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Preface

This manuscript gathers the experimental and theoretical works that have been performed
on the subject of the resonance fluorescence in single semiconductor quantum dots for the
generation of indistinguishable photons, since my nomination as an Assistant Professor at
"Université Pierre et Marie Curie" (UPMC), in the coherent and non-linear optics group
of "Laboratoire Pierre Aigrain" (LPA). The study of this field emerged step by step in our
group after the experimental implementation of a confocal micro-photoluminescence setup
specially suited for high resolution spectroscopy of single quantum dots. The studies of Cécile
Kammerer [1], Ivan Favero [2| and Alice Berthelot [3] during their PhD thesis, under the su-
pervision of Guillaume Cassabois and Philippe Roussignol, and in close collaboration with the
theoreticians Robson Ferreira and Gérald Bastard, highlighted the important role of the solid
state environment in the optical properties of a single quantum dot. The investigations of the
resulting dephasing processes that are responsible for the degradation of the coherence of the
emitted photons led to the questioning of the artificial atom picture where a single quantum
dot is considered as an ideal two-level system [4]. In the current context of the development of
integrated sources of indistinguishable photons for quantum optics applications, these studies
raised the need of implementing in the group a new project devoted to the measurement of
the resonance fluorescence of single quantum dots.

My contribution in this project as a permanent LPA member started in 2008, in collabo-
ration with Guillaume Cassabois until his nomination in 2010 as a Professor in the University
of Montpellier. It consisted in the conception and the implementation of an original experi-
mental setup based on an orthogonal excitation-detection geometry in order to measure the
resonance fluorescence of single quantum dots. At the time this challenging setup was de-
veloped, the success of such strictly optical resonant excitation configuration was reported
in only two papers [5,6]. I naturally greatly benefited from the existing experiment, but I
also initiated a new field of expertise in the group with the development of quantum optics
experiments to measure the emission statistics of a light source with a Hanbury-Brown and
Twiss interferometer as well as the indistinguishability degree of the emitted photons with
a Hong-Ou-Mandel interferometer. The work presented in this manuscript results from the
two PhD theses carried out by Hai Son Nguyen [7| and Raphaél Proux [8] that I directly
supervised, with the decisive input of Grégrory Sallen and Maria Maragkou during their post-
doctorate, and of the LPA permanent members Robson Ferreira and Emmanuel Baudin for
the theoretical parts.






Introduction

This manuscript aims at presenting a review of our work on the resonance fluorescence
of single quantum dots (QD) at low temperature (7" = 10 K) for the generation of indistin-
guishable photons. At the time this work was done, the context was based on the fact that
the semiconductor QDs were commonly considered as artificial atoms. This analogy led to an
important development of experiments in the field of cavity quantum electrodynamics with
semiconductor QDs, similarly to other systems like atoms [9], trapped ions [10], molecules [11],
or colored centers in diamond [12]. The QDs constitute in fact promising candidates for the
realization of integrated single photon emission devices in the contexts of fundamental quan-
tum optics experiments or quantum information applications. From the pioneering work of P.
Michler et al. where intensity correlation measurements on the photoluminescence signal of
single QDs brought the experimental evidence of the quantum nature of the QD radiation [13],
subsequent experiments demonstrated the possibility to use single QDs for the generation of
polarization-entangled single photon pairs [14,15], or indistinguishable single photons [16]. In
all these studies, it appeared that an important general issue to get reliable QD-based devices
was to reach the so-called fundamental radiative limit T = 27} (77 being the population life-
time and T the coherence lifetime), where the linewidth of the photoluminescence spectrum
corresponds to its lower limit 2h/T» = h/T;. Several strategies have been then followed in that
sense such as the shortening of the population lifetime induced by the Purcell effect [16,17],
or the reduction of the pure dephasing by resonant excitation [5,6,18]. As expected from the
studies already performed in our group on the dephasing processes in single QDs, the resonant
configuration was in fact an efficient strategy for minimizing the residual excitation of the QD
environment that acts as a fluctuating reservoir for spectral diffusion. Since the first direct
measurement of the optical response of single QDs under resonant excitation performed by A.
Muller et al. [5], many results on resonance fluorescence in single QDs were presented in the
literature |6, 18-21], showing the intrinsic properties of a solid state two-level system (TLS)
such as for example the Rabi oscillations [5,6,22] or the Mollow triplet [22]. However, the
radiative limit was never reached even at very low temperature, suggesting that a fluctuating
electrostatic environment which influences the QD coherence still exists, even in case of res-
onant excitation where the laser photo-creates carriers only in the QD. It is in this context
that the work presented in this manuscript fits.

Chapter 1 first introduces the general properties of single semiconductor QDs such as the
discretization of the energy spectrum due to the three dimensional confinement of the carriers,
the selection rules of the interband optical transitions when the system is coupled to light and
the "pseudo" exciton along with the complementary exciton complexes which can populate
a single QD. The artificial atom model where, analogously to atomic systems, a single QD is
described as a TLS, is then presented: the important implications in quantum optics such as
the emission of antibunched photons, but also the limitations caused by the population and
the coherence relaxation mechanisms are discussed. It highlights the problematic of the work
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Introduction

presented in this manuscript, namely the requirement of a resonant excitation configuration
in order to manipulate a genuine solid-state TLS in a single QD. As an introduction to
the experimental results presented in the following chapters, the specificity of the resonance
fluorescence emission of a TLS under resonant excitation is presented.

Chapter 2 first presents the experimental setup that was developed to measure the res-
onance fluorescence of a single QD. It then focuses on the study of the inhibition of the
exciton resonance fluorescence induced by the residual doping of the sample, a phenomenon
which turns out to be widely met in the QD community. We show that the resonance fluo-
rescence can be retrieved by the mean of an additional non-resonant laser which controls the
charge state of the fundamental transition of the QD. The effect of this optical gate is studied
by characterizing the resonance fluorescence along with the gate dynamics and the emission
statistics as a function of the gate power. These experimental results are supported by a
theoretical study based on a random population model which describes the carriers capture
mechanisms involved in the gating effect of the resonance fluorescence. The main properties
of the resonance fluorescence are restored by the optical gate and the QD then behaves as a
quasi-ideal TLS. However, the radiative limit is not perfectly reached contrarily to what is
expected for a resonantly-driven TLS, which shows that an additional level of control of the
fluctuating electrostatic environment is needed. This work is part of the PhD thesis of H. S.
Nguyen [7] and has been published in Ref. [20,23].

Chapter 3 is devoted to the specificity of the resonance fluorescence in single QDs un-
der continuous wave (cw) excitation. The spectral properties are studied by measuring the
first-order correlation function in a Fourier transform spectroscopy setup, while the emission
statistics is investigated by measuring the second-order correlation function in a Hanbury
Brown and Twiss (HBT) interferometer. These functions exhibit very specific behaviors as a
function of the power of the resonant laser, allowing us to differentiate the properties of the
elastic and inelastic components which both contribute to the resonance fluorescence signal.
In particular at low excitation power, the elastic component, which consists in the resonant
Rayleigh scattering (RRS) of the incoming laser photons on the TLS transition, prevails and
exhibits original spectral and emission statistics properties. In this regime, the coherence time
of the emitted photons is tailored by the coherence of the excitation laser and thus largely
exceeds the coherence imposed by the QD electronic properties, while the single photon emis-
sion statistics is maintained. Within such a regime, the radiative limit imposed by the QD
electronic properties appears less drastic for the generation of highly indistinguishable pho-
tons than in the more conventional high power regime. This work is part of the PhD theses
of H. S. Nguyen [7] and R. Proux [8|, and has been published in Ref. [24].

Chapter 4 aims at showing that the photons emitted in the RRS regime present higher de-
grees of indistinguishability than the ones imposed by the radiative limit under non-resonant
excitation or resonant excitation in the high power regime. The second-order correlation func-
tion measured in a two-photon interference Hong-Ou-Mandel (HOM) experiment is studied
as a function of the resonant excitation power. After discussing the main fundamental differ-
ences between an HOM experiment performed under pulsed or cw excitation, we define a new
figure of merit, the coalescence time window (CTW), which allows us to properly investigate
the temporal indistinguishability of the photons emitted by a single photon source in the cw
operating mode, and more specifically in the RRS regime. By studying the dependence of
this CTW with the coherence time of the excitation laser, we show that the photon indistin-
guishability can be extended to unprecedented levels in the RRS regime. This work is part of
the PhD thesis of R. Proux [8] and has been published in Ref. [25].



Chapter 1

The semiconductor quantum dots in
the artificial atom model

In this first chapter, we present the general electronic and optical properties of InAs/GaAs
semiconductor quantum dots (QD) grown by molecular beam epitaxy. When focusing on the
fundamental excitonic transition, these systems can be seen as two-level systems (TLS) in
the artificial atom picture because of the three dimensional confinement of the carriers. We
introduce some examples of the implications of such artificial atom model regarding the de-
velopment of QD-based devices for quantum information applications. Single QDs constitute
in fact good candidates for the realization of integrated single photon sources. However, these
solid state systems face intrinsic limits under non-resonant excitation which lead to the degra-
dation of the coherence of the emitted photons. The main mechanisms responsible for the
population relaxation and the decoherence of the emitted photons are presented before intro-
ducing the resonant excitation configuration which appears as the fundamental requirement
for minimizing these dephasing processes and for considering a single QD as an ideal TLS.
Finally, we present the main properties of the emission of a TLS under resonant excitation
and we focus in particular on the specificity of the resonance fluorescence of a TLS which
results from the elastic and the inelastic scattering of the incoming laser photons.

1.1 General properties of semiconductor quantum dots

1.1.1 Carriers confinement in semiconductors

The motion of the electrons in a solid is studied in the Born-Oppenheimer approximation,
where the motion of the nuclei is considered negligible, and in the Hartree-Fock approximation,
where a single electron is assumed to be in the average field created by the nuclei and the
other electrons [26]. Within these approximations, the Hamiltonian describing the motion of

one electron in a solid is: )

H= §—m+V(F) (1.1)

where V (7), the interaction potential between the electron and the crystal, shows the same
symmetry properties as the crystal. Within the Bloch theorem, due to the periodic structure
of the crystal, the eigenstates of the electron are described by the wave functions:

b #(F) = u_ (7)eiFT (1.2)
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where u, - refers to the atomic part with the crystal symmetry, n the band index and k the
electron wavevector. The eigenenergies En(E) of the eigenstates ¢ (%) define the crystal
energy bands. In particular, under the effective mass approximation, the band structure in

the neighborhood of the I" point (i.e. k= 6) can be assimilated to a parabola defined by:

hz;;;‘z 2 ) ) )
E,;=E,5+ B E, 5+ o (ki + ky + k2) (1.3)

where m} ,, is the electron effective mass in band n. The electronic properties of a solid are

thus described by quasi-particles with the effective mass of the corresponding band.

3D 2D 1D 0D

p(E)V p(E)t—,—,i p(E{ p(E)
E E E ;

Figure 1.1: Density of states of various low dimensions semiconductor heterostructures.

In a bulk semiconductor, such dispersion relation leads to an energy continuum with a
density of states p(E) o< VE (see the 3D structure in figure 1.1), whereas an energy dis-
cretization appears in semiconductor heterostructures when the electron motion is confined
at a smaller scale than its De Broglie wavelength:

_ (1.4)

A =
b V2mikpT’

where kp is the Boltzmann constant and T the temperature of the system. Considering the
different quantum confinement directions, three types of semiconductor heterostructures can
then be distinguished from the 3D bulk system:

e The quantum well (2D structure in figure 1.1): the electrons are confined in one direction
(z) and have a free motion in the other ones (x and y). The dispersion relation of such
a system is £ = I, ,, + %(k}% + kg), where F, ,, is the confinement energy related to
the size of the trap in the z direction. For a given E, ,,, the density of states is constant
and defined for £ > E, ,,, which thus leads to a "walking stairs" density of final states
(one "stair" being linked to one energy E. ).

e The quantum wire (1D structure in figure 1.1): the electrons are confined in two direc-
tions (y and z) and have a free motion in the remaining direction (x). The dispersion
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relation reads £ = Ey ,,, + E. , + %, where E,, , = Ey ., + E. ,, is the energy confine-
ment. For each energyE,, ,,, the density of states writes as p(E) o< 1/\/E — Ep, p.

e The quantum dot (0D structure in figure 1.1): the electrons are confined in all the three
directions of space and does not present anymore a quasi-continuum of states due to
any translational invariance. The density of states then presents Dirac functions at each
confinement energy Ej . p = Epj+ Eym + E. .

Among all the described heterostructures, this manuscript focuses on the QDs which exhibit
a lot of similarities with atomic systems due to the three dimensional confinement of the
carriers and the induced discrete density of states.

1.1.2 Fabrication of semiconductor quantum dots

The general idea for confining the carriers in the three dimensions of space is to modify
the crystalline potential by fabricating a semiconductor heterostructure with typical sizes
smaller than the De Broglie wavelength of the carriers!. From a practical point of view, it
consists in inserting a semiconductor in a larger band gap semiconductor in order to create a
potential barrier for the carriers. Two main techniques are used to elaborate semiconductor
QDs: the chemical synthesis where colloidal nanocrystals are fabricated in solutions [27],
and the epitaxial growth where the nanocrystals are fabricated on a substrate by depositing

successive atomic layers of semiconductors.

wetting layer quantum dot

> 1,7 monolayers of InAs
InAs

‘ i-‘l
= s L3S ""6

100 nm

L)

A

Figure 1.2: Top panels: Fabrication steps in the Stranski-Krastanov epitaxy growth mode. Bottom
left panel: AFM image of InAs QDs on a GaAs substrate before the capping step of the epitaxial
process (source: Nanostructure Materials & Devices Laboratory of University of Southern California).
Bottom right panel: TEM image of a single lens-shaped InAs QD on a GaAs substrate (source:
Institute for Microstructural Sciences, NRC, Canada).

The first InAs/GaAs QDs were fabricated in 1985 [28] within this latter technique, in
the Stranski-Krastanov growth mode [29]. During this growth process that is schematized
in figure 1.2 (top panel), once the thickness of the lower bandgap semiconductor (InAs) has
reached 1.7 monolayers [30], the strain accumulated between the two semiconductors due

!As an example, the De Broglie wavelength in GaAs exceeds 100 nm for temperatures below 50 K.
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to the lattice mismatch (the InAs lattice parameter is 7% higher than in GaAs) relaxes by
forming self-organized InAs conic islands on top of the GaAs substrate. The remaining 2D
InAs layer, the wetting layer, constitutes a quantum well which plays an important role in
the QDs optical properties. As shown in figure 1.2 (bottom panels), the conic islands, that
are randomly positioned along the surface of the substrate with a typical density of 10°-
10* em™2 [31], are typically 20 nm wide and 10 nm high. The capping of the islands by a
GaAs layer (~ ten monolayers) then lead to the final QDs which shapes look like flat lenses
with heights of few nanometers. The synthesis of such self-organized strained QDs can be done
either by Molecular Beam Epitaxy (MBE), or by Metal Organic Chemical Vapor Deposition
(MOCVD)2. While the MOCVD ensures a good reproducibility and a faster growth speed,
the MBE allows in general a better control of the QDs growth properties (average density
and emission wavelength) thanks to possible in situ visualization. The InAs/GaAs QDs under
study in this manuscript were grown by MBE in the group of Pierre Petroff (University of
California Santa Barbara, UCSB).

1.1.3 Electronic states in single quantum dots

In the experimental studies presented in this manuscript, only the interband electronic
transitions consisting in the radiative recombination of an electron-hole pair are considered.
Therefore, the electronic states of a single QD are deduced from the electronic properties near
the I' point of the InAs and GaAs semiconductors.

The band structures near the gap of these two zinc-blende crystalline structures can be
calculated within the k.p perturbation theory either for the non-strained bulk materials [26]
or for the strained ones [34]. The electronic states of such crystals present the same symmetry
as the atomic orbitals s, p;, py, and p., where the orbital s is the first conduction band and
the three orbitals p are the last valence bands. In semiconductor QDs, the spin-orbit coupling
and the strain induced by the lattice mismatch between the InAs wetting layer and the GaAs
substrate lift the degeneracy of the valence bands. More particularly, these resulting non-
degenerate valence bands exhibit well separated heavy holes and light holes valence bands
which allows considering only the electrons conduction band I'g and the heavy holes valence
band I'g for the QDs interband transitions. Consequently, by taking into account the spin
degeneracy, the eigenstates at stake for the calculation of the confined electronic states in a
single InAs/GaAs QD are the two electron states, |e,1) = |%, —|—%> and e, }) = ‘%, —%>, and
the two heavy hole states, |h, ) = %, +%> and |h, ) = %, —%>, written in the total angular
momentum basis |J, J,).

In the first approximation where a single QD is modelized as a flat lens or a truncated
cone of pure InAs embedded in a GaAs matrix, the carriers are in a confinement potential
which shows a cylindrical symmetry such that V(7) = V(p,z), with z the vertical growth
axis. Because each InAs island is composed of ~ 10* atoms, the confinement potential slowly
varies at the atomic scale and the electrons wave functions (Eq. (1.2)) can be rewritten in the
envelop function approximation [35] as:

¥, 5(F) = u, £ (F)en(7) (1.5)

2The droplet epitaxy is another growth technique that is used to fabricate non strained QDs, without
wetting layer, along crystallographic axes not reachable in the Stranski-Krastanov growth mode [32,33].
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where ¢, (7) is a slowly varying envelop function which verifies the Schrédinger equation:

e

27,2
(Zn’fj +V(o, z)) on() = Euion( (16)

In such cylindrical symmetry, the z projection of the angular momentum [, is a good quantum
number and, similarly to the atomic states, the confined electronic states corresponding to
l, =0,1,2,3 are labeled as S, P, D, F. Depending on the potential confinement, the single
InAs/GaAs QDs usually show the two confined electronic states S and P: S, and P, for the
electrons in the I'g conduction band; and Sp and P, for the heavy holes in the I's valence
band.

In order to give a complete description of the electronic states in realistic QDs, one has to
consider the entire system which is composed of QDs on top of a wetting layer, the whole being
embedded in a substrate. The carriers can in fact not only populate the confined electronic
states of the InAs QDs but also the electronic states of the GaAs barrier (i.e. the bulk states)
and the InAs wetting layer (i.e. the quantum well states), characterized by three different
types of confinement. The corresponding energy levels and density of states of the entire
system are illustrated in figures 1.3 and 1.4, respectively.

E/\
GaAs InAs GaAs
‘ wetting ‘
\ layer [
conduction A P
bands ! -
| |
——— S,
| |
| |
Ef + ~1,4eV ~0,4eV
C T T T I
| |
I ——
valence ! ! X
| |
bands — Py,
————————————
| wetting |
‘ layer ‘

\
7
z

Figure 1.3: Energy states of a single InAs/GaAs QD along the growth axis z. The solid and dashed
lines depict the bands of the GaAs and InAs bulk materials, respectively. The confined electronic
states S and P in the InAs QD are presented for the valence and conduction bands, along with the
continuum of states in the barrier and the wetting layer (orange colored areas). Ey is the Fermi
energy. Figure extracted from Ref. [8].
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p(E)
GaAs InAs GaAs
3] p/l S/I Sz’ P(’ 5]
> >
S S
50 50
g g
© ©
2 2
}
E E
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Figure 1.4: Density of the electronic states in a single InAs/GaAs QD showing the 3D continuum
and the 2D quasi-continuum of the GaAs barrier and the InAs wetting layer, respectively, as well as
the discrete electron and hole states S.; and P, in the InAs QD. Ey is the Fermi energy. Figure
extracted from Ref. [§].

1.1.4 Interband optical transitions in single quantum dots

The confined electronic states of a single QD can interact with light. In the envelop
function approximation, an optical transition between an initial state ¥, (%) = u, z(7)@:(7)

and a final state wf’,;(?) = uﬁg(f’)gof(f') is governed by the matrix element <wi,12|g'ﬁ|¢f,1€>
in the semi-classical picture of the electric dipole coupling, where € is the polarization of the
electric field and p the momentum operator. For interband optical transitions, the matrix
element is reduced to:

g€ P g) = (uglblugz) [ of (Mep () &°F (1.7)
{ ) =7 (wgrhe) [

The first term of this interband matrix element leads to the same selection rules as in the bulk
material, i.e. only the states |e T, |}) and |e |, h }) with a total angular momentum +1 are
coupled to light, contrarily to the states |e t,h ) and |e |, h {}) which have a total angular
momentum +2. The second term gives the selection rules between the QD confined states,
where only electrons and holes with the same envelop functions symmetry are radiatively
coupled. Therefore, the allowed interband optical transitions correspond to the radiative
recombination of electron-hole pairs where both electron and hole occupy either a S state
or a P state, with opposite spin signs. In the following, for sake of clarity, the spin will
not be mentioned and the corresponding optical transitions will be labeled as 1.5, — 1S, (i.e.
radiative recombination of one hole in S}, state with one electron in S, state) and 1P, — 1P,
(i.e. radiative recombination of one hole in P, state with one electron in P, state).

