1 m (0.5 m) focal length double (single)

grating monochromator, we could reach a spectral resolution better than 25 µeV

(200 µeV). The excitation is provided by the second harmonic of a Nd : Y AG laser

emitting at a wavelength of 532 nm, to excite the continuum states of the AlGaAs

barrier.

Typical PL spectra of a single GaAs QD are shown in Fig. 3.1(a) and (c). In

the low excitation regime the spectrum shows a single sharp (graph (a)) line labeled

as X and eventually a lower energy peak T (graph (c)). In this excitation condition

we can expect the formation of an e − h pair in the quantum dot and interpret

this line as the radiative recombination from a neutral exciton. Nevertheless it is

well known that charged complexes can be obtained as a drawback of the growth

(as spurious donors and acceptors dopant atoms) or as a consequence of extrinsic

charges capture. In a higher excitation regime another line labeled XX emerges

on the low energy side of the spectrum. A further increase in the pumping power

causes the appearance of several additional lines and broad bands (MX) along
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Figure 3.1: (a) high resolution spectra of a GaAs/AlGaAs QD for increasing power.
(b) integrated PL intensity of X, T and XX lines of the QD of (a) as a function of
the incident power. The power law which rules the intensity growth and the specific
parameters are reported in the figure. (c) low resolution spectrum of a different QD. In
this case, for high excitation, the multiexciton components MX are indicated in the low
energy side of the spectrum. (d) same analysis made in (c) but for QD represented in
(c). It is evident how each line progressively increases its intensity, reaching a maximum
and then starting to quench.
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with the quenching of X, T and XX lines (see graph (c)) [40].

The power dependence of lines X, T and XX peaks is presented in Fig. 3.1(b)

and (d): for each line the intensity increases with power until a maximum and then

starts to quench. Note that the X and T lines reach their maximum at smaller

power density with respect to the XX. A fit to a power law of the experimental

data at low P , where the saturation effect are negligible, indicates a superlinear

behavior for both T and XX respect to the X case; note that XX increases almost

quadratically with respect to X. Similar spectral features have been frequently

observed in our GaAs QDs [57]. We interpret the lines X, T and XX as the neutral

exciton, the charged exciton (or trion) and the biexciton radiative recombination,

respectively. This attribution has been confirmed by other kind of investigations as

discussed in Chap. 6). This interpretation qualitatively accounts for the saturation

effect observed in the high excitation regime [40, 72]. In the low pumping regime

only one exciton can be formed. In the first stages the X line linearly increases its

intensity with power P . The saturation effect, as a consequence of the increasing

P , results in a reduced probability to find only one exciton in the quantum dot

determining a smaller intensity of the corresponding X line. On the other side the

probability to create more than one exciton augments and several other lines can be

observed in the spectrum. These lines are attributed to the radiative recombination

of excitonic complexes such as XX and MX. Finally, for very high excitation, all

the sharp lines quenche and a broad band dominates the spectrum. We measured

several QDs emitting at different energies finding a binding energy for XX and T

usually varying in the 3–5 meV and 0.7–2 meV intervals, respectively. The line

broadening, reflecting spectral diffusion due to the presence of charged defects in

the QD environment, is widely discussed in the specific section 3.2.

In all the following chapters we will refer to neutral exciton, trion and neutral

biexciton using the aforementioned notation X, T and XX, respectively.
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3.2 Quantum confined Stark shift: spectral diffu-

sion

We experimentally and theoretically investigate the photoluminescence broadening

of different excitonic complexes in single self-assembled GaAs/AlGaAs quantum

dots. We demonstrate that the excitonic fine-structure splitting leads to a sizeable

line broadening whenever the detection is not resolved in polarization. The residual

broadening in polarized measurements is systematically larger for the exciton with

respect to both the trion and the biexciton recombination. The experimental data

agree with calculations of the quantum confined Stark effect induced by charge

defects in the QD environment, denoting the role of the QD spectator carrier

rearrangement in reducing the perturbation of the fluctuating environment.

A typical evidence of the QD environment fluctuations is the inhomogeneous

broadening of the photoluminescence (PL) lines of a single QD. It is well es-

tablished that the radiative linewidth of the fundamental excitonic transition in

single self assembled QDs is of a few µeV at cryogenic temperature, while in micro-

PL (µPL) experiments values up to hundreds of µeV are observed. The origin of

the broadening is known as spectral diffusion (SD) and is commonly attributed

to the charging and discharging of trap defects on time scales shorter than the

long integration time required for a µPL measurement, which results in a time-

fluctuating quantum-confined Stark effect [73, 74, 75, 76]. Moreover, in presence

of SD, one can observe conterintuitive effects, such as the onset of a motional-

narrowing regime at low temperature and excitation power [77].

Most experimental studies addressing spectral broadening are performed with

unpolarized light. However, in self-assembled QDs excitonic emission typically

shows a fine structure splitting (FSS)[78, 41, 79] (see 5.2 for details on the fine

structure splitting), coming from partial polarization anisotropy. Since the split-
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Figure 3.2: (a) PL lines arising from the X, T and XX recombination. Red squares
(blue circles) represent the linearly-polarized PL emission along the [110] ([110]), gray
triangles represent the sum of the two. Symbols: experimental data. Lines: gaussian
fit. (b) Black circles and red squares give the positions of the X and XX peaks as a
function of the linear polarization. Dotted lines: the sinusoidal fit of the data. (c) Black
circles, blue diamonds and red squares are the line broadenings σX, σT, and σXX. Dotted
lines: sinusoidal fit of the data.

ting (∼100µeV) is typically comparable to the line broadening , the intrinsic SD

contribution to the linewidth of excitonic recombination can only be isolated with

polarization-sensitive detection.

Here high-resolution, polarization-resolved spectroscopy is employed to charac-

terize the excitons (X), biexcitons (XX), and trions (T ) linewidth of GaAs/AlGaAs

QDs [55, 36]. Their respective linewidths (reported as full width at half maximum),

σX, σXX, and σT, show a systematic relationship, with σX typically larger than σXX,
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Figure 3.3: Distribution of the ratios σT/σXX as a function of σX/σXX. The dashed line is
a linear fit of the points and the cross represents the averaged value. Inset: compari-
son between typical X (black squares), T (blue triangles) and XX (red circles) lines.
The peaks are shifted in frequency and renormalized in intensity in order to make the
comparison clearer.

and σXX ≃ σT.

All the measurement are performed at T=20 K by using the same confocal

setup for the PL collection and a spectral resolution better than 25 µeV [see

the devoted section 2.2.1]; it allows to measure line shift as small as 5 µeV. The

polarization-dependent FSS is measured by using a linear polarizer and a rotating

half-wave plate (see Fig. 2.4).

The QD PL spectra are generally characterized by the presence of three main

peaks, which are associated to X, T and XX recombinations, on the ground of

intensity-correlation measurements (see Section 6 and ref. [38]) and of the FSS

analysis. We attribute T to positively charged trions (X+) due to the slight residual

p-doping of the structure. Three typical emission lines are shown in Fig. 3.2(a).

The PL linearly polarized along the asymmetry axis of the QDs is denoted by the

symbol ⊥ (blue circles) and ‖ (red squares) while the sum of the two as ⊥ + ‖ (gray
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triangles). The X and XX lines clearly show symmetric polarization splittings,

while the T emission is polarization independent.

It is clear from Fig. 3.2(a) that the broadening of the total PL (⊥ + ‖) of X

and XX lines is almost twice than that observed when selecting the polarization

along one of the asymmetry axes. In order to precisely evaluate this effect, we

have studied the FSS of X, T and XX as a function of the polarization angle. As

expected, the linewidths of XX and X show a clear sinusoidal dependence on the

polarization angle (θ), with a periodicity which is twice that of the corresponding

FSS. This demonstrates that, besides SD, the presence of FSS in the excitonic

emission gives rise to a sizeable broadening of the unpolarized QD emission spec-

tra. In the following we analyze the linewidth corresponding to linear polarization

along one of the asymmetry axes of the QD which corresponds to the smaller line

broadening.

We have measured several QDs, emitting at different energies in the spectral

interval 1.7 − 1.9 eV. We find no correlation between linewidth and dot size (i.e.,

the emission energy), which suggests the extrinsic origin of the line broadening.

Analyzing each QD, we find instead a clear correlation between the line broadening

and the number of carriers in the dot [see Fig. 3.3 (a)]. In particular, we find that

σX is systematically larger than σXX, σT, which are instead very similar to each

other: σX > σT ≃ σXX. A typical example is shown in Fig. 3.3 (b), where the

three lines are shifted in frequency and renormalized in intensity so as to allow a

direct comparison of their broadenings. The average values of the broadening are

σX = 140µeV, σT = 92 µeV, and σXX = 87 µeV. According to previous findings [73,

74, 75, 76] we attribute the PL line broadening to SD related to the population of

extrinsic levels in the barrier region around the QDs, likely associated to crystalline

defects.

The presented phenomenology can be nicely accounted by theoretical models
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developed by F. Troiani (University of Modena, Italy). In order to understand the

observed correlation between the σ values, we calculate the X, XX, and T energy

shifts induced by charged traps in the surroundings of the dot. For a given trap po-

sition, we first calculate the single-particle states by solving the three-dimensional

Schrödinger equation within a single-band effective mass approximation. In our

model, the confinement potential V
(χ)
BO (r) [χ = e, h identifies the electron (e) and

hole (h) states in the QD] is provided by the band offset between the disk-shaped

GaAs region and a surrounding Al0.3Ga0.7As barrier: V
(χ)
BO (ρ, z) = 0 for 0<ρ<r

and 0< |z|<h/2, and V
(χ)
BO (ρ, z) = V

(χ)
0 > 0 elsewhere. The presence of a trapped

charge in the surroundings of the dot results in an additional contribution to the

potential V (χ)(r) = V
(χ)
BO (r) + q/ǫ|r − R|, ǫ being the bulk dielectric constant. We

then compute the energy of X, XX and positively or negatively charged trions,

T=X±, by diagonalizing the few-particle Hamiltonian H =
∑

χ H
(χ)
SP +

∑
χ,χ′ H

(χχ′)
C ,

where H
(χ)
SP and H

(χχ′)
C are the single-particle and (intradot) Coulomb interaction

terms, respectively [80]. Finally, we identify the optical transitions between the

i−th eigenstate |Ψα
i 〉 of the electron-hole complex α = X,X+, X−, XX and the

j−th eigenstate |Ψβ
j 〉 of β(α) = vac, h, e,X, respectively. In the following, we focus

on transitions between ground states (i = j = 0), whose transition energy is ǫα.

The quantity to be compared with the inhomogeneous broadening σ is the shift

of the optical transitions induced by a charge q trapped at different positions R

from the QD. These are given by the difference between the Stark shifts of the

initial and final states ∆ǫα(R) = ∆Eα
0 (R)−∆E

β(α)
0 (R). Assuming traps occupied

by single carrier, we have calculated the spectral shifts for four possible scenarios,

with positive/negative charge q = ±|e|, and traps localized in the plane of the QD

or along the growth direction.

The results are shown in Fig. 3.6 for a disk-shaped model QD, with dimen-

sions and interlevel spacings corresponding to a typical observed dot (see caption).
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Figure 3.4: Calculated energy shift of the optical transitions of X, XX, and T=X± of
a model QD, resulting from the presence of holes [q = +|e|, panels (a,b)] or electrons
[q = −|e|, (c,d)] trapped in its surroundings. The dot height and radius are given by
r = 5 nm and h = 8 nm. The trapped carrier is positioned at a distance R from the
disk center, either along its symmetry axis [R ‖ ẑ, panels (a,c)] or in the plane [R ⊥ ẑ,
panels (b,d)], as indicated in the insets. The initial electron-hole complex α corresponds
to: X (solid black lines), X+ (dotted green), X− (dashed red), and XX (solid gray).

Quite remarkably, different charge sign and positions of the traps give rise to qual-

itatively different behaviors, which are found to be rather robust with respect to

the QD shape and size (not shown here). Quite generally, the QD shifts corre-

sponding to R ⊥ ẑ are larger than those for R ‖ ẑ, for the in-plane confinement is

here weaker that the one in the growth direction. The generally obtained negative

shifts of the optical transition correspond to the electron-hole complexes α being

more redshifted (less blueshifted) than the corresponding β. More specifically, we

find that the ratios ∆ǫα/∆ǫα′

are incompatible with the observed ratios between

the corresponding broadenings, σα/σα′ , if the trapped carriers are holes localized
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on top of the dot [panel (a)]. Qualitative agreement between theory and experi-

ment is found for panels b), c) and d). In particular, the calculated ratios are in

good agreement with the average ratios when the quantum confined Stark shift is

induced by electrons in the plane [panel (d)]. We finally note that the dependence

of the shifts ∆ǫα
i on the field induced by the trap is cubic for all the considered

optical transitions from trion states, ∆ǫX±

.

Therefore appears that the SD-induced broadening we measured on different

single QDs originates, as theoretically supported, by traps located nearby the dot.

We find systematic relationships of the line broadening, with the X linewidth typi-

cally larger than the XX and T linewidths, reflecting the different degree of polar-

izability of X, XX, and T states. Theoretical investigation shows that the spectral

shift of the different excitonic complexes are specific of the sign/localization of the

traps. Therefore, the SD-induced linewidth of µPL contains detailed information

on the nature and localization of the traps.

3.3 Exciton phonon interaction

Here we present a detailed study of the temperature dependence of the single

quantum dot emission lineshape. In particular, we analyze the emission lineshape

in terms of linewidth, peak energy and sidebands. These quantities are all con-

nected with the nature of the electron-phonon interaction. We conclude that the

line broadening in quantum dots is due to pure dephasing processes driven by

GaAs − LO phonons. In addition, there is a lack of quantum size effect on the

excitonic energy renormalization with the temperature.

The electron-phonon interaction in quantum dots (QDs) manifests itself in the

thermal homogeneous broadening and in the temperature variation of the excitonic

transition energy. Despite intense research there are still important open points in
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these topics: on one side the QD transition energy shrinking is not well understood,

also because it has been mainly studied on large QD ensembles [81, 82, 83]. On the

other side, the thermal homogeneous broadening has been so far attributed either

to scattering with bulk–localized alloy LO phonons or to promotion of excitons

into higher lying energy states [84, 85, 86, 87, 88]. Moreover the majority of

the studies of QD dephasing has been performed in In(Ga)As/GaAs Stranski-

Krastanow (SK) QDs, where the possible relevance of the strain may obscure

pure electron-phonon interaction.

We performed PL experiments on our GaAs/AlGaAs QD sample and in this

paragraph an analysis of emission spectra as function of temperature is shown to

get insight in the nature of the electron–phonon interaction.

We performed temperature-dependent photoluminescence measurements for

several single QDs under nonresonant excitation in the AlGaAs barrier.

In Fig.3.5 the µPL spectra of a QD is reported at different temperatures. The

narrow line clearly visible in the low temperature spectra is attributed to the zero

phonon line (ZPL) emission from the QDs. As the temperature increases, the

ZPL emission shifts to low energy and quenches. We compensated the thermal

quenching by increasing the excitation power density, thus working at nearly con-

stant emission intensity. We always checked that the increase of the excitation

power density did not affect the PL line shape. Up to 65 K, the PL band consists

in a single line, which broadens with the temperature. Around 65 K prominent

and slightly asymmetric sidebands appears and their relative intensity increases

with the temperature. Finally, above 100 K, the QD emission is dominated by the

sideband contribution. Similar results have been found in QDs of different size

and we found that the relevance of the sideband contributions increases with de-

creasing the QD size. The analysis of the sidebands contribution will be discussed

in Section 3.3. Here we concentrate on the ZPL.
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Figure 3.5: µPL spectra at different temperatures of QDA. In the inset the PL spectrum
at T=10 K is shown within its Gaussian fit

The independent-boson model reproduces the broadening of the ZPL only by

means of a phenomenological decay rate [84], even if a solution of this problem has

been recently proposed by including a quadratic electron-phonon coupling [89].

