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Abstract

Semiconductor Quantum Dots (QDs) are an ideal artificial system to study
fundamental properties of matter and the ultimate component of quantum in-
formation processing. Towards the implementation of a tunable source of single
photons or entangled photon pairs, we present here a study on self-assembled
InAs/GaAs QDs, grown on a high-index (211)B GaAs substrate. The system has
all the benefits of regular and well-studied (100) InAs/GaAs QDs, but additionally
has a fascinating characteristic, which is the presence of a large vertical piezoelec-
tric (PZ) field inside the QDs, bringing in a number of significant advantages,
which are illustrated in this work. First, the PZ field along the growth direction
preserves the high symmetry of the confining potential, leading to negligible fine
structure splitting (FSS) values in the system, which is essential for entanglement
applications. By polarization resolved micro-photoluminescence experiments we
deduce negligible FSS values of PZ QDs, which make them good candidates for
quantum information applications. Second, the PZ field generates large exciton-
biexciton energy splittings, which is prerequisite for single photon applications at
high temperatures. This ability is demonstrated by cross-correlation experiments
on single exciton emission lines, showing clear anti-bunching behaviour at elevated
temperatures. Third, due to the pronounced PZ field, the emission wavelength of
these QDs should be very sensitive to an applied external electric field, leading to
significant Stark shifts in this QD system. To explore this, a special dot-containing
diode structure has been fabricated and studied, and enhanced Stark tuning of the
QD emission has been observed. Finally, our results provide a clear demonstration
of the importance of non-linear piezoelectric effects in Zinc-Blende semiconduc-

tors.
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Chapter 1

Introduction

1.1 Quantum Dots: Background

A new technological era has risen from the merger of quantum and solid state
physics, giving place to the research field of modern semiconductor physics. We
are living in a rapidly-developing world, where new knowledge can be translated
into high-end devices with electronic, photonic and optoelectronic applications.
The new question is, can we go further by exploiting the quantum properties of

man-made semiconductor structures and nanostructures.

Semiconductor Quantum Dots (QDs) are offering an ideal artificial quantum
laboratory to study fundamental properties of matter, by naturally embedding
complex nanostructures in materials with wider band gap, making them attractive
for different kinds of electronic and photonic devices such as semiconductor lasers,
detectors and modulators. There are many types of QDs based on the different
fabrication techniques such as lithographically defined QDs, chemically synthesized
QDs, naturally formed QDs through interface fluctuations, and self-assembled QDs
by epitaxial growth techniques. The latter type of QDs can be composed of a wide

variety of alloy semiconductors and their optical transitions cover the full spectral
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range from the ultraviolet ~350nm down to the mid infrared ~ 1.5um.

1.1.1 Optical and Electronic Properties:Band Structure

A semiconductor QD is a nano-structure of a semiconductor material with a band
gap E? embedded in a matrix of another semiconductor of larger band-gap E;. The
new band gap EgQD of the QD, obeys to the relation E;>E9QD >E§ and corresponds
to the optical transition energy between the first quantum confined electron and
hole levels inside a 3D potential well, whose dimensions are smaller than the De-

Broglie wavelength of the charge carriers in the respective semiconductor (~12nm

for InAs).

DOS(E) DOS(E) DOS(E) DOS(E)

Figure 1.1: Graphical representations for the Density Of States (DOS) for
bulk semiconductor, quantum well, quantum wire and quantum dot. The
DOS for the QDs is discrete while all others have a continuous DOS.

The mobility of charge carriers then is limited and quantum mechanical effects
govern the electronic properties of the semiconductor nano-structure. In general,

we can classify three categories of nanostructures according to the number of con-
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fined dimensions: Quantum Wells (QWs), where the carriers are confined in one
dimension, usually along the growth direction, Quantum Wires, which cause a
confinement in two dimensions, while the electrons and holes move freely in one
dimension, and finally, Quantum Dots (QDs), inside which the carriers are experi-
encing a three dimensional confinement. The density of states (DOS) of a structure
or heterostructure that reflects the dimensionality of the confinement is depicted
in figure [I.I. We observe that in all cases, the DOS stays continuous, while in
QDs shows a delta function-like DOS. This means that when electrons and holes
recombine in a QD, they give rise to a discrete energy transition, very much like

that of an atom.