When considering the complete QD system, additional optical interband transitions must
be considered between the whole set of electron and hole states of the QD, the wetting layer
and the barrier. This statement is shown by the theoretical absorption spectrum of a single
QD [36] presented in figure 1.5, where crossed interband optical transitions involving one QD
state and one wetting layer (WL) state can for example be observed. Signatures of such
optical transitions are experimentally observed in the photoluminescence excitation (PLE)
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Figure 1.5: Theoretical interband absorption spectra at low temperature of a single QD (solid line)
and the sole wetting layer (WL) (dotted line). Figure extracted from Ref. [36].

spectrum of single QDs [1,37,38]. In figure 1.5, the first narrow resonance at the lowest en-
ergy (1326 meV) corresponds to the transition 1.5, — 1S, and the second narrow resonance at
1360 meV to the transition 1P, — 1P,. Other broader resonances, which correspond to tran-
sitions between the S and P confined states of the QD and the WL continuum of states, also
appear at 1345 meV and 1370 meV for example. Above 1400 meV, an absorption continuum
due to transitions in the wetting layer and in the barrier appear. The energies at stake are
typical for InAs/GaAs QDs. In the following, we focus on the only optical transition that is
spectrally well isolated from the quasi-continuum of states, i.e. the lowest energy fundamental
transition 1.5, — 1S, related to the radiative recombination of one hole in the confined state
S}, with one electron in the confined state S,.

1.1.5 The "pseudo" exciton in single quantum dots

From the general point of view of the bulk material, an electron and a hole that are
optically created? are correlated by the Coulomb interaction and constitute an hydrogen-like
system, a 3D exciton, characterized by its Bohr radius a3f and a binding energy E37 [26]:

m m R R
a3P = ape,—= and EI‘?D =— 3 —éy = ——g
m MeEE N n

(1.8)

where ag is the hydrogen Bohr radius, R, the hydrogen Rydberg energy, m. the electron
mass, m the reduced electron-hole mass and ¢, the relative permittivity of the material. As
an example, the Bohr radius and the binding energy of the 3D exciton in GaAs are 115 A
and 4.7 meV, respectively. In a quantum well (here, infinite barriers are considered), the
electron-hole pair is still correlated through the Coulomb interaction and the 2D exciton is
characterized by the Bohr radius a?XD = ai(D /2 and a binding energy EI?D = 4E§’D (for the
exciton 1S, n = 1). For both the 2D and 3D excitons, the binding energy is much smaller
than the gap energy (Ey = 1.427 eV in GaAs) and the Coulomb interaction acts only as a
correction of the exciton energy. Moreover, due to the delocalization of the 3D exciton in
the bulk material and of the 2D exciton in the confinement plane of the quantum well, a
macroscopic number of excitons can coexist in such systems.

3We focus here on an optical excitation but the injection of an electron-hole pair can also be done by a
thermal or an electrical excitation.
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In self-assembled QDs, an electron-hole pair mainly results from the strong localization of
the carriers which is induced by the strong tridimensional confinement. The energy correction
to the binding energy of the electron-hole pair is thus dominated by the confinement energy
which is equal to a few hundreds of meVs, while the correction energy due to the Coulomb
interaction is only a few meVs (this observation can also be made by comparing the Bohr
radius of a 3D or a 2D exciton with the typical QD dimensions of a few nanometers). Moreover,
due to the discretization of the density of states and the Pauli principle, only two excitons
can coexist in a QD. Nevertheless, even though there are fundamental differences with the
3D and 2D excitons, an electron-hole pair in a QD is commonly considered as a "pseudo" 0D
exciton, and we will use the exciton denomination in the following of this manuscript.

As mentioned above, two excitons at most can coexist in the same QD, but different
types of excitonic complexes can also populate a QD. First, the neutral exciton X which
consists in one electron-hole pair and is four times degenerated when considering the carriers
spins. As stated in section 1.1.4, since only electron-hole pairs with opposite spin signs
lead to bright states, one can differentiate two bright excitons and two dark excitons. The
radiative recombination of a bright exciton, which state is defined as |15, — 1S.), leads to
the final QD empty state, |vac), with |15, — 1S.) — |vac) the corresponding fundamental
excitonic transition. Then, the charged excitons which consist in the trions X* formed by
an exciton and a supplementary charge (a hole for X and an electron for X ). Each trion
is twice degenerated and one charge remains in the QD after their radiative recombination,
the corresponding transitions being |25}, — 1S.) — |15, — 0S,) for X and |15, — 2S.) —
|0S, — 1S,) for X~. Finally, the biexciton which is composed of two bright excitons in the
QD. The biexciton radiative recombination exhibits the so-called biexciton-exciton cascade
where a photon is emitted at the exciton energy after the emission of a photon at the biexciton
energy [39], the corresponding transition being |25}, — 2S.) — |15} — 15) — |vac).

’ w/o Coulomb interaction ‘

— T i
Aexc =810 nm s ’ w/ direct Coulomb interaction ‘
X + correlation
X~ >
oo
& \
Q +
: x
wi :
v XX )
XX [
S U LY
,
A T T T

1.299 1.302 1.305
Energy (eV)

vac

Figure 1.6: Left panel: Photoluminescence spectrum at T'= 4 K of a non-resonantly excited single
QD showing the various excitonic complexes (figure extracted from Ref. [40]). Right panel: Energy
diagram of the excitonic complexes in a single QD (the QD empty state |vac) is also indicated).

As can be observed in the photoluminescence (PL) spectrum of a single QD presented
in figure 1.6 (left panel), the radiative recombination of different excitonic complexes lead to
photons of different energies. In fact, as schematized in figure 1.6 (right panel), the correspond-
ing emission energies of the exciton, the trions and the biexciton depend on the respective



1.2 The artificial atom model and its limits

17

binding energies which vary from one excitonic complex to another because of two main con-
tributions [41]: the direct attractive and repulsive Coulomb interactions between the carriers
constituting the excitonic complexes of the order of 10 meV, and the correlation correction
due to the fermionic nature of the carriers of the order of a few meVs. This latter effect
explains the usual experimental observation of a lower biexciton emission energy than the
exciton one. Finally, a last minor contribution of the order of a hundred of peV due to the
exchange interaction between the spins of the carriers in non symmetrical QDs is responsible
for the fine structure of the bright excitons (i.e. the degeneracy lift of the two bright excitons).

1.2 The artificial atom model and its limits

1.2.1 The population relaxation mechanisms

Most of the spectroscopic experiments in single QDs are performed under non-resonant
excitation. In such a configuration which is schematized in figure 1.7, the non-resonant laser
creates carriers in the barrier or in the wetting layer. The photo-created carriers then relax to
the QD excited states via capture of the carriers from the barriers or the wetting layer to the
confined QD excited states such as the P states. Then, intra-dot relaxation processes between
the different QD discrete states (for example P, — Sp, and P, — S,) lead to electron and hole
population of the ground states from which the QD PL occurs (at the neutral exciton energy
in this example).

laser ~04eV

(quantum dot)

GaAs InAs GaAs

Figure 1.7: Illustration of the population relaxation process when a single QD is non-resonantly
excited by a laser in the barriers. Two consecutive relaxation mechanisms are then involved: the
capture of one electron and one hole from the barriers to the QD P states (twisted arrows), followed
by the intra-dot relaxations between the QD discrete states, P, — Sy, and P, — Se, (straight arrows).

Theoretical works show that the capture mechanism relies either on emission of optical
phonons [42,43| with typical capture times between 100 fs and 100 ns, or on electron-electron
and electron-hole Auger scattering [44,45| with typical capture times between 1 ps and 1 us.
These calculations are in perfect agreement with time-resolved experiments performed in QDs
ensemble [46] and in single QDs [47] where capture times of the order of 100 ps have been
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measured. On the other hand, irreversible Auger scattering is mainly responsible for the
intra-dot relaxation process, and theoretical calculations [42, 48] give estimate of the corre-
sponding relaxation times in the 100 fs - 10 ps range. In fact, differential transmission mea-
surements [49], pump-probe spectroscopy [50] and time-resolved experiments [51, 52| showed
that the Auger-assisted processes involved in the intra-dot carriers relaxation occur within
characteristic times between 1 ps and 10 ps. In total, theoretical and experimental results
show that the intra-dot relaxation times are generally much shorter (from 100 fs to 10 ps)
than the characteristic times of the carriers’ capture from the continuum (up to 1 ps). The
relaxation times to the QD ground states are thus often only attributed to the capture time.
Nevertheless, intra-dot relaxation processes, although secondary in the population relaxation,
play a very important role in the coherence relaxation [53|. This statement will be discussed
in more details in section 1.2.4.

1.2.2 The picture of the two-level system

In the analogy of the artificial atom picture, a QD is commonly described as a TLS when
studying the fundamental excitonic transition |15}, — 1S.) — |vac) since it is the only optical
transition that is spectrally well isolated from the quasi-continuum of states (see figure 1.5). In
this context, as shown in figure 1.8, the empty QD state |vac) corresponds to the TLS ground
state |g), whereas the configuration where an exciton populate the QD (i.e. the |15, — 1S,)
state) characterizes the TLS excited state |e). The energy difference between these two states
is then defined as hwy = hw, — hwy = Ex, where hw, and Aw, are the energies of the ground
and excited states, respectively, and Ex the exciton energy.
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Figure 1.8: The QD two-level system in the ground state (left) and in the excited state (right).

The optical properties of such TLS is described in the density matrix formalism by [54]:

)= <pee peg) (1.9)

Pge  Pgg

where the diagonal elements p,y and pe. = 1 — pyy describe the population of the ground and
excited states, respectively, and the non-diagonal elements pge and pey = py. describe the
coherence of the TLS which is directly related to the electric dipole of the transition. In the
realistic situation where the optically excited TLS is in interaction with its environment, its
evolution is described by the equation:

ih% — [H. o] + £(p) (1.10)
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where H = Hg + V is the hamiltonian of the TLS in interaction with the electromagnetic
field via the dipolar interaction hamiltonian V', and £ is an operator describing the relaxation
processes. In particular, the relaxation processes are taken into account by phenomenologically
introducing two time constants: the population relaxation time 77 which is most commonly
defined as the population lifetime of the excited state; and the relaxation time of the coherence,
or the decoherence time, T5. The relaxation processes are then described in equation (1.10)

by a term written as:
o _Pee  _Peg
p—( T B) (1.11)

— \ _Pge _Pgg
ot 7 n

This means that, after the optical excitation, the TLS relaxes from its excited state |e) to its
ground state |g) by spontaneous emission (i.e. the exciton radiative recombination) after the
time 77, and the coherence between the two states is lost due to the spontaneous emission
process and the interaction with their environment after the time 75 .

When the spontaneous emission is the only relaxation process which limits the coherence
of the TLS, the decoherence time is given by 75 = 277 which is defined as the radiative
limit of the TLS [54]. The relation between the two relaxation times shows in fact that the
relaxation of the population inevitably induces the relaxation of the electric dipole of the
transition?. In this case, the homogeneous linewidth of the transition corresponds to the
natural linewidth and is directly linked to the spontaneous emission rate. The radiative limit
is a good approximation for the case of diluted atomic gases where the interactions between
the atoms are negligible. However, a semiconductor QD cannot be considered as an isolated
system due to its solid state nature. A single QD is grown on top of a 2D semiconductor
layer and capped by a 3D semiconductor, which inevitably present structural defects that
play a role in the QD relaxation. Therefore, the coherence of this artificial atom is not only
limited by the spontaneous emission process but also by the coupling with the phonons in the
solid matrix and the charges that are trapped in the surrounding defects (see the details in
the next section). This leads to additional relaxation processes that are responsible for the
relaxation of the coherence of the QD TLS within a time constant T3, which is defined as
the pure dephasing time since only the phase of the excited state is affected and not the TLS
population. In conclusion, the decoherence time of the QD in the TLS picture is given by the
more general relation:

1 1 1

=— +— 1.12
T, 2 T (1.12)

1.2.3 The implications of the artificial atom model

From the fundamental point of view, an important implication of the artificial atom model
where the exciton can be considered as a TLS is the development of quantum optics exper-
iments in solid state physics. Such experiments that were first restricted to atomic systems
have in fact exhibited phenomenons in single QDs which are intrinsically related to the TLS
structure. First, the emission of photons with a sub-poissonian statistics is one of the main
fundamental phenomenons that can be cited. This effect relies on the Pauli exclusion prin-
ciple and the Coulomb interaction between the QD carriers which induce different radiative
recombination energies and spectrally isolated emission lines. The emission of antibunched
photons and the associated photon antibunching dip, which were first demonstrated by P.

4The factor 2 reflects that the coherence is proportional to the electric field whereas the populations are
proportional to the intensity of the electric field.
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Michler et al. [13], is now at the heart of the realization of integrated single photon sources
that could be used for applications [55] such as quantum cryptography [56]. In such context,
the pure dephasing processes that reduce the coherence of the emitted photons must be in-
hibited in order to get indistinguishable photons [16] and develop efficient QD-based devices
for quantum information processing |57|. Beyond the generation of single photons, the fine
structure of the excitonic TLS can also be exploited to generate polarized entangled states,
similarly to the Bell’s states in atomic physics [58], for quantum cryptography applications.
This effect relies on the radiative cascade biexciton-exciton-vacuum which, within the config-
uration where the spin relaxation is inhibited and the two bright excitons are degenerated,
results in entangled orthogonally polarized photons [59-61]. Then, another fundamental phe-
nomenon that can be observed when a single QD is strongly driven by a laser either under
quasi-resonant excitation [62] or resonant excitation 6,63, 64| is the Rabi oscillations. This
effect, which is characterized by the sinusoidal temporal evolution of the populations of the
TLS ground and excited states with a pulsation imposed by the strength of the coupling, is
used to coherently control the quantum bit formed by the excitonic TLS or the corresponding
spin states [65].

Last but not least, the coupling between the excitonic TLS and an optical cavity mode
paves the way to the Cavity Quantum Electrodynamics (CQED) research field in solid state
systems, similarly to single atoms in cavity [66]. In the weak coupling regime, the Purcell effect
phenomenon [67], which corresponds to the acceleration of the TLS spontaneous emission
rate, has first been observed for single QDs in micropillars [68] and then in photonic crystal
microcavities [69]. This effect, which also induces the redirection of the emitted photons in
the cavity mode, is notably used to increase the single photon sources efficiency [70]. In the
strong coupling regime, the degeneracy lift between the resonant exciton and cavity modes
leads to new light-matter states that are energetically separated by the Rabi splitting. This
phenomenon, which was first observed in atoms [71], has been observed for QDs in photonic
crystal microcavities [72, 73| and microdisks [74]. As a consequence, another approach to
coherently control the exciton quantum bit in a single QD and generate non-classical states
of light is to benefit from the strong coupling of a QD TLS with an optical microcavity
and from the resulting quantum anharmonicity of the energy structure of the QD-cavity
system [75]. The non-linear photon blockade phenomenon, where the absorption of a photon
at the exciton-photon polariton energy blocks the absorption of a consecutive photon, is one of
the possibilities to generate quantum logic gates for quantum computation applications |76].
This effect has first been investigated in atoms [77| and then in single QDs embedded in
photonic crystal microcavities [21,78,79].

1.2.4 The limits of the artificial atom model

As introduced in section 1.2.2, a non-resonantly excited QD presents inevitably a deco-
herence time T5 that is shorter than the one imposed by the radiative limit because of the
interaction of the QD carriers with the solid environment. In particular, the relaxation pro-
cesses that are characterized by the pure dephasing time 75 are the coupling with the phonons
and the charges that are inherent to the solid matrix in which the QD is grown.

The coupling with the acoustic phonons is the first relaxation process which leads to a
drastic linewidth broadening of the fundamental excitonic transition when increasing the tem-
perature. In particular, the radiative recombination assisted by the emission/absorption of
acoustic phonons results in a non-lorentzian emission line characterized by a pedestal covering
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typically a 5 meV spectral range [80-82]. This effect is clearly illustrated in figure 1.9 (left
panel) which presents the temperature dependance of the emission linewidth of a single QD
exciton. Below 50 K, the emission of acoustic phonons during the exciton recombination pro-
cess leads to asymmetric sidebands which, due to the absorption of acoustic phonons above
50 K, tend to get symmetric and dominate the emission spectrum, the latter retrieving a broad
lorentzian profile at 80 K. All these processes are well interpreted within the Huang-Rhys
framework of the electron-phonon interaction developed in the case of localized electrons [83].
In this theory, a linear coupling between the fundamental excitonic state and a reservoir of
acoustic phonons is taken into account via a deformation potential of the crystal, resulting in
a system of independent bosons. The fundamental state then corresponds to a non-entangled
state between the exciton and the n acoustic phonons of the reservoir. At low temperature
(T <10 K), because the phonon reservoir is hardly populated, the coupling with the acoustic
phonons is negligible and the spectrum is dominated by a central Zero-Phonon-Line (ZPL)
which linewidth should be equal to the natural linewidth regardless of the temperature. How-
ever, as shown in figure 1.9 (right panel), this statement is not verified experimentally and a
thermoactivated broadening of the ZPL is observed instead. This highlights the existence of
additional dephasing processes in single QDs.
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Figure 1.9: Left panel: Photoluminescence spectra of a single QD exciton as a function of the tem-
perature, along with the respective lorentzian fits (solid line); Inset: temperature dependance of the
Zero-Phonon-Line (ZPL) fraction of the total integrated intensity. Right panel: Same photolumines-
cence spectra fitted by calculated spectra, consisting in the convolution of the emission profile given
by the Huang-Rhys theory with a lorentzian line; Inset: temperature dependance of the ZPL linewidth
(extracted from the lorentzian fits) showing a thermoactivated broadening. Figures extracted from
Ref. [82].

The coupling with the optical phonons, which not only contributes to the intra-dot popu-
lation relaxation process between the QD discrete states [84,85] but also plays an important
role in the QD decoherence, must be considered. The strong coupling between the opti-
cal phonons and the QD discrete excitonic states which leads to polaron states (i.e. mixed
exciton-phonon states) [86,87] is a direct coupling which induces a linewidth broadening of
the QD exciton [53]. More precisely, due to the interaction with the phonons reservoir, the
phonon part of the polarons is very unstable and the phonon-phonon interaction results in
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the disintegration of the LO optical phonon into one LO optical phonon and one LA acoustic
phonon [88]. This opens a relaxation channel for the high energy polarons states to the low-
est energy polaron state which is none other than the zero phonon excitonic state |e). This
process results in the broadening of the excitonic transition which follows the temperature
dependence:

AT1o(T) = b exp (—]ig;) (1.13)

with AE the activation energy (~ 25 meV [53,87]).

Another important relaxation process is the coupling with the fluctuating electrostatic
environment in the vicinity of the QD, which is responsible for the spectral diffusion phe-
nomenon. The residual charges, that undergo a series of trapping/detrapping in/from the
wetting layer defects and the barriers impurities, constitute in fact a fluctuating electrostatic
reservoir which influences the QD emission energy by quantum confined Stark effect. Several
experimental studies showed the corresponding temporal fluctuations of the excitonic emis-
sion energy in epitaxial QDs, either in the regime of slow fluctuations compared to T3 [89,90]
or in the regime of fast fluctuations [91,92|, where two distinct emission lines or a broadened
emission line is observed, respectively. In particular, the work of A. Berthelot [3| showed
that the trapping of a carrier in a defect is similar to the capture of a carrier in a QD by
emission of optical phonons and Auger scattering effects (see section 1.2.1). However, the
detrapping process is dominated by the absorption of acoustic phonons and Auger effects,
and two regimes can then be distinguished [91,92]. On the one hand, the regime of slow
fluctuations (X7, > h, ¥ being the fluctuations amplitude and 7. the time constant of the
trapping/detrapping process) at high excitation power (P > 0.5 kW /cm?) and high temper-
ature (T" > 35 K), where the excitonic line has a gaussian profile which broadens when the
amplitude of the fluctuations increases. On the other hand, the regime of fast fluctuations
(X7 < h) at low power (P < 0.5 kW /cm?) and low temperature (T < 35 K), where the exci-
tonic line shows a lorentzian profile which broadens by increasing the temperature according
to the following relation:

ATyt (T) =aT (1.14)

where a is a coefficient related to the trapping/detrapping process by emission/absorption
of acoustic phonons (few peV/K). Therefore, the coupling to the acoustic phonons reservoir
and its related decoherence effect appears indirectly through the coupling to the fluctuating
electrostatic environment.

To summarize, in the usual regime of low temperature and low power excitation, the
exciton linewidth follows the general temperature dependence:

AE
I(T) =To + Alquct(T) + AT'Lo(T) = To +aT + b exp <—”) (1.15)
B

where I'g is the linewidth at 0 K (few peV). It is thus essential to decrease the temperature
and the excitation power in order to minimize the decoherence processes in a single QD and to
eventually reach the radiative limit. However, even if a clear linewidth narrowing is observed at
low temperature and low excitation power (linewidths of about 5 pueV), the spectral diffusion
induced by the coupling to the electrostatic environment that is created by a non-resonant
excitation still remains. In this context, a standard micro-PL experiments performed on single
QDs under non-resonant excitation limits intrinsically the picture of the artificial atom since
the carriers that are photogenerated in the wetting layer or in the barriers can be trapped in
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the defects in the vicinity of the QDs and constitute a dephasing reservoir. Moreover, such
excitation often leads to the coexistence of several excitonic complexes, as shown in figure
1.6. Therefore, a system composed of eight levels rather than two levels should be rigorously
considered in order to describe all the involved transitions of type |S) — |vac) in a single QD.