The analysis of the broadening and of the peak position of the ZPL is therefore

of the utmost interest. We have used a thermally activated fit [84] and the results

shows that the activation energy is 34±2 meV, independently of different size,

in good agreement with the GaAs LO phonon. Our results support the inter-

pretation of exciton decoherence as due to pure dephasing with the activation of

elastic scattering of carriers into virtual states by phonons [89]. The temperature

dependence of the emission energy and the lorentzian broadening γ of the ZPL

for three measured QDs (QDA, QDB and QDC) is reported in Fig.3.6 (a) and

(b) , respectively. Strikingly, the data of the three QDs agree within the exper-

imental errors. For the sake of comparison, in the same figure are also reported
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the original data of a high precision experimental study on the thermal shrinkage

of the bulk GaAs gap; all the data show the same trend. We must conclude that

no quantum size effect is observed. Recently the T dependence of the excitonic

emission in InGaAs/GaAs SK − QDs has been reported [83]. Small deviations

of peak position of the ZPL from the band gap shrinkage of the nominal InGaAs

bulk material have been observed and attributed to the different coupling of QDs

with long wavelength phonons. In our samples, despite the accuracy of both the

QDs and GaAs bulk data, we cannot observe such deviations. We guess that the

discrepancies found in Ref. [83] have to be attributed to strain-related phenomena

in SK − QDs. It is important to note that, GaAs/Al0.3Ga0.7As MDE − QDs
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Figure 3.6: (a) Temperature dependence of the ZPL energy of QDA (diamonds), QDB
(stars), and QDC (triangles). The bulk GaAs gap (circles) is also reported for compari-
son. (b) temperature dependence of the ZPL Lorentzian broadening of QDA (circles),
QDB (squares) and QDC(triangles) together with the fit (dashed line) obtained by using
a phenomenological phonon activated broadening
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give us some main advantages with respect to the In(Ga)As/GaAs SK − QDs.

Firstly, the MDE possibility to tune and control the QD density allows for samples

with low QD density but large size dispersion, therefore the selection of individual

QDs with strongly different sizes is possible within a single sample. Secondly, the

GaAs/AlGaAs QDs can be considered almost strain-free in all the investigated

temperature range due to the negligible lattice and thermal expansion mismatch

between the barrier and the QD. Finally, the composition of the QD is known,

while segregation effects play a major role in determining the In content of the

In(Ga)As QD. We conclude that 1) effects of pure dephasing induced by carrier-

acoustic phonon elastic interaction dominate the QD emission linewidth and 2)

the excitonic energy renormalization with the temperature is not strongly affected

by electron confinement.



Chapter 4
Time resolved measurements on

single quantum dots

In the following chapter the major results of time resolved mea-

surements on GaAs/AlGaAs quantum dots are presented. In the

first part we concentrated on the study of the recombination dy-

namics of the three main photoluminescence lines X, T and XX.

Further the polaronic effect and its influence on the exciton line-

shape is studied in detail. Finally, in the second part, by studying

the exciton lifetime, we are able to extract information about the

quantum size effect on the recombination mechanism at low tem-

perature.

4.1 Exciton dynamic

In this section the time resolved investigation of a GaAs/AlGaAs QD is presented.

This analysis confirms a cascade-type relaxation of multiexcitons [57, 72, 90] in

agreement with the previous attribution shown in 3.1.

38
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For excitation, second-harmonic output of an optical parametric oscillator pumped

by a mode-locked Ti-sapphire laser was employed. The laser produced picosecond

pulses of 550 nm in wavelength and 76.0 MHz in repetition rate. A confocal

microPL setup with an objective lens of 0.42 numerical aperture was used to

capture individual QDs (see Section 2.2.1). The photoluminescence (PL) was

dispersed by grating monochromator equipped with a silicon based avalanche pho-

todiode. In this setup electric pulses from the APD and the laser trigger were sent

to a time-correlated coincidence counter (PicoQuant PicoHarp300). PL spectra

were characterized using a cooled charge-coupled-device. All experiments were

performed at 6K.
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Figure 4.1: (a) Comparison between the instrumental response functions (gray lines)
and time-resolved measurement of lines X, T , and XX (dot). The solid lines show fits
to the convolution of IRF and growing exponential functions. All signals are observed
at 10 W/cm2. (b) Results of deconvolution for the emission decays of lines X, T , and
XX.

To confirm the above assignment of recombination from neutral exciton X,

charged exciton T and neutral biexciton XX we took time-resolved measurements
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of the three emission peaks. Time development of the X, T , and XX emission is

shown in Fig. 4.1(a), together with instrumental response functions (IRFs) for

the used APD [see Fig.6.2 for the time integrated PL spectra of the QD under

analysis]. The IRF , is measured by the time response of the elastic diffusion of

lase light, after adjusting the laser wavelength and the count rate of APD to be

similar to those of PL. We fit the temporal data to a convolution of IRF and the

difference of two exponential decays function, in order to reproduce the PL rise

and decay times.The result of this analysis gives τX = 300(±20)ps and shows good

agreement with the data. This decay time is equivalent to the value determined

by time-resolved measurement using a detector with better resolution (see Section

4.3). Following the same procedure, we could reproduce the deconvoluted responses

of the X, T , and XX emissions, as shown in 4.1(b). We found that the curve for

X showed almost the same time evolution of the curve for T (τT = 310(±20)ps),

while the curve for XX showed shorter decay (τXX = 280(±20)ps) and rise times.

Besides, the deconvolution in 4.1(b) points out a significant time delay of the X

and T emission respect to the XX, as evidenced by the vertical line. These are

signatures for the biexciton cascade relaxation: Peak XX appears and decays in

the initial stage of the emission, then peak X appears and eventually decays [57].

4.2 Phonon sidebands and polaron dynamic: life-

time investigation

More insights concerning the exciton–phonon interaction can be obtained by time

resolved PL experiments to investigate if the recombination dynamics has a com-

mon origin or not. Our results validate the interpretation of the broad pedestal

band appearing when increasing the temperature as originated from phonon replica.

Moreover we find that the relative weight of the phonon replicas depends both on
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temperature and on the QD size in agreement with theoretical predictions.
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Figure 4.2: Integrated intensity, in a semi-logarithmic scale and normalized at T=10 K,
of the single QD band as a function of the temperature.

The influence of the nanostructures environment which strongly interacts with

the carriers localized in the QDs, is known to be at the basis of efficient dephasing

mechanisms [84, 87, 91, 92, 93]. In particular, the emission of single electron-

hole pair from individual QD is strongly influenced by the external environment

showing a composite lineshape: a sharp line plus pronounced and asymmetrical

sidebands [84, 87], which strongly varies with increasing temperature. This feature

has been interpreted in terms of electron-acoustic phonon interaction (see Section

3.3).

Previously we have investigated the sharp component of the single QD emis-

sion assigned to the zero phonon line (ZPL), while the sidebands are commonly

attributed to a superposition of acoustic phonon replicas in the framework of the

Huang-Rhys formalism [87, 89, 94, 95, 96] (see section 3.3). Despite the rele-

vance of the topic, this attribution has not yet been validated by complementary
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experiments, such as time resolved measurements which allow to discriminate be-

tween contributions of different nature even in the case of strong spectral overlap.

We have in fact already seen that the exciton, biexciton and multiexciton recom-

bination in individual QDs under high excitation power determine an emission

spectrum with sharp lines (eventually overlapped to a broad pedestal attributed

to multiexciton emission). Nevertheless the cascade nature of the different con-

tribution clearly emerges in the recombination kinetics [57]. At the same time, a

well recognized fingerprint of excitonic phonon satellites can be obtained by time

resolved measurements due to the common recombination kinetics of the ZPL and

the associated phonon replica [97].

The experimental setup for time resolved µPL has been previously described.

Her it’s only worth mentioning that the excitation was provided by a ps dye-laser

at 600 nm (pulse duration 5 ps, repetition rate 76 MHz). The spectral resolution

was of 0.2 meV and the time resolution was 30 ps (expressed as FWHM of the

instrumental response).

Since we are interest in studying the exciton dynamics we choose an excita-

tion power density low enough to avoid biexciton and multiexciton emission. In

Fig. 3.5 of Section 3.3 typical µPL spectra of an individual QD are reported at

different temperature. Up to 50 K, the PL band consists of a single line, which

broadens with temperature. A detailed study of this emission contribution can

be found in Section 3.3. For higher temperature, broad and slightly asymmetric

sidebands appear and their relative intensity, with respect to the sharp central

line, increases with increasing the temperature. Finally, above 100 K, the QD

emission is dominated by the sideband contribution. In Fig. 4.2 (b) the QD PL

integrated intensity (normalized at T=10 K) as a function of the temperature is

shown, denoting a relevant emission quenching and, as described in Section 3.3

the PL lineshape strongly depends on T. From these data it emerges that the best
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Figure 4.3: (a)Comparison of the PL decays at the low energy (LE) and high energy
(HE) PL sidebands at T=70 K, in a semi-logarithmic scale. (b) PL spectrum, together
with the fit (solid line) following Eq. (4.1). The dashed line is the acoustic–phonon
sideband contribution to the single QD PL.

temperature for investigating the recombination kinetics of the composite PL band

of the individual QDs is around 70 K, where both the narrow line and the two

sidebands are clearly resolved and the PL intensity is not drastically quenched.

Let us now discuss the recombination kinetics of the individual QDs emission.

The comparison between the decay time of the high and the low energy sidebands is

reported in Fig.4.3 (a). Figure Fig.4.3 (b) shows the time integrated emission band

with arrows indicating the detection energy in the time resolved measurements.

We take advantage from the mechanical stability of our experimental setup which

allows to perform time resolved experiments over many hours with non need of

realignment. The decay times of the two spectral sidebands are identical within the

signal fluctuations and they correspond to a monoexponential decay of ≈ 400 ps.

The indistinguishable recombination kinetics of the high and low energy sidebands

strongly suggests that the two spectral contributions have a common nature.

The next step is to compare the time evolution of the central narrow line with
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that of the sidebands. This is shown in Fig.4.4 (a), for a slightly different QD with

respect to Fig.4.3 (b). Fig.4.4 (b) reports the time integrated PL spectra with

the indication of the energy at which the two time evolutions have been measured.

Within the signal fluctuations, the time evolution of the two spectral contributions

are identical and, in this case, they correspond to a monoexponential decay of

≈ 600 ps. It is worth stressing that the PL lifetime in this QD is significantly larger

with respect to the findings of the QD reported in Fig.4.3, where the PL peak

decays with the same lifetime (≈ 400 ps) of the two sidebands (not reported here).

The difference in the QD lifetimes can be attributed to either a variation of the

radiative or of the non radiative rate. Anyway, for our purpose, the striking point is

that the PL sidebands and the PL peak have the same recombination kinetics, even

if the QDs exhibit different lifetimes. As discussed above, we can conclude that

the two asymmetric sidebands and the sharp central emission line have identical

recombination kinetics, therefore unambiguously demonstrating a common nature.

Similar results have been obtained in the quantum dots we investigated, with

emission energies spanning from 1.670 eV to 1.855 eV.

Our experimental proof of the common nature for the sharp line and the broad

pedestal band of individual QDs, validates the assumptions commonly made in

literature: the sharp emission line is associated to the zero phonon line emission

(ZPL), the high energy sideband is attributed to optical transitions assisted by

phonon absorption while the low energy contribution derives from optical tran-

sitions assisted by phonon emission, thus determining their asymmetry. In this

framework the sideband PL intensity depends on the thermal distribution of the

phonons and therefore on the lattice temperature. However, we may expect differ-

ences in the relevance of the phonon replicas in our strain free GaAs QDs, with

respect to the more commonly studied cases of Stransky Krastanov In(Ga)As

QDs where strain and piezoelectric effects are present. It is then interesting to
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Figure 4.4: (a)Comparison of the PL decays at the central PL peak and at the high en-
ergy PL sideband for T=70 K, in a semilogarithmic scale. (b) PL spectrum together with
the fit (solid line) following Eq. 4.1. The dashed line is the acoustic-phonon sideband
contribution to the single QD PL.

study the temperature dependence of phonon sidebands in the GaAs QDs. In

order to determine the relative contributions in the PL spectrum as a function of

the temperature, we use the simple fitting function proposed in Ref. [98]:

I(E) = S0|E − Ec| exp

(
E − Ec

γph

)2


θ(Ec − E) +
1

exp
(

|E−Ec|
kBT

)
− 1





+
2 ln 2

π3/2

γL

γ2
G

∫ ∞

−∞

exp(−t2)
(√

ln 2 γL

γG

)2

+
(√

4 ln 2E−Ec

γG

− t
)2 dt, (4.1)

The ZPL, whose width is γL, is described by a Voigt function centered in Ec

convoluted with the line broadening due to an inhomogeneous contribution γG,

typically spectral diffusion [99]. The acoustic–phonon sideband, modeled through

a weighted Gaussian with γph width, is coupled to the ZPL through the empirical

constant S0, finally θ is the step function. This fit function gives a nice reproduction
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of the single QD spectra, as shown in Fig. 4.5 (a), even if the data systematically

show a more pronounced asymmetry with respect to the model. Nevertheless the

quality of the fits permits the quantitative determination of the weight of the

acoustic–phonon sidebands within the single QD spectrum.

The inset of Fig.4.5 reports the integrated intensity of the phonon sidebands,

normalized to the total integrated intensity, as a function of T for two different QDs

emitting at 1.808 eV (QDA) and 1.745 eV (QDB), respectively. In the fit ZPL

broadening γL increases with T, as discussed in [58], the parameter γph is 2.3 meV

and 3.6 meV for QDA and QDB, respectively. It is possible to relate, by means of

a simple model based on the effective mass approximation [71, 100, 101], the single

QD emission energy with the QD size. In particular, QDA emission corresponds

to a QD with a base size of ≈14 nm and QDB ≈20 nm [71]. Our measurements

thus span a factor three in the single QD volume. As expected [87, 89, 94], we

find that the relevance of the acoustic–phonon sidebands is increasing with the

temperature, in agreement with the increase of the acoustic–phonon population

with T. More striking it is the observation that the relative spectral weight of the

acoustic sidebands shows a well defined quantum size effect: the smaller the QD,

the larger the acoustic–phonon sidebands.

According to the independent-boson theory [94], the electron–phonon strength

separates into two factors. The first depends on the specific electron–phonon cou-

pling mechanism. The second, named form factor, is related to the spatial exten-

sion of the electronic wave functions and determines the extension, in the wave

vector space, of the phonons involved in the dephasing mechanism. With decreas-

ing dot size the form factor extends to higher phonon wave vector values thus

increasing the relevance of the acoustic–phonon sidebands on the single QD emis-

sion spectrum. Independent-boson theory thus predicts a substantial quantum

size effect, with the acoustic–phonon sidebands which decrease for increasing QD
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Figure 4.5: PL spectrum at T = 75 K and its fit (solid line) following Eq. (4.1). The
dashed line is the acoustic–phonon sideband contribution to the single QD PL. Inset:
intensity of the phonon sidebands, in a semilogarithmic scale and normalized to the
total integrated intensity, as a function of T for QDA (dots) and QDB (squares).

dimensions. This prediction agrees with our experimental findings.

Therefore we have solved the question to validate or to dispute the commonly

assumed attribution of acoustic phonon replica of the composite PL band from

individual strain free semiconductor QDs. The different bands of the composite

emission line show identical recombination dynamics, demonstrating the common

origin of all contributions and according to the phonon replica assignement for the

broad pedestal appearing when increasing the temperature. Finally, we show that

the relative weight of the phonon replicas depends both on temperature and on

the QD size, in agreement with the theoretical predictions.
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4.3 Quantum size effect: exciton lifetime investi-

gation

The broad size dispersion of MDE quantum dots within the same sample makes

possible to extract size dependence of intrinsic features. With no change of extrin-

sic effects we performed time resolved experiments to investigate the dependence

of the exciton lifetime on the QD size. We experimentally demonstrate that the

exciton lifetime is reduced when decreasing the dot size. The analysis of the re-

combination kinetics as a function of the excitation power allows us to resolve

the exciton and biexciton contribution, leading to a clear interpretation of the

experimental data.