1.1.2 Excitons and Biexcitons

Figure [I.2(a) shows a one-dimensional band diagram of a QD, with the band
discontinuity between the two materials resulting to a potential well. If an electron-
hole pair is generated, the two opposite charges are attracted and captured inside

the QD potential well.

The electrons and holes in the QD have ground (n=0, e0/h0) and excited
(n=1,2... el,e2.../h1,h2...) states. The discrete energy states for electrons and
holes differ from the conduction band and valence band edges of the low energy
band gap material and the difference between them is a function of effective masses,

the form of the confinement potential and the morphology of the QD.

The electron-hole (e-h) pair which is trapped in the QD potential is further
attracted by Coulomb interaction forming an exciton state, thus we can picture
the new quasi-particle named as exciton (X). The excitons typically separate in
two categories according to the strength of the attraction developed among e-

h. When it is strong they are called Frenkel excitons and can be found in ionic
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crystals, whereas Wannier excitons, which are those of interest in this work, refer

to electron hole pairs weakly bound to each other.

Weclron discrete energy levels
(a) @ Conduction band (b)
e B8 I XX

Pump

el
2
e0 c
5
2
g VWY photon & X
>
ho g |
[5]
i=
h1 -
h2
1.28 1.29 1.30
YY) Valence band Energy (eV)

Hole discrete energy levels

Figure 1.2: (a) One dimensional scheme of the electronic structure of the
QD. Non-resonant pumping above the band gap of GaAs is depicted and the
emission from an exciton state is accompanied with a visualization of the
exciton as a quasi-particle. (b) The photoluminescence spectrum of a few
InAs/GaAs QDs under excitation above GaAs band gap. The two sharp
lines denoted as X and XX correspond to exciton and biexciton emission
from a single QD, generated by the cascade process, explained in the text.

The two particle system, i.e. an electron in the conduction band and a hole in
the valence band, can be described by a Hamiltonian H.
H=H,+ Hy, (1.1)

Due to e-h interaction, the exciton energy is determined by the following
Hamiltonian Hx for the bound exciton state, including Coulomb interaction which
reads as

HX = He + Hh + HCoulomb7 (12)

Where the single particle Hamiltonian for electrons is H., for holes is H; and
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H_.ouiomp is the Coulomb interaction between them. The total energy of a bound
exciton state is lower than the energy of the uncorrelated e-h pair due to the
Coulomb attraction, by an amount called the ezciton binding energy. In a bulk
material, the exciton binding energy is often called the Rydberg energy, Ry, and
the exciton transition energy is given by the following equation using the effective

mass approximation.

R
Ex(n) = B, -, (13)
. . pe®
Where n=1,2,.. is the exciton state quantum number, R, = o2 is the Ry-
€

dberg energy which corresponds to the exciton ionization energy. The Rydberg
2

€
energy also includes the Bohr radius for the excitons which is ax = — where
e

me, mh
o= el g the reduced mass and ¢ is the dielectric constant of the
me,, +mh
L teff eff
medium.

At low temperatures, the main decay process for the exciton in direct gap
semiconductors is the radiative recombination, as this is depicted in figure (a),

accompanied by the generation of a photon.

Figure 1.3: Schematic of biexciton cascade through the intermediate exci-
ton state, generating a polarized photon pair.



1.2. MAIN APPLICATIONS

If we consider an excitation scheme where the system is pumped above the
band gap it is possible to form more than one excitons. In this case, inside the
QD, two e-h pairs are captured at the same time, and the new quasi-particle named
as biexciton (XX) is created. Then, one of the two electrons can be recombined
with the one of the two holes and generate a photon. The remaining e-h pair then
can recombine as aforementioned. In other words, the biexciton decays through
the intermediate exciton state, and the total process results in the generation of
a polarized photon pair as shown in figurdl.3] The polarization splitting of the

intermediate exciton state will be described in the FSS session and chapter 2.