Regarding the potential applications of QD-based single photon sources, and more specif-
ically for the use of linear optics for quantum information processing [57|, the radiative limit
must be reached in order to manipulate photons with the longest reachable coherence time
and therefore to increase the reliability of such process as well as the number of the possible
operations.

1.3 The resonant excitation: a way to overcome these limits?

1.3.1 From a quasi-resonant to a resonant excitation

Regarding the dephasing processes which limit the picture of the artificial atom at low
temperature, one main objective is thus to get rid of the fluctuating electrostatic environ-
ment which induces spectral diffusion. In this context, an experimental study of the exciton
linewidth as a function of the laser detuning with respect to the exciton energy showed that
the excitation energy is in fact another important parameter that can act on the dephasing
processes. As shown in figure 1.10, the excitonic linewidth decreases when the excitation en-
ergy gets closer to the exciton energy and in particular, a strong linewidth narrowing of more
than 30% is observed for a quasi-resonant excitation consisting in the resonant excitation of
the QD excited P states (i.e. for the creation of the electron-hole pairs directly in the P states
of the QD at a detuning of ~ 20 meV). Consequently, these results suggest that a strictly
resonant excitation of the neutral exciton should lead to the radiative limit configuration
where the exciton could be considered as a genuine TLS with a linewidth I' imposed by the

population relaxation process only, i.e. hAl' = TLLI = %
g i et
= ! I "
>
~ | o |
o0 0.9 i
& s 05 1
z %
& o8| .
& n fa
< I i
§ 0.7 ,:"'o.
g i |
]
E 0.6 T T R
— 0 50 100

Detuning Ej,; — Ex (meV)

Figure 1.10: Narrowing of the homogeneous linewidth of the exciton line as a function of the detuning
between the laser excitation energy Ej,s and the exciton energy Fx, for different QDs (each symbol
corresponds to one QD). Iy is the extrapolated linewidth of the exciton at 0 K when excited at the
energy Fi,s, and FXVL is the extrapolated linewidth of the exciton at 0 K when excited at the wetting
layer (WL) energy. Figure extracted from Ref. [53].

The scenario of the resonant excitation of the fundamental QD state is simpler than the
non-resonant excitation configuration since it does not involve anymore the complex phonon
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and Auger relaxation mechanisms presented in section 1.2.1. However, from the experimen-
tal point of view, it appears as a real challenge because the scattering of the resonant laser
completely hides the signal from the QD in a conventional confocal PL experiment. An-
other experimental configuration has thus to be considered and, for example, an orthogonal
excitation-detection allows exciting resonantly a single QD?. In that case, one of the bright
excitons can be resonantly excited by directly creating the carriers in the corresponding QD
S states with an excitation laser with a smaller linewidth than the exciton fine structure
splitting. Then, as the spin flip relaxation processes are very slow compared to the exciton
lifetime at low temperature (a ms versus a ns) [93,94], only the two states |g) and |e) of the
TLS picture can be considered in the whole absorption/emission process. In principle, this
should allow us to consider the QD as an ideal TLS characterized by its natural linewidth T.

1.3.2 The two-level system under resonant excitation

The ideal TLS is considered here in the second quantification where the electromagnetic
field is quantified®. The excitation laser, which excites the excitonic transition at the energy
FEr = hwp = hwy = Ex with a much narrower spectral linewidth than I', is modeled by a
Dirac function. The Hamiltonian of the TLS in interaction with such resonant electromagnetic
field is then given in the dipolar approximation by [96]:

1
H = §ﬁwoaz + hwra'a + hg(oya +o_al) (1.16)

where a and o' are the photon creation and annihilation operators, g is the dipolar coupling
factor, and the operators o, = l|e){e| — |g)(g], o~ = |g)(e| and o1 = |e)(g| describe the
TLS within the spin algebra ([oc_,04] = —0o, and [0_,0,] = 20_). In the rotating wave
approximation, the TLS is then described by the "spin operator" S where:

S.=0, and  Si(t) = opetrt (1.17)

The operator S, is related to the population of the TLS and the operators Sy to its electric
dipole moment p written as:

QFLE()V * 27150V
p=p-+pr =g o +4g%/ o4 (1.18)
wr, wr,

with V' the mode volume of the electromagnetic field of the laser.

When considering the emission of a resonantly-driven TLS, by analogy with the classical
theory of electromagnetism, the electric field of the light detected at a position r and a time
t, E(r,t) = E®(r,t) + EC)(r,t) (ED)(r,t) and E()(r,t) are the electric field operators
of positive and negative frequency, respectively), is proportional to the dipole radiation at a

time ¢t — % such as:
r

E®(r,t) o iy (t - 7) (1.19)

C

5The corresponding experimental setup that was developed at LPA to measure the resonance fluorescence
of a single QD is described in chapter 2. In this chapter, we focus on the emission properties of a resonantly
excited TLS, assuming that it is experimentally feasible.

5The complete theory of the resonance fluorescence of a TLS can be found for example in [54,95,96].
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Moreover, the detected intensity is given by (I) o <E(_)(T, Y E) (r, t)) which, in the case of
a realistic detector characterized by a much longer time integration than the lifetime of the
TLS, can be written in the stationary regime as:

1+ (S.)®

<]>(st) o (S4(1)S— (t>>(st) _ )

(1.20)
We stress that this intensity corresponds to the integrated intensity over the whole emission

spectral range. It depends on the laser detuning with respect to the excitonic transition,
A = Ejps — Ex = hwy, — hwg, and is related to the spectral density of the intensity:

I(A) = / (A, w)dw (1.21)

In the formalism of the matrix density in the rotating frame approximation, the evolution
of the TLS is governed by the optical Bloch equations [54]:

LS _ 0 5.) - (519~ T (5 +
dg | ‘ ) (1.22)
o) _ <iiA + 2) (S) Fi55 (S2)

~ ~ ~ ~ . ~ ~ £
where (S1) = fge. (S=) = feg and (S.) = fec — fgg (With fgg + fee = 1), and Q@ = “IEl =

ng is the Rabi pulsation characterizing the strength of the light-matter coupling (02
is proportional to the excitation power through the field intensity £? or the average photon
number (n)). The intensity of the emission of the ideal resonantly-driven TLS is then deduced
from the solutions of the equations (1.22) in the stationary regime and is given by:

QQ
2 4+ 202 + 4A2

(16 (1.23)

This expression can also be expressed as a function of the relaxation times of the TLS:

1 QQTlTQ 1 S
Y = =_. 1.24
O T N+ A2~ 2 145 (1.24)
where the saturation parameter s is defined as:
02T Ty P
— - 1.25
"T1rAME T R (1.25)

The saturation parameter is directly related to the excitation power P and the TLS saturation
power Py, above which the TLS cannot emit more than one photon every 277. More specif-
ically, for excitation powers well above this saturation power, the ground and excited states
of the system tend to be equally populated with a constant population occupation number of
1/2. We stress that the saturation parameter delimitates two different important excitation
regimes, defined by s < 1 and s > 1, that will be discussed in the next section 1.3.3.

The total intensity of the TLS emission, given by equation (1.24), is presented as a func-
tion of the laser detuning in figure 1.11 for different values of the saturation parameter at zero
detuning, s(A = 0) = so = Q?TyTy. The corresponding intensity spectrum I(A) is character-
ized by a Lorentzian line which reflects the typical behavior of the emission of a TLS under
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Figure 1.11: Total intensity emitted by a two-level system as a function of the laser detuning with
respect to the transition, for different values of the saturation parameter sg. The detuning is displayed
by the dimensionless quantity A -T5. Figure extracted from Ref. [§].
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Figure 1.12: Maximum intensity (I)*" (A = 0) (left panel) and linewidth FWHM, . 7, (right panel)
of the intensity spectrum I(A) presented in figure 1.11 as a function of the saturation parameter sg.
Figure extracted from Ref. [8].

resonant excitation, where the saturation of the intensity and the broadening of the spectrum
is induced by the population saturation of the transition when sy > 1. This effect is more
visible in the power dependence of the maximum intensity and of the associated linewidth
presented in figure 1.12. In particular, the linewidth broadening of the emission line follows
the relation:

FWHMa .7, = 21+ so (1.26)

where FWHMA .7, stands for the Full Width Half Maximum expressed in the dimension-
less quantity A-T5. On this theoretical example, for the particular case where sg — 0,
FWHMA .7, (so — 0) = 2, which corresponds to an energy linewidth of 24/T5. Therefore,
from the experimental point of view, the linewidth of the intensity spectrum I(A) measured
at low excitation power gives a direct estimation of the decoherence time 75 of the TLS.

1.3.3 The specificity of the resonance fluorescence of a two-level system

In order to fully characterize the properties of the light emitted by a TLS, it is crucial to
take into account in the previous theoretical study the contribution of the vacuum fluctuations
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of the electromagnetic field since it influences the TLS quantum state. These random fluctua-
tions, that are characterized by short correlation times compared to the TLS lifetime, leads in
fact to the relaxation of the average electric dipole moment (i.e. (S4(¢))) and the fluctuation
of the instantaneous dipole moment (i.e. 5S4 (t)) around its average value. In other word, the
emission of a TLS is composed of the radiation induced by the average motion of the electric
dipole, and the radiation induced by the fluctuations of this average motion. In this context,
the dipolar operators previously introduced can be written as:

Si(t) = (Se(t)) +0S4(t) with (054(t))y =0 (1.27)

Consequently, the intensity of the emission of a TLS is given by:

(1 oc (54)6Y (5)6Y + (55,.65) Y (1.28)
() {Tiner)

where, on the one hand, (1) corresponds to the radiation of the average dipole moment, which
is characterized by a well defined phase compared to the laser one. This emission component is
the resonant Rayleigh scattering (RRS) (i.e. the elastic scattering contribution), which is thus
coherent with the excitation laser, and the associated spectrum is similar to the laser spectrum
centered at the laser energy Fr, = fwy. The decoherence time of this RRS component is then
characterized by the laser coherence time 7',. On the other hand, (Ijne) corresponds to the
radiation induced by the random fluctuations of the dipole moment, which is characterized
by a random phase compared to the laser one. This emission component is the resonance
fluorescence of the TLS (i.e. the inelastic scattering contribution), which is thus incoherent
with the laser, and the associated spectrum exhibits the so-called Mollow triplet [97] centered
at the transition energy hwgy. The decoherence time of the inelastic component is imposed by
the coupling of the TLS with its environment and is thus equal to T5.

In the following, we will refer to the general denomination of resonance fluorescence when
considering the total emission of the TLS, i.e. the sum of the elastic and inelastic components.
The intensities of the elastic and inelastic components of the TLS emission are deduced from
the solutions of the Bloch equations (1.22) in the stationary regime and are written in the
radiative limit as:

0 (12 +4A?) 90

Ie = and Iine -
el (T2 + 202 + 4A2)? inet) (T2 + 202 + 4A2)?

(1.29)

These expressions can also be written as a function of the TLS relaxation times and the
saturation parameter as follows:

1 T2 S
l)=5 7 "= and Tinel) =
< e> 2 2T1 (1+8)2 < e1>

(1.30)

The intensity of the resonance fluorescence with its elastic and inelastic contributions, given
by equations (1.24) and (1.30) respectively, are presented as a function of the saturation
parameter sg in figure 1.13. Two main excitation regimes, so < 1 and s > 1, can be
distinguished. Below the TLS saturation power (sop < 1), the elastic scattering which depends
linearly on the excitation power (i.e. (Ig) o sg) contrarily to the inelastic component which
varies quadratically with the excitation power (i.e. (Iy) o s3), dominates the resonance
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fluorescence. The TLS is most of the time in the ground state and the decoherence induced
by the coupling of its excited state with the vacuum fluctuations is negligible, leading to the
highly coherent signal of RRS. Then, above the TLS saturation power where sg > 1, the
inelastic scattering increases until the saturation, whereas the elastic component completely
vanishes. By increasing the excitation power, the two levels tend to be equally populated,
leading to the neutralization of the average dipole and the suppression of the coherent elastic
scattering on this dipole. Consequently, only the incoherent contribution due to inelastically
scattering on the fluctuating dipole remains. As a result, the total intensity of the resonance
fluorescence is linear at low excitation power and saturates at high excitation power.
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Figure 1.13: Intensity of the resonance fluorescence and of the elastic and inelastic components as
a function of the saturation parameter s;. The calculation is made for a non-ideal two-level system,
where T = 1.577. Figure extracted from Ref. [§].

1.4 Conclusion

In this first chapter, we have introduced the general properties of the studied InAs/GaAs
semiconductor QDs that are fabricated by epitaxial growth epitaxy techniques in the Stranski-
Krastanov mode. Due to the three dimensional confinement of the carriers in semiconductor
QDs and the resulting discretization of the energy spectrum, these systems are commonly
considered as artificial atoms. Furthermore, when focusing on the fundamental excitonic
state, single QDs show very similar optical properties with the atomic TLS and they natu-
rally constitute potential candidates for the development of indistinguishable single photon
sources in the solid state. However, in the common non-resonant excitation configuration,
the TLS picture for describing such light emitters appears oversimplified. The non-radiative
population relaxation processes along with the interactions with the phonons reservoir and
the electrostatic environment tend in fact to degrade the temporal coherence of the emitted
photons. As a consequence, a strictly resonant excitation of the excitonic transition appears
as a fundamental challenge not only to consider a single QD as a genuine artificial atom, but
also to realize a source of single photons characterized by high degrees of indistinguishability.



Chapter 2

Measurement of the resonance
fluorescence of single quantum dots

As stated in chapter 1, strictly resonant excitation of single quantum dots (QD) appears
as a crucial requirement in order to minimize the dephasing processes induced by the phonon
and Auger-assisted carriers capture, and therefore to reach the radiative limit and lead to the
emission of highly indistinguishable photons. In this chapter, we present the experimental
setup that was developed in Laboratoire Pierre Aigrain to measure the resonance fluorescence
of a single QD, as well as the specificities of the sample that was used. A typical result
of the resonance fluorescence spectrum of a single QD at the energy of the neutral exciton
is shown in order to illustrate the success of the resonant excitation setup. However, the
reproducibility of such results is limited to only a small amount of QDs and, in most of the
cases, a quenching of the resonance fluorescence of the neutral exciton is observed instead.
We demonstrate that this serious limitation can be circumvented by the use of an additional
ultra-weak non-resonant laser that allows the retrieval and the optical control of the QD
resonance fluorescence. A comprehensive experimental study of the main properties of this
optical gate along with a theoretical model of the optical gate effect are presented in this
chapter.

2.1 Strictly resonant excitation experimental setup

One of the main difficulties of measuring the resonance fluorescence of a single emitter
rests in the development of an experimental setup able to suppress the parasitic contribution
of the resonant scattered laser (by the sample structural defects for example) that is superim-
posed with the QD emission in a conventional confocal micro-photoluminescence experiment.
We have then developed in the laboratory an original setup which relies on an orthogonal
excitation-detection geometry where the excitation and detection optical paths are fully sep-
arated and independent!. At the time this setup was developed, the same configuration was
previously used in very few experimental groups [5,6,18|. As sketched in figure 2.1, the excita-
tion of the QDs is done along the lateral facet of the sample by using an optical fiber inserted
in the cryostat while the detection is performed along the sample’s growth direction by a

LA cross-polarization configuration, where a polarizer is placed in the collection arm with its polarization
perpendicular to the excitation light, can be also used to extinguish the scattered laser and measure the
resonance fluorescence [98-101].
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Figure 2.1: Resonant excitation experimental setup showing the schematized sample structure.

microscope objective of a numerical aperture NA=0.30. In the cryostat, the sample is fixed
whereas the optical fiber is placed on a piezo-electric stage in order to optimize its position
with respect to the sample. In the detection path, the emission light passes through a pinhole
aperture of 200 um that is conjugated with the QDs plane, leading to a spatial resolution of
4 um, and is then dispersed by a spectrometer and integrated either by a CCD camera or an
avalanche photodiode (APD).

The specificity of the resonant excitation setup also relies on the sample structure that
is used (see figure 2.1). In all the experiments presented in this manuscript, the sample
consists in a single layer of self-assembled InAs/GaAs QDs inserted in an AlAs/AlGaAs
planar microcavity. The planar microcavity is the crucial part of the sample which allows us
to succeed in the measurement of the resonance fluorescence of a single QD. Once coupled into
the sample through the facet side, due to the large incident angle of the laser on the Bragg
mirrors (larger than the total reflection angle) and the strong contrast of the refractive indexes
between the air and the GaAs, the laser is confined in the microcavity and propagates along
the QDs layer with small divergence. The planar microcavity thus acts as a two-dimensional
waveguide for the excitation laser and the main contribution to the laser scattering arises
from the edge of the sample or the defects in the Bragg mirrors. The results presented in
this manuscript concern QDs located far away from the edge of the sample, approximately at
1 mm, so that the detection of the QD emission is hardly disturbed by the laser scattering on
the edge of the sample.

Concerning the characteristics of the sample, the QDs density typically varies from 107
to 10'0 QDs/cm? with an energy distribution of the emission from 1.240 eV to 1.305 eV with
a maximum at 1.270 eV. In order to perform experiments on single QDs, we focus on the
low density region of the sample which is about 10® QDs/cm? (i.e. ~ 1 QD/um?). The
planar microcavity is a Fabry-Pérot cavity made of two Bragg mirrors which are composed



2.1 Strictly resonant excitation experimental setup

31

of alternating AlAs and AlGaAs layers of identical optical thicknesses A\/4 where A = \g/n
(Ao = 1 pm and n is the refractive index of the involved material). The cavity spacer is a
A-GaAs layer and the top and bottom Bragg mirrors are respectively composed of 11 and 24
AlAs/AlGaAs pairs, resulting in a finesse of 200. The Fabry-Pérot cavity mode is centered
at 1.270 eV (i.e. in resonance with the energy distribution of the QDs emission) with a full
width at half maximum of 0.55 meV. Even though the cavity asymmetry degrades the cavity
finesse, it facilitates the extraction of the QD emission in the cavity mode in the micro-
photoluminescence setup which is used in a reflection configuration.

Two main resonant excitation experiments can be done with the current setup in order
to characterize the resonance fluorescence of a single QD: the measurement of the photolu-
minescence (PL) when the laser energy is fixed at the energy of the studied transition, and
the excitation of the photoluminescence (PLE) when the laser energy is varied in the same
spectral range as the detection window which is centered at the transition energy. This latter
measurement corresponds to a Rayleigh spectroscopy experiment. In both cases, the laser
source is a tunable cw external cavity laser diode with a spectral linewidth of 1.25 neV (i.e.
300 kHz) that is much smaller than the exciton linewidth of a few peVs. The spectral resolu-
tion is given by the tuning step that is of the order of 0.5 peV. Figures 2.2(a) and 2.2(b) show
two examples of micro-PL spectroscopy performed with the presented experimental setup on
a single QD at 7K. Figure 2.2(a) is a quasi-resonant micro-PL spectrum via the absorption
of acoustical phonons, where the energy of the resonant diode laser Ep, is slightly detuned
from the mean exciton energy Ex (A = E; — Ex = —74 pueV). We observe that the laser
light scattering is highly reduced in the orthogonal excitation-detection setup and it is here
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Figure 2.2: Micro-photoluminescence spectrum for a laser detuning with the exciton energy A =
Ep — Ex of -74 pueV (a) and -6 peV (b). (c) Intensity of the QD resonance fluorescence as a function
of A. The solid line is the sum of two Lorentzian fits (dashed lines) of width 4.4 peV and 5.0 peV,
separated by 12 peV, corresponding to the two linear orthogonal polarizations, A and B, of the neutral
exciton. Inset: Scheme of the tilted QD axis A and B with respect to the main crystallographic axis
[110] and [110], labeled as X and Y. As only one linear polarization for the excitation laser can be
guided in the planar cavity, only one linear polarized component of the exciton would be excited in
case of perfect alignment of the QD axis with the main crystallographic axis. Figure extracted from
Ref. [24].
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comparable to the intensity of the excitonic emission. When the laser is strictly resonant with
the exciton line in figure 2.2(b), the intensity is enhanced by a factor 60 due to resonant ex-
citation, this enhancement being only limited by the QD saturation properties. Figure 2.2(c)
is an example of a PLE spectrum measured on the same single QD where the intensity of the
exciton emission under resonant excitation is plotted as a function of the laser detuning A. In
comparison to the previous micro-PL spectrum where the exciton linewidth is not resolved, we
now observe two Lorentzian lines of width 4.4 neV and 5.0 pueV, separated by 12 pneV. Addi-
tional polarization-resolved measurements show that they correspond to two linear orthogonal
polarizations as expected for the fine structure splitting of the neutral exciton [102].