One of the key parameter in the optimization of the design of QD–based opto-

electronic devices is the radiative lifetime of the electron-hole pairs inside the single

nanostructure. From the theoretical point of view, a distinction has been made

depending on the radius R of the QDs with respect to the exciton Bohr radius aB

[102]. In the case of no lateral confinement (R > aB) the quantum well limit is

expected to be found, with very short (10 − 20 ps) radiative lifetime of the free

exciton [102]. In the intermediate case of weak confinement (R ∼ aB) the radiative

lifetime decreases with increasing the QD size according to the so-called coherence

volume effect [103]. In the strong confinement regime (R < aB)) the radiative

lifetime is generally expected to be independent of the QD size, due to the strong

electron-hole overlap [104]. However a decrease of the radiative lifetime with de-

creasing the QD size has been predicted with K · P theory [105] and the opposite

trend has been found with atomistic pseudopotential methods [106]. From the

experimental side, the photoluminescence (PL) lifetimes reported in the literature

for InGaAs QDs show a quite large spread of values, likely due to variation of

the e− h overlap induced by different QD morphology and by piezoelectric effects
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[107]. Moreover some experimental works have reported that the PL decay time

increases with increasing the QD size [108], other experimental evidences showed

that exactly the opposite occurs [109, 110].

It’s worth noting that so far most of the experimental studies have been per-

formed on Stranski Krastanov (SK) In(Ga)As QDs with macroPL experiments

on QDs ensembles and this raises some difficulties for the data interpretation.
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Figure 4.6: µPL spectra at different excitation power. In each spectrum the contribu-
tions of two different QDs are resolved .

Firstly, the strain induced piezoelectric field in SK − QDs may lead to a sep-

aration of electron-hole pairs, then producing a variation of the radiative lifetime.

Secondly, measurements on ensemble QDs cannot discriminate between biexcitons,

trions and p-state recombination which are expected to have very different lifetimes

with respect to the fundamental e − h optical transition. Thirdly, comparison be-

tween different samples have been often used to measure the lifetime dependence



50 4.3. Quantum size effect: exciton lifetime investigation

on the QD size. Here we address the problem of the dependence of the radiative

lifetime on the QD size in single strain-free GaAs QDs, within the same sample.

This allows us to exclude electron-hole separation both due to In segregation and

to strain fields. Since we have measured the PL decay time of single GaAs QDs

by means of time resolved µPL, we rule out the possible relevance of excited state

emission. The analysis of the recombination kinetics as a function of the excitation

power allows us to resolve different excitonic contributions, leading to a clear in-

terpretation of the experimental data. The broad inhomogeneous size distribution

of QDs grown by droplet epitaxy is used to investigate QD of different size in a

single sample, with a clear advantage of homogeneity in the possible structural

disorder inside the sample.

We performed time resolved PL measurements for several single QDs under

non-resonant excitation in the AlGaAs barrier. The experimental apparatus was

previously described in Section 3.3 and 2,

In Fig. 4.6 the µPL spectra at different excitation power are reported. At the

lowest excitation power only two sharp lines are observed related to the exciton

recombination (X) in the QD. They evolve in a multiplet structures when increas-

ing the excitation power, due to charged exciton (T ) biexciton (XX) and multi

exciton (MX) recombinations [57]. The analysis of the recombination kinetics as

a function of the excitation power allows us to resolve the exciton and biexciton

contribution, leading to a clear interpretation of the experimental data (see Section

3.1). In Fig. 4.7 (a) we report the comparison between the exciton and biexciton

time evolution after the pulse excitation. Clearly the XX decays faster than the

X line, in agreement with recent theoretical predictions [106]. Since it is almost

impossible to isolate the exciton from biexciton recombinations when performing

macro-PL measurements with thousands or more QDs within the detection area,

our results show that extreme care as to be used when interpreting the decay time
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Figure 4.7: PL decay of exciton and biexciton line. b) Spatial resolved PL emission.

extracted form measurements on large ensemble of QDs. The spatial extension of

each single emission line, which reflects our spatial resolution is reported in Fig.

4.7 (b). By acquiring the PL spectra through an emitting sample region we can

spatially correlate different emission lines and therefore attribute them to the same

or to different QDs, in the case that many emission lines are observed in the same

spectral window. This is particularly important in the high energy part of the

inhomogeneously broadened PL band, where the presence of recombination from

higher excited states from large QDs may overlap to the fundamental excitonic

recombination of small QDs. After the power dependence and spatial analysis of
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Figure 4.8: a) PL decay curves of exciton line from different QDs. b) Exciton PL lifetime
as a function of the QD emission energy.

each emission line we are quite confident in attributing the fundamental excitonic

emission from QDs of very different size. This is reported in Fig. 4.8 (a) where

the time evolution of the excitonic PL lines for different QDs is reported. Clearly

a fastening of the recombination kinetics is observed when increasing the emission

energy, that is when decreasing the QDs size. The values of the decay time ob-

tained with best fits with a monoexponential decay are reported in Fig. 4.8 (b)

as a function of the QD emission energy. Note that the investigated range of QD

emission energy spans over 250 meV. The QD size can be evaluated by following

the results of Ref.[55], which also take care of the Ga and Al diffusion during the

annealing procedure. We find that the QDs can be approximated by a cone with

ratio, between height h and radius r, of h/r ∼= 1.5. The typical dimensions of

the GaAs QD are (h = 20 nm, r = 13 nm) for emission at 1.6 eV and (h = 7

nm, r = 5 nm) for emission at 1.85 eV, respectively. The results of Fig.4.8 (b)

shows a monotonic reduction of the PL decay time when decreasing the QD size,

in agreement with previous finding by macro-PL experiments in a set of annealed
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InAs QDs [109] and of InAs QDs grown on different misoriented subtrated [110].

Finally, it should be noted that the PL intensity of different QDs does not follow a

similar monotonic reduction. This suggests that non radiative channels should play

a minor role and therefore we experimentally demonstrate that the recombination

lifetime of the QDs is reduced when decreasing the QD size.



Chapter 5
Polarization resolved

measurements on quantum dots:

spin effects

In the following chapter the main results of polarization resolved

measurement on single quantum dots are presented. In the first

part the magneto-optical properties are taken into account ad-

dressing intrinsic properties such as Landè g factor and dia-

magnetic shift coefficient γ2. In the second part high resolution

measurements provide information about the QD symmetry and

anisotropic-exchange interaction in the case of zero external mag-

netic field.

5.1 Magneto photoluminescence measurements

Modified droplet epitaxy GaAs/AlGaAs single quantum dots have been studied by

low-temperature magneto-photoluminescence spectroscopy. We observe Zeeman

54
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splitting and diamagnetic shift of the neutral exciton line. The Landè g factor of

different quantum dots has been measured in a wide range of emission energies (i.e.

quantum dot size). The measured g factors and diamagnetic shifts are compared

with conventional quantum dots grown by the Stranski-Krastanov (SK) method,

as well as GaAs/AlGaAs quantum wells and fluctuation-induced dots.

Spin properties of confined electrons and holes in quantum dots (QDs) have

been the subject of many studies and single-shot readout in single electron spins

has been successfully demonstrated by a conductance approach. For an optical,

non-contact approach, the spin states of photocarriers are determined by analyzing

the polarization of the emitted signal whose spectral lines are split by applying a

magnetic field. The most important quantity ruling the charge interaction with a

magnetic field is the Landè g factor. The g factors of electrons, holes, and excitons

in QDs have been intensively studied in various types of bulks, quantum wells

(QW s), and QDs and it turns out that g is determined by a complex interplay of

the electronic level structure. As far as the QD case is concerned, the effect of size,

shape and strain on the g factor has not been completely understood [111, 112] and

data in the literature are scattered over a wide range of values. It should be stressed

that so far most of the attention has been devoted to strained Stransky Krastanov

InGaAs/GaAs QDs. This has motivated our study, since the determination of g

factors in strain free GaAs/AlGaAs QDs is expected to be of great importance in

fact, the lack of strain field, and then of piezoelectric charge distributions, excludes

the presence of electron-hole separation and wavefunction distortions.

We analyzed the photoluminescence of single GaAs/Al0.3Ga0.7As QDs as a

function of a magnetic field. The magnetic field was applied along the direction

normal to the sample surface and parallel to the excitation/emission beam (Fara-

day geometry) and tuned between 0 and 5 T. The PL was collected with a confocal

microscope working with a 50×, 0.55NA microscopy objective providing a lateral
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Figure 5.1: (a) Spectra of a single GaAs/AlGaAs QD under the effect of magnetic field.
(Anti)Clockwise polarization (σ−) σ+ is plotted with a (red) blue line. (b) X peak position
for σ− and σ+ polarized PL as obtained from gaussian fit of the experimental data in
graph a), as a function of the applied magnetic field. Continuous lines are parabolic fit
to data used to determine the diamagnetic shift γ2 which is represented as a dotted line.
(c) X and T splitting (E(σ−)-E(σ+)) after diamagnetic shift subtraction as a function of
the applied magnetic field. The dotted (dashed) line is a linear fit to the experimental
data for (T ) X and are used to determine the Landé g factor.
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Figure 5.2: (a) X, T and XX measured diamagnetic shift γ2 as a function of the QD
diameter. (b)Emission energy dependence of g factor of GaAs/AlGaAs QWs (circles)
of ref [113] and the measured QDs (squares). The black line is a linear fit to our data.

resolution of ∼ 1µm. The µPL collected in the optical fiber was dispersed and

analyzed by a single grating, 50 cm spectrometer and a cooled charge coupled

device, allowing a resolution of 150µeV (FWHM). By using a Glan prism and a

quarter-wave plate we distinguished QD emission with σ+ and σ− (clockwise and

anti-clockwise) polarization. The sample was cooled down to 5K in a cold finger,

low vibration cryostat and the excitation was performed by a CW HeNe laser

emitting at 534nm. The excitation power was about 20 W cm−2.

An example of QD emission energy as a function of the magnetic field B is

shown in the Fig. 5.1 (a). In the case of zero magnetic field we can resolve in the

PL spectrum three lines arising from the same individual QD assigned to X, T and

XX, as described in Section 3.1 These PL lines, at least within our experimental

resolution, does not show a linearly polarized fine structure without the presence

of magnetic field. When applying a magnetic field a spectral splitting arises with a

(blue) red shift to (higher) lower energy of the (anti-) clockwise (σ−) σ+ polarized

line. The field dependence of the energy peak of the main lines is well described by
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the superposition of the quadratic diamagnetic shift (Fig. 5.1 b)) and the linear

Zeeman splitting (Fig. 5.1 c)). The diamagnetic constant γ2 and the g factor are

obtained with parabolic and linear fit.

The diamagnetic constant γ2 for the QD in Fig.5.1 is estimated to be 5.0

±0.3 µeV/T2. The results of our measurements on several QDs are summarized

in Fig.5.2 (a) where the measured diamagnetic shift γ2 for X, T and XX are

reported as a function of the QD base diameter (for the QD size determination

we followed [71]). The scattered behavior of the measured data highlights the

role of the disorder in the QDs environment. However the averaged value of the

diamagnetic coefficient for neutral excitons is γ2 ≃5 µeV/T2. Quite remarkably

this value is 5 times smaller than that reported in the GaAs QDs arising from

interface fluctuation in GaAs quantum wells (QW ) [114]. The reduction in the

diamagnetic shift is likely due to the higher lateral confinement of carriers present

in our self-assembled QDs. In other words we expect that the effective potential

shape in fluctuation-induced GaAs QDs would have a smaller aspect ratio h/d

(height/diameter). The role of the aspect ratio in determining the diamagnetic

shift is confirmed by previous findings in MOCV D-grown InGaAs/GaAs systems

where a diamagnetic shift of 10µeV/T2 is found for aspect ratio of 0.35 or smaller

[112, 115].

The Landè g factor is estimated by using the formula g = |E(σ+)−E(σ−)|/µBB

where E(σ+/−) is the emission energy of the exciton with (anti)clockwise polarized

line, µB is the Bohr magneton and B is the applied magnetic field. For the QD of

the Fig.5.1 g is estimated to be 1.58 (±0.02), while we can find strong variations

depending on QD emission energy. In Fig.5.2 (b) we report the comparison of

measured g factor for MDE QDs and GaAs QW s [113]. Note that we calculated the

emission energies of QW s following Ref.s [116, 117]. Typical values of g for MDE

QDs are about −1.2, in good agreement with the value −1.3 found for lattice-
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matched fluctuation-induced GaAs QDs [55]. On the contrary typical values of

g in MOCV D In(Ga)As/GaAs QDs are between −2 and 3 [112]. Finally, despite

large fluctuations of g (likely due to disorder around the MDE QDs) we observe

a decreasing trend of g when increasing the emission energy. The similar trend

is found in GaAs QW s, as shown in Fig.5.2, while we can identify a significant

discrepancy in the dependence for QDs and QW s, possibly due to the effect of

heavy-hole and light hole mixing present in these QDs.

In conclusions we observed photoluminescence spectra of single self-assembled

GaAs/AlGaAs QDs grown by MDE, and their dependence on magnetic field.

Diamagnetic coefficients were found to be 1/5 of the value reported in fluctuation

induced GaAs QDs, reflecting higher lateral confinement present in our QDs. The

g factor has been evaluated to be −1.2 on average, which is similar to the value

for GaAs fluctuation induced QDs. Significant dependence of g factor on QD size

was confirmed.

5.2 Fine structure splitting

Since GaAs/Al0.3Ga0.7As quantum dot are designed and realized in order to re-

duce as much as possible strain and segregation they represent an ideal system

to investigate fine structure splitting (FSS), avoiding all the strain-related effects

present in previous experiments. Here we will show that photoluminescence from

isolated quantum dots exhibits a linearly–polarized FSS. Moreover FSS clearly

shows a quantum–size effect, monotonically decreasing from 90 µeV to 20 µeV

with decreasing the quantum dot size (increasing emission energy). While these

findings are similar to that observed in strained In(Ga)As/GaAs quantum dots,

clearly they require a different explanation, being our quantum dots not affected

by strain–induced piezoelectricity. We ascribe the observed FSS to a size depen-
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dent reduction of dot shape anisotropy as evidenced by structural data analysis.

Moreover the linear polarization in dots with shape close to cylindrical symmetry

is not along the [110] crystallographic axis but it results randomly distributed,

highlighting the role of extrinsic effects.

From fundamental point of view QDs provide a unique system to investigate

carrier–carrier interactions in precise manner. In particular, the fine structure

splitting, that is the degeneracy lift of the bright excitonic states induced by asym-

metries in the QD confining potential [33] holds an extremely high importance (see

Section 1.2). In fact the understanding and control of FSS in QDs is a relevant

issue for quantum information applications [118] because triggered polarization–

entangled photon pairs could be obtained by the radiative decay of biexcitons in

QDs provided that FSS is tuned to zero [18].

Since the first observation of FSS for excitons localized in three–dimensions by

monolayer fluctuations in GaAs/AlGaAs quantum wells [33], FSS is a common

feature of the excitonic emission from epitaxially grown QDs [41, 44]. FSS shows

an extremely wide range of values depending on the specific measured QD system

[42], ranging from 8 µeV in InGaAs/GaAs SK −QDs [119] up to the giant value

of 1 meV in InAs/AlGaAs SK − QDs [120].