1.2 Main applications

As previously mentioned, single QDs are nanometer-sized semiconductor entities
providing confinement to the carriers (electrons and holes) in all three directions,
resulting to a discrete energy spectrum. The zero-dimensional character of QD
states attracted the scientific community early on, for a number of applications.
One of them is to use the QDs as active medium in laser systems. As predicted by
Y. Arakawa et al. [I] the threshold current density of quantum dot lasers could be
much lower compared to that of quantum well lasers due to the zero-dimensional
character of their density of states. Several technological difficulties were overcome
twelve years later, when N. Kirstaedter et al. [2] used QDs as an active material in
an injection laser structure, and five years later, the first QD-based laser became a
reality. G. Liu et al. [3] demonstrated an very low threshold laser with a single layer
of InAs QDs embedded inside an Ing 15Gaggs As quantum well. It was the first time
that the threshold current density performance of QD lasers had surpassed that
of QW lasers even at room temperature. In parallel to these research activities,

where the photonic devices made use of a considerably large number of QDs, in
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the millions, scientists have started investigating experimental methods in order

to isolate and to study single QDs.

The field of fundamental research that develops, optimizes structures and stud-
ies isolated Single QDs (SQDs) is called Single Quantum Dot Spectroscopy. The
high spatial and spectral resolution which is needed in order to isolate the emission
from a SQD sets high experimental standards. Towards this direction, A. Zrenner
et al. [4], through optical experiments, resolved sets of extremely narrow emission
lines near and below the fundamental band gap energy of GaAs QW, attributed
to natural QDs which are formed by well width fluctuations inside the GaAs QW.
Then, J. Y. Marzin et al. [5] and M. Grundmann et al. [6] reported photolumines-
cence (PL) and cathodoluminescence (CL) spectra respectively, of narrow emission
lines originating from single InAs QDs. Even though the recorded spectra consisted
of the emission from more than one QDs, it was the first experimental evidence of

the d-function character of the density of QD states, as it was expected.

One of the first experimental evidence of a spectrally isolated SQD was pre-
sented by D. Hessman et al. [7] by successfully recording a PL spectrum from
a single InP QD, using a gold mask with nano-aperture openings on top of the
structure to isolate the emission of one dot from the ensemble of QDs. Next P.
Michler et al. [§] and C. Santori et al. [9] experimentally proved that a SQD is a
single photon emitter “on demand”. In other words, a SQD has the possibility to
generate a regulated photon stream, containing one and only one photon in a given
time interval. In their experiments, this was expressed by the clear anti-bunching
behaviour of a SQD. This anti-bunching behaviour sets the QDs in the heart of
the new field of quantum cryptography, with applications in secure quantum key
distribution systems, where security from eavesdropping depends on the ability to

produce no more than one photon at a time, as proposed by G. Brassard et al. [10].

Even though a heavily attenuated laser pulse can be used to produce a stream
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of single photons for quantum key distribution, it is clear that a true source of single
photons “on demand” would greatly improve the performance of such systems [11].
Up to now, single photon emission from QDs at elevated temperatures has been
demonstrated in a II-VI QD system, up to 220K for (Cd,Zn)Se/Zn/Se QD [12],
and in group-1II nitrides, up to room temperature with GaN/AIN QDs [13].

Clearly, however, for the realistic implementation of a single photon device,
electrical pumping is necessary, and from this point of view the GaAs-based QDs
hold a concrete advantage due to all the available technological know-how. Re-
garding GaAs-based QDs, R. Mirin et al [14] with 120K single photon operation,
holds the highest temperature record in optical pumping conditions, while up to
now the only electrically driven single photon device based on arsenides has been
presented by X. Dou et al. [I5] at liquid Nitrogen conditions. As discussed below,
the piezoelectric QDs have the potential to surpass these limitations due to the
large Exciton-Biexciton energy splittings that can easily exceed 10 meV, allowing

us to aim at single photon emitters operating at elevated temperatures.