2.2 Quenching of the resonance fluorescence

In practice, it appears that the implementation of the resonant excitation technique is
successful for very few QDs since the resonance fluorescence of the neutral exciton is in
general not observed. As shown in figure 2.3(b) where the resonance fluorescence is plotted
as a function of the laser detuning with respect to the neutral exciton energy, no resonance is
observed at zero detuning. This quenching of the resonance fluorescence of the neutral exciton
is observed for 90% of the QDs in our sample and, even if the percentage can be different,
we stress that this situation is frequently met in other samples coming from other growth
facilities [21,70,103-106]. Therefore, since the excitation laser is strictly at the energy of
the QD fundamental interband transition under resonant excitation, our observation strongly
contradicts the expectations for having a quasi-ideal two-level system (TLS), which are based
on the upmost reduction of the environment fluctuations under resonant excitation of the
QD [53,102,107,108].

The quenching of the resonance fluorescence is typically observed for QDs which show
a photoluminescence spectrum under non-resonant excitation in the GaAs barriers with two
distinct lines spaced by 1.5 meV (see figure 2.3(a)). Power-dependent studies and photon-
correlation measurements [20] were performed to identify the two lines as a neutral exciton
X (at Ex = 1.2736 e¢V) and a charged exciton X* (at Ex+ = 1.2752 eV). Moreover,
the photoluminescence of the GaAs barriers (see figure 2.4(a)) shows an emission line at
1.495 eV resulting from the radiative recombination of the free electrons in the barriers with
the holes bound to the carbon acceptors that constitute the unintentional impurities appearing
during the sample growth [109]. These impurities are notably responsible for the presence
of residual holes in the sample. Thus, we consider that the charged exciton is a positive
trion X+, which is further supported by the positive detuning of the charged exciton state
with respect to the neutral one [110,111]. The observation of the positive trion in the non-
resonant photoluminescence spectra shows that the QDs in the studied sample may efficiently
capture residual holes that exist in the QDs environment. Nevertheless, under these excitation
conditions, the simultaneous observation of the two lines indicates that the QD is either empty
or populated by at least one hole.

The quenching of the resonance fluorescence of the neutral exciton shows that the situation
is completely different under strictly resonant excitation. This is further supported by the
result presented in figure 2.3(c) where a signal enhancement is observed when measuring the
resonance fluorescence of the positive trion as a function of the laser detuning with respect
to the trion energy. We conclude that the resonance fluorescence of the positive trion can
be observed because of the presence of at least one residual hole in the QDs. These residual
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Figure 2.3: (a) Typical spectrum of the non-resonantly excited photoluminescence of a single QD,
showing the neutral exciton X and the positive trion X*+. (b,c,d,e) Resonance fluorescence spectra of
X () and X (o) as a function of the detuning between the laser energy E, and the exciton (trion)

energy Ex (Ex+) when the optical gate is switched off (b,c) and on (d,e). Figure extracted from
Ref. [23].

charges induce a photon absorption at the energy of charged excitonic complexes and not at
the neutral exciton one for which the QD must be empty. This phenomenon is similar to the
Coulomb blockade effect where the creation of a neutral exciton is blocked by the residual
hole in the QD.

This assumption is further supported by the GaAs photoluminescence spectrum presented
in figure 2.4(a) and a self-consistent calculation of the QD hole population when no optical
excitation is applied, which details can be found in Ref. [23]. First, the emission line at 830 nm
in the GaAs photoluminescence spectrum shows that the sample has an unintentional residual
carbon doping with bounded holes at low temperature (the carbon binding energy being about
26.7 meV, the thermal activation of the holes is negligible). Then, as schematized in figure
2.4(b), in presence of QDs that introduce bound states well above the Fermi energy, some
holes can transfer towards the QDs, leading to the formation of a depletion region around
the QD plane. By assuming idealized ensemble of identical QDs, uniformly distributed in the
QD plane, one can estimate the density of transferred holes. The main result is presented in
figure 2.4(c) where the calculated hole occupancy (left scale) and depletion layer thickness 4
(right scale) are presented as a function of the bulk doping density n4 (at T = 7 K, for a
QD density of 5 x 107 em™2). It shows the consecutive filling of the various valence-band QD
shells with increasing acceptor density. In particular, we can notice that already two holes
dwell in the QDs for a rather low doping density n4 ~ 10 cm™3.

We stress that, recently, similar quenching effects in electrically tunable QDs have been
attributed to the photogeneration by the resonant laser of free carriers from the highly doped
back contact of the Schottky diode structure [106]. In that case, the generated electrons by
the resonant laser diffuse to the QD and are captured by the QD even at gate voltages where
the tunneling is energetically forbidden (this specific configuration is nonetheless observed
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Figure 2.4: (a) Spectrum of the non-resonantly excited photoluminescence of the GaAs, the InAs
wetting layer (WL) and the carbon acceptors constituting the unintentional doping introduced during
the sample growth. (b) Top: Sketch along the growth direction (0z) of the valence band of an empty
QD surrounded by neutral acceptors from the unintentional residual carbon doping. Bottom: Sketch
of the same QD after the acceptors ionization and the resulting holes transfer towards the QD. [4 is
the thickness of depletion region around the QD plane and p the chemical potential fixed to the Fermi
energy of the neutral acceptors outside the depletion region. (c) Hole occupancy and depletion length
la as a function of the bulk doping density n4, for a QD density nqp = 5 x 107 cm™2, at T =7 K.
Figure (a) extracted from Ref. [7]. Figures (b) and (c) extracted from Ref. [23].

for high excitation powers). The quenching effect is here induced by the resonant laser itself
for specific gate voltages whereas, in our case, the intrinsic residual doping is responsible for
the QD charging prior to the resonant excitation and the resonance fluorescence quenching is
observed for every excitation powers of the resonant laser.

2.3 Optical control of the resonance fluorescence

2.3.1 Phenomenology of the optical gate effect

The problem of the quenching of the resonance fluorescence can be circumvented by the
use of a very weak additional non-resonant laser that we name in the following as the optical
gate. Starting from the experimental configuration used for the QDs resonant spectroscopy,
an additional non-resonant laser (a He-Ne laser in resonance with the GaAs barriers or a Ti:Sa
laser in resonance with the InAs wetting layer) that is injected perpendicularly to the sample
surface via the microscope objective allows retrieving a resonance fluorescence signal of the
neutral exciton. This optical gate systematically restores the resonant response of the neutral
exciton in the studied QDs. Figure 2.3(d) shows the resonance fluorescence spectrum of the
neutral exciton as a function of the laser detuning when the optical gate is switched on. A clear
resonance signature with an enhancement factor of about 30 is thus observed at zero detuning
when the energy of the laser perfectly matches the exciton one. The optically-gated resonance
fluorescence spectrum is fitted with a Lorentzian line of width 3.2 peV, comparable to the
typical linewidths measured under resonant excitation with various techniques [5,102, 108].
This optical gate also acts on the trion with an enhancement factor of 3 as shown in figure
2.3(e). As a consequence, we assume that the QD contains possibly more than one hole when
the gate is off, which corroborates the role of the residual doping described above.
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2.3.2 Main properties of the optical gate effect

Influence on the intensity of the resonance fluorescence: The phenomenology of the
optical gate effect shows that an ultra-weak non-resonant laser tends to neutralize the QD
and then allows the resonant excitation of the neutral exciton. This optical gate effect has the
specificity to occur in a very particular regime where the non-resonant laser does not populate
significantly the QD. This statement is illustrated in figure 2.5(a) which presents the intensity
of the optically-gated resonance fluorescence and the non-resonant photoluminescence of the
neutral exciton as a function of the optical gate power over seven orders of magnitude. The
photoluminescence signal, which starts to be significant at Pyate ~ 0.1 pW, shows a standard
power dependence with a saturation at ngtte ~ 30 uW. Concerning the optically-gated
resonance fluorescence, measured for a constant resonant excitation power of 5 uW 2, three
remarkable features can be distinguished. First, the resonance fluorescence appears at Pyate ~
0.1 nW and increases to a maximum value I,qz ~ 3.10* counts /s for Pygate ~ 3 nW, while in
this region the non-resonant photoluminescence remains below the detection threshold. Once
the maximum signal is reached, the optically-gated resonance fluorescence rapidly decreases
for gate powers ranging from 3 nW to 30 nW. At this latter excitation power, the intensity of
non-resonant photoluminescence starts to be detectable. From 0.1 uW, the photoluminescence
excited by the optical gate becomes significant while the resonance fluorescence decreases and
becomes negligible at Pyate ~ 30 uW where the QD is saturated.
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Figure 2.5: (a) Resonance fluorescence (RF) and non-resonant photoluminescence (PL) intensities
of the neutral exciton (X) as a function of the optical gate power Pgate. (b) Resonance fluorescence
intensity of the neutral exciton (X) and the positive trion (X*) as a function of the optical gate power
Pyate. Only the region where the non-resonant photoluminescence is completely negligible is displayed.
The experimental data are fitted by a population evolution model (solid lines) that is presented in
section 2.3.3. Figure extracted from Ref. [23].

The same behavior can be observed on the resonance fluorescence of the positive trion when
the optical gate is turned on. Figure 2.5(b) shows the resonance fluorescence intensities of the
exciton and the positive trion as a function of the optical gate power in the restricted range

2As will be seen in section 2.4, this power is much lower than the saturation power of the QD resonance
fluorescence Py = 16.5 uW.
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0.007 — 2 nW. The experimental results are fitted by a theoretical population evolution model
for which a simplified description is given in section 2.3.3. In the studied power range, the
non-resonant photoluminescence excited by the gate is completely negligible. For gate powers
smaller than 0.5 nW, the trion resonance fluorescence increases with gate power indicating
that the residual QD occupation evolves from two to one residual holes. For gate powers
larger than 0.5 nW the trion resonance fluorescence saturates before a preliminary decrease,
the QD becoming empty.

We assume that the structural defects around the QD contribute to the presence of residual
charges inside the QD, which lead to the coexistence of neutral and charged exciton lines.
Such a feature is routinely observed in QD samples from different growth facilities [112-114]
or made of various materials [90, 115]. Several papers reported the optical control of the
QD residual charge in photoluminescence spectroscopy under non-resonant excitation [113,
115]. Although analog to our optical gate effect, it strongly contrasts with our experiments
since the techniques used in Ref. [113,115| refer to a complete incoherent regime where the
photoluminescence is non-resonantly excited. Our work demonstrates a novel approach for
coherently-driven single QDs. In particular, even in the regime of coherent Rayleigh scattering,
where no energy is absorbed in the QD [116], the non-resonant gate laser finely controls the
QD ground state (this statement is demonstrated in section 2.4 with figure 2.12).

Influence on the energy of the resonance fluorescence: The latter results demon-
strate that the optical gate substantially modifies the QD population. We now consider the
consequences related to the QD electrostatic environment. Figure 2.6 displays the resonance
fluorescence energies of the neutral exciton, Ex (see figure 2.6(a)), and the positive trion,
Ex+ (see figure 2.6(b)), as a function of the optical gate power Pgate. The solid lines are
obtained from the theoretical population evolution model presented in section 2.3.3. A red
shift of a few peVs is first observed in the very weak gate power regime, followed by a com-
parable blue shift when the gate power increases. The transition between the red and blue
shift occurs at a typical power of Pgate ~ 0.05 nW. This optical gate power is much smaller
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Figure 2.6: Energy of the neutral exciton (left) and positive trion (right) resonance fluorescence as
a function of the optical gate power Py,t.. The experimental data are obtained from the same set of
measurements as figure 2.5(b) and are fitted by the population evolution model (solid lines). Figure
extracted from Ref. [23].
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than the gate powers corresponding to the maximum resonance fluorescence intensities of the
exciton (Pgate ~ 3 nW) and the trion (Pgate ~ 0.5 nW). In fact, the energy shifts of X and
X T are governed, through the quantum confined Stark effect, by the charge state of the QD
environment, while the resonance fluorescence intensity only depends on the charge state of
the QD itself.

Transient regime of the optically-gated resonance fluorescence: The two previous
studies of the influence of the optical gate power on the intensity and the energy of the
resonance fluorescence signal give information on the charge state of the QD and of its sur-
roundings, respectively. In the corresponding experiments, the optical gate is always switched
on and the physical properties are average values in the steady state regime. A deeper insight
into the physics of the optical gate effect is gained by investigating the switching dynamics of
the resonance fluorescence signal and therefore by studying the transient regimes where the
optical gate has just been switched on3.

Experimentally, we send two light beams. The first one, provided by the tunable cw
external cavity laser diode, resonantly excites the excitonic transition, while the second one
is the optical gate (HeNe laser), which is modulated from 0 to a few nWs at 400 Hz by
using an acousto-optic modulator. An oscilloscope records a time-histogram of the resonance
fluorescence where each detected photon corresponds to one event. The temporal resolution
of the experimental setup is evaluated by measuring the system response when the modulated
optical gate is directly sent to the photodetector, and turns to be 2 us in the "on stage". In
figure 2.7, we observe that the resonance fluorescence intensity increases exponentially with a
time constant to, = 5+ 1 us when the gate laser is switched on, at a power of 3 nW.

1.2
10 : 2
2 : ©
2 08t :
9 .
= 06} .
8 .
304 7 o x>
% 02F R
Z acy -7 &
OO GateONl

40 0 10 20 30 40
Time (ps)

Figure 2.7: Resonance fluorescence intensity as a function of time (o) when the gate laser is switched
on at t=0. The theoretical fit (solid line, red) is the convolution of the system response function (e)
with an exponential of time constant to, = 5+ 1 ps. Inset: Scheme of the electronic states (|vac):
empty QD; |+e): one hole in the QD; |X): neutral exciton; |X*): positively charged exciton) and
the transitions involved in the optical gate effect (dotted arrow: neutralization of the QD by the
optical gate; solid arrows: optical transitions under resonant excitation of the neutral exciton). Figure
extracted from Ref. [20].

3The study of the switch-off dynamics has also been studied [23] but is not shown here, the scope of the
discussion being the physics of the optical gate effect which allows the retrieval of a resonance fluorescence

signal.



38

Chapter 2. Measurement of the resonance fluorescence of single quantum dots

An interpretation of this result which is supported by the model described in the section
2.3.3 is the following. Within the time constant t,,, an electron that was non-resonantly
photogenerated by the gate laser is captured into the QD and radiatively recombines with
the residual hole in the QD. Since we use an ultra-weak non-resonant laser for the optical
gate, the limiting process for the QD neutralization appears to be the carrier capture into
the QD. Contrarily to the standard configuration of photoluminescence spectroscopy under
non-resonant excitation where the capture rate is in the range of tens of ps, the optical gate
effect occurs in an unprecedented explored regime of ultra-slow capture on microsecond time
scales. Therefore, we are led to a picture of a coherently-driven QD where the carriers injected
by the gate are slowly captured one-by-one into the QD prior to quasi-simultaneous radiative
recombination of an electron-hole pair. The study of the switch-off dynamics shows then that
the QD neutralization is limited by the recapture of a hole in the QD: the QD ground state
evolves to a stationary hole excess because of the residual doping in the QD environment and
the optically-gated resonance fluorescence of the exciton is quenched back after 120 us [23].
We stress that similar mechanisms relying on ultra-slow captures in the order of milliseconds
have been recently reported in electrically tunable QDs [106], where the quenching of the
resonance fluorescence is controlled by an additional non-resonant laser which photogenerates
free carriers from the doped back contact of the Schottky structure (this optical gating appears
nonetheless at much higher optical gate powers with respect to the resonant laser than in our
studies).

As a consequence, such capture and recapture processes observed in the transient regime
of the optical gate effect leads to a resonance fluorescence intermittency very similar to the
blinking phenomenon reported for the nanocrystals [117]. A blinking effect associated to
a photon bunching in the auto-correlation function of the neutral exciton measured in a
Hanbury Brown and Twiss (HBT) setup (see figure 2.8) is in fact observed*. Such a behavior
may be reminiscent of the one observed on the non-resonant photoluminescence in QDs and
nanocrystals where slow bunching effects due to the so-called spectral diffusion effect [89-91,
118,119] were observed. Even if the resonance fluorescence flickering due to spectral diffusion
has been observed and controlled by an additional laser in QDs [120], the QD charge state
fluctuations is in our case the main reason for photon bunching [121,122] and we observe a
blinking between distinct excitonic states, namely the neutral exciton and the other excitonic
complexes. Note that a similar blinking behavior had already been observed in the differential
transmission of a single QD under resonant excitation [102].

Additional measurements as a function of the optical gate energy show the same inten-
sity variation of the QD resonance fluorescence as the QD photoluminescence non-resonantly
excited by the intense optical gate®. This similarity between the excitation spectra of the
resonance fluorescence and non-resonant photoluminescence confirms the assumption of a ra-
diative recombination as the process involved in the neutralization of the QD by the optical
gate.

“Even if the HBT setup as well as the second-order correlation function ¢g® that is measured in such
an experiment are presented in details in chapter 3, these results need to be shown here in order to fully
understand the optical gate effect and its limits.

®The corresponding PLE measurements can be found in the PhD thesis of Hai Son Nguyen [7]. In that
case, the optical gate is a tunable Ti:Sa laser.
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Figure 2.8: Intensity auto-correlation measurements of the optically-gated resonance fluorescence of
the neutral exciton, for two optical gate powers (taken from a complete study over 12 gate powers).
The experimental data correspond to the number of coincidences as a function of the time delay
while the theoretical curves, results of the population evolution model, are plotted on a dual scale by
adjusting the experimental and theoretical maxima. Figure extracted from Ref. [23].

2.3.3 Simplified model of the optical gate effect

We interpret the optical gate effect within a model where the QD resonance fluorescence is
quenched by Coulomb blockade because of the tunneling of a hole from a structural deep level
(DL). The optical gate suppresses Coulomb blockade by switching back the QD into a neutral
state. The main processes governing the optical gate effect are sketched in figure 2.9. The
defect state is assumed to be close to the QD confined hole state®. When the resonant laser
and the optical gate are switched off (see figure 2.9(a)), the hole tunnels from the structural
deep level to the QD with a time constant 73,, and from the QD back to the deep level with
a time constant 7oy, the deep level being filled with a rate 1/t,g. This leads to a residual
charge ¢ close to +e in the QD. When the QD is resonantly excited by the resonant laser
(see figure 2.9(b)), only the resonance fluorescence of the positive trion is observed since the
residual hole in the QD blocks any optical transition at the energy Ex of the neutral exciton
because of Coulomb blockade [102]. When the optical gate is switched on (see figure 2.9(c)),
the residual hole is ejected from the QD through radiative recombination with one electron
photogenerated by the optical gate in the GaAs barriers. The inverse of the t,, time thus
characterizes the corresponding rate of neutralization. This process is extremely rare since the
optical gate is more than four orders of magnitude lower than at the QD saturation. However,
when it occurs, it switches the QD back into a neutral state where the resonance fluorescence
of the neutral exciton is observable (see figure 2.3(d)). The probability of having no residual
hole in the QD is then limited by the recharging of the deep level with a time constant t.g.

This phenomenology is well described by a simple rate equations model which gives a rough
estimation of the transient time constants t,, (and t.g) related to the switching dynamics of

5Such assumption is corroborated by a recent experimental study where the local electric environment of
the QD has been succesfully studied by resonant excitation spectroscopy [123].
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Figure 2.9: Scheme of the valence (v) and conduction (c) band edges in the growth direction of
the heterostructure, showing together the InAs wetting layer (WL), the GaAs barriers, the single QD
and a deep level (DL) assumed to be close to the confined hole state of the QD, with electrons (e)
and holes (o). (a) The resonant laser and the optical gate are switched off. A hole tunnels from
the DL to the QD and vice-versa, with characteristic times 73, and 7oy, respectively. The DL filling
with a rate 1/t.g leads to a residual hole in the QD. (b) The resonant laser (shown by the up solid
arrow) is switched on. The QD resonance fluorescence (RF) is observed only at the energy Ex+ of
the positively charged exciton XT. (c) The resonant laser and the optical gate (long solid arrow) are
switched on. The residual hole is ejected from the QD after radiative recombination with one electron
photogenerated by the optical gate, with a time constant equal to ¢,,. The DL recaptures a hole with
a time constant equal to tog. The situation where t,, < tog leads to a neutral QD state, and the QD
resonance fluorescence is predominantly observed at the energy Ex of the neutral exciton X.

the optical gate effect. The corresponding rate equations are:

dppoL _ pou(l —pgp) | pop(l —poL)

= + +G(1 - ppL)
dt Tin Tout (2 1)
dpgp |, por(l —pgp) pop(l —ppL)
=+ - — pkb, gate PQD
dt Tin Tout

where pgp and ppr, are the probabilities to have one hole in the QD and the deep level,
respectively, G the capture rate of one hole in the deep level (assumed to be constant at
low optical gate powers), and (1 Pgate the effective radiative recombination rate of the residual
hole in the QD, Pgate being the optical gate power. This model leads to a transient time
ton of the order of 1/p1Pyate, and to a tog time of the order of 1/G. In the limit of the QD
saturation by the optical gate, pPsate corresponds to the neutral exciton recombination rate
YR, wWith 1/ygr = T1 ~ 500 ps. Therefore, we rewrite p1Pgate as YR Pgate/ Pgs‘g,fe with ngtte the
QD saturation gate power of a few tens of microwatts. In the experimental conditions where
Pyate is equal to a few nanowatts, we get a rough estimate of o, of 5 ps, fully consistent with
the measured one. Moreover, measurements on increasing the optical gate power (not shown
here) show (i) a decrease of to, as a function of Pyate, and (ii) an approximately constant tog
value, as predicted by our model. Finally, the higher the ratio tof/ton, the lower the residual
charge ¢ in the QD and the more intense the resonance fluorescence of the neutral exciton.
A detailed model can be found in Ref. |7,23] where the electron QD population induced
by the optical gate is taken into account as well as the electron and hole populations created
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by the resonant laser. This detailed model relies on a population evolution model similar
to the one proposed by J. Gomis-Bresco et al. [124], which adapts for excitons the random
population model of M. Grundmann et al. [125]. Within this approach, all the processes
related to the charge capture, the radiative recombination, and the resonant pumping are
taken into account by considering all the possible charge configurations of the QD (restricted
in our case to the neutral exciton X, the positive and negative trions X* and the biexciton
X X). This population model allows the determination of the nature of the capture processes
involved in the resonance fluorescence optical gate effect. While other groups [42,124] have
previously used the non-resonant photoluminescence to evaluate the carriers capture rates,
we benefit here from the resonant excitation and its optical gating effect to probe the QD
ground state, which is determined by the capture of the electrons and holes created by the
non-resonant laser. In particular, this method gives access to ultra-slow capture processes
in the very low gate power regime where the non-resonant photoluminescence is completely
negligible. Inversely, when the non-resonant photoluminescence is observed, the capture rates
are already at least of the order of 1 ns™! [124]. In the context of our unusual experiments,
the population model that we used allows us to estimate capture rates from a few ms™! to a
few hundreds of ps~! in the explored power range (i.e. seven orders of magnitude) that are in
very good agreement with theoretical calculations of the capture processes assisted by Auger
effect [44,45] and optical phonons emission [43].