The major contribution to the lifting of the bright exciton degeneracy in QDs

comes from asymmetries in the QD confinement potential which induce a splitting

of the exciton states via the exchange interaction [33, 121, 122]. As a matter of fact,

the confinement potential anisotropy in epitaxially grown QDs arises from several

sources, like shape [52, 121, 122], strain [42, 79, 123], piezoelectricity [42, 124] and

crystal symmetry [79]. Several theoretical and experimental works tried to assess

the role of each of the aforementioned anisotropy sources in determining the QD

exciton FSS. However, the majority of the papers report about FSS in SK–

QDs, where a number of not–well determined and interconnected QD structural
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parameters, like actual shape [124], average composition [125] and composition

profile [126], make the quantitative comparison with theoretical prediction rather

difficult. In addition, it must be mentioned that all the theoretical predictions

[42, 79, 123, 127] fail to justify the observed large FSS observed in SK–QDs (where

FSS larger than 100 µeV are often observed [42]) when realistic QD structural

characteristics are used in the calculations. It clearly appears that for a deep

understanding of the FSS it is necessary to experimentally clarify the influence of

strain, piezoelectricity, geometry and composition separately.

In this Section we present a high–resolution, polarization–dependent photo-

luminescence (PL) study in single epitaxial GaAs/AlGaAs strain free QDs as a

function of the QD size/emission energy. The exclusion of the strain related piezo-

electric effect, whose relative importance in determining the FSS in SK–QDs is

still matter of strong debate [42, 79, 123, 124], allows us to obtain a nice correlation

between the observed FSS and structural data. Our QD PL lines exhibit FSS

which monotonically decreases from 90 µeV to 20 µeV when decreasing the quan-

tum dot size. The FSS decrease closely follows the reduction in [110]/[110] shape

anisotropy that takes place in our QDs as the size is reduced. When the structural

asymmetry in our QDs is close to zero we find that the QD linear polarization axis

results significantly distributed along random oriented directions. These findings,

together with the observed cylindrical symmetry of the QD shape, highlights the

role of extrinsic effects as significant contribution in determining the QD potential

anisotropy.

The sample studied consists of MDE GaAs QDs embedded in an Al0.3Ga0.7As

barrier. Particular care was taken in order to avoid modifications of the structural

properties of the QDs during the capping step, which has been realized using

mobility enhanced epitaxy [62] at an extremely low temperature (200 ◦C). The

last step of the growth, is an annealing procedure in As atmosphere. This allows
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for a substantial reduction of the defectivity of the material at the expenses of a

relatively small (around 1 nm) group III interdiffusion at the interfaces [55, 128].

More details on the growth procedure and annealing effects can be found in Refs.

[55] and [36].

Micro PL experiments were performed with the setup previously described and

high resolution spectra (25 µeV spectral resolution) were acquired. With a fitting

procedure we are able to identify PL line shift as small as ∼5 µeV. For illumination

we used a continuous-wave solid state laser emitting at a wavelength of 532 nm, to

excite the continuum states of the Al0.3Ga0.7As barrier. The excitation spot size

was 5 µm. The excitation polarization was set to be linear to avoid Overhauser

effects [114, 129]. The linear polarization detection was controlled by rotating an

half-wave plate, inserted in front of a linear polarizer.

A typical PL spectrum of a single GaAs QD is shown in Fig. 5.3(a). This attri-

bution has been confirmed by single photon correlation experiments [57], showing

antibunching (bunching) in the cross correlation X–T (X–XX) measurement (see

Chap. 6). The linewidths are found to vary between tens to hundreds of µeV

reflecting spectral diffusion due to the presence of charged defects in the QD en-

vironment. In Fig. 5.3(c) we report the orthogonally-polarized PL spectra of two

different QDs. A mirror-symmetric fine structure is evidenced for X and XX,

while no splitting is observed for T , being consistent with the attribution of these

lines. The measured FSS ∆ defined as the maximum splitting of two orthogonally

polarized lines is: ∆X = 62 µeV and ∆XX = 60 µeV (top panel); ∆X=18 µeV and

∆XX = 20 µeV (bottom panel) with an error of ±5µeV. As expected we find that

∆X = ∆XX within the experimental error. Therefore to extract the dependence

on the QD size we report the mean value (∆X + ∆XX)/2 as a function of the

X emission energy. We measured the FSS magnitude for several QDs. The sum-

mary is presented in Fig. 5.4, where ∆ is reported as a function of the X energy.
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Figure 5.3: (a) PL spectrum of a single GaAs/AlGaAs QD in the high excitation regime.
The three line X, T and XX are interpreted as neutral exciton, trion and biexciton
emission. (b) Polarized PL spectra of two different QDs. The top panel refers to the QD
of (a). Blue circles and red squares indicate the spectra of two orthogonal polarization,
of which relative angle is shown in the legend. Lines are gaussian fits. The horizontal
axis is shifted by the energy of X (1834.9 meV and 1875.7 meV for top and bottom
panel, respectively).

Spanning an interval of ∼ 200 µeV, the FSS ∆ clearly monotonically decreases

with increasing the X energy. When the X line is at low energy, the FSS is found

to be approximately 90 µeV while for smaller QDs corresponding to emission at

1.89 eV the value of ∆ is as small as 18 µeV.

Comparing the values of FSS of our QDs with those of SK In(Ga)As/GaAs

QDs, we observe that both the FSS absolute values and the FSS behavior with

the QD size are similar [42] despite the absence of strain–related piezoelectricity
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Figure 5.4: FSS of QDs emitting at different energy. The reported values are the
average value of FSS’s for X and XX. The dotted line is a guide to eye.

in the present case. In fact the relatively high value of FSS in SK–QDs and its

reduction with the size has been attributed to potential anisotropies caused by

the piezoelectric field [42]. Clearly the assignment to piezoelectric effect cannot be

applied to the case of strain free GaAs/AlGaAs QDs and then our findings rise

doubts also in the attribution to piezoelectric effect for SK–QDs. As a matter

of fact, amongst the possible origins of FSS, the effect of the piezoelectric field

is the more controversial one [79, 123, 124, 130]. Due to high value of the strain

in the InAs/GaAs SK–QDs, linear and non–linear terms in the piezoelectric

tensor can be of comparable intensities [130] and, depending on the QD shape and

composition profiles, the non–linear terms may effectively balance out the linear

ones [124, 130].

To understand the role of geometry in the QD asymmetry we measured size and

shape of several GaAs/AlGaAs QDs on the same but uncapped sample. Typical

atomic force microscope (AFM) images of the lens–shaped MDE−QD, in the case
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Figure 5.5: a) and b): 2D representation of the AFM analysis of a "small" QD
(h=3.9nm) and a large QD (h=11.8nm) respectively.

of a large and a small QD, are shown in Fig.5.5. Extensive AFM measurements

show relevant dispersion of size and shape. This analysis points out that QDs

with small height h show a small elongation in [110] direction while for large value

of h, the QDs show a larger elongation in the same direction (respectively ∼8%

and ∼20% in the case of graph (a) and (b) of Fig.5.5). The relative error in the

diameter measurement is assumed to be 5%. The observed dependence of the

MDE − QD shape anisotropy with size was expected considering the kinetics of

the MDE − QD formation [36]. We expect that the MDE − QDs retain their

shape also after capping (being realized at extremely low T ) and annealing (only

interdiffusion at the interfaces is expected). From AFM data a simple and likely

explanation of the dependence of the FSS on the QD emission energy emerges.

The in plane asymmetry augments when increasing the QD size leading to a larger

splitting of the exciton recombination line along the crystallographic axis [110] and

[110] for large QDs. It’s worth noticing that even a relatively small elongation gives

rise to FSS of 90 µeV, thus showing that geometrical anisotropies play a much

larger role than expected from theoretical predictions [52, 79, 121, 123, 124].

In order to get further information on the origin of FSS and to obtain an

accurate characterization of the polarization splitting, we measured a series of
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spectra varying the polarization angle. Following the evolution of the centroid of

PL lines with polarization angle, we obtain a clear sinusoidal behavior as shown

in Fig. 5.6(a) for two different QDs. Fitting the experimental data to a sine func-

tion, we can measure the amplitude (the FSS shown in Fig.5.4) and phase, thus

determining the polarization axis of each QD. Not all the QDs show anisotropy

along the crystallographic axis [110] (corresponding to the polarization angle in the

direction 90◦), the measured asymmetry axis of the MDE − QDs. On the con-

trary we found that there are several QDs showing the maximum FSS at angles

different from 0◦ and 90◦. The summary of this study is shown in Fig. 5.6(b) where

the plot of the polarization axis angle versus the X emission energy is reported.

It clearly follows that large QDs show the expected anisotropy along 90◦ and that

the stronger deviations for the expected polarization axis are mainly associated to

smaller QDs. In fact for emission between 1.70 eV and 1.86 eV the polarization

axis is close to 90◦ while for higher emission energy, where the FSS is smaller, the

deviations from this value become more important. Deviations of the polarization

direction of the FSS from the crystallographic axes can be found in SK − QDs

[127, 131, 132] but this effect has not been attributed to a definite origin.

Therefore our data point out that higher symmetric QDs showing smaller FSS

are influenced in their internal symmetry by a factor different from the geometri-

cal anisotropy. This is likely due to the fact that small, extrinsic, QD potential

symmetry reduction effects can be present in addition to intrinsic ones. We be-

lieve that a tentative explanation may rely on the presence of charged defects in

the environment nearby the QDs. Besides the fluctuating quantum confinement

Stark shift, which is well known to induce spectral diffusion in the emission of the

QDs, the averaged Coulomb interaction also defines an asymmetric potential for

charges confined in the QDs, therefore leading to a FSS. The random relative

position of the charged defects and the QDs then results in a random orienta-
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tion of the observed polarization axes, thus explaining our findings. This picture

agrees with recent findings on the random oscillatory dependence of the FSS on an

externally applied electric field [131]. Under the action of the electric field, charg-

ing/decharging of traps located randomly in the vicinity of the QD, should cause

fluctuations of the axis as well of the magnitude of the QD anisotropic potential.

A theoretical discussion of this effect can be found in Ref. [133]. Alternatively the

FSS may be related to AlGaAs composition fluctuations nearby the QDs.

Therefore the observations concerning FSS and the polarization axes orienta-

tion in small QDs highlights the role of extrinsic effects in the attribution of the

FSS in semiconductor QDs so far neglected.



Chapter 6
Time correlated measurements:

bunching-antibunching

experiments

This chapter is devoted to the study of the intensity correlation

properties of single GaAs/AlGaAs QDs. At low excitation, we ob-

served nearly perfect single photon emission from an isolated QD.

For higher excitation, multiple PL lines appeared on the spectra,

reflecting the formation of exciton complexes. Cross-correlation

functions between different lines showed either bunching or anti-

bunching behavior, allowing a clear identification of the different

excitonic complexes.

69
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6.1 Single photon emission from GaAs/AlGaAs quan-

tum dots

The quantum nature of light emitted from single semiconductor quantum dots

(QDs) has attracted much attention because it can enable the practical process-

ing of quantum information [118]. Production of single photons on demand was

demonstrated in a variety of QDs [70, 134] and QDs embedded in optical cavities

[15, 135, 136, 137, 138]. Furthermore, the generation of entangled photon pairs

associated with a biexciton-exciton cascade was proposed [17] and experimentally

verified [18]. In this context, cascade relaxation in exciton complexes is a key for

acquiring a correlated photon source with high efficiency. Many studies for the

generation of single and correlated photons have focused on Stranski Krastanov

grown In(Ga)As QDs in an effort to develop a nonclassical photon source operat-

ing at near-infrared telecommunication wavelengths [139, 140, 141]. For practical

application, however, it would also be desirable to work in wavelengths around 700

nm where commercial silicon-based single photon detectors reach their maximum

quantum efficiency (up to 70%). So far, photon correlation studies in InP QDs

(640÷ 690 nm)[142] and InAlAs QDs (770÷780 nm) [143] have been reported.

Another advantage of exploiting QDs with shorter wavelengths is their enhanced

radiative probability according to the expression of the Einstein A coefficient [144].

This feature may produce Fourier-transform limited single photon pulses with a

high-repetition rate, which are useful for various applications such as linear op-

tics quantum computation and free-space quantum cryptography. In this section

we report on auto-correlation measurements on a single GaAs/AlGaAs QD ex-

cited by a pulsed laser. For excitation, second-harmonic output of mode-locked

Ti-sapphire laser was employed. The laser produced picosecond pulses of 400 nm

in wavelength and 76.0MHz in repetition rate. The experimental apparatus for the
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Figure 6.1: (a) Photoluminescence spectrum of a single GaAs/AlGaAs quantum dot
under pulsed excitation. The shaded areas under the gaussian fit of the T and XX
lines are used for the determination of the background contribution in the anti-bunching
experiment. The vertical dotted lines labeled as ESLIT and ESLIT + ∆E indicate the
spectral window selected by the exit slits of the two spectrometer in the HBT arms (∆E
= 640 µeV). (b) Normalized g(2)(τ) measured for the T line in the spectrum of graph (a).
The vertical error bar is proportional to the square root of counts in each bunching peak.
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PL collection and for the correlation measurement has been previously described

in Chapter 2.2.1. PL spectra were acquired using a cooled charge-coupled-device.

All experiments were performed at cryogenic temperature.

We refer to Appendix 8 for details on the g(2)(τ) correlation function. Here

we concentrate on the experimental details and the extraction of the g(2)(0) value.

The analysis of the measured g(2)(0) by a precise estimation of the background

contribution allows us to demonstrate a perfect antibunching feature of the spec-

trally filtered QD emission. This demonstrates the nature of single photon emitter

of the GaAs/AlGaAs QD system.

The typical photoluminescence spectrum from a single GaAs/AlGaAs QD un-

der pulsed excitation is shown in Fig. 6.1 (a). Two prominent contributions to

the PL spectrum, indicated as X and T , are attributed to the neutral exciton and

charged exciton (for the line attribution see Sect. 3.1 and in the following 6.2).

Besides, in the intermediate and high excitation regime, the spectrum is composed

by several other lines (M in Fig. 6.1 (a)) that, due to the low dispersion and

spectral resolution (see Sect. 2.2.1), may show a relevant overlap with the main

contribution. As an example of this we evidenced the T and M line in Fig. 6.1

(a) with a shaded area under the gaussian fit of the two lines.

A typical result of the correlation experiment measured with the Hanbury

Brown and Twiss (HBT ) interferometer (see Section 2.2.1), is presented in Fig. 6.1

(b). The histogram represents the autocorrelation function g(2) of the charged ex-

citon emission T measured under pulsed excitation. The spectral window selected

by the exit slit for the autocorrelation measurement was 640µeV (as evidenced by

the vertical dotted lines in Fig. 6.1 (a)) while the chosen time bin of the histogram

was 3 ns, thus integrating over the instrumental response of the interferometer

(∼ 1 ns FWHM in the present case). In the histogram the contribution due to

the uncorrelated background PL and to the APD dark counts were evaluated and
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subtracted. The effect of the background was estimated calculating the average

counts per channel in a window of 3 ns between each bunching peak. The obtained

histogram has been normalized to the average counts of the bunching peaks ex-

cluding the 0 time delay. The corresponding standard deviation is 0.1. The error

associated to the bunching peaks is the square root of the counts contained in each

peak suitably normalized as represented by the error bars in graph (b) of Fig.6.1.

We obtain antibunching deep at zero delay of g(2)(0) = 0.18±0.05 which is 8 stan-

dard deviation far from the average value of the other peaks. The anticorrelation

feature of the emitted photons denotes a small probability to have two photons

in the same excitation cycle. Since an ideal single photon source would show a

g(2)(0) = 0 we interpret our result as affected by spurious counts due to the pres-

ence of uncorrelated photons in the chosen spectral window. The contribution of

the line M to the g(2)(0) can be evaluated by integrating the corresponding gaus-

sian profile over the 640 µeV of the selected spectral window centered around the T

peak. The presence of two photon sources M and T within the detection window,

which intensity are IM and IT respectively, modifies the value of the g(2)(0) which

becomes:

g
(2)
M+T (0) = g

(2)
M (0) + g

(2)
T (0) +

2IMIT

(IM + IT )2
≃ g

(2)
T (0) +

2IMIT

(IM + IT )2
(6.1)

We then evaluate from the spectrum:

2IMIT

(IM + IT )2
= 0.11 (6.2)

This expression allows to extrapolate the real value of the autocorrelation function

for the T line: g
(2)
T (0) = 0.07±0.07 which is consistent with an ideal photon source

within the experimental error.
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6.2 Cross-correlation measurement

As previously shown for the T contribution, the Hanbury Brown and Twiss setup

can be used for the investigation of the triggered single photon emission through

the measurement of the auto-correlation function g(2)(0). Besides, the same setup

provides information about the emission of correlated photons emitted by two

distinct light sources. In fact the study of the cross–correlation function allows a

clear–cut attribution of the spectral components in the QD PL. In this Section

we show auto- and cross–correlation measurements for the attribution of the main

lines in the spectrum to the recombination of neutral exciton X, charged exciton

T and biexciton XX. This study has been carried on under pulsed and CW

excitation in order to fulfill our results.