Another very interesting possibility of QDs is to be used as quantum light
sources in future quantum communication and teleportation systems, where the
quantum networks distribute keys over very long distances using entangled photon
pairs [16]. An ideal source of entangled photon pairs could be a conveniently trig-
gered QD generating one entangled photon pair per excitation pulse. As proposed
by Benson et al. [I7], this can occur by the cascade emission process from a QD
biexciton state through the intermediate exciton state to the QD ground state,
provided that the fine structure splitting (FSS) of the intermediate exciton state
is smaller than the radiative linewidth of the exciton emission line. Then, the two
optical paths become “indistinguishable” and produce polarization entangled pho-
ton pairs. This kind of entanglement is very similar to that in atoms [I8]. Even

though this kind of experiments have already been performed in both optical and
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electrical pumping conditions [19], they have been limited up to now to cryogenic
temperatures (~10K) and required several cumbersome techniques to reduce or
cancel the FSS. On the other hand, InAs/GaAs QDs grown on high index sub-
strates such as (111), have been proposed to exhibit as-grown, zero or negligible
F'SS [20L 21}, 22]. In this work, we show that the (211)B InAs QDs exhibit reduced
FSS values compared to their (100) counterparts [23], and along with their po-
tential for single photon emission at elevated temperatures, we truly believe that
the PZ QDs hold the key for the implementation of practical single and entangled

photon sources at elevated temperatures.

1.3 Motivation of this Work

In this work, we focus on piezoelectric QDs, i.e. QDs containing a strain-induced
internal electric field. More specifically, the QD structures that attract our interest
are InAs QDs grown on (211)B GaAs substrates, allowing us to take full advan-
tage of the available GaAs technology. As will be discussed in the next chapters,
piezoelectric QDs exhibit clear advantages for applications such as single photon
sources (SPS) operating at elevated temperatures, entangled photon sources and
tunable single photon emitters. Our final aim is to provide new standards for
semiconductor QD applications by exploiting the optical properties of piezoelec-

tric QDs.

1.3.1 Piezoelectric QDs.

The main feature of the QD system studied in this work, is the piezoelectric field
(PZ). The piezoelectricity stems from the epitaxial growth of the QD heterostruc-
ture on (211)B GaAs substrates. The (211) crystallographic orientation of Zinc
Blende structure is a member of the polar high index (N11) crystallographic ori-
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entations family, able to produce piezoelectric fields when appropriate strain is
applied to the system. We will now describe in a pictorial way, how the piezo-
electricity appears along high index crystallographic orientation of a Zinc Blende

lattice.

; (b) 7 [0 21
Bond under
stress ¢=19.47°
Zinc-Blende P, B Crystallographic
Unit cell E “;2 " F]'+I?2' 2 orientations

Figure 1.4: Schematic representation of the polarization induced due to a
mechanical deformation along the (111) crystallographic orientation of Zinc
Blende structure.

The epitaxy of materials with different lattice constants, on polar orientation
substrates, creates a mechanical bond deformation due to strain, resulting in the
appearance of net polarization between the I1I-V ions along the growth axis. As we
can see in figurdl.4{(a) for a (111) orientation, without strain, the four tetrahedral
bonds form a perfect tetra-pole whose total polarization is zero. The situation
changes radically when we have strain, as the four bonds become deformed, re-
sulting in a net total dipole along the (111) direction of the tetrapod, as depicted
in figurdl.4|(b).

The situation in (211) crystallographic orientation resembles closely that of
the (111) schematic depicted in ﬁgur, and explains the appearance of PZ field

in our nanostructures as discussed next.