2.4 Retrieval of the properties of a quasi-ideal two-level system

Up to now, the system of the resonantly-driven QD controlled by the optical gate has
been described by a quite complex system involving multiple charge states. However, as
suggested by the blinking behavior of the optically-gated resonance fluorescence (see figure
2.8), the resonant laser induces a resonant signal during a typical time of a few hundreds of
nanoseconds for which only two states, the excitonic state |X) and the QD empty state |vac),
are concerned. Then, at the operating low powers of the optical gate, the QD emission can
be assimilated to the emission of a TLS. This simplified picture is in fact reached in the low
power regime where the capture of the carriers can be seen as a one-by-one capture. The
following experimental results have then been measured for a constant low optical gate power
of Pgate ~ 3 nW.

We show in the following that intrinsic properties of a quasi-ideal TLS under resonant
excitation are recovered when the optical gate is switched on, the power of the resonant laser
being equal to 4 uW. Figure 2.10 first presents time-resolved measurements of the optically-
gated QD emission under resonant excitation of the excitonic transition. Apart from a spurious
contribution of the ID Quantique photodetector that appears at long time delays, one can
extract the QD lifetime 77 = 330 £ 20 ps which is a standard value for epitaxially grown
semiconductor QDs [126].

As mentioned in chapter 1, section 1.3.2, the power-dependence of the optically-gated
resonance fluorescence then allows for the evaluation of the decoherence time T5. Figure
2.11 displays the intensity at zero detuning (A = 0) (see figure 2.11(a)) and the linewidth
of the optically-gated resonance fluorescence spectrum I' (see figure 2.11(b)) as a function of
the power of the cw resonant diode laser. The intensity of the resonance fluorescence signal
first increases linearly with the excitation power, and then displays the typical saturation
expected at high powers. This saturation behavior is in fact characteristic of a TLS where
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Figure 2.10: Time-resolved resonance fluorescence of the QD when the gate is switched on. The
solid line is a fit with a decay time T7 = 330 20 ps - Figure extracted from Ref. [20].
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Figure 2.11: Intensity (a) and linewidth (b) of the optically-gated resonance fluorescence spectrum
versus the power of the resonant laser. The experimental data are fitted by using equations (2.2) and
(2.3), corresponding to a two-level system model (solid line). Figure extracted from Ref. [20].

the charged excitonic states or the biexciton state are not populated. In parallel, we observe
the text-book power-broadening of the resonance fluorescence spectrum, with a linewidth
increasing by a factor of three in our investigated range of excitation power. The theoretical
expressions of the emission intensity I at zero detuning (A = 0) and the linewidth A", that
were introduced in chapter 1 for a TLS under resonant excitation (see Eq. (1.24) and Eq. (1.26)
where FWHMA, . 7, is equivalent to I'), are reminded here with the appropriate notations:

02T P
I - 2.2
1 F T, P+ P, (2:2)
o 2% P
=201+ 2T, = 14— 2.3
T + 115 T + 2 (2.3)

where () is the Rabi frequency, 77 the population lifetime, 75 the decoherence time, P the
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power of the resonant laser and Py the saturation power of the TLS (the TLS saturation
parameter being so = P/Py). The experimental data presented in figure 2.11 are perfectly
well fitted to equations (2.2) and (2.3), with 75 = 480 £ 10 ps and Py = 16.5+ 1.5 uW.

We then deduce from the extracted value of T, that 75 ~ 1.577, meaning that the QD
homogeneous linewidth is very close to its radiative limit (7% = 277). More precisely, our
experimental data indicate that the pure dephasing time 75 is of the order of 1.8 ns, T3 being
defined by 1/T5 = 1/2T1 + 1/T5. Such a pure dephasing time attests for the reduction of
the environment fluctuations under resonant excitation where spectral diffusion effects are
minimized [53,91]. We further conclude that the intrinsic features of a TLS under resonant
excitation are clearly restored by the ultra-weak optical gate. In particular, our technique is
validated in both regimes of elastic and inelastic resonance fluorescence. For P < Py, the
resonance fluorescence consists in the elastic signal of resonant Rayleigh scattering (RRS),
whereas at saturation, the inelastic photoluminescence dominates the resonance fluorescence
(the specificities of these two regimes for QDs, such as the spectral properties and the photon
statistics, are presented in chapter 3). For example, in figure 2.3(d), for a given detuning, the
recorded intensity consists in the spectrally integrated signal of both components.

More specifically, to highlight the unique influence of the optical gate and avoid any confu-
sion between the optically-gated resonance fluorescence and a standard non-resonantly excited
photoluminescence signal, we show that the elastic component of the resonance fluorescence
is also restored by the optical gate”. High-resolution measurements by Fourier transform
spectroscopy of the resonance fluorescence at zero detuning (A = 0) for P/Py = 2.4 shows in
fact the superposition of the elastic and inelastic components of the resonance fluorescence
(see figure 2.12(a)). The elastic component corresponds to the quasi constant background
which is associated to the coherence time of the resonant laser, whereas the inelastic com-
ponent corresponds to the fast decay of 480 ps which is the decoherence time 75 previously
measured. Our data are fitted (solid lines in figure 2.12(a)) to the first-order correlation
function g(V)(7) of the resonance fluorescence of a TLS (see chapter 3, Eq. (3.6)) with the
following parameters: hQ) = 2.5 peV, T} = 330 ps and Tb = 480 ps (the contribution of the
laser coherence time 71, appears in the quasi-constant background and is assimilated to a
constant). We stress that the QD dipole moment, defined as p = h§2/€ with £ the electric
field amplitude, can be deduced from the fitted value of the Rabi frequency. From the power
of the resonant excitation laser P = 40 pW (measured before coupling into the optical setup)
and the estimated waveguide cross-section S = 0.83 ym~—2, we deduce £ ~ 0.024 kV /cm from
which we obtain an estimation of p ~ 50 D. This dipole moment is in agreement with other
estimations in similar InAs QDs ranging from 20 to 60 D [62,73,127,128|. In the spectral
domain, the two components can also be distinguished in the spectrum presented in figure
2.12(b) which corresponds to the Fourier transform of the theoretical fit of the ¢g(*) function.
The radiatively-limited spectrum of 2 peV width is also superimposed as a reference (gray
line in figure 2.12(b)). The inelastic component (dashed line in figure 2.12(b)) is broader than
the radiatively-limited emission line, whereas the central peak of the RRS is much narrower
than the natural line. Indeed, we demonstrate that the ultra-weak non-resonant optical gate
induces the recovery of the properties of an artificial atom even in the coherent regime of

"Even if the study of the different components of the resonance fluorescence of a single QD, as well as
the different experiments at stake, are presented in details in chapter 3, this statement needs to be developed
here in order to give a proper insight of the originality of the optical gate effect. In fact, it must be here
differentiated from an optical control of the QD residual charge which has been observed in the incoherent
photoluminescence under non-resonant excitation [113,115].
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RRS. Recent experiments also showed that the photo-neutralization of the QD by an optical
gate does not degrade the coherence in a pulsed two-photon resonant excitation scheme [129],
which is important for the generation of entangled photon pairs with high probability [61].
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Figure 2.12: (a) High-resolution Fourier transform spectroscopy of the optically-gated resonance
fluorescence, at zero detuning (A = 0), for P/Fy = 2.4. The data are fitted (solid line) by using
the theoretical g(*) function of a two-level system (see chapter 3, Eq. (3.6)) with AQ = 2.5 peV,
Ty = 330 ps and To = 480 ps (the contribution of the laser coherence time T, appears in the
quasi-constant background and is assimilated here to a constant). (b) Spectrum of the resonance
fluorescence obtained by Fourier transform of the fit of the g() function (red solid line). The inelastic
contribution appears as a dashed line and the radiatively-limited emission line of width 2 peV has
been superimposed as a gray solid line. Figure extracted from Ref. [20].

We finally discuss the quantum properties of the optically-gated resonance fluorescence in
single QDs. Figure 2.13 presents the normalized intensity auto-correlation measurements by
the HBT setup® under resonant excitation at zero detuning (A = 0), when the optical gate
is switched on. This auto-correlation function is presented for a temporal scale much smaller
than the bunching time exhibited in figure 2.8 so that the bunching related to the blinking
effect is not observed here and the emission can be considered as a continuous stream of
photons. After subtracting the noise contribution, we observe a pronounced dip at zero time
delay with g(Q)(O) = 0.06. This is a clear evidence of the characteristic photon antibunching
in a single photon source [5,13,18|. Most importantly, it further shows that the ultra-weak
gate laser does not degrade the non-classical properties of a single QD emission. Our data are
well fitted by the convolution of the system response function of 300 ps resolution with the
theoretical intensity auto-correlation function g(®(7) of the resonance fluorescence of a TLS
(see chapter 3, Eq. (3.22)). Taking into account the previous measured values of T and T,
the data are fitted with A2 = 1.4 + 0.1 peV.

8The HBT setup and the second-order correlation function g(z) that is measured in such an experiment are
presented in details in chapter 3.
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Figure 2.13: Intensity auto-correlation measurements under resonant excitation at A = 0, for
P/Py = 0.7, when the optical gate is switched on. The data are fitted by equation (3.22) with the
parameters: 77 = 330 ps, T = 480 ps, and Q) = 1.4 peV. Figure extracted from Ref. [20].

2.5 Conclusion and perspectives for achieving the radiative limit

This chapter has highlighted the role of the electrostatic environment on the optical res-
onant response of a single QD. Although a resonant excitation does not create charges in the
vicinity of the QD, the presence of residual charges coming from non-intentional doping can
induce a quenching of the resonance fluorescence via a phenomenon similar to the Coulomb
blockade effect. We demonstrated that the use of an ultra-weak non-resonant laser allows
the optical gating of the QD resonant response by controlling the QD ground state. More
specifically, the gate effect relies on the photo-neutralization of the QD where the carriers are
captured one-by-one in the specific regime of low gate power, leading to the ejection of the
residual holes from the QD. Therefore, the population of the QD ground state and thus the
intensity of the optically-gated resonance fluorescence depend on the carriers capture rates
which vary with the power of the optical gate. In this context, we showed that the optical
gate not only restores the resonance fluorescence of the neutral exciton but also induces a
recovery of the properties of an artificial atom characterized by the emission of single photons
with a decoherence time closed to the one imposed by the radiative limit. In particular, we
demonstrated that the optical gate effect is efficient even in the coherent regime of RRS. We
stress that the use of an additional weak non-resonant laser also appears to be interesting to
probe the local environment fluctuations at the single charge level in single QD [130,131] and
to minimize this environment fluctuations to improve the emitted photons indistinguishabil-
ity [70].

Nevertheless, because the QD neutralization relies on a slow carriers’ capture in the op-
erating regime of the optical gate, the resonance fluorescence is restored by intermittency
with an "all or nothing" behavior which induces a blinking phenomenon similarly to the one
observed in nanocrystals [117]. The resonance fluorescence of the neutral exciton is in fact
inhibited during time intervals for which the QD ground state is a charged state, while the
photons emitted during the remaining time constitute the emission of a real but non-ideal
TLS. The existence of a residual doping in the vicinity of the QD, which is responsible for
the blinking of the resonance fluorescence, thus prevents the radiative limit 75 = 277 to be
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reached. When demonstrating that semiconductor QDs can constitute efficient sources of
single indistinguishable photons or entangled photons pairs for quantum information appli-
cations, not reaching the radiative limit appears as a major drawback. In fact, the degree
of entanglement is maximum in absence of pure dephasing, the limit condition to fulfill the
violation of the Bell inequalities being T5/27) > 1/+/2. Note that the studied QD fulfills this
condition with the measured T} and T, which verifies the ratio T5/27) = 0.73 ~ 1/+/2, but
an improvement of this ratio is mandatory to perform quantum optics experiments with good
visibilities.

As a consequence, even if the resonant excitation configuration already allows to greatly
reduce the interactions of the QD with its electrostatic environment, a better control of the
residual doping is necessary to reduce the pure dephasing and increase the decoherence time
T5. As the doping is inherent to the growth of epitaxial structures and cannot be suppressed,
the main perspective is to specifically design a doped sample with electrical contacts in order
to control the charge state of the QDs as well as the charge fluctuations in its vicinity by
applying a vertical external static electric field. This would not only circumvent the permanent
dynamics of the QD states which is responsible for the blinking effect, but also possibly induce
an inhibition of dephasing by motional narrowing assisted by tunneling of carriers out of the
defects located close to the QD. Such a configuration has been intensively studied at LPA
by A. Berthelot et al. [132] for single QDs under non-resonant excitation. In this study, the
QDs were embedded in a field-effect structure which consisted in a n-Schottky heterostructure
allowing the electrical control of the QD charge state and of the spectral diffusion by varying
the applied gate voltage. In the case of resonant excitation, a more complex structure must be
designed in order to combine a diode structure and the QD-microcavity sample necessary for
the resonant orthogonal excitation-detection geometry. To that end, the photonic structures
can be doped to form a p-i-n diode or a n-Schottky diode, the QD layer being located in the
intrinsic region and the Bragg mirrors doped. This technique has been employed to photonic
structures such as planar microcavities [133|, micropillars [134-136| or photonic crystals [137]
with great successes.



Chapter 3

The specificity of the resonance
fluorescence of single quantum dots

In this chapter, we focus on the specificity of the excitonic emission of a cw resonantly-
driven quantum dot (QD) when no optical gate is applied in order to avoid the contribution
of the photo-neutralization mechanism described in chapter 2. Nevertheless, we stress that
similar experimental results have been observed for the optically-gated resonance fluorescence.
The spectral properties of the resonance fluorescence of another single QD are studied by
measuring the first-order correlation function, g(l)(T), in a Fourier transform spectroscopy
setup, while its emission statistics is investigated by measuring the second-order correlation
function, ¢® (), in a Hanbury Brown and Twiss (HBT) interferometer. These correlation
functions, that are defined in the formalism introduced by R. J. Glauber [138|, are first
investigated for a resonantly-driven two-level system (TLS). Then, they are experimentally
measured as a function of the excitation power, in the low power regime, i.e. before the
saturation of the TLS, and in the high power regime once the saturation of the TLS is
reached. The two contributions of the QD resonance fluorescence are characterized: the
coherent component which consists in the elastic scattering of the laser photons on the TLS;
and the inelastic component which corresponds to the fluorescence emission of the QD. We
show that these two contributions present very different spectral properties which are related
to different coherence time constants while the emission statistics remains the one of a single
photon source. In particular, we focus on the properties of the resonant Rayleigh scattering
(RRS) regime where the photons are scattered one by one while keeping a coherence time
inherited by the excitation laser. This phenomenon has been rarely studied in QDs since the
first measurement of the resonance fluorescence of a single QD by A. Muller et al. [5]. It has
first been investigated in our group in 2011 [24] followed by few other works [98,120,139,140].
As predicted by theory and shown by homodyne and heterodyne detection experiments [120,
139,140], the scattered photons inherit the coherence time of the excitation laser 7', which can
be much longer than T5, while still exhibiting sub-Poissonian statistics [24,98|. The resulting
QD emission spectrum can then be much narrower than the natural linewidth imposed by
the radiative limit, even if the percentage of elastically scattered photons remains limited to
T5/2T
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3.1 Spectral properties

3.1.1 First-order correlation function of the resonance fluorescence

The first-order correlation function of the electric field of a light source is directly related
to its spectral properties and therefore to the decoherence time 75 of the emitted photons.
The corresponding normalized function is defined in the stationary regime! as [95]:

<E(_)(r, HE®) (r,t + T)>
<E(*)(r, t)E(+)(r, t)>

gW(r) = (3.1)

where 7 is the position of the detector and 7 is the time delay between two detection events.
Considering only the light emitted by a single source allows us to avoid the spatial dependance
of the correlation functions. Then, the first-order correlation function simplifies as:

ECWMED(t+7))  aW(r)

_
W) = TEoeEw) - amo)

(3.2)

where GU) (1) = (EC) () E®) (¢ + 7)) is the non-normalized first-order correlation function.
When considering a resonantly-driven TLS in the rotating frame approximation, one has to
take into account the phase accumulated by the electric field from the origin time tg to the
times ¢t and t + 7, ¢¢y—¢ and ¢g,—t45, respectively. Then, using the equations (1.19), (1.18)
and (1.17), the G function can be written as:

GW(r) <e+i¢to~ts+(t) e Dot S (¢ + T)> = e ot (S (1) S (t+ 7)) (3.3)

where ¢;_,;1, is the resulting phase accumulated from ¢ to ¢t + 7. This phase is composed of
an oscillating part at the laser pulsation wy, and a fluctuating part such as [96]:

e btotbr — gmiwrT <e19> (3.4)

where 0 is a phase corresponding to a random walk of scattering rate I', = 1/7T, such as
(') = ST P(#)el?dd = ¢ TL, P(#) being the probability density of a white gaussian noise
over 6 and T, the coherence time of the laser.
As a result, the normalized first-order correlation function can be written as:
e (Se(OS_(t+7)

gV (1) = e ™17 e T ROEHD) (3.5)

The analytical solutions of the optical Bloch equations? (1.22) in the case of a strictly resonant
excitation (A = Er, — Ex = 0) leads to [7,96]:

Ts
) _ T 57 1 -~ 1
g(l)(T) =e WLT.e TL . T 2TT ;2€1T1T2 + ¢ T2 + §e_’77- [acos(vT) + Bsin(vT)] (3.6)

1For sake of clarity, we intentionally avoid the indication of the stationary regime in the expressions.
®The calculation consists in the analytical calculation of (S (¢)) and (S4 (¢t + 7)) in order then to deduce
the correlation term (Sy(¢)S_(t 4 7)) by the quantum regression theorem [54].
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We note that the relaxation times T; and T play a non symmetrical role in the ¢*) function
and we stress that this function is fundamentally different from the non-resonant excitation
case where it depends only on T5.

Finally, at a given detuning and a given excitation power, the spectral density of the
intensity defined by (1.21) can be written as a function of the first-order correlation function
such as [95]:

oo | too
(A, w) = 1/ G (r)dr or W (r) :/ e “TT(A,w)dw (3.8)

27 — 00 —00

As presented in chapter 1, section 1.3.3, the emission spectrum of a resonantly-driven TLS,
given directly by Z(A,w), consists in an elastic (or coherent) and an inelastic (or incoherent)
contributions. Therefore, in the case of a QD resonantly excited at the exciton energy (i.e.
A = 0), the spectrum corresponds to:

I(UJ) = Iel(w) + Iinel(w) (39)

where Zg(w) and Zine(w) are the spectra of the elastic and inelastic components of the reso-
nance fluorescence, respectively. These two contributions are written as [7,96]:
1

1 Ty S0 TL
Ta(w) = —— L and (3.10)
4 21T} 2 2 ’
™ 1(1+50) (w_w0)2_|_<7%>
2 _ _
T 1 s To no+ (w+v—wy)f fHa—(w—v—wyp
1ne1(w) - 27 1 2 2 ~9 2 ~2
w1+ s (w—w0)2+<%> (W+v—wo) 47 (W—v—wy)”+7n
L c
o1 s T22 +na+(w—|—u—wo)ﬁ na—(w—v—uwy)fB
21+ so (w—w0)2+(%2)2 (w+v—w)+n? (w—v—wy)+n?

(3.11)

where 7 = T% + %L ~ 7 and 1) = n+ %L ~ 7, since T, > (T1,7T2). We remind that
s = Q2T Ty is the saturation parameter of the TLS at A = 0.