6.2.1 Pulsed excitation measurement

In Fig. 6.2 (a) are reported typical photoluminescence spectra of a single quan-

tum dot under pulsed excitation. Second-order autocorrelation function for the X

emission, measured at 10W/cm2, is shown in Fig. 6.2 (b) panel (i). The num-

ber of coincidence events for the two APDs are summarized in a histogram with

512 ps time bin, thus integrating over all the HBT time response which is, in

this case, ∼ 350 ps. The spectral window for the photon integration selected by

the spectrometers exit slits was 500 µeV in FWHM . For this condition the mean

number of photon events for each APD was 600 counts/s (cps). The periodic peaks

appearing at regular intervals of 13.2 ns indicate that photons were emitted syn-

chronously with pulsed excitation of 76.0 MHz and the lack of a peak at zero time

delay indicates that there is almost no probability of finding two or more photons

inside each emitted pulse (as previously discussed in Section 6.1 for the T line). In

our QD, the correlation function at zero time delay, g
(2)
X (0), is estimated to be 0.18



6. Time correlated measurements: bunching-antibunching experiments 75

80

60

40

20

0

40200-20-40

Time (ns)

20

0

C
o
in

ci
d
en

ce
 c

o
u
n
ts

40

20

0

(i) X-X

(ii) X-T

(iii) X-XX

PL energy (eV)
1.855 1.860

P
L

in
te

n
si

ty
(a

rb
u
n
it

s)
XX

X
T

a) b)

Figure 6.2: (a) Photoluminescence spectra of a single GaAs quantum dot excited by
a pulsed laser source. The spectra are shifted for clarity. (b) Second-order correlation
functions of light emitted from a single GaAs QD under pulsed excitation of 76.0 MHz
repetition rate. The results of the autocorrelation for peak X is shown in (i), and those
of the cross-correlation between X and T , and between X and XX, are shown in (ii)
and (iii), respectively. In all histograms, the number of coincidence is temporally binned
with 512 ps. The signals were integrated for 12 h in (a), and 6 h in (b) and (c).

(±0.2). A value larger than zero would likely reflect the over-counting of coinci-

dence, possibly due to the influence of stray light entering APDs and uncorrelated

background. The results of cross-correlation measurement between peaks X and

T are presented in Fig.6.2 (b) panel (ii), and those between peaks X and XX are

shown in Fig.6.2(c). The excitation power in these measurements was increased to

50W/cm2, in order to obtain high counting rates for peaks T and XX (400 cps for

T and XX, 800 cps for X). The X − T correlation shows the lack of a zero-time

peak, similar to the X − X autocorrelation. The value of g
(2)
X−T (0) is estimated to

be 0.3 (±0.1). In contrast, the X − XX correlation (see Fig.6.2 (b) panel (iii))

shows the emergence of a zero-time peak. The value of g
(2)
XX−X(0) in this case is
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nearly one, resembling a correlation function for Poissonian distributed photons.

The observation of an antibunching feature in the X −T correlation demonstrates

that the T and X photons are not emitted simultaneously. This is a further proof

of the charged exciton emission for the T line and line X from neutral excitons.

Since the transition between a charged exciton and a neutral exciton requires the

injection or extraction of a carrier, the relevant process is much slower than the

recombination. As a result, either the X photon or the T photon is generated

during a single emission cycle, leading to the observation of the antibunching dip.

The emergence of the zero-time peak in the X −XX correlation confirm that line

XX is originated from biexcitons recombination. When a biexciton is inside a

QD, the first photon is emitted at the biexciton energy, then the second photon is

emitted at the single exciton energy. Since the process does not happen in reverse

order, the cross-correlation function would exhibit asymmetric bunching (τ > 0)

and antibunching (τ < 0) features, where a positive value of g(2)(τ) corresponds to

a time delay from the arrival of a biexciton-induced photon to that of an exciton-

induced photon [145]. For pulsed excitation, we expect that g(2)(+0) > 1 and

g(2)(−0) = 0, where the value of g(2)(+0) depends on the mean number of exci-

tons, N . The height of g(2)(+0) should be expressed by [1 − exp(−N)]−1, when

the number of N follows the Poissonian distribution [146]. Note that we increased

the excitation power to 50W/cm2, suggesting that N ≫ 2 (see Fig.6.2). Thus, we

find that g(2)(+0) < 0.16, the value being smaller than the standard deviation of

mean coincidence counts. This is why we did not resolve a significant bunching

peak in the X–XX correlation [145, 146, 147].

6.2.2 Continuous wave excitation measurement

For a deeper insight in the photon correlation we performed the same kind of

experiment presented in Section 6.2.1 under CW excitation. In fact, if the pulsed
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Figure 6.3: (a) PL spectrum of a QD (same of Fig. 6.1) under CW excitation. (b) Cross-
correlation measurement g

(2)
T−X(τ) between T (START), and X (STOP). The data shown

in this graph are normalized to the asymptotic value of the measured g
(2)
T−X(τ). The red

line is a fit to the experimental data. (c) PL spectrum of a different QD under CW
excitation showing a relevant biexcitonic emission. (d) Cross-correlation measurement
g
(2)
XX−X(τ) between XX (START), and X (STOP). The red line is a fit to the experimen-

tal data normalized to the asymptotic value.
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excitation measurement constitutes a sampling of the correlation function which

provides direct information on the g(2)(0), the CW regime allows for a complete

reconstruction of the g(2)(τ).

The experimental setup is the same previously described in Section 6.1 but in

this case the excitation was provided by a solid state CW laser emitting at 532

nm.

In Fig. 6.3 (a) and (b) the CW PL spectrum of the QD of Fig. 6.1 (a) and the

corresponding normalized CW cross–correlation function g
(2)
T−X(τ) are respectively

shown. In this experiment the START and STOP signals were provided by T

and X photons, respectively. The second order cross–correlation function has

been averaged over a 320 ps bin, which is smaller than our time resolution. As

expected from the previous attribution of X and T lines the g
(2)
T−X(τ) shows a clear

anticorrelated behavior. The red line in Fig. 6.3 (b) is a fit to the experimental

data which takes into account the finite time response of the HBT interferometer

with a deconvolution procedure.

In analogy with the previously shown investigation we measured the cross–

correlation function for the XX − X emission . The PL spectrum of the inves-

tigate QD is shown in Fig. 6.3 (c). The typical triplet structure present in our

GaAs/AlGaAs QDs is labeled, as usual, by X, T and XX. In Fig. 6.3 (d) the

corresponding cross-correlation function g
(2)
XX−X(τ) is displaced. In this case the

START and STOP signals were provided by XX and X photons, respectively. A

prominent bunching behavior for g(2)(τ > 0) is found and it is interpreted as a

signature of the high probability of observing an X photon after the detection of

an XX photon. The antibunching dip of g(2)(τ < 0) denotes the small probability

of the reverse order of the emissions [145, 147]. The experimental data is decon-

voluted from the instrumental response and fitted as shown by the red line in Fig.

6.3 (d). This result is in agreement with the previous attribution and is a clear
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signature of the quantum cascade in the XX → X recombination.

We mention again that saturation effects are known to play a relevant role

in the photon statistics of the QD emission and strongly affect the shape of the

g(2) function [148]. In our measurements we interpret small bunching peak in the

g
(2)
XX−X(τ > 0) as a saturation effect (about this problem see also Appendix 8).

We can therefore safely assign line XX to biexcitons, being consistent with the

results of cross-correlation measurements between X and XX. In conclusion, we

observed second-order correlation functions between emissions from exciton com-

plexes in a single self-assembled GaAs QD. Generation of single photons at a

wavelength of 660 nm was confirmed. Both bunching and antibunching features

were identified in intensity cross-correlation functions, revealing the origin of spe-

cific PL lines.



Chapter 7
Concentric quantum rings

In the following Chapter photoluminescence experiments on single

concentric quantum rings are presented. In the first part some

morphological details and their influence in the exciton level ar-

rangement are described. In the following sections the concentric

quantum ring excitonic dynamics is analyzed by time resolved and

time correlated experiments providing information about the state

filling, the single photon emission properties and the inhomoge-

neous line broadening affecting the CQR emission.

7.1 Level structure and optical properties

In this section the main electronic and optical properties of concentric quantum

rings are shortly introduced [60]. Two kinds of samples are studied: a single-wall

ring and a concentric double-ring (see images (a) in Fig. 7.1 and 7.2). From

the comparison of the emitted photoluminescence (PL) of single and concentric

double rings (QR and CQR respectively) and with the theoretical simulations we

can account for the main lines composing the spectra.

80
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Figure 7.1: (a) atomic force microscope images in 250×250 nm2 area for a single
GaAs quantum ring grown by droplet epitaxy. (b) cross-sectional imaging of electronic
probability density in QR for N = 1 and 2 with L = 0. The line represents the potential
of confinement used for calculation and is deduced from the AFM profile. (c) a series
of optical transition energies in QR, obtained by the calculation. The PL spectrum of
QR is shown in the inset.

For both samples the spectra show discrete resonance lines, which reflect the

quantized nature of the ring-type electronic states. The PL spectrum of a QR

typically shows two major contributions: a first line in the low excitation regime

and a satellite line in the high energy side (see inset of Fig.7.1 (c)). Further increase

in excitation density causes saturation in the intensity of the original line along

with a nonlinear increase in the new line. Superlinear dependence of the emission

intensity suggests that the satellite line comes from the electron-hole recombination

of an excited level of the ring [60]. Typically, the energy difference between the

ground and the excited state in the QR is ≈10 meV.
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Analogous investigation was made for CQR (see Fig. 7.2 and 7.3). Typically

the CQRs show a good circular symmetry, whereas small elongation is found along

the (011) direction (∼5% for the inner ring and ∼8% for the outer ring; see Fig.

7.3). Similarly to the case of QR, the spectra consist of discrete lines, i.e., a

main peak following a satellite one, which is at the high energy side of the main

peak. The former is associated with recombination of carriers in the ground state,

whereas the latter is from the excited states. The energy difference between the

ground-state line and the excited-state one varies between 5 and 10 meV. We

point out that, in contrast to the QR case, we observe the satellite peak even at

the lowest excitation [60] and, the power dependence of the two components IR

and OR is usually very similar. At high excitation, we find that several additional

lines (M1 and M2 in Fig. 7.9) are superimposed on the spectra. We interpret

these lines as the radiative recombination from multiexcitonic states, in fact their

power dependence is usually superlinear with respect to the low lying states.

The line broadening associated to the main peaks of both QR and CQR is

usually hundreds of µeV and will be widely discussed in the following sections.

We theoretically evaluate the energy levels of the ring nanostructures in the

framework of a single-band effective-mass envelope model following Ref.[101]. The

actual shape measured by AFM is used as quantum confinement potential; for

simplicity, the ring is assumed to hold a cylindrical symmetry. Note that, in our

lattice-matched GaAs/AlGaAs rings, strain effects are negligible. Therefore, the

simple effective-mass approach is expected to provide accurate energy levels. We

also notice that the present calculation neglects Coulomb interaction between an

electron and a hole. Because our rings are sufficiently small that confinement

effects are dominant, the Coulomb interaction can be treated as a constant shift in

the transition energies, independent of the choice of an electron and hole state. We

restrict ourselves to calculate the single-carrier energy levels, discarding Coulomb
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correlation effects. A detailed review of the calculations can be found in Ref.[60].

a) b)

c)

Figure 7.2: (a) atomic force microscope images in 250×250 nm2 area fora single GaAs
concentric quantum ring grown by droplet epitaxy. (b) cross-sectional imaging of elec-
tronic probability density in CQR for N = 1, 2, and 3 with L = 0. The line represents
the potential of confinement used for calculation deduced from the AFM profile. (c)
the energies of optical transitions in CQR, together with the PL spectrum of CQR for
comparison.

A series of single-carrier levels of QR is shown in Fig. 7.1 (b). Because the

system has cylindrical symmetry, each level is specified by the principal radial quan-

tum number N = 1, 2, ..n, and an azimuthal quantum number L, corresponding

to the angular momentum. Two levels with ±L are degenerated at zero magnetic

field. The carrier levels belonging to each radial quantum number are aligned

vertically with those of a different angular momentum. We find that a vertical

L − dependent sequence of quantized levels shows a typical signature of ring-type
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confinement. The comparison of the calculations and the µPL spectrum is shown

in Fig. 7.1 (c). Further, the wavefunction displaced in Fig.7.1 (b) of N = 1, 2, 3.

The energy levels in CQR are shown in Fig. 7.2 (c) and they are compared to

the measured CQR spectrum. As a result of the smaller height, the quantization

energies are larger than those of a QR. The level sequence of N = 1 is more dense

than that of N = 2. This situation corresponds to the large effective value of

the ring radius R for N = 1. The split between the two transitions agrees with

the energy shift obtained by experiments [60]. From the AFM investigation (see

-60 -30 0 30 60
0

3

6

9

12

15

H
ei

gh
t
(n

m
)

Lateral distance (nm)

250 nm

Figure 7.3: (Color online) Cross section of the AFM image of inset. Inset: typical AFM
image of a GaAs CQR. The CQRs show good circular symmetry, whereas a small
elongation is found along the [110]. The inner ring dimensions are 40 nm diameter with
5.2 nm height, and the outer ring dimensions are 90 nm diameter with 5.6 nm height,
respectively. The green squares and the blue circles represent the gaussian fit to the
section profiles of the outer and inner rings respectively. The full width at half maximum
(FWHM) of OR and IR are 21 and 18 nm respectively.
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Fig.7.3) emerges that the OR has not only a larger diameter but also shows a

broader width (the amplitude of the cross section) and a larger height with respect

to the IR. This is shown by the gaussian fit of the CQR cross section shown in

Fig.7.3. The energy separation of the two lines varies depending on the CQR

considered being dependent on the specific width of the IR and of the OR.

We show the comparison between the experimental spectra of CQR and the

results of calculation in Fig. 7.2 (c). 7.2 (b) illustrates the envelope wave function

of an electron for various values of N and zero angular momentum. We find that

the electron of N = 1 is confined mainly in the outer ring. The wave function

associated to N = 2 is confined in the inner ring, and that of N = 3 is situated in

both rings. The amount of penetration for the electron of N = 1 to the inner ring

is found to be ∼ 0.1, whereas that of N = 2 to the outer ring is ∼ 0.05. Thus,

the two peaks in the observed spectra come from the two rings, which consist of a

CQR. Note that the excited state emission in our experiment appears even when

the carrier population is less than 1. The presence of this emission constitutes

direct evidence for the carrier confinement into the two rings.

Finally, because of cylindrical symmetry, optical transition is not allowed for

an electron and a hole with different angular momentum. Moreover, we have

determined the transition strengths for the e-h pair with different Ns as less than

1/10 smaller than that with the same Ns. We can therefore infer that the electron,

specified by a pair of N and L, recombines only with the hole of the same N and

L.

7.2 Exciton dynamics in concentric quantum ring

We present a detailed analysis of the emission of individual GaAs/AlGaAs con-

centric quantum rings. Time resolved and excitation power density dependence of
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the photoluminescence have been used in order to determine the carrier dynamics

in concentric quantum rings. Despite the small spatial separation between the two

rings the exciton dynamics of the inner (IR) and outer ring (OR) is completely

decoupled. A significant increase of the emission width and risetime, respect to

the quantum dot case, characterize the emission of the rings. We attribute such

phenomenology to the exciton center of mass localization induced by ring height

fluctuations in quantum wire like fashion.