We can consider now the construction of a chain of such dipoles as in fig-

10
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ur(a). The positive charge of each dipole is neutralized by its adjacent nega-
tive charge, and only the top and bottom bound charges survive creating a dipole
along the chain. In the body of a QD many of such dipole chains exist, as visible
in ﬁgur(b), along the axis of growth, resulting to the appearance of a surface
bound charge density on the apex and the base of the QD, and the generation
of an internal electric field. Since this field is initiated by strain is referred to as

piezoelectric field.

. (a) A P R (b)

O_T%o + 3 I EEEEEEEEEERAY
5 : + AR A O O O 4
p@ : BEEEEEEEE

i P <

P 1

Gj%o E LB EEE 3 EER K, (c)
E : + = .
£17 I - E §
- W

Figure 1.5: (a) a chain of dipoles and the appearance of a total dipole
along the chain. (b) A macroscopic view of the surface charge in a QD. (c)
The induced field.

In actuality, the generation of a piezoelectric field in a semiconductor is slightly
more complicated, as the field is generated not only by the deformation of the
ionic positions, but also from the response to strain of their surrounding electronic
clouds. Nevertheless, the ionic picture provides a good base for understanding in

a simple manner the origins of piezoelectricity in (N11) QDs.

The consequences of the strain-induced PZ field in the QDs will be addressed

in the next sections and the details will be analysed in the next chapters.

11
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1.3.2 Fabrication Method

Before continuing any further, some main points on QD fabrication will be ad-
dressed. We focus mainly on epitaxially grown piezoelectric QDs and their optical
and electronic properties. The piezoelectric (PZ) InAs QDs which are presented in
this thesis are grown by Molecular Beam Epitaxy (MBE) in the Stranski-Krastanov
method on (211)B GaAs substrates. This method consists of depositing materials
with large lattice mismatch, such as InAs on GaAs with a 7% lattice mismatch.
With this method, after the deposition of a critical InAs thickness of ~1.4 mono-
layers (ML) on top of GaAs, begins the formation of InAs islands due to elastic
relaxation of the mechanical strain. These islands constitute the QDs. The PZ
QDs are taking the shape of truncated pyramids, typically 1.5-2.5 nm thick and
20-35 nm large.

Several conditions during the growth have strong effect on the optical and
structural properties of QDs. The substrate temperature typically varies during
the epitaxy of the different layers in the QD heterostructure. For example, the
optimal temperature during the GaAs growth is 620°C whereas the temperature
before the InAs growth is ramped down to 480°C, which is critical for the formation
of InAs QDs along (211)B crystallographic orientation. The fluxes of materials and
the growth time should also be controlled very carefully for a successful sample
growth. The growth parameters affect the shape and size of QDs, as well as the
amount of Ga atoms exchanging places with those of In in the InAs QD matrix,
changing dramatically the optical properties which can be visualized through the
photoluminescence spectrum of the QDs. Moreover, these conditions determine
the high purity and quality of the interfacial InAs/GaAs layer, which is responsi-
ble for non-radiative recombination centers. More information about the samples

fabrication and structural properties will be given in the next chapters.

12
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1.3.3 Enhanced Quantum Confined Stark Effect.

The presence of internal PZ field developed inside the (211)B QD results to the

following effects:
1. Band bending of the conduction and valence bands.

2. Spatial separation of electrons and holes, decreasing their wavefunctions

overlap and oscillator strength of the corresponding optical transition.

3. Redshift of the transition energy according to the Quantum Confinement

Stark Effect (QCSE)[24].

4. The biexciton transition energy can be expected at higher energies than the
exciton transition energy due to increased carrier screening of the PZ field in the

biexciton case [25].

E=0 E#0
7 le
e
- le
Eg B¢ \
> 1hh
2 1hh
T

Figure 1.6: Schematic representation of the band alignment without and
with applied electric Field E. The electron and hole wavefunctions are shown
with gray and due to band bending caused by the field are realigned. The
exciton transition energy E, changes to E;.

13
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Efficient emission tuning.