To illustrate the expected spectral properties of the resonance fluorescence of a single
QD, figure 3.1 presents theoretical spectra calculated from equations (3.10) and (3.11) at the
radiative limit (i.e. T = T% = T%), for different excitation powers given by the saturation
parameter Sg ((%)2 = % in the figure). The two distinct power regimes defined by sp < 1
and sg > 1 that were presented in chapter 1, section 1.3.3, can also be distinguished in
the power dependence of the resonance fluorescence spectrum: below the saturation power
(so < 1), where the RRS elastic component dominates, the spectrum presents a narrow line
which is identical to the spectrum of the excitation laser; whereas above the saturation power
(so > 1), where the inelastic component dominates, the spectrum consists in the so-called
Mollow triplet [97] characterized by a central line at the transition energy fuwy accompanied
by two side lines separated by the Rabi energy at hwg £ hS2.
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Figure 3.1: Resonance fluorescence spectra of a single QD at the radiative limit for different excita-
tion powers corresponding to (%)2 = 3. Figure extracted from Ref. [7].

3.1.2 Fourier transform spectroscopy

The micro-PL experimental setup presented in chapter 2 gives access to the spectrum
of the radiative states of a single QD but its resolution, of about 100 pueV, does not allow
to resolve the fine structure of these states which have typically widths of the order of a
few to tens of ueV. We thus use a Fourier transform spectroscopy setup, which relies on
a Michelson interferometer (see Fig. 3.2), in order to measure the resonance fluorescence
spectrum of the neutral exciton, with a spectral resolution of 1.7 peV given by the maximum
reachable delay between the two arms of the interferometer (i.e. the maximum optical paths
difference dpax = 400 mm, or the maximum temporal delay Tynax = 2.5 ns). In such Michelson
interferometer, the stationary electric field emitted by the QD can be expressed at the output
of the interferometer as Eoyt = % [E(t) + E(t + 7)], where the temporal delay 7 = ¢/d. The
corresponding average intensity detected at the output of the interferometer then depends
on the first-order correlation function at zero detuning, defined by equations (3.2) and (3.6),
such as:

Iy = Iy [1 + Re (g(l)(T)ﬂ =1 [1 + 19V (7)) cos(wot)} (3.12)

In practice, the Fourier transform spectroscopy technique consists in the measurement of
the contrast of the interferogram C/(7), which is directly linked to the first-order correlation
function such as:

Iax (7_) - Imin(T)
Inax (7_) + Imin(T)

Therefore, due to the relation between the intensity spectrum and the first-order correlation
function (see Eq. (3.8)), the measurement of the interferogram contrast allows us to measure

C(r) = = || (3.13)



3.1 Spectral properties

51

input

\

from sample

output

/

X

&
<

towards spectro and APD

>
L

mirror displacement

Figure 3.2: Scheme of the Michelson interferometer used for Fourier transform spectroscopy.
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the spectrum of the QD resonance fluorescence at zero detuning, Z(w), following the relation:
T(w) & TF! [g@(f)} o TF~L[CO(r)] (3.14)

where TF~! stands for the inverse Fourier transform. The principle of the measurement is
presented in figure 3.3. Each value of the contrast at a specific delay 7 (lower right panel)
is deduced from the interferograms measured within a fine displacement of the mirror (lower
left panel) for several delays preliminary reached by a coarse fine displacement of the mirror
(top panel).

3.1.3 Experimental results and discussion

In order to characterize the spectral properties of the resonance fluorescence of a single QD
and investigate the different contributions in the signal, the measurement of the ¢ function
is performed at various excitation powers. We can notice that in the resonance fluorescence
spectrum measured in a PLE experiment, for a given detuning, the recorded intensity consists
in the sum of the elastic and inelastic components. One expects the resonance fluorescence
signal to be dominated by the elastic RRS at low incident power, and on the contrary by the
inelastic component close to the QD saturation power. Contrary to this latter regime that
has been well studied in single QDs [5, 6, 18, 22, 141-143] with the evidence for example of
the Mollow triplet [22,141-143|, fewer research groups focused on the RRS regime in single
QDs [24, 98,120,139, 140].

Figure 3.4 shows high-resolution measurements by Fourier transform spectroscopy of the
exciton resonance fluorescence, for six excitation powers given by the saturation parameter
s = Q2T T,. These results reflect clearly the different light-matter coupling regimes between
the excitation laser and the exciton transition. At high excitation power where the strong
coupling regime takes place, we observe a non-monotonous decay exhibiting the Rabi oscilla-
tions associated to the Mollow triplet spectrum [97]. Then, a smooth transition to the RRS
regime is observed when the excitation power is decreased. In particular, close to the QD
saturation, the Rabi oscillations attenuate and the ¢(!) function exponentially decreases with
mostly two characteristic times, the decoherence time 75 and a longer time determined by the
laser coherence time T'1,. This latter contribution corresponds to the elastic RRS component.
Our data are fitted (solid lines in Fig. 3.4) to the first-order correlation function g™ () of
the resonance fluorescence of a TLS (Eq. (3.6)). We stress that the theoretical fits must take
into account an inherent contribution of a coherent background which is due to the parasitic
scattering of the excitation laser. We assume in fact the presence of an elastic scatterer in
the vicinity of the QD and close enough for its emission to be collected by the detection
system. This scatterer is supposed to be elastic and linear with the excitation power, which
means the parasitic scattering associated to it is perfectly coherent with the excitation laser
and its intensity is proportional to the excitation power. Therefore, this parasitic scattering
has a more complex role than only an additional background on the measurements due to
its coherent nature with respect to the resonance fluorescence of the QD. One has thus to
take into account the interferences between the electric field of the scattered laser and the
electric field of the QD resonance fluorescence. The experimental data in figure 3.4 are then
very well reproduced and the QD time characteristics extracted from the theoretical fits are
T) = 0.43+0.12 ns and 75 = 0.54 £ 0.10 ns (71 and T» are joint fitting parameters which
values are optimized through the entire set of measurements).
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Figure 3.4: High-resolution Fourier transform spectroscopy of the resonance fluorescence of the
exciton line for decreasing powers given by the saturation parameter sy = Q27175. The solid line
is the theoretical fit of the first-order correlation function ¢(*)(7) given by equation (3.6) with T} =
0.43 £0.12 ns and T5 = 0.54 + 0.10 ns. The dashed curve corresponds to the theoretical curve with
the same parameters but with zero parasitic background. Figure extracted from Ref. [8].
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Figure 3.5: Resonance fluorescence spectrum calculated from the measurements of g (7) (see
Fig. 3.4). The radiative limit of width 1.8 peV is schematized in grey and superimposed on each
spectrum. The solid line is the theoretical fit of the spectrum, given by the Fourier transform of the
theoretical fits presented in figure 3.4. The dashed curve corresponds to the theoretical curve with
the same parameters but with zero parasitic background. Figure extracted from Ref. [8].

The Fourier transform of the ¢(!) measurements allows a direct comparison, in the spectral
domain, of the different resonance fluorescence profiles. The results for three powers are
presented in figure 3.5 where the top of the curves have been truncated in order to better
resolve the components of lowest intensities. The radiative limit /7 of 1.8 peV is also
displayed on each spectrum as a guide of the eye of rectangular form. At high power, the
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inelastic component consists in a well-developed Mollow triplet with side bands separated
by 8.6 ueV from the central peak of width 2.3 neV. This Mollow triplet is the spectral
counterpart of the Rabi oscillations at the Rabi pulsation €. The elastic scattering signal
appears as a superimposed weak line, much narrower than the radiative limit. This central
component is directly linked to the long time constant contribution in the measured g™
function (see Fig. 3.4) and is governed by the parasitic laser scattering above saturation,
whereas it is governed by the RRS on the TLS below saturation. In fact, upon reducing
the excitation power, the Mollow triplet shrinks to a single Lorentzian line with sidebands,
while the relative intensity of the narrow RRS peak increases and tends to overwhelm the
resonance fluorescence spectrum. The dashed curve which corresponds to the theoretical
resonance fluorescence spectrum without the contribution of the parasitic laser background
clearly illustrates this behavior. Regarding the linewidth, in the specific RRS regime where
the elastically scattered photons contribute to the spectrum, it appears that it can be much
narrower than the one imposed by the radiative limit. It further confirms that the elastically
scattered photons inherit the coherence of the excitation laser which is much longer than the
decoherence time T5 of the electronic system.

3.2 Photon statistics

3.2.1 Second-order correlation function of the resonance fluorescence

The second-order correlation function of the electric field of a light source is directly
related to its statistical properties. The corresponding normalized function is defined in the
stationary regime for a single light source as [96]:

@) (r) = (EQREO(t+ 1) ED(+1)ED (@) ¢O(r)
7= (EC) ) EG)(t))? — GM(0)2

where G (1) = (E()EC) (t + 7)EX)(t + 7)EM)(t)) is the non-normalized second-order
correlation function. From a general point of view, the statistical properties of a light source
are defined regarding the value of g (0): for ¢ (0) > ¢®(7), the emission statistics is
super-Poissonian and the photons are bunched (case of a classical thermal light); for ¢(*)(0) =
g®(7), the emission statistics is Poissonian and the photons are randomly spaced (case of a
coherent laser light); for ¢(®(0) < ¢®(7), the emission statistics is sub-Poissonian and the
photons are more equally spaced than a coherent laser field, i.e. the photons are anti-bunched
(case of a quantum light source).

The second-order correlation function of a light source is often called the intensity auto-
correlation function since it can also be written as a function of the intensity such as:

) = CIOLC 7)) 516
(I(t))
where the notation refers to the normal order of the operators consisting in writing
the creation operators on the left and the annihilation operators on the right. In the second
quantification, the ¢ function can in fact be expressed as a function of the creation and
annihilation operators such as:

(3.15)

n...n

_ <aT(t)aT(t + 7)a(t + T)a(t)>

@
o (at (B)a(t))?

(3.17)
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In the particular case of a light source where the photons are emitted in a single mode of
the electromagnetic field (i.e. a Fock state |n)), the value at zero delay of the ¢g(® function
depends on the number of photons such as [95]:
g (o) = Ml (318)
n
A perfect single photon source where the photons are emitted one by one in the same mode is
then characterized by ¢(®(0) = 0, the value g(®(0) = 1/2 (for n = 2) being considered as an
experimental limit below which a realistic source can be considered as a single photon source.
When considering the second-order correlation function of a resonantly-driven TLS, the
non-normalized G?) function depends on the dipolar operators such as:

GO(7) ox (eFitomtg, (1) eFiPomtir S (¢ 4+ 7) e V0= S (14 7) TS (1))
o (S4(t)Se(t+7)S_(t+ 7)S_(t))

(3.19)

where, in the rotating frame approximation, the accumulated dephasing of the electric field
emitted by the TLS is compensated. Therefore, the second-order correlation function remains
unaffected and can be written as:

(S4 (1) (t + 7)S_(t + 7)S_ (1))
(S+(DS-(1))?

By using the quantum regression theorem [54], one can show that the ¢ function, as regard
to the TLS, is linked to the probability of emitting a photon at a time ¢ + 7, knowing that a
photon has been previously emitted at a time ¢ [144]. The ¢ function can then be calculated
by evaluating the population of the excited state at ¢ + 7, knowing that the ground state is
fully populated at t. Within the formalism of the matrix density, this statement induces that:

g?P(r) =

(3.20)

g (r) = Pee(T)lpyy0)=1 (3.21)
&

The analytical solutions of the optical Bloch equations (1.22) then leads to |7,96]:

g (r) =1 (cos(vr) + Lsin(vr)) (3.22)

1%

where we remind that:

2
R V_\/Qg_l ]
2 T1 T2 4 Tl T2
Contrarily to the first-order correlation function, the relaxation times 77 and 75 play a sym-
metrical role in the g(z) function, and it does not depend on the laser coherence time T7.,.
However, the ¢(? function of a resonantly-driven QD is still fundamentally different from the
non-resonant excitation case where it depends only on T7.

To illustrate the expected statistical properties of the resonance fluorescence of a single
QD, the figure 3.6 presents the theoretical second-order correlation function calculated from
equations (3.22) at the radiative limit (ie. T' = T% = T%), for different excitation powers
given by the saturation parameter sg ((%)2 = % in the figure). The signature of an ideal
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single photon source is observed through the perfect antibunching dip at zero delay, i.e.
g (0) = 0, for each excitation power. It shows that a resonantly excited single QD at
the radiative limit constitutes an ideal single photon source in both elastic (sp < 1) and
inelastic regimes (so > 1). In particular, in the RRS regime, the width of the antibunching
dip depends on 77 (and 7» when the radiative limit is not reached) and not anymore on the
excitation power. However, above saturation, the Rabi oscillations, which characterize the
strong coupling regime between the laser and the TLS, appear in the ¢(® function around
7 = 0. This effect induces a strong narrowing of the antibunching dip due to the power
dependence of its width but the value of g (0) is not modified.

1,5

[ s< 1]

T/T1

Figure 3.6: Second-order correlation function g(® () of the resonance fluorescence of a single QD at

the radiative limit for different excitation powers corresponding to (%) = 7. Figure extracted from

Ref. [8].

3.2.2 Hanbury Brown and Twiss experiment

The intensity auto-correlation function is measured in an HBT experiment [145-147],
which relies on an intensity interferometer where the correlations between two photodetectors
are measured at the two outputs of the beamsplitter where the interferences occur (see figure
3.7). The correlation module measures the probability of a joint photodetection on each of
the two detectors, or in other word the probability of detecting two photons separated by
a temporal delay 7. Following the theory of the photodetections [54,96|, the corresponding
detection rate can be written as:

ws(t,t+7) = 0| (£ [EO @+ EC )] ) ]2 (3.23)
f

where |i) and |f) are the initial and final states of the electric field. By using the closing
relation on the final states, then by summing over all the possible initial states of the electric
field (which are known with a probability P;), and finally by considering the density operator
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of the electric field p = > P; |i) (7], the detection rate can be written as:
walt,t+7) = Tr [pEOOE(t + 1) ED (¢ + 1) ED (1)
= <E(’)(t)E(’)(t + 7 E® (¢t + 1) EWD) (t)> (3.24)
=G (7)

The detection rate measured in an HBT interferometer is then directly related to the non-
normalized second-order correlation function. Then, because the electric fields between two
detections separated by a long time delay are not correlated anymore, G® (1 — o0) =
(G(l)(O))2 and the ¢® function is obtained by normalizing the results by the correlation
rate at long time delay.
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—— . 4 ° ° > START
| 1 1 | 1 | 1 |
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Figure 3.7: Left panel: scheme of a Hanbury Brown and Twiss (HBT) interferometer. Right panel:
principle of the correlation module used to measure the probability of detecting two photons separated
by a delay 7 on the detectors.

3.2.3 Experimental results and discussion

The measurement of the second-order correlation function ¢ (7) of the resonance fluores-
cence as a function of the excitation power allows us to study the photon statistics of the QD
emission in both regimes of inelastic and elastic scattering. In order to minimize the inher-
ent contribution of the coherent background due to the parasitic scattering of the excitation
laser, this study is first performed at excitation powers corresponding to sg < 10. The results
of the normalized intensity auto-correlation measurements are presented in figure 3.8 along
with the Instrument Response Function (IRF, inset) of the HBT setup. One can observe a
dip at zero time delay for every excitation powers which is the signature that the QD emits
antibunched photons. In particular, for so < 2, the antibunching dip is characterized by a
value of ¢(®(0) < 0.5, reflecting the single photon emission of the QD. At higher excitation
powers such as sg > 2, the QD undergoes Rabi oscillations which can be seen through the
dip sidebands with ¢(® values higher than one. This phenomenon induces a narrowing of the
antibunching dips [22] and therefore a strong reduction of their visibility with ¢ (0) > 0.5
for the given IRF.

In order to present a comprehensive study of the photon statistics of the QD resonance
fluorescence, the measurement of the intensity auto-correlation function is also done for much
higher excitation powers (sp > 10). As shown in figure 3.9, a peculiar photon bunching at
zero time delay corresponding to g(®(0) > 0 appears when the contribution of the coherent
background of the parasitic scattered laser is not negligible anymore (for s > 27). Since
only the resonance fluorescence and the parasitic laser background with a sub-poissonian (i.e.
g®(0) < 1) and poissonian emission statistics (i.e. ¢g(*)(0) = 1), respectively, contribute to
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Figure 3.8: Intensity autocorrelation measurements of the resonance fluorescence for decreasing
powers given by the saturation parameter so = Q2T1T5. The data are fitted by the theoretical second-
order correlation function ¢ () given by equation (3.22), convoluted by the system time response,
with 77 = 0.43 £ 0.12 ns and T, = 0.54 £ 0.10 ns. Inset: Instrument Response Function (IRF) of the
Hanbury Brown and Twiss (HBT) setup measured with a picosecond pulsed Ti:Sa laser. The FHWM
is equal to 1 ns. Figures extracted from Ref. [8].
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Figure 3.9: Intensity autocorrelation measurements of the resonance fluorescence for decreasing
powers given by the saturation parameter so = Q2T1T5. The solid line is the theoretical fit of the
second-order correlation function g(2)(7) where the parasitic coherent background of the scattered
laser is taken into account, with 77 = 0.43 £ 0.12 ns and 75 = 0.54 4+ 0.10 ns. The dashed curve
corresponds to the theoretical curve with the same parameters but with zero parasitic background.
Figure extracted from Ref. [8].
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the total measured signal, the sum of these two contributions cannot explain by itself the
observed photon bunching. As already explained in the previous section, due to the coherent
nature of the parasitic laser background, one has to take into account the interferences between
the electric field of the scattered laser and the electric field of the QD resonance fluorescence
in order to fit the whole set of data. In fact, as shown by the dashed curve in figure 3.9,
the photon bunching phenomenon at high power cannot be well fitted when the parasitic
laser background is not taken into account. However, even if the effect of the parasitic laser
still contributes to the value of ¢ at zero time delay, it does not affect the width of the
antibunching dip which allows us to determine the time constants of the system 77 and T5.

These results show that contrary to the case of non-resonant excitation where the second-
order correlation function is only governed by the radiative lifetime 77 and the pumping rate,
the photon statistics under resonant excitation is also governed by the decoherence time T5.
Furthermore, for the specific regime of low excitation powers where so < 1, the second-order
correlation function does not depend anymore on the excitation power (i.e. on Q?) and follows
the simple dependence on 7T} and 75 given by:

1

@yt
g7(r)=1 T

(Tge_T/TQ - Tle_T/T1> (3.25)

In that case, the pronounced dip at zero time delay (¢(*)(0) = 0.3), which is only limited
by the system time response, shows that our system is an efficient single photon source, as
expected in the regime where the resonance fluorescence spectrum is dominated by the RRS
component [22,96].

3.3 The resonant Rayleigh scattering regime

In this chapter, we have seen that the resonant excitation of a single QD in the specific
RRS regime leads to this very peculiar situation where the first-order correlation function of
the radiated electric field has the classical character of the excitation laser, whereas the second-
order correlation function has a quantum nature inherited from the light-matter interaction
at the scale of a single QD [148,149]. In fact, when the resonance fluorescence of a single QD
is dominated by the coherent laser light scattering, anti-bunching is observed together with
a narrow emission spectrum with a smaller linewidth than the one imposed by the radiative
limit. This implies that single QDs can produce single photons with a decoherence time that
is not limited anymore by the QD electronic properties. As a matter of fact, this system
represents an original type of quantum device which emits what we have defined "ultra-
coherent" single photons [24], with a coherence time controlled by the excitation laser and
the photon statistics by the QD electronic properties. From the practical point of view, we
stress that despite a resulting overall collection efficiency of our experimental setup of 0.25 %,
10 000 counts/s were typically detected on each APD when working in the RRS regime. Such
detection levels are comparable to the emission rates measured for QD-based single photon
sources where the photon extraction and collection efficiencies are optimized thanks to quite
complex structures [150].