In this section we report detailed measurements of time resolved photolumi-

nescence of individual CQRs as function of the excitation power density Pexc. We

clearly find that the recombination kinetics of carriers in the inner and outer rings

are decoupled. This is verified also at high carrier injection, when the PL of each

ring evolves in independent multiplets, clear signature of multiexcitonic emission.

We conclude that exciton localization effects dominate the radiative recombination

rate in CQRs.

We performed time resolved measurements for four different single CQRs (la-

beled as CQR1,2,3 and 4) under non–resonant excitation in the AlGaAs barrier.

The sample was investigated with the same µPL setup described in Chap.2, the

excitation was provided by a dye at a wavelength of 600 nm; the pulse duration

was 5 ps with a repetition rate of 76 MHz and Pexc in the range 1 W/cm2 – 100

W/cm2. The signal was detected by a Peltier cooled CCD, for time integrated mea-

surements, and by a microchannel photomultiplier with a time correlated single

photon counting setup, for time resolved measurements. The spectral resolution

was of 0.2 meV and the time resolution, after standard deconvolution procedures,

was below 20 ps.

Fig. 7.5 reports the typical photoluminescence spectrum of an individual

CQRs. The emission spectrum of individual CQR is always a doublet, whose

components are separated by few meV (see Table 7.1). The width of each single
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Figure 7.4: Panel (a): Time resolved PL, at T=10K and Pexc= 10 W/cm2, of CQR2.
Open circles indicates OR emission, full squares IR emission; Panel (b): PL spectrum
of CQR2 at T=10K and Pexc= 10 W/cm2. Panel (d): Time resolved PL, at T=10K
and Pexc= 3 W/cm2, of CQR3. Open circles indicates OR emission, full squares IR
emission. Panel (c): PL spectrum of CQR2 at T=10K and Pexc= 1 W/cm2.
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Figure 7.5: Time integrated spectra of CQR3 at different excitation power densities at
T=10K.

line in the doublet is close to 1 meV, ranging from 1.1 meV of CQR1 to 0.8 meV

of CQR3 although linewidth as small as 300 µeV can be found. This values is very

large for individual nanostructures and it has to be attributed to inhomogeneous

broadening mechanisms. It is also worth noting that spectral diffusion of PL line

associated to chargeable defects nearby the nanostructure, commonly assumed for

explaining the single QD broadening in the range of few hundreds µeV, seems

hardly the explanation for the observed 1 meV broadening.

Fig. 7.4 also reports the time resolved emission, at low Pexc, of the two lines of

different CQR doublets. The rise–time of the IR and OR lines of different CQR

doublets is almost the same (τR = 120± 40 ps) in all the investigated CQRs. This

value is about four times larger than the commonly measured τR for quantum dot
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IR OR
EPL(eV) τD(ps) EPL(eV) τD(ps)

CQR1 1.709 200±50 1.704 220±60
CQR2 1.770 230±50 1.766 350±100
CQR3 1.672 900±100 1.667 700±100
CQR4 1.795 600±100 1.789 900±200

Table 7.1: Emission energies (EPL) and decay times (τD) of the measured IR and OR
lines at T=10K and Pexc= 3 W/cm2.

structures, even in the case of GaAs/AlGaAs quantum dots [149]. On the other

side, the PL lifetimes τD show large variations for the individual ring considered

(see table 7.1). The spread of τD is possibly due to different shape and size of the

CQRs [39] or, more likely, to the presence of non–radiative channels, since there

is no clear correlation with the emission energy of the CQR. More important is

the fact that, although small differences (within 30%) were observed between IR

and OR decay time τDs, the two lifetimes are quite similar for each pairs of rings,

even if, as stressed before, the overall lifetime varies by more than a factor 4 for

different CQRs. Note also that sometimes the IR decays faster than the OR and

sometimes is the opposite.

Further insights on possible coupling mechanisms between CQR excited states

may be found by performing state filling experiments. The dependence of the

CQR emission on Pexc is shown in Fig. 7.5 for CQR3. Both IR and OR lines

show superlinear dependence of the PL integrated intensity on Pexc. Above 10

W/cm2 both IR and OR lines evolve to multiplets, with new lines, appearing on

the low energy side of the fundamental transitions, whose relative intensities grow

much faster, with Pexc, than the fundamental ones. The energy separation between

the lines in the multiplets ranges from ≈ 2 meV (OR case) to ≈ 1 meV (IR case).

More information on the nature of the multiplets origin can be gained by means

of time resolved PL measurements as a function of Pexc, reported in Fig. 7.6.



90 7.2. Exciton dynamics in concentric quantum ring

0 1000 2000

OR-L2

Time (ps)

OR-L1

0 1000 2000
Time (ps)

P
0

P
L

in
te

ns
it
y

(a
rb

.u
ni

ts
)

10 P
0

a) b)

Figure 7.6: (a) time resolved PL of the OR line of CQR3 at T=10K and at different
Pexc. (P0= 3 W/cm2). (b) Time resolved PL of the single exciton (L1 in Fig. 7.5) and
the multiexciton (L2 in Fig. 7.5) line of the OR of CQR3, respectively. Pexc=30 µW and
T=10K.

Strong increase of the PL risetime of the fundamental optical transition is found

when increasing the power density, as due to state filling condition. At high Pexc

correlated dynamics is observed between two lines corresponding to the multiplet

which originates from the OR line at high Pexc (lines L1 and L2 in Fig. 7.5). The

risetime of the line L1 corresponds to the decay time of line L2, thus demonstrating

a link between the carrier population in the two states. Such correlation between

decay and risetime indicates the origin from states which are bound in a cascade

like behaviour. The observed energy differences, the relative dependencies on Pexc

and the interlinked carrier dynamics of the lines in the OR multiplet make us to

attribute L1 and L2 emissions to single and multi exciton recombination from the

OR ground state, in close resemblance to the QD case [40, 57, 72]. As far as

the carrier dynamics is concerned, IR fundamental line shows a similar behavior,

denoting an independent state filling mechanism with respect to the OR case, even

if the cascade like dynamics in the IR multiplet is partially hidden by the presence
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of the OR recombination on the low energy side of the IR line.

Let us now discuss the experimental data in the framework of possible carrier

tunneling and/or transfer between the two concentric quantum rings. The overall

phenomenology presented here clearly excludes the picture of a carrier transfer

between IR and OR, and we then conclude that the recombination kinetics of

carriers in the inner and outer rings are decoupled. In fact, whether the carrier

dynamics in the two structures were in some way correlated, a hierarchical order

in the PL decay should be observed, with the shorter decay time belonging to the

higher state, denoting a cascade mechanism associated to the carrier relaxation

path. On the contrary, the IR recombination lifetime is always larger than the

risetime of the OR emission. Moreover almost the same decay time is observed in

IR and OR recombination for each CQR, even if large variations are reported for

different CQRs.

Similar conclusions can be obtained by the analysis of carrier dynamics under

large optical injection. For both IR and OR emission we observe the increase

of risetime, when increasing Pexc. This is a clear evidence of saturation effects

associated to state filling conditions. Such type of dynamics is illustrated by the

lines L1 and L2 present at high Pexc in the emission of the OR of CQR3. As we

stated before, the L1 and L2 lines of the OR multiplet are attributed to single

and multi exciton recombination. Their emission energy difference stems from a

different occupation of the ring which changes the number of spectator excitons

from several (line L2) to zero (line L1), thus making the dynamics of two lines

strictly correlated. At the same time, if we compare the time dependence of the

IR and OR at Pexc= 70 W/cm2 lines, we cannot find any correlation between rise

and decay times of the emission, thus showing that the carrier dynamics in the

two rings is decoupled.

Therefore, as already stated before, we have experimentally proved that the
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photoinjected carriers follow independent relaxation paths within the electronic

level structures of the two CQRs, in agreement with the assumptions made in

[60], on the basis of CW–PL measurements. Such decoupling of the carrier ki-

netics happens despite the proximity of the two rings in a CQR structure. If we

suppose that the exciton are free to move over the whole ring, the lack of coupling

between the two rings could be traced back to the lack of resonance conditions

between states having the same angular momentum values inside the IR and OR.

But other effects, as we see in the following, may play a role. As a matter of fact, as

far as the energy relaxation efficiency of the electron–hole pairs photogenerated in

the quantum rings is concerned, it should be noted that the low Pexc measurements

show relative large values of τR, compared to the QD case. This suggests a less

effective relaxation channel in the CQR, compared to the QD case. This happens

despite the much closer spacing of the ring states which should prevent the ap-

pearance of a phonon–bottleneck effect. These quite controversial considerations,

linked with the puzzling large broadening of 1 meV of the PL lines, suggested us

to consider a different explanation of the presented phenomena. Quantum rings,

due to their rather peculiar annular shape, possess an electronic structure which

is a crossover between the dot and the wire cases [60], since the linear extension

of a ring of 80 nm diameter is already quite large (250 nm). Thus quantum rings

can be considered as a warped analogous of quantum wires (QWi). In QWi,

confinement energy fluctuations, whose magnitude is significantly lower than the

exciton binding energy [150], due to QWi size disorder, take place. The presence

of such disorder principally affects the exciton center of mass (COM) part of the

exciton wavefunction, giving rise to states with a spatially localized COM motion.

The presence of exciton COM localized states has strong effects on the optical

properties of QWi, the more evident is, naturally, the inhomogeneous broadening

of the emission lines, which is linked to the exciton energy disorder. In addition
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to this the exciton COM localization in QWi induces a significant reduction of

the phonon scattering rates [150]. At the same time, the kinetics of excitons in

presence of localized states induced by disorder, is well known to produce an in-

crease of the emission risetime associated to the exciton motion toward the state

of minimum energy, in agreement with the experimental findings. The effect of the

exciton COM localization on the coupling of OR and IR is twofold. On one side,

excitonic COM localization partially relaxes the angular momentum conservation

in exciton transitions thus making possible the coupling between the two rings.

But, on the other side, by increasing the average spatial separation between the

exciton states, which are localized in small regions of the rings, it strongly reduces

the probability of tunneling between states belonging to OR and IR, in agreement

with our experimental results.

In conclusion, we carefully analyzed the time and Pexc dependence of the PL

emission of individual CQRs. We conclude that, despite the small spatial separa-

tion between in the two rings of the CQR complex, the carrier relaxation dynamics

and the exciton kinetics in the IR and OR are decoupled. Moreover, significant

increase of the emission FWHM and risetime τR, respect to the QD case, has

been observed. We attribute the observed phenomenology to the exciton COM

localization induced by structural disorder along the ring.

7.3 Single photon emission of concentric quan-

tum ring

In this section we address the question whether a quantum ring nanostructure can

be considered as a single photon emitter by means of intensity time correlation

measurement based on a Hanbury Brown and Twiss interferometer. In concentric

quantum rings we find evidence that the inner ring satisfies the requirement of
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single photon source while in the outer ring this requirement is relaxed.

Quantum mechanical phenomena in ring geometries have longly fascinated the

physics community. Electrons confined in nanometric rings manifest a topological

quantum interference phenomenon, known as Aharonov-Bohm effect [151]. The

ground-state energy of a charged particle oscillates with the magnetic field, with an

oscillation period given in unity of the magnetic quantum-flux h/e. Recently, the

ability to fill the ring with few electrons has offered the possibility to experimentally

detect such effect by means of the magnetic oscillation in the persistent current

carried by single electron states [152]. Exciton Aharonov-Bohm effect has been

predicted as well, due to the exciton non zero electric dipole moment [153]. In

particular type II quantum rings have been expected to exhibit the effect due to

the spatial separation of electrons and holes, as recently observed in ZnSe quantum

rings [154]. On the other hand the recent success in self assembled nucleation of

concentric double quantum rings (CQRs) [59] has provided suitable nanostructures

for exploring the magneto-optical excitations on the basis of the Rashba spin orbit

interaction [155]. Quantum ring have a peculiar and useful magnetic field level

dispersion: unlike quantum dots the ground state total angular momentum changes

from zero to non zero by increasing the magnetic field [156, 157]. This also results in

a different energy dispersion of the excitons for different ring radius. Since charge

tunneling between states of different angular momentum is strongly suppressed

by selection rules, double concentric quantum rings eventually offer the control of

effective coupling of direct-indirect excitons [158], which is of the utmost relevance

in the research of semiconductor-based quantum computational devices.

All these fascinating phenomena consider the quantum ring as an ideal quan-

tum system. However, to realize semiconductor quantum devices disorder cannot

be neglected. Disorder related effects are largely discussed in quantum well and

quantum wire literature, leading to the concept of exciton localization [159]. In
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quantum dots disorder is extremely relevant in devices operating over a large en-

semble of QDs: the size and shape are not fully controllable in the self assembled

growth and large size dispersion is found [160]. However for each single quantum

dot the carrier confinement occurs over a spatial region much smaller that the ex-

citon Bohr radius. Therefore the disorder does not play a major role and the single

QD electronic properties are well described in terms of a two level system. This is

clearly demonstrated by antibunching experiments on the excitonic recombination

where a g(2)(τ = 0) = 0 has been measured [38, 161]. In the case of quantum rings

the length of the circumference is usually larger than the exciton Bohr radius and,

as demonstrated for quantum wires, disorder can play a relevant role even for a

single nanostructure [61].

Here we precisely address the point whether a quantum ring nanostructure can

be considered as a single photon source. The experimental method is the intensity

time correlation based on a Hanbury Brown and Twiss interferometer. In fact

the second order correlation function g(2) well characterizes the quantum nature

of the emitter by the presence or not of photon antibunching [161]. In concentric

quantum ring (CQR) we find evidence that the inner ring satisfies the requirement

of quantum emitter of single photons while in the outer ring this requirement is

not fulfilled.

The experimental setup used for the correlation measurement on our GaAs

CQRs is the same previously described for QDs characterization (see Sect. 6.1

6.2.2). For excitation, second-harmonic output of a mode-locked Ti-sapphire laser

was employed. All experiments were performed at 15 K.

Figure 7.7 reports the typical photoluminescence spectrum of an individual

CQR. As mentioned before significant broadening is often measured for each line

of the CQR doublet if compared with excitonic recombination in high quality MDE

GaAs quantum dots (as shown in the inset of Fig.7.7). Moreover the larger value
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Figure 7.7: Typical PL spectrum of a CQR. The two lines labeled as IR and OR are
related to excitonic emission from inner and outer ring respectively. Inset: comparison
between the neutral exciton recombination (X, squares) in a GaAs QD and the inner
ring exciton (IR, cicles) recombination in a CQR. The two measured linewidth (FWHM)
are 110µeV and 550µeV for the QD and CQR respectively.

of the linewidth is usually associated to the OR contribution and IR line as sharp

as three hundreds µeV have been measured. Let us note that even MDE QDs may

sometime shows linewidth of the order of 400 µeV [58].

Typical second-order autocorrelation measurement for both the IR and OR

emissions are shown in Fig.7.8 a) and Fig.7.8 b); the antibunching experiment for

IR and OR was performed in the same excitation condition avoiding saturation

effects or appearance of multiexciton features in the PL spectrum. The chosen

spectral window was 0.8 meV to spectrally integrate each line. For each pulse the

number of coincidence events for the two APDs is summarized in a histogram with

3 ns time bin, thus integrating over the overall time response of the system. The
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Figure 7.8: (a) and (b): pulsed excitation measurement of g(2)(τ) for OR and IR respec-
tively. The error bars associated to each peak are the coincidences count square roots
normalized to the average value of the peak intensities). The error σ is the standard
deviation of the average value of the peak intensity (except for the 0 delay one. c) sum-
mary of all the measured g(2)(0) for IR (squares) and OR (circles), the error bars are
the measured σ. The black dashed line is a linear fit to data.

periodic peaks appearing at intervals of 12.2 ns indicate that photons were emitted

synchronously with the pulsed excitation at 82.0 MHz. In between the PL peaks

the autocorrelation value gives a precise estimate of the noise to signal ratio N/S.