The pronounced PZ effect along polar orientations can be exploited to efficiently
tune the emission from a PZ QD, as this QD system is very sensitive to the

application of small external fields.

The idea is described in figurdl.7] where for a given applied external electric
field, shown with arrows, the corresponding Stark shift in the presence of the
internal PZ field, AFEs, is much larger than AFE;, i.e. the Stark shift obtained
in the absence of the PZ field, as is the case of the (100) non-piezoelectric QDs.
Moreover, heavily-strained PZ QDs are a model system for demonstrating non-

linear PZ effects [26], as will be discussed in Chapter 5.

=

*1_(100) QDs

.t
-_—— -.\_‘_‘

:C-:d : \.H"l‘_l‘ .iEg = &EI
9 1 .

u;] :_ _____________ .\ . PZ QDs
2 B N

25 BN

H ' - O\

Figure 1.7: Schematic representation of the enhanced Stark Shift of the
exciton transition energy in the case of PZ QDs versus non-PZ QDs.

The work demonstrating enhanced Stark effect on the exciton emission line
of a SQD by applying an external bias as well as the first experimental evidence
for non-linear piezoelectric effects in InAs/GaAs (211)B QDs will be presented in
Chapter 5.
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1.3. MOTIVATION OF THIS WORK

1.3.4 Low Fine Structure Splitting values

It is possible that inside the potential well of a QD two (e-h) pairs (i.e. excitons)
are captured at the same time leading to the formation of the biexciton. The
formation of the exciton states follows the allowed configurations depending on
the charge carriers spin. Electrons and holes as Fermions carry a half-integer spin
and obey to the Pauli’s exclusion principle. The exciton states are formed by the

1
superposition of an electron with angular momentum mg, = iﬁ and a Heavy hole

with angular momentum m; = :I:g. The total angular momentum of an exciton
state can be M, = £2 (dark states) or My, = 1 (bright states) [27]. The
latter ones, are called bright because the recombination of an e-h pair is able to
generate a photon with spin 41, while this is not possible with the dark states.
The pure exciton state is normally a fourfold degenerate state, but the presence
of exchange interaction between electrons and holes removes this degeneracy. The
new non-degenerate states consist of the following symmetric and anti-symmetric

bright [I.4] and dark [1.5 doublets.

1 1

{ﬁ!UH—l)},{EH)— =1} (1.4)
1 1

{E|2>+|—2>},{%|2>— |—2)} (1.5)

In figurdI.§8| the two bright states are shown, along with the linearly polarized
decay paths starting from the degenerate biexciton state with zero total angular
momentum. The energy difference between the bright exciton states is the Fine
Structure Splitting (FSS) which is caused by the anisotropy of the confinement
potential, lifting the degeneracy of the bright states and leading into two well-

defined energy levels.
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Figure 1.8: Energy scheme for the XX,X and global ground states in a
QD without exchange interaction (left side) and with exchange interaction
between electrons and holes (right side). In the diagram is also visible the
bright doublet of the exciton state, the FSS energy splitting between the
non-degenerate states and all the possible optical transitions from the excited
biexciton state allthe way down to the relaxed ground state in a QD.

We can consider the FSS as a measure of the symmetry of the confinement
potential. The factors that influence and lower the confinement symmetry are
: 1) Structural anisotropy of the QD. For instance the elongation of QD base,
reduces the symmetry of the confinement potential to Cyy compared to the Cyy,
which applies for the case of isotropic potential [2§], ii) Strain-induced lateral

piezoelectric fields developed at side facets of a QD [29].

In recent works, it has been proposed that a high piezoelectric field along the
growth direction can preserve the high symmetry of the confinement potential
to C3y and in that case the expected FSS values can be close to zero [20] 21]
22]. In Chapter 2, we present results confirming negligible FSS values in as-
grown (211)B InAs/GaAs PZ QDs, making them attractive for the generation of

entangled photon pairs as discussed in Chapter 2.
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1.3. MOTIVATION OF THIS WORK

1.3.5 Anti-binding