Nevertheless, an important question is the existence of an upper limit for the RRS fraction
and the corresponding physical parameters conditioning it. From the theoretical study of the
resonance fluorescence of a TLS presented in chapter 1 (section 1.3.2) and the equations (1.24)
and (1.30), the ratio between the RRS contribution (/¢) and the total resonance fluorescence
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Figure 3.10: Ratio between the elastic component and the total resonance fluorescence as a function
of the excitation power given by the saturation parameter sg. This ratio is calculated with the time
constants extracted from the measurements of the g(l) function, 77 = 0.43 & 0.12 ns and T5 =
0.54 £ 0.10 ns. Figure extracted from Ref. [8].

signal (I) is calculated in the stationary regime and results in:

<Iel>:£. 1 :E; (3.26)
<I> 2T1 14+ S0 2T1 1+ QQTlTQ '

In the case of an ideal TLS at the radiative limit, T5 = 277 and the resonance fluorescence
signal is completely dominated by the RRS for excitation powers such as sy < 1. On the
contrary, as soon as pure dephasing appears, leading to 15 < 277, the highest fraction of RRS
in the resonance fluorescence signal is given by T5/277. We conclude that in our system where
T, = 1.46 Ty, the RRS fraction cannot intrinsically exceed 73% of the resonance fluorescence
signal. These properties are illustrated by the theoretical figure 3.10 which displays the
ratio between the elastic component and the total intensity (i.e. the sum of the elastic
and inelastic contributions) as a function of the excitation power given by the saturation
parameter so. The ratio (I) / (I) is calculated with the time constants extracted from the
previous measurements, 17 = 0.43+0.12 ns and 75 = 0.54+£0.10 ns. This study confirms that
the elastic scattering dominates the resonance fluorescence signal below the saturation power
of the TLS, but it also shows that the intensity of the RRS component is intrinsically limited
by the ratio T5/2T). Therefore, even if the photons emitted in the RRS inherit the coherence
of the excitation laser, their proportion will still be limited by the QD decoherence time 75
through the pure dephasing processes, unless the radiative limit 75 = 277 is reached. This
statement is supported by a recent experimental study of the group of B. D. Gerardot [101]
which proves that a dephasing process such as the one induced by the fluctuating nuclear
spins drastically affects the ratio of the RRS component with respect to the total emission.
However, this ratio reaches almost 100% when controlling the fluctuating spins reservoir by
applying a modest magnetic field in the growth direction (<1 T). A closely related study
done in the group of R. Warburton [151] also showed that by controlling the nuclear spin
noise by a magnetic field, the radiative limit can be reached, leading to Fourier transform
limited exciton lines.
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3.4 Conclusion

In this chapter, the specificity of the resonance fluorescence of single QDs has been in-
vestigated by studying the power dependence of the first-order and second-order correlation
functions, which give access to the coherence and the statistic properties of the emitted pho-
tons, respectively. We have shown that the resonance fluorescence signal consists in the
superposition of an inelastic (or incoherent) component which spectrum exhibits the so-called
Mollow triplet with linewidths governed by the coherence of the electronic system, and an elas-
tic (or coherent) component, the RRS, which spectrum is similar to the excitation laser. Both
emission contributions exhibit a sub-poissonian statistics which demonstrate that resonantly-
driven single QDs constitute single photon sources at all excitation powers. In particular, we
have demonstrated that single QDs operated at low power regime (i.e. below the saturation
of the TLS), in the rarely studied RRS regime, are original "ultra-coherent" single photon
sources where the coherence time of the emitted photons largely exceeds the coherence im-
posed by the QD electronic properties since it is tailored by the coherence of the excitation
laser (~ 1 ps). This implies that single QDs can produce single photons with a coherence
time that is not limited anymore by the radiative limit, even though the pure dephasing
still needs to be reduced in order to increase the amount of elastically scattered photons.
This ultra-coherent single photon source promises high degrees of indistinguishability of the
emitted photons which is a crucial requirement for quantum information applications.






Chapter 4

Photon indistinguishability in the
resonant Rayleigh scattering regime

In this chapter, we present an experimental study of the indistinguishability of the photons
emitted by a single quantum dot (QD) under cw resonant excitation. Single semiconductor
QDs under resonant excitation [18,101,152,153], along with other systems under extensive
study including atoms [154], molecules [155, 156], trapped ions [157]|, and colored centers
in diamond [158], are in fact promising candidates for sources of single indistinguishable
photons. However, photon indistinguishability is either limited by the QD dynamics under
pulsed excitation [159], or by the detectors’ temporal resolution under cw excitation [160-
162]. Here, we focus on the photon indistinguishability of the ultra-coherent single photon
source presented in chapter 3 where the scattered photons inherit the coherence time of the
excitation laser T, which can be much longer than 75 and the detectors’ time response
TR, while still exhibiting sub-Poissonian statistics. Considering the Mandel’s notion that
coherence equals indistinguishability [163], the resonant Rayleigh scattering (RRS) regime
constitutes thus the ideal ground for the generation of highly indistinguishable photons. We
first describe the Hong-Ou-Mandel (HOM) two-photon interference setup that was used and
we introduce the intensity correlation function that was experimentally investigated as a
function of the power and the coherence time of the excitation laser. After detailing the
main fundamental differences between an HOM experiment performed under pulsed or cw
excitation, we define a new figure of merit, the coalescence time window (CTW), which
allows taking into account the nature and the operation mode of a single photon source when
characterizing the indistinguishability of the emitted photons. The power dependence of this
new quantity is measured in order to characterize the photon indistinguishability of the QD
resonance fluorescence in the elastic and inelastic regimes and its dependence as a function of
the laser coherence time is also investigated in the RRS regime where the photon coherence
time is governed by the laser.

4.1 Two-photon interference experiment

4.1.1 Hong-Ou-Mandel interferometer

The photon indistinguishability of a single photon source is investigated using the coales-
cence phenomenon where two photons with similar spectral, spatial and polarization proper-
ties bunch when arriving simultaneously on two opposite sides of a beamsplitter. This effect
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was first experimentally demonstrated by Hong, Ou and Mandel [164] where the photons from
two parametric sources were combined at the two inputs of a beamsplitter and the coalescence
was detected through a drop of the coincidence rate at the outputs when adjusting precisely
the position of the beamsplitter — this is the so-called HOM dip. In the case of a single
photon source, this experiment can be reproduced with the use of a strongly unbalanced
Mach-Zehnder interferometer where the delay between the two arms is longer than the coher-
ence time of the light source in order to ensure that the incident fields on the beamsplitter
remain independent for small time delays compared to the interferometer delay [162].

As illustrated in figure 4.1, the QD resonance fluorescence is sent to a Mach-Zehnder
interferometer which is used as an HOM interferometer. In order to prevent fictitious anti-
coincidences from one-photon interference when performing two-photon interference in the
RRS regime, the paths difference in the HOM interferometer must be larger than the photon
coherence time, and thus larger than the laser coherence time 7'1,. This is ensured using optical
fibers to reach an interferometer delay A7 = 43.5 ns. Moreover, a half-wave plate in one of
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Figure 4.1: Unbalanced Mach-Zehnder interferometer for Hong-Ou-Mandel (HOM) two-photon in-
terference measurements. The QD emission is split by a first beam splitter (BSa) in two paths of
different lengths and recombined at a second one (BSg). Single mode polarization maintaining fibers
ensure high spatial overlap at BSg and a half-wave plate A\/2 controls the mutual polarization be-
tween the two interferometer arms. Photodetection is monitored by two avalanche photodiodes (APD)
placed at the BSg outputs, combined with spectrometers for spectral filtering and a correlator for the
intensity correlation function measurements. Inset: sketch of the orthogonal excitation-detection ge-
ometry where a QD is excited via a fiber positioned at the edge of the sample while its emission is
collected by a microscope objective in an orthogonal configuration (see chapter 2 for more details).
Figure extracted from Ref. [25].
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the arms is used to change the polarization. This allows us to make the polarization parallel
or orthogonal between the two arms, thus establishing or destroying the interferences at the
output of the interferometer, respectively. Photodetection performed at the two outputs of
the second beamsplitter allows us to measure, in each polarization configuration, the intensity

correlation function g®*®(7), where 7 is the delay between two consecutive detections on the
APDs.

4.1.2 Theoretical intensity correlation function

In order to calculate the theoretical intensity correlation function that is measured in such
an experimental setup!, one has first to consider the electric field detected at times ¢; and to
on each APD at positions 1 and 79, as a function of the incident electric field emitted at time
to by the source at position ry. This implies taking into account the amplitude reflection and
transmission coefficients of the two beamsplitters (14 (gy and ¢ (g) for BSy (gy) when applying
the input/output relations at each beamsplitters [165], the propagation times between each
optical element, and the relative polarization of the light between the two arms? (in the
general case, the polarization in the short arm is taken along the x axis while the polarization
in the long arm is rotated by an angle ¢ with respect to the x axis). When considering all
the possible polarization configurations, the non-normalized intensity correlation function is
written as:

G = Y <E§*>(r17tl)E](*)(rQ,tz)E](*)(rQ,tz)E§+)(r1,t1)>
i,j={z,y}

= > (BEO@L0E (ot + DB (ot 4+ 1) B (r1,1))
i.j={z.y}

(4.1)

where ¢ (t 4 7) is the time delay between the detection time ¢; (¢2) and the propagation time
of an emitted photon through the short arm of the interferometer (7 is thus the time delay
between the propagation times from the BSg outputs to each APD), and E (&) are the electric
field operators such as:

E®(r1,t1) = tatg B (ro, 1)@, — rarg B (1o, t — AT)(cos ¢ €, + sin ¢ &,) (4.2a)
EF) (rg,ty) = itarg E) (1o, t + 7)&y + iratg B (ro, t + 7 — AT)(cos ¢ & + sing €,) (4.2b)

A set of 16 terms is obtained after injecting the components E, and F, of the electric field in
equation (4.1). More specifically, the terms corresponding to the two-photon interferences are
asymmetrical correlators where at least three different times appear. For a strong unbalanced
HOM interferometer, the electric field operators at a time delayed by A7 are independent and
can be separated so that most of these asymmetrical correlators are equal to zero. Therefore,
the only asymmetrical correlator related to the two-photon interference phenomenon (along
with its complex conjugate) is:

(EOWEO (t+ 71— AT)ED(t+ 1) ED (¢ - Ar))

- <E(’)(t)E(+) (t+ T)> <E<+> (t = ANEO (t 47— Ar)) = ’G(l) (T)‘Q

(4.3)

' A detailed calculation of the intensity correlation function g**(7) can be found in Ref. [8].
2The method used to take into account the polarization in this calculation is similar to the one used in
Ref. [166].
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The normalization of the G®® function (where G (A7) = 0) leads to the following intensity
correlation function:

1
g (1) = D RpTs(T3 + R3)g@ (1)
+ RATATég(Q)(T — A7)+ RATAR]QSQ(Q)(T + AT)
—2RATARpTj cos’ ¢ | g(l)(7)|2} (4.4)

where D = RA\Tx(R% + T2) + RpTs(R3 + T3) is a normalizing factor, Rx ) and Ty (g) are
the reflection and transmission intensity coefficients of the beam splitters BS, () respectively,
and ¢ is the angle between the polarizations in each arm of the interferometer. The related
coefficient cos? ¢, which reflects the polarization mismatch between the two arms of the in-
terferometer, can be generalized and replaced by a more general experimental parameter Vj
which takes into account all the experimental imperfections that destroy the overlap in space
or polarization of the two beams at BSg.

The theoretical ¢g*(7) function that is used to fit the experimental data is then written
as:

1
9™(r) = - [ReTo(T} + RR)g (7)
+ RATATég(Q)(T —AT) + RATAR%Q(Q)(T + AT)
—2RATARpTs V0| g(l)(7)|2} (4.5)
In the case of ideal experimental conditions where Rap = Tap = 1/2 and Vp = 1 and
0 in the parallel and orthogonal polarization configurations, respectively, the intensity cor-

%) and gfx> in the parallel and orthogonal polarization configurations,
respectively, get simplified to:

A

relation functions g

1 1 1 1
X))y _ 1 (2 2@ 2@ — 2 W) [2
9) (1) = 19 (T+ A7)+ i (tr— A7)+ 59 (1) 5 |g (T)| (4.6a)
1 1 1
g7 (1) = 19P (7 + A7) + 1gP (7 — A7) + SgP(r) (4.6D)

Both equations (4.6a) and (4.6b) depend on the second-order correlation function g (7),
which is related to the photon emission statistics of the source, while the first-order correlation
function ¢™)(7), which is linked to the coherence of the two-level system (TLS), appears only
in equation (4.6a) as part of the two-photon interference term. This already highlights that
coherence and coalescence are dual notions [163, 167|, as further investigated in the next
section. Moreover, because both g(l) and g(2) depend on the QD time constants 77 and 75,
while the laser coherence time 77, appears in g(!) (see chapters 1 and 3), we expect that the
dynamics of ¢% and gfx> are significantly different from the non-resonant case [160, 161].
This statement will be further experimentally investigated in the next section, but this specific

dynamics can already be observed in figure 4.2 which displays the theoretical functions g(//ZX) (1)
(2X)

and g, (7) in the case of a resonantly excited QD with 75 = 277, in the RRS regime (i.e.
so < 1). Here, the laser coherence time is set to 7', = 8077 and the interferometer delay to
AT = 200T.
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Figure 4.2: Theoretical functions g, (1) (blue) and g™ (7) (red) for a resonantly-driven QD in
the resonant Rayleigh scattering regime (i.e. sg < 1), with Ty = 2T, T, = 807} and A7 = 2007;.
At on the figure corresponds to A7 in the text. Figure extracted from Ref. [8].

On the one hand, the theoretical function gfx), which only depends on the ¢(®) function
(see Eq. (4.6b)), presents three antibunching dips at 7 = —A7, 7 = 0 and 7 = +Ar, labeled
B1, A and B2, respectively, with widths governed by both T} and T5 under resonant excitation.
The central dip corresponds to the case where two photons propagated through the same
paths of the interferometer (short-short or long-long), similarly to a Hanbury Brown and
Twiss (HBT) experiment, whereas the side dips corresponds to the case where two photons
propagated through two different paths (long-short for dip B1 and short-long for dip B2). In
case of an ideal single photon source, the dips values are given by the paths probabilities, and
g7 (£AT) = 1/4 and ¢ (0) = 1/2 for perfectly equilibrated beamsplitters.

On the other hand, the theoretical function g(/fx), which not only depends on ¢ but also

on gV (see Eq. (4.6a)), shows first the same antibunching side dips related to the single photon
emission property as in the orthogonal configuration. Then, a totally different dip at 7 =0
can be observed, with g;/QX)(O) = 0 and a much larger width, due to the interferences between
two photons impinging, at the same time, each input of the beamsplitter BSg. In particular,
this additional component in this HOM dip presents a time dependence of 1 — e~ 27/TL which
is directly linked to the first-order correlation function of a resonantly-driven TLS at the
radiative limit in the RRS regime, g(1(7) oc e 7/T% (see chapter 3, Eq. (3.6)). Moreover, we
stress that the value g% (0) < 0.5 (g;/QX)(O) = 0 for the ideal case) can only be reached for a
source of single indistinguishable photons. In fact, the same study with a laser would lead to
a value g}fx)(O) > 0.5 (g<//2x>(0) = 0.5 for an ideal interferometer).
In the following, the visibility of the two-photon interference experiment that is commonly
defined as [18,152,160]:
(@X) () _ g% (1
Viiow (7) = 9 ( ()QX) 9y (1) (4.7)
91 (1)
is also studied. Within this definition, the HOM visibility, Vigowm, allows evaluating the
contribution of the two-photon interferences in the HOM dip, knowing that the source emits
antibunched photons. That is why this function is commonly used to estimate the degree of
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photon indistinguishability of a single photon source. An example of the theoretical visibility
calculated for the resonantly excited QD with To = 277, in the RRS regime is presented in
figure 4.3. Here, for 7 = 1077, the HOM visibility shows the long time dependence of time
constant 7,/2 related to the two-photon interference contribution, along with the narrow
component related to the emission statistics, for 7 < 1077. Moreover, in the ideal case of a
radiatively-limited QD and a perfect interferometer, a maximum contrast is reached at zero
delay and Vizom(0) = 1.
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Figure 4.3: Theoretical HOM visibility Viiom(7) for a resonantly-driven QD in the resonant Rayleigh
scattering regime (i.e. so < 1), with Ty, = 27, T, = 807y and A7 = 2007;. Figure extracted from
Ref. [8].

4.2 Photon indistinguishability under resonant excitation

The indistinguishability of the photons emitted by a single QD under cw resonant excita-
tion is studied as a function of the excitation power in order to assess both elastic and inelastic
scattering regimes. Figure 4.4 presents intensity correlation measurements realized with the
HOM setup with parallel and orthogonal polarization configurations, at three excitation pow-
ers close to saturation, and 7'r, = 16 ns. The experimental data are normalized and fitted by
the theoretical intensity correlation function g* given by equation (4.5) after its convolution
with the Instrument Response Function (IRF) of the HOM setup (here, the detectors’s time
response is characterized by Tr = 1 ns). The fitting procedure only concerns the coefficient
Vb, the conversion coefficient between the excitation power and the Rabi pulsation €2, and the
contribution of the coherent parasitic laser background that has been introduced in chapter
3. We stress that the same set of parameters has been used for every fit: Rjp) = 0.45
and Ty gy = 0.55; T1 = 0.37 ns and T3 = 0.54 ns; A7 = 43.5 ns. Regarding Vp, its value
is Vp = 0.80 (0.14) for parallel (orthogonal) polarization. The discrepancy between these
extracted values and the theoretical ones [Vp = 1(0) for parallel (orthogonal) polarization]
comes from the spatial mode mismatch and the non perfect degree of mutual polarizations
between the interfering photons. These are mostly due to the use in the experimental setup
of combined free space and fibered optics, non polarizing beamsplitters which introduce a



4.2 Photon indistinguishability under resonant excitation

69

small polarization ellipticity, and the gratings of the spectrometers which have a polarization
response that partly reestablishes interferences in the orthogonal configuration.
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Figure 4.4: HOM two-photon interference measurements for parallel (/) and orthogonal (L) polar-

ization configurations for three excitation powers corresponding to so = 2.64, 0.57 and 0.09. Upper
panels: intensity correlation functions g;X) and gfx> as a function of the delay 7 fitted by equation

(4.5) with V5 = 0.80 and V = 0.14, respectively. The other parameters are set to T3 = 0.37 ns,
To = 0.54 ns, Ry = Rg = 045, Ta = T = 0.55, and A7 = 43.5 ns. Lower panels: two-photon
interference visibilities Vizom deduced from the experimental data (dots) and fitted (line) by equation
(4.7). All the fits take into account the coherent parasitic laser background and are convoluted by the
Instrument Response Function (IRF). Figure extracted from Ref. [8].

In the orthogonal polarization configuration (second line of the upper panels), as ex-
plained in the previous section, no interference is expected and the measured gfx) function is
related to the statistical properties of the single photon source when light is sent through the
Mach-Zehnder interferometer. Compared to an HBT experiment, additional antibunching
dips shifted by the interferometer paths difference are observed at 7 = A7 with a slight
amplitudes difference due to the non equilibrated beamsplitters. Here, the three measured
dip values, which are resolution limited, are determined by the QD intrinsic times 77 and
T5. Moreover, at high power, the QD undergoes Rabi oscillations that cannot be resolved
with the present setup, inducing a narrowing of the antibunching dips [22] and thus a strong
reduction of their visibility for the given Tg.

In the parallel polarization configuration (first line of the upper panels), in addition to
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the contribution of the photon statistics, a component due to photon coalescence is observed
on the central dip. Furthermore, when focusing on the dip at zero delay, two dynamics can
be distinguished at low power: a fast one at 7 < Ty characterized by the intrinsic QD time
constants T and T5, which reflects the photon statistics and the coalescence of the inelastically
scattered photons; and a much slower one characterized by half the coherence time of the
excitation laser T',/2, which is directly linked to the coalescence of the elastically scattered
photons. The two-photon interference measurements performed in the RRS regime thus also
exhibit very clearly the two time scales linked to the elastic and inelastic components of the
resonance fluorescence as already observed in the measurements of the first-order correlation
function g" (see chapter 3). Therefore, these results constitute a clear demonstration of
the direct link between the additional coalescence component and the g(l) function, and
thus the coherence of the emitted photons. Studying the photon indistinguishability in the
particular RRS regime provides a straightforward evidence of Mandel’s notion regarding the
duality between coherence and indistinguishability [163], which cannot be observed in more
conventional excitation regimes such as non-resonant excitation or resonant excitation above
saturation. In fact, at high power, as the ratio of the elastically scattered photons drops, the
long time component gets notably attenuated. The contributions of the statistics and the
coalescence of the inelastically scattered photons then becomes difficult to discriminate in the
central component because the same time constants are involved. The difference can only be
observed in the values of g<//2X> and gfx) at zero delay: for example at sy = 2.64, g;/zx)(O) = 0.57

and ¢{™(0) = 0.72 while the FWHM equals 1.1 ns for both functions.
All these properties are also observed in the visibility of the two-photon interference exper-
iment, Viom(7), that is deduced from the measurements of the intensity correlation functions
(2X) (2x)

9y (1) and ¢"’(7), and presented in figure 4.4 (lower panels). The data are fitted by

equation (4.7) with the same set of parameters used for the ¢g®* functions, where only the
coefficients V and sy are adjusted. As it is commonly done, the value at zero delay of the
visibility, Vigom(0), can be used to characterize the degree of photon indistinguishability of
our single photon source. Within such a figure of merit, as shown by the power dependence
of Viiom(0) in figure 4.5, the maximum degree of photon indistinguishability of our "ultra-
coherent" single photon source reaches 0.49 + 0.06 for sg = 0.09 in the RRS regime, while the
photon indistinguishability drastically decreases above saturation with Vionm(0) = 0.1440.03
at sp = 3.4. As expected, we note that the maximum visibility of 0.49 is well above the vis-
ibilities measured for QDs under cw non-resonant excitation (Viom(0) = 0.33) [160, 161]
thanks to the minimization of the pure dephasing processes under resonant excitation leading
to a longer decoherence time. However, the maximum visibility measured in our system is
comparable to the ones measured for other cw resonantly-driven single QDs below saturation
(Viiom(0) = 0.44) [168], with the exception of a study of P. Michler’s group [18], where the
HOM visibility reaches 0.60 at 7 = 0 because of the longer time constants 77 and 75 at stake.
Nevertheless, in every configurations, the HOM visibility at 7 = 0 is mostly limited by the
finite time response of the detectors since the non convoluted visibilities can reach values as
high as ~ 0.90 at 7 = 0 [18,161], the remaining limitation being only the imperfections of the
interferometer alignment given by the parameter V4.