In particular this gives the 1− ρ2 value (ρ = S/(S + N)) to be taken into account

for a correct estimate of g(2)(0) [161]. This experimental value has been subtracted

for the data reported in Fig.7.8 a) and Fig.7.8 b).

The reduced intensity of the peak at zero time delay indicates that there is a

small probability of finding more than one photon in each emitted pulse. This is

the signature of a single-photon emitter under pulsed excitation. While g(2)(0) = 0

is expected for a ideal two levels system, the condition of g(2)(0) < 0.5 is required

for a single photon emitter and the condition g(2)(0) < 1 still denotes the quantum
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Table 7.2: Broadening and g(2)(0) value for OR and IR of three different CQRs. Note
that the OR FWHM is always larger than the IR case and 1 > g

(2)
OR(0) > 0.5 > g

(2)
IR(0)

CQRing1 CQRing2 CQRing3
OR IR OR IR OR IR

FWHM(meV ) 0.65 0.32 0.70 0.42 0.61 0.45

g(2)(0) 0.77 0.49 0.80 0.47 0.77 0.35

nature of the emitter [27, 161]. In our case, the correlation function at zero time

delay, g(2)(0), is estimated to be 0.47 (±0.15) for the IR recombination and 0.80

(±0.13) for the OR recombination. Note that a similar experiment performed on

single QD emission provides a g(2)(0) estimated to be 0.18 (±0.05) without back-

ground subtraction, denoting the sensitivity of the experimental set-up. The same

analysis performed on several CQRs is summarized in Fig.7.8 c) where the g(2)(0)

is reported as a function of the line broadening. As expected the g(2)(0) increases

with the increasing linewidth. Further we note how the condition g(2)(0) < 0.5

is usually fulfilled by the IR but not by the OR contribution. The details of the

measurement on three CQRs for which the complete set of data is available is sum-

marized in Tab.7.2. It follows that the IR recombination systematically shows both

a narrower PL lineshape and a smaller g(2)(0) value with respect to the OR. Note

that in all cases the g(2)(0) value for the IR (OR) is below (above) the threshold

of 0.5, which defines the single photon emitter condition. Finally crosscorrelation

intensity measurements between IR and OR have been performed [not shown here]

for the investigated CQRs. We always found g
(2)
IR−OR(0) = 1 within the experi-

mental error. These results are not unexpected due to the independent dynamic

already reported on these nanostructures [61].

The presented phenomenology poses several doubts on the possibility of using

the commonly adopted picture in order to explain the PL inhomogeneous line

broadening from single nanostructure.
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The QDs inhomogeneous line broadening is usually ascribed to spectral diffu-

sion (see Sect. 3.2) and PL linewidth up to several hundreds of µeV can be ob-

served in single QD emission [58]. However this picture does imply the presence of

antibunching: single QDs have been shown to be very good single photon emitters

despite of their PL line broadening. The simultaneous presence of large linewidth

and g(2)(0) > 0.5 suggests that the PL line from single CQRs is an inhomogeneous

collection of different individual optical transitions. Given the previously discussed

analogy between CQRs and quantum wires we wont to remind that near field mea-

surements with 150 nm resolution in quantum wires usually shows a collection of

sharp peaks associated to exciton center of mass localization [160]. In analogy we

expect that the disorder may produce exciton localization in different positions

along the ring.

An alternative picture to the inhomogeneity of the PL lines may consist in

the presence of different excitonic complexes inside the OR PL band. In fact,

while trions (T) show antibunching in cross correlation measurements, biexcitons

(XX) and/or multiexcitons (MX) are in bunching with the exciton recombination

[38]. Therefore the collection, within the 0.8 meV experimental spectral window,

of XX and MX recombination would increase the g(2)(0) value. In order to elu-

cidate this point we performed PL spectra at different excitation power reported

as color-intensity map in Fig.7.9. Two are the relevant points. Firstly the power

dependence of both IR and OR lines is slightly sub-linear. Secondly is the appear-

ance of two new spectral components, labeled as M1 and M2, in the high excitation

regime. The two lines present a spectral shift of 3.0 and 2.9 meV from OR and IR

line respectively and their power dependence is superlinear respect to the IR and

OR case (see the inset reporting the PL lines intensity as a function of the incident

power in Fig.7.9). Accordingly with time resolved experiments [61] we attribute

M1 and M2 to XX/MX recombination associated to the OR and IR respectively.
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Figure 7.9: Color-intensity map of a CQR power dependence. The PL intensity varies
from flat background (black) up to 16000 counts per second (white) of the M1 line. The
vertical axis reports the incident power in a logarithmic scale. Inset: power dependence
of the PL intensity of the four main peaks in the spectrum.

Similar behavior was reported for GaAs/Al0.33Ga0.67As quantum wires [162]. The

state filling experiment in Fig.7.9 and the time resolved analysis [61] show a satu-

ration effect in the PL intensity and a direct transfer of charges from the excited

states toward the low lying OR and IR states. These observations exclude the

presence of biexciton and exciton recombination within the IR and OR lines.

We conclude that the IR is small enough to contain well separated quantum

states and gives rise to an optical transition which exhibits antibunching features.

On the contrary the OR is already sufficiently large to be influenced by structural

disorder, resulting in an inhomogeneously broadened emission band.



Chapter 8
Final remarks

The aim of this thesis was the characterization of GaAs/AlGaAs nanostructures

grown by modified droplet epitaxy (MDE) and test of their optical and electronic

properties for application in quantum communication. From this analysis several

aspects emerge. We unambiguously demonstrated the photoluminescence (PL)

emission of neutral exciton X, neutral biexciton XX and charged exciton T . The

unambiguous attribution relies on the different features of the intensity correlation

function g2(τ) measured trough an the Hanbury Brown and Twiss interferometer.

The same experimental technique permits to evidence single photon emission from

single quantum dots (QDs) [after spectral filtering] thus evidencing its potentiality

as single photon emitter for quantum information processing. The time resolved

and time correlated characterization point out the quantum cascade relaxation in

the XX ⇒ X ⇒ ground state transition in the QD emission which represents

a milestone for the realization of a triggered source of entangled photons. Quite

surprisingly we showed that, despite the lack of strain–related phenomena, the

GaAs/AlGaAs QD system presents a relevant fine structure splitting (FSS). This

was demonstrated by high resolution, polarization–resolved measurements. The

additional fine interaction complicates the possibility to obtain entangled photons.
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Nevertheless, the investigation of FSS in strain–free system is a good tool to clar-

ify some aspects hardly achievable with Stranski–Krastanov nanostructures (role

of geometrical anisotropy, role of extrinsic effects). Further we precisely addressed

the question of the exciton–phonon interaction by CW (measuring the line shape

and broadening) and time resolved experiments (measuring the radiative lifetime).

We unambiguously demonstrated the common nature of the zero phonon line and

of the phonon sidebands fulfilling the theoretical predictions of the commonly ac-

cepted Independent Boson Model of the polaronic effect. The other relevant aspect

of the line broadening of the QD emission here studied was the spectral diffusion

(SD) coming from the charged fluctuating environment. We measured the SD–

induced broadening showing that the X linewidth is typically larger than the XX

and T linewidths, thus reflecting the different degree of polarizability of X, XX,

and T states. The theoretical investigation showed that the spectral shift of the

different excitonic complexes can be nicely explained in term of quantum confined

Stark shift due to charged traps in the QD proximity.

Concentric quantum rings (CQRs) are in principle, very promising nanostruc-

tures for exploring coupled electronic states and the investigation of the CQR

system presented here by means of time resolved and time correlated measure-

ments, exactly addresses this point. We showed that the exciton dynamics of

the two rings are completely decoupled due to the small tunneling probability, as

can be evaluated by using an effective mass model. Further we showed that the

external ring is more likely a warped analogue of a quantum wire since it’s photo-

luminescence broadening can be nicely explained as originated by a collection of

inhomogeneously broadened localized states. On the contrary we found that the

inner ring is small enough to contain a single quantum state since we can determine

a g2(0) < 0.5. This is particularly important since the ring–shaped nanostructure,

in contrast to the QD case, makes possible the investigation, and eventually the
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exploitation, of peculiar quantum phenomena such as Aharonov–Bohm effect.
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Second order correlation function:

a theoretical overview

In the following Appendix the major issues related to the second

order correlation function are shortly introduced. Some theoret-

ical aspects of the g(2) function are reviewed as a guide for the

interpretation of the experimental results presented in Chapter 6

and 7.3 of this). For a complete and exhaustive treatment of this

argument we refer to Ref. [27].

8.1 Intensity correlation: second order coherence

of quantum field

The coherence properties of an electromagnetic field can be described by the corre-

lation of the field amplitude (first order coherence) or field intensity (second order

coherence) and are usually described by the corresponding correlation functions

g(1) and g(2) [27]. A striking point of these properties is their behavior in the clas-

sical or in the quantum approximation. In the case of the first order coherence

the g(1) does not show any difference in the two approximations, while the inves-

tigation of the g(2) is a good way to point out the quantum feature of a photon

source. Further, the measurement of g(2) function has been recognized as an es-
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sential tool for the spectroscopic characterization of semiconductor nanostructure

optical properties. In fact the investigation of g(2) function can be exploited in

order to test the capability of these nanoemitters as suitable building blocks for

the realization of single and entangled photons pairs emitters.

Hereafter a brief theoretical treatment of the second order correlation function

g(2) in the quantum approximation for a two and three level atomic-like system is

given [27].

The general expression of the electric field instantaneous intensity correlation

function is:

g(2)(x, ∆x; t, τ) =
〈I(x, t)I(x + ∆x, t + τ)〉

〈I(x, t)〉2 (8.1)

where I(x, t) = |E(x, t)|2 represents the field intensity being E(x, t) the expression

of the electric field at the spatial position x and time t; ∆x and τ represent a

spatial shift and a time delay, respectively.

Here we take into account the time dependence of the g(2) function neglecting

its dependence on x. Introducing the expression of the electric field in the quantum

approximation by using the appropriate operators in the Heisenberg representation,

the second order correlation function for a stationary field is given by:

g(2)(τ) =
〈Ê−

(t)Ê
−
(t + τ)Ê

+
(t)Ê

+
(t + τ)〉

〈Ê−
(t)Ê

+
(t)〉2

(8.2)

where:

〈Ê−
(t)Ê

+
(t)〉 = Tr(ρ̂Ê

−
(t)Ê

+
(t)) (8.3)

is the expectation value of the observable between parentheses being ρ̂ the density

matrix operator of the system and Tr the operation of Trace. The operators Ê
±
(t)
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for an electromagnetic field in vacuum are:

Ê
−
(t) = −i

∑

k

√
~ωk

2ǫ0V
−→ε kâke

iωkt (8.4)

Ê
+
(t) = i

∑

k

√
~ωk

2ǫ0V
−→ε kâ

†
ke

−iωkt (8.5)

where the k is the index of each mode of the field, V the volume of quantization,

ωk the frequency of the mode, −→ε k the polarization vector, âk and â†
k the operators

for annihilation and creation of one photon in mode k.

It can be showed that in the classical limit the following relations hold:

g(2)(τ) ≤ g(2)(0) (8.6)

1 ≤ g(2)(0) ≤ +∞ (8.7)

g(2)(τ) = g(2)(−τ) (8.8)

while in the quantum case of Eq. 8.2 the interval of values assumed by g(2)(0)

0 ≤ g(2)(0) < 1 (8.9)

is allowed and the inequality in Eq. 8.6 is not still valid.

The shape of the g(2)(τ) can be obtained both analytically and experimentally

for different kind of light sources [27]. For example a classical chaotic photon

source shows a g(2)(τ) that fulfill the inequality in Eq. 8.6 [163]. This behavior

is indicated as photon bunching and accounts for the tendency of the photons to

group themselves in time bunches. Quantum light source may instead present the

opposite behavior showing a photon antibunching fulfilling the inequality of Eq.

8.9. This is the signature that at short time delays the detected photon number is
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Figure 8.1: (a) Two level system. The excited state |2〉 is populated by a constant pump
R and decay toward the low lying level |1〉 with a lifetime τ2 emitting a photon with energy
∆E = ~ω0. The operator π̂† (π̂) of the transition applied to the state |1〉 ( |2〉) lead the
system in the state |2〉 ( |1〉). (b) g(2)(τ) for a two level system with different lifetimes τ2

smaller than the one measured at longer delay.

8.2 Multimode emission of a two level system

In this section the second order correlation function is studied for an ideal two

level system involving an electronic transition (i.e. a single atomic transition [27]

or also a QD excitonic transition as shown in Fig. 8.1). The emitted photons

have a definite energy determined by the energy difference between the two levels:

∆E = ~ω0.

Assuming a constant rate R populating the higher energy level |2〉, under the

condition of low excitation regime (R ≪ 1/τ2), the second order correlation func-

tion g(2)(τ) can be obtained by using Eq. 8.2.

The first step is to obtain the time dependence of the creation/annihilation op-

erators â†
k(t)/âk(t) appearing in the field operators defined in Eq.s 8.4 and 8.5. The

time evolution of a generic observable ÔH of a quantum system in the Heisemberg
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representation is described by the commutator:

i~
ÔH(t)

dt
= [ÔH(t), Ĥ] (8.10)

where Ĥ is the system hamiltonian described by:

Ĥ = ~ω0π̂
†(t)π̂(t) +

∑

k

~ωkâ
†
k(t)âk(t) + i

∑

k

~ξk{π̂†(t)âk(t)e
ikR − π̂(t)â†

k(t)e
−ikR}

(8.11)

The first term represents the two level system hamiltonian. In this part the two

operators π̂†(t) and π̂(t) define the transition |1〉 ⇔ |2〉 with the following rules:

π̂†(0) = |2〉〈1| (8.12)

π̂(0) = |1〉〈2| (8.13)

for these operators also the following properties hold:

π̂†π̂† = 0 (8.14)

π̂π̂ = 0 (8.15)

The second term in Eq. 8.11 represents the electromagnetic hamiltonian in free

space, while the third term is interaction term between the field and the two level

system in the dipole approximation. R is spatial position and ξk is given by:

ξk = e
ωk

2ǫ0~V
−→ε k · 〈1|D̂|2〉 (8.16)

where D̂ represents the dipole operator. The time dependence of the different op-

erators in the Heisemberg representation can be obtained through equation 8.10.

The presence of the interaction term complicates the time dependence of the op-
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Figure 8.2: Orientation of the vectors used in the evaluation of the electric field at r
produced by radiation from an atom at R

erators π̂(t), π̂†(t), âk(t) and â†
k(t) couple them. The expression for the E+ (or in

analogy for E−) can be obtained from Eq. 8.5 including the time dependence in

âk:

Ê
+
(rt) = i

∑

k

√
~ωk

2ǫ0V
−→ε kâk(t)e

ik·r (8.17)

In the dipole approximation (k|r−R| ≫ 1), assuming an isotropic emission of the

two level system and imposing the energy conservation (ω = ω0) it is possible to

integrate over all the directions k of the emitted photons, obtaining:

Ê
+
(r, t) = − eω0D12sinα

4πǫ0c2|r − R|επ̂(t − |r − R|
c

) (8.18)

This expresses the field at point r in terms of the dipole operator of the radiating

source atom [see Fig. 8.2]. In order to simplify the problem is possible to introduce

some other approximations:

• we only consider the emitted radiation polarized along ε
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• we assume stationary condition also neglecting the time shift |r−R|
c

Introducing the simplified expression of the field operators in the expression for

the g(2)(τ) Eq. 8.2 we obtain:

g(2)(τ) =
〈π̂†(t)π̂†(t + τ)π̂(t + τ)π̂(t)〉

〈π̂†(t)π̂(t)〉2 (8.19)

Due to the time reversal condition (Eq. 8.8) we will refer in the following to positive

τ . It is then convenient to use in the following the interaction representation for

π̂†(t) and π̂(t)

For a simpler calculation is possible to change the representation of the quantum

operators in their interaction representation where they are decoupled:

π̂†(t) = π̂†(0)eiω0t (8.20)

π̂(t) = π̂(0)e−iω0t (8.21)

By using these expressions and using the density matrix is possible to show that:

〈π̂†(t)〉 = ρ21e
iω0t (8.22)

〈π̂(t)〉 = ρ12e
−iω0t (8.23)

〈π̂†(t)π̂(t)〉 = ρ22(t) (8.24)

where ρij are density matrix elements, which can be obtained by the appropriate

rate equations. Note that the density matrix elements are not fully independent,

in fact the following relations hold: ρ11 + ρ22 = 1 and ρ12(t) = ρ∗
12(t) which result

in only three independent coefficients.

Since the above expressions involve only a single time t is necessary to generalize
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them for any delay t + τ as follows:

〈π̂(t + τ)〉e−iω0t+τ = ρ21(t + τ) = α1(τ) + α2(τ)ρ21(t) + α3(τ)ρ12(t) + α4(τ)ρ22(t)

(8.25)

〈π̂†(t + τ)π̂(t + τ)〉 = ρ22(t + τ) = β1(τ) + β2(τ)ρ21(t) + β3(τ)ρ12(t) + β4(τ)ρ22(t)

(8.26)

where the time dependent coefficients αi and βi have been introduced. The ex-

pressions in Eq.8.19 can be calculated by using the quantum regression theorem

hereafter reported.

If an operator Â can be decomposed as follows:

〈Â(t + τ)〉 =
∑

i

αi(τ)〈Âi(t)〉 (8.27)

than it is possible to demonstrate that the following relation holds for any operators

B̂(t) and Ĉ(t):

〈B̂(t)Â(t + τ)Ĉ(t)〉 =
∑

i

αi(τ)〈B̂(t)Âi(t)Ĉ(t)〉 (8.28)

The numerator of the expression in Eq.8.19 can be expressed as the left term

of Eq. 8.29 assuming Â(t + τ) ≡ π̂†(t + τ)π̂(t + τ) and B̂†(t) ≡ π̂(t). By applying

8.29 taking into account Eq.s 8.26 and relations 8.22, 8.23, 8.24 we obtain:

〈π̂†(t)π̂†(t + τ)π̂(t + τ)π̂(t)〉 = β1(τ) + β2(τ)〈π†(t)π̂†(t)π̂(t)〉 +

+ β3(τ)〈π†(t)π̂(t)π̂(t)〉 +

+ β4(τ)〈π†(t)π̂†(t)π̂(t)π̂(t)〉



114 8.2. Multimode emission of a two level system

using the properties of the operators π̂ and π̂† of Eq. 8.14 and 8.15 we obtain:

〈π̂†(t)π̂†(t + τ)π̂(t + τ)π̂(t)〉
〈π̂†(t)π̂(t)〉2 =

β1(τ)

ρ22(t)
(8.29)

considering the steady value of ρ22(t) we have:

g(2)(τ) = lim
t→+∞

β1(τ)

ρ22(t)
(8.30)

The two terms β1(τ) and ρ22(t) can be obtained from the rate equation (seeFig.8.1):

dρ22

dt
= R − ρ22

τ2

(8.31)

The solution is:

ρ22(t) = R · τ2(1 − e
− t

τ2 ) (8.32)

For steady stationary condition we then obtain ρ22(∞) = R · τ2. The expression

in Eq. 8.32 can be evaluated at a time t + τ :

ρ22(t + τ) = R · τ2(1 − e
− τ

τ2 ) + ρ22(t)e
− τ

τ2 (8.33)

which allows to obtain the expression for β1(τ):

β1(τ) = R · τ2(1 − e
− τ

τ2 ) (8.34)

We can finally obtain the explicit expression for the g(2)(τ):

g(2)(τ) = 1 − e
− τ

τ2 (8.35)

The function described in Eq.8.35 is plotted in Fig.8.1 (b) for different lifetimes

τ2. The plot points out the antibunching behavior of g(2)(τ) and that g(2)(0) = 0.
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8.3 Three level system: correlated photons

Another important process considered here is the photon emission from a three

level system, shown in Fig.8.3. This system is typical of some atomic system

and, as shown in Chapter 6, can be used to interpret the radiative process of

the biexciton–>exciton cascade in quantum dot nanostructures. The system is

schematized as three energy level |1〉, |2〉 and |3〉, which energy are E1, E2 and

E3, respectively. Here we fix E1 = 0 as ground state of the system. The constant

pump R transfers the population of the level |1〉 to the excited state |3〉. This

excited level decays with a lifetime τ3 toward the level |2〉 emitting a photon of

energy ~ω32 = E3 − E2. The level |2〉 decay toward the ground state |1〉 with a

radiative lifetime τ2 emitting a photon with energy ~ω21 = E2 − E1. In this case

the electromagnetic fields is the result of the overlap of the two field produced

in the two distinct radiative transitions. Hereafter we study the autocorrelation

functions for each single transition g
(2)
22 , g

(2)
33 and the cross-correlation function g

(2)
32

of the two fields. The generic expression of the (auto/cross)correlation function

can be written as follows:

g
(2)
ij (τ) =

〈Ê−

i (t)Ê
−

j (t + τ)Ê
+

j (t)Ê
+

i (t + τ)〉
〈Ê−

i (t)Ê
+

i (t)〉〈Ê−

j (t)Ê
+

j (t)〉
(8.36)

In the present case the two coefficients i and j can take the values 2 and 3 and they

are referred to the corresponding states |2〉 and |3〉. Note that from the definition

follows that g
(2)
ij (τ) = g

(2)
ji (−τ).

Extending the treatment made for the two levels system to the present case,

it is possible to obtain the expression in Eq. 8.36 as a function of the quantum
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Figure 8.3: (a) Three level system scheme. The radiative process involve the pump
mechanism R from the ground state |1〉 to the excited state |3〉 and the optical transition
|1〉 ⇔ |2〉 ⇔ |3〉. (b) g2

32(τ) for different pump rate R

operators of the atomic system

g(2)(τ) =
〈π̂†

i (t)π̂
†
j(t + τ)π̂j(t + τ)π̂i(t)〉

〈π̂†
i (t)π̂i(t)〉〈π̂†

j(t)π̂j(t)〉
(8.37)

where the quantum operators at t = 0 are defined as follows:

π̂†
3(0) = |3〉〈2|, π̂3(0) = |2〉〈3|; π̂†

2(0) = |2〉〈1|, π̂2(0) = |1〉〈2| (8.38)

Since for the expectation value of product of operators π̂†
i (t + τ)π̂i(t + τ) the

hypothesis of Eq. 8.27 still holds we can apply the quantum regression theorem.
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By using a similar to derivation to those shown in Eq.s 8.25 and 8.26 we can obtain:

ρ22(t + τ) = α1(τ) + α2(τ)ρ12(t) + α3(τ)ρ21(t)+

+ α4(τ)ρ22(t) + α5(τ)ρ23(t)+

+ α6(τ)ρ32(t) + α7(τ)ρ33(t)

(8.39)

ρ33(t + τ) = β1(τ) + β2(τ)ρ12(t) + β3(τ)ρ21(t)+

+ +β4(τ)ρ22(t) + β5(τ)ρ23(t)+

+ β6(τ)ρ32(t) + β7(τ)ρ33(t) (8.40)

The density matrix elements are bound to the expectation values of the three levels

system operators by relation similar to Eq.s 8.22, 8.23 and 8.24. It is then possible

to calculate the expectation values:

〈π̂†
2(t)π̂

†
2(t + τ)π̂2(t + τ)π̂2(t)〉 = α1(τ)ρ22(t) (8.41)

〈π̂†
3(t)π̂

†
3(t + τ)π̂2(t + τ)π̂3(t)〉 = β1(τ)ρ33(t) (8.42)

〈π̂†
2(t)π̂

†
3(t + τ)π̂3(t + τ)π̂2(t)〉 = β1(τ)ρ22(t) (8.43)

〈π̂†
3(t)π̂

†
2(t + τ)π̂2(t + τ)π̂3(t)〉 = (α1(τ) + α4(τ))ρ33(t) (8.44)

In steady state conditions, the the density matrix elements and the τ dependent

coefficients can be obtained by the rate equations of the system shown in Fig. 8.3

(a):

dρ33(t)

dt
= R − ρ33

τ3

(8.45)
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dρ22(t)

dt
=

ρ33

τ3

− ρ22

τ2

(8.46)

dρ11(t)

dt
=

ρ22

τ2

− R (8.47)

These three equations are not completely independent and their sum gives:

ρ33(t) + ρ22(t) + ρ11(t) = constant (8.48)

of the others.

The three rate equations well describe the three levels system in the hypothesis

of low pumping regime far from saturation (R(τ2 + τ3) ≪ 1). The stationary

solutions are:

ρ22(t) = R · τ2, ρ33(t) = R · τ3 (8.49)

With the initial condition ρ33(0) = 1 and ρ22(0) = ρ11(0) = 0 it is possible to find

the general solutions:

ρ33(t + τ) = R · τ3[1 − e
− τ

τ3 ] + ρ33(t)e
− τ

τ3 (8.50)

ρ22(t + τ) =
R · τ2[τ3(1 − e

− τ

τ3 ) − τ2(1 − e
− τ

τ2 )]

τ3 − τ2

+ (8.51)

+ ρ22(t)e
− τ

τ2 − ρ33(t)
τ2(e

− τ

τ2 − e
− τ

τ3 )

τ3 − τ2

(8.52)

By using the results in Eq.s 8.49, 8.50 and 8.51 it is possible to determine all the

elements necessary to calculate the expectation values in 8.41, 8.42 and 8.43 and

finally obtain four auto– and cross–correlation functions:

g
(2)
33 (τ) = g

(2)
23 (τ) = 1 − e

− τ

τ3 (8.53)
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g
(2)
22 (τ) =

τ3(1 − e
− τ

τ3 ) − τ2(1 − e
− τ

τ2 )

τ3 − τ2

(8.54)

g
(2)
32 (τ) = g

(2)
22 (τ) +

1

R · τ2

· e−
τ

τ2 (8.55)

The functions g
(2)
33 (τ) and g

(2)
22 (τ) represent the autocorrelation function of the

radiation field associated to each specific transition and in analogy with the case

of the two levels system they show an antibunched behavior.

The complete form of the g
(2)
32 (τ) can be obtained using the property g

(2)
ij (τ) =

g
(2)
ji (−τ):

g
(2)
32 (τ) =






1 − e
− τ

τ3 τ < 0

τ3(1−e
−

τ
τ3 )−τ2(1−e

−
τ
τ2 )

τ3−τ2
+ 1

R·τ2
· e−

τ

τ2 τ > 0

(8.56)

An example of the g
(2)
32 (τ) is displaced in Fig.8.3 (b) for three different pumping

rates R. The marked bunched behavior of the cross-correlation function is a sig-

nature of the high probability of the emission of a photon ~ω21 after the emission

of a photon ~ω32. We note that the bunched behavior of the g
(2)
32 (τ > 0) increases

if the the second term Rτ2 increases. In other words, the bunching peak is more

pronounced for low pumping regime of the upper level [for a review of the satu-

ration effect see Ref. [146, 164]]. The first term shows an antibunching behavior

and may influence the shape of the intensity cross-correlation function in the case

of τ3 > τ2 and high pumping rate, producing an antibunched behavior. For τ < 0

we observe an single exponential antibunching behavior ruled by the lifetime τ3,

reflecting the small probability to observe a ~ω21 before the emission of a photon

~ω32.

An example of these considerations can be found in Section 6.2.2 where the

g
(2)
32 (τ) function is measured for the biexciton –> exciton cascade.



Experimental determination of

the second order correlation

function

In the following Appendix a brief review of the g(2) function mea-

surement is given. Firstly we show that the signal measured by the

Hanbury Brown and Twiss interferometer reproduces the g(2)(τ).

Secondly the effect of the instrumental response is taken into ac-

count.

8.4 Hanbury Brown and Twiss interferometer and

g(2) function measurement

The Hanbury brown and Twiss interferometer HBT has been described in Section

2.2.1. We refer to (Fig. 2.5 (a)) for the interferometer scheme and to Fig. 2.5 (b)

the measurement procedure .

The experimental apparatus allows the collection of the photoluminescence

from single nanostructures and produces a collimate beam which is fed into the

HBT setup. We don’t consider here photons losses, but we remind that we always

assume to work in single photon counting regime (low detection efficiency).

120
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The time delays measured through the TAC (see Section 2.2.1) are converted

in logic signals through a 14 bit ADC which produces a discrete time scale (Tch

is the time interval associated to each ADC channel and it can be determined

through a tarature with a pulsed laser source). The histogram realized through

the detection of START–STOP events (reported as counts in the corresponding

ADC channel) over the integration time of the measure is the correlation function

C2
21(τ) of the filtered field with frequency ω2 and ω1 [145, 38] and is given by:

C
(2)
21 (τ) =

∫ Tch/2

−Tch/2

∫ TF

T0

nω1
(t)nω2

(t + t′ + τ)dtdt′ (8.57)

where nω1
and nω2

are the photon fluxes at the two frequencies (nω2
are the de-

layed photons). The first integration over t
′

is extended over the channel interval

Tch while the integral in t is extended over all the measurement integration time

(starting at T0 and ending at TF ). In stationary condition C
(2)
21 (τ) does not depend

on the specific time of the measurement and it results proportional to the g
(2)
21 (τ)

function through a normalization factor:

g
(2)
21 (τ) =

C
(2)
21 (τ)

nω2
nω1

TchTM

(8.58)

where nω1
and nω2

are the mean photons number and TM = TF − T0 is the mea-

surement time. The expression in Eq. 8.58 holds in the limit low photon detection

efficiency.

For details on the g(2) measurement under pulsed excitation and the related

saturation effects we remind to the literature [146, 164, 165]. In order to get the

measured signal, the expression in Eq. 8.58 must be also convoluted with the

instrumental response. In fact, as evident in the case of CW measurement of the

g(2)(τ) function of Fig. 6.3 the limited time resolution does not allow to reveal a

g(2)(τ = 0) = 0. In fact, in our case, the exciton lifetime [τrad ≃ 400ps] is usually
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Figure 8.4: (a) theoretical g(2)(τ) function for a two level system which lifetime is 400 ps
under CW excitation. (b) effect of the instrumental response on the g(2)(τ) of graph (a).
The instrumental time response is assumed to be a gaussian profile with a FWHM
of 300 ps. (c) theoretical g(2)(nτ) function under pulsed excitation (repetition rate: 82
MHz). (d) time binning of the g(2)(nτ) of graph (c). The red columns have the same
area of the bunching peak in graph (c).

comparable with the time response of our HBT apparatus [τexp ≃ 600ps]. As an

example we report in Fig. 8.4 (a) the g(2)(τ) measured with an ideal detector and in

(b) the g(2)(τ) convoluted with a gaussian profile (standard deviation 300 ps) which

approximate the time response of the detectors. The advantage of a CW respect

to the pulsed excitation measurement is a complete reconstruction of the g(2)(τ)

which for example allows to determine the radiative lifetime of the recombination

processes involved. The price to be paid is that the direct determination of g(2)(0)

is not allowed.
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In Fig. 8.4 (c) the g(2)(nT ) is reported for pulsed excitation in the case of

an ideal detector. The time displacement and the shape of the bunching peaks

for nT 6= 0 provide information on the recombination process and on the lifetime

of the transitions involved [145, 38]. That kind of measurement permits a direct

determination of the g(2)(0) value avoiding the drawbacks related to the temporal

response convolution. In fact when the instrumental response is introduced we

observe a broadening of the bunching peaks for nT 6= 0. Nevertheless the area of

each bunching peak in the ideal and non–ideal detector case still remain the same.

This is of the utmost importance since it means that the value of g(2)(nT = 0) is

not changed by the instrumental response.
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