This statement is further illustrated by the figure 4.5 where the non convoluted value of
Viiom(0) (dashed line) reaches 0.75 in our case  and does not depend on the excitation power.
It appears then that the QD time constants and the coherence time of the emitted photons

3The lower value of Viiom(0) is due to the tricky alignment of our long delayed HOM interferometer.
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play only an indirect role in the value of Vizom(0) and, therefore, to the estimation of the
degree of photon indistinguishability of a single photon source. In this context, we assume
that a more appropriate figure of merit needs to be defined in order to fully characterize the
photon indistinguishability of a cw single photon source.
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Figure 4.5: Power dependence of the Hong-Ou-Mandel (HOM) two-photon interference visibility,
Viom (7 = 0). The experimental data (dots) and the fit (solid line), convoluted by the Instrument
Response Function (IRF), are displayed as a function of the saturation parameter sg. The correspond-
ing non convoluted values of Vizom(7 = 0) are also presented (dashed line). Figure extracted from
Ref. [§].

4.3 The coalescence time window

The interpretation of an HOM two-photon interference experiment and thus the estimation
of the photon indistinguishability are fundamentally different when considering a pulsed or a
cw excitation. This statement is first discussed in order then to define a new figure of merit
which better takes into account the nature and the operation mode of a single photon source
when characterizing the indistinguishability of the emitted photons.

On the one hand, under pulsed excitation, the experiment which is schematized in figure
4.6 (left panel) consists in adjusting the interferometer delay (2 ns in that case) in order to
perfectly match the arrival times on the second beamsplitter of two consecutive photons. The
coincidences rate is then measured at the outputs of the beamsplitter and a vanishing value
due to the coalescence phenomenon, and therefore a maximum of the two-photon interference
visibility, is expected for indistinguishable photons. An example of the first result of an HOM
experiment performed under non-resonant pulsed excitation in QDs [16] is presented in figure
4.6 (right panel). This study shows that the minimum coincidence rate is limited by the
fluctuations of the QD emission energy due to pure dephasing. The time constants of the
QD, T, and T, are then tightly linked to the photon indistinguishability and the ratio T5 /27T
corresponding to the overlap probability of two consecutive photons constitutes a fundamental
limit to the coalescence efficiency [159]. Consequently, the value of the two-photon interference
visibility at zero time delay directly gives the degree of photon indistinguishability which is
maximum when the radiative limit Ty = 277 is reached.
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Figure 4.6: Left panel: Scheme of a Hong-Ou-Mandel (HOM) interferometer in case of a pulsed
excitation. The delay between the two arms is variable and the number of coincidences between the
two photodetectors D and Ds is measured (At on the figure corresponds to A7 in the text). Right
panel: Probability of coincidences as a function of the interferometer delay for a single QD under
non-resonant pulsed excitation [16].

On the other hand, as depicted in figure 4.7 (left panel), for a cw excitation, a continuous
stream of photons is sent to the HOM interferometer where both mirrors are fixed, and the
second-order correlation function g®® is directly measured as a function of the electronic
delay between the detection times at the photodetectors. An example of a result obtained
under cw non-resonant excitation in single QDs is presented in figure 4.7 (right panel). The
HOM dip that is observed at zero time delay in the correlation function ¢'7* reflects the
coalescence phenomenon of indistinguishable photons and its value is used for assessing the
degree of photon indistinguishability. However, the ratio T5 /2T has no direct influence on the
value of g(gx)(O) since no time synchronization is required, but it governs the temporal width
of the HOM dip. These properties constitute the main difference with the pulsed excitation
configuration. In the case of real detectors, the HOM dip is in fact properly resolved only
if the temporal resolution of the detectors Tr is shorter than the coherence time of the
photons [169]. If Tg ~ T, T, the HOM dip is strongly affected and will disappear completely
in the limit of very slow detectors. On the contrary, with two ideal ultrafast detectors, the
coincidence rate always vanishes at zero time delay, even for deviations in the properties of the
photons [154]. Consequently, under cw excitation, the value at zero delay of the coincidence
rate is very sensitive to Tr and does not accurately characterize the intrinsic properties of the
source with regard to photon indistinguishability. Moreover, as usual, the convolution of the
measurements with the time response of the setup couple both the value at zero delay and
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Figure 4.7: Left panel: Scheme of a Hong-Ou-Mandel (HOM) interferometer in case of a cw excita-
tion. The delay between the two arms At is fixed and set to be longer than the coherence time of the
source T'c (At on the figure corresponds to A7 in the text). The temporal delay T = ¢ — t; between
two detections is measured. Right panel: Intensity correlation function ¢ (7) as a function of the
delay 7 for a single QD under cw non-resonant excitation [160].
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the temporal width of the correlation function, which becomes problematic when longer time
constants are involved like in the RRS regime.

From a general point of view, we conclude that another figure of merit should be considered
to fully characterize the degree of indistinguishability of a cw source. In fact, as far as the
resonance fluorescence of a TLS is concerned, a more appropriate figure of merit must be
defined in order to give a comprehensive insight of photon indistinguishability on both low
and high power regimes. More specifically, in the RRS regime, the long coherence time of
the elastically scattered photons along with the visibility of the two-photon interference at
7 = 0 have to be taken into account in the estimation of the photon indistinguishability. In
this context, the time integration of the visibility curve, or what we call the coalescence time
window (CTW), is used under cw excitation in order to investigate the temporal behavior
of the coalescence efficiency. As an example, the CTW is directly linked to the width of
the visibility curve when only one time constant is involved, whereas the CTW is equal
to a weighted average time which takes into account all the temporal components of the
coalescence dynamics when different time constants are involved. Therefore, the temporal
dynamics of the photon coalescence phenomenon can be experimentally investigated by the
CTW which quantifies the time window in which two-photon interference is observed, while
being independent of Tg.

O.I L Ll L Ll L L1l

10° 10" 10° 10'
Saturation parameter So

Figure 4.8: Coalescence time window (CTW) deduced from the experimental (dots) and theoretical
(line) visibilities Vigom presented in figure 4.4 as a function of the saturation parameter sg. The laser
coherence time is T, = 16 ns - Figure extracted from Ref. [8].

Applying this method to the set of power measurements presented in figure 4.4 allows
us to get a comprehensive study of the power dependence of the CTW and therefore of
the indistinguishability of the photons emitted by the resonantly-driven QD. The results
are shown in figure 4.8 where the CTW is deduced from the experimental and theoretical
visibilities Viiom. At low power (below saturation), it can be as large as 4 ns due to the long
coherence of the photons inherited from the excitation laser in the RRS regime. The upper
limit of the CTW at low power regime is thus related to the coherence time of the excitation
laser, but we stress that the CTW is also limited by the coefficient V{y and, as it is the case
for the fraction of the elastically scattered photons in the resonance fluorescence signal, by
the ratio T5/2T7. In fact, in the ideal case where the radiative limit is reached and the HOM
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setup is perfectly aligned with V, y = 1 and Vj 1 = 0, the theoretical CTW equals 8.5 ns,
which is slightly larger than 7', /2 (the excess is linked to the single photon statistic property
of the source). When the power increases, the CTW is drastically reduced and goes below
1 ns above the saturation power. In this regime, the QD emission mostly originates from
inelastic scattering, governed by the intrinsic time constants 77 and 75 which are of the order
of Tr. As a comparison, the CTW calculated for a non-resonantly excited QD with the same
time constants 77 and T, equals 0.15 ns, similarly to the one measured at high power (i.e.
0.4 ns at s9 = 5). Here, we conclude that photon coalescence can occur for time delays up to
4 times the temporal resolution of the detectors when the QD is operated in the RRS regime
(with T, = 16 ns), thanks to the slow dynamics achievable in this particular regime.

4.4 Control of the coalescence time window
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Figure 4.9: Hong-Ou-Mandel (HOM) two-photon interference measurements in the resonant
Rayleigh scattering regime (i.e. so = 0.17) for parallel (/) and orthogonal (L) polarization configura-
tions for three laser coherence times 71, = 9.8 ns, 18.2 ns and 43.8 ns. Upper panels: intensity corre-
lation functions g(/fx) and gfx) as a function of the delay 7 fitted by equation (4.5), with V; , = 0.80
and V.1 = 0. The other parameters are set to 17 = 0.37 ns, 1o = 0.54 ns, Ry = Rp = 0.45,
Ta =T = 0.55, and A7 = 43.5 ns. Lower panels: two-photon interference visibilities Vgom deduced
from the experimental data (dots) and fitted (line) by equation (4.7). All the fits take into account the
coherent parasitic laser background and are convoluted by the Instrument Response Function (IRF).

Figure extracted from Ref. [8].
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As presented in chapter 3, the photons emitted by the single QD in the RRS inherits
the coherence of the excitation laser while still being antibunched. In this context, we have

studied the dependence of the photon indistinguishability with the coherence time of the laser
T1,, when the QD is operated in the RRS.

CTW (ns)

0 1 1 1 1 1 1

0O 10 20 30 40 50 60 70
Laser coherence time T (ns)

Figure 4.10: Coalescence time window (CTW) deduced from the experimental (dots) and theoretical
(line) visibilities Vizom presented in figure 4.9 as a function of the laser coherence time T,. Figure
extracted from Ref. [8].

Figure 4.9 presents intensity correlation measurements realized with the HOM setup in
the parallel and orthogonal polarization configurations, at low excitation powers (sg = 0.17)
for three laser coherence times. The correlation function ¢* (upper panels) is shown as
a function of the delay 7 in each polarization configuration along with the corresponding
two-photon interference visibility Viiom (lower panels). The experimental conditions set the
reachable range of T, between 9.8 ns due to the limitations of the diode laser and 43.5 ns im-
posed by the interferometer delay A7. At a given excitation power, the ratio of the elastically
scattered photons remains constant (Igrrs/I ~ 70%), and the increase of T, is directly re-
flected on the slow component observed on the intensity correlation functions ¢ and on the
visibilities. However, the modification of the laser coherence time hardly affects the visibility
at zero delay since the contribution of the elastically scattered photons is here well resolved
by the time response of the HOM setup. We note that this observation also shows that the
value of Vigom(0) is not sufficient to fully characterize the photon indistinguishability of a cw
single photon source operated in the RRS regime.

The experimental CTWs that are deduced from the previous results are presented as a
function of T, in figure 4.10 along with the corresponding theoretical fit. In the RRS regime,
the CTW is mostly linear with the laser coherence time with a small deviation at T, = 43.8 ns
where the model is not valid anymore (as seen in section 4.1, the interferometer delay must
be longer than the laser coherence time). This linear dependance reflects that the CTW is
mostly governed by the laser coherence time at low power regime since 17, defines the main
part of the area of the visibility curve. This leads to a CTW which can reach up to 8 ns
with the current setup. This result has to be compared to the CTW of 0.15 ns that would be
reached for a non-resonantly excited QD, or to the CTW of 0.4 ns measured for a resonantly
driven QD at high power (above saturation). Moreover, the ratio T»/27) here only gives the
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proportion of elastically scattered photons and does not limit intrinsically the CTW in the
RRS regime. Therefore, these results show that highly indistinguishable single photons can be
generated by a cw resonantly driven QD operated in the RRS regime since the CTW is limited
neither by the intrinsic QD time constants nor Tg, and the higher the laser coherence time,
the higher the CTW. The CTW fully characterizes the photon temporal indistinguishability
of a cw single photon source, particularly in the RRS regime where photon coherence times
are much longer than the temporal resolution of the detectors. Finally, this result not only
demonstrates that coherence and indistinguishability are entwined, but also that the RRS
regime allows for an unprecedented level of control of photon indistinguishability.

4.5 Conclusion

In this chapter, the generation of highly indistinguishable single photons from a cw res-
onantly driven QD operated in the RRS regime has been presented. In this regime, as the
excitation laser drives the photon coherence time beyond the intrinsic properties of the TLS,
the temporal dynamics of the photon coalescence phenomenon can be experimentally investi-
gated. In fact, HOM two-photon experiments have shown that the photon indistinguishability
can be extended to unprecedented levels and driven externally by the excitation laser which
thus becomes a free controllable parameter of the device. An appropriate figure of merit, the
coalescence time window (CTW), has been defined in order to quantify the time window in
which two-photon coalescence is observed. This criterion sheds new light on the interpretation
of HOM experiments under cw excitation of any TLS, which was traditionally restricted to
the evaluation of the two-photon interference visibility at zero delay. This CTW then fully
characterizes the photon temporal indistinguishability of a cw single photon source, partic-
ularly in the RRS regime where photon coherence times are much longer than the temporal
resolution of the detectors. In our system, the CTW can be as large as 8ns in the present
setup. Our results also highlight the duality between coherence and indistinguishability, first
suggested by Mandel [163], and provide a novel way of conducting quantum optics experiments
by overcoming the limited response function of the detectors.



Conclusion

This manuscript has presented our contributions in the field of the resonance fluorescence
of single semiconductor quantum dots (QD) for the generation of indistinguishable photons.
At the beginning of our project, we showed that the experimental studies performed at low
temperature (7' = 10 K) of the optical properties of single QDs under strictly resonant
excitation could be strongly limited, even impossible, since most of the QDs show a very
strong quenching of the resonance fluorescence at the energy of the neutral exciton. This
broadly met experimental situation is problematic for quantum optics experiments with single
QDs, and more generally for the development of efficient QD-based single photon sources, but
we proposed an efficient way to overcome this issue based on the use of an ultra-weak non-
resonant laser that optically gates the QDs resonant response. The different capture and
escape processes, that are induced by the optical gate in an unprecedented explored regime
of ultra-slow dynamics, result in the photo-neutralization of the QDs charge state and in a
complete recovery of the properties of an artificial atom. Nevertheless, the single QDs still
behave as non ideal two-level systems (TLS) since the residual doping in the vicinity of the
QDs prevents the radiative limit To = 277 to be reached. As a consequence, even if the
resonant excitation configuration already allows to greatly reduce the interactions of the QDs
with their electrostatic environment, a better control of the residual doping remains necessary.

Meanwhile, we proposed an original type of single photon source based on the coherent
laser light scattering by a single semiconductor QD, better known as the resonant Rayleigh
scattering (RRS), which dominates the resonance fluorescence signal at low power. Besides the
antibunching effect showing the non-classical nature of the emitted light in such configuration,
the QD emission spectrum is determined by the spectrum of the resonant excitation laser.
This leads to the striking feature where single photons are emitted within a narrower spectral
linewidth than the one imposed by the radiative limit, resulting in what we called an "ultra-
coherent" single photon emission. A direct consequence of such behavior is the emission of
highly indistinguishable photons. This statement was demonstrated in a two-photon interfer-
ence experiment performed in the RRS regime, by investigating the coalescence time window
(CTW) — a new criterium which fully characterizes the photon temporal indistinguishability
of a cw single photon source by quantifying the time window in which two consecutive photons
remain indistinguishable. Even if the ratio T5/277 still governs the fraction of RRS, contrary
to the more conventional non-resonant excitation or high power resonant excitation configura-
tions, the radiative limit imposed by the QD electronic properties does not rule anymore the
degree of indistinguishability of the emitted photons in the RRS regime. Furthermore, our
"ultra-coherent" single photon source opens the way for integrated quantum devices where
the generation of indistinguishable single photons is tailored by the excitation laser source
since the latter acts as a free tuning parameter of the coherence of the emitted photons.

Concerning the perspectives of such "ultra-coherent" single photon source, the new degree

7
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Conclusion

of freedom on the coherence and thus the indistinguishability of the emitted photons could
promote conducting quantum optics with conventional detectors, and circumvent what con-
stitutes one of the main limitations for manipulating indistinguishable photons generated by
a solid state cw light source. As the CTW in the RRS regime exceeds the temporal resolution
of regular detectors, a precise timing of the photons could be ensured without using narrow
spectral filters or superconducting detectors [170], which would then allow implementing time
entanglement of photon pairs by the mean of a Franson interferometer [170-172].

The recent work of the group of M. Atatiire on the generation of quadrature squeezed
photons by coherently-driven single QDs operated in the RRS regime [173], based on intensity-
field correlations measurements [174-177|, also shows that a solid state TLS in interaction with
a weak resonant light field could play a new role in quantum optics applications such as the
development of integrated low quantum noise light sources for interferometry measurements.

Another recent study done in the groups of D. A. Ritchie and A. J. Shields showed that
the nonlinear interaction between the coherently scattered light from a single QD and the
non-interacted photons of the resonant laser can also be exploited to realize "a photon-sorter"
in terms of photon number and polarization [178|. It shows that such "ultra-coherent" single
photon source can generate strongly correlated photons without requiring strong coupling or
intense optical fields.

To conclude, from a more general applicative point of view, a huge effort is actually
made in the development of a new generation of QD-based devices, integrating electrically-
controlled single photon sources [136], beamsplitters [179] and photodetectors [180], for on-chip
quantum optics experiments [105,181-184| at a larger scale. This field of research relies on
the fabrication of more and more complex structures which elaboration still benefits from the
deep understanding of the fundamental phenomenons that govern the physics of semiconductor

QDs.
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La fluorescence de résonance des boites quantiques semiconductrices pour
la génération de photons indiscernables

Les boites quantiques uniques de semiconducteurs, qui sont considérées comme des
systtmes a deux niveaux dans le modele de I'atome artificiel, sont des structures
prometteuses pour la réalisation de dispositifs intégrés tels que des sources de photons
uniques pour des applications en information quantique. Cependant, contrairement a de
véritables atomes, ce sont des systémes de matiere condensée qui souffrent du couplage a
leur environnement solide, conduisant a une dégradation de la cohérence des photons émis.
Une fagon d’éviter ce couplage, et ainsi d’améliorer la cohérence des photons jusqu’a celle
imposée par la limite radiative T2=2T1, est d’exciter une boite quantique strictement a la
résonance a basse température. A I’'aide d’un montage expérimental permettant de découpler
spatialement les chemins d’excitation et de détection, nous avons montré qu’un controle fin de
I’environnement électrostatique lié au dopage résiduel de ces nanostructures reste néanmoins
un enjeu majeur pour répondre au probleme largement rencontré de ['inhibition de la
fluorescence de résonance des boites quantiques. Parallelement, grace a des expériences
d’optique quantique et de spectroscopie optique de haute résolution, nous avons montré que
le régime de diffusion Rayleigh résonnante, ou les boites quantiques émettent des photons
uniques ayant le temps de cohérence du laser d’excitation, constitue une voie originale pour
I’élaboration de sources "ultra-cohérentes" de photons uniques présentant de forts degrés
d’indiscernabilité. Dans ce régime ou le laser controle la cohérence des photons et ou la limite
radiative devient alors une contrainte secondaire, deux photons émis successivement par une
méme boite quantique restent indiscernables sur des échelles de temps jamais obtenues
auparavant pour un nano-émetteur solide (jusqu’a une dizaine de nanosecondes, a comparer
aux temps de vie et de décohérence des porteurs dans une boite quantique de I'ordre de la
centaine de picosecondes).

Mots-clés: boites quantiques, systéme a deux niveaux, limite radiative, fluorescence de
résonance, diffusion Rayleigh résonnante, photons uniques, photons indiscernables.

The resonance fluorescence of single semiconductor quantum dots for the
generation of indistinguishable photons

Single semiconductor quantum dots, which are considered as two-level systems in the artificial
atom model, are promising structures for the realization of integrated devices such as single
photon sources for quantum information applications. However, contrary to genuine atoms,
they are condensed matter systems which suffer from the coupling to their solid environment,
leading to a degradation of the coherence of the emitted photons. One possibility to avoid this
coupling, thereby improving the coherence of the photons until the one imposed by the
radiative limit T2 = 2T1, is to perform strictly resonant excitation of a quantum dot at low
temperature. Using an experimental setup that spatially decouples the excitation and detection
paths, we showed that a fine control of the electrostatic environment related to the
nanostructures residual doping remains a major challenge to answer the widely encountered
problem of the inhibition of the resonance fluorescence of a quantum dot. Meanwhile, thanks
to quantum optics experiments and high resolution optical spectroscopy, we demonstrated
that the resonant Rayleigh scattering regime where quantum dots emit single photons with the
laser coherence time, paves the way to the development of "ultra-coherent" sources of single
photons with high degrees of indistinguishability. In this regime where the laser tailors the
coherence of the photons and where the radiative limit becomes a secondary requirement, two
photons emitted successively by the same quantum dot are indistinguishable on time scales
never obtained before for a solid nano-emitter (up to ten nanoseconds, comparing to the
carriers lifetime and decoherence time of about a hundred of picoseconds).

Keywords: quantum dots, two-level system, radiative limit, resonance fluorescence, resonant
Rayleigh scattering, single photons, indistinguishable photons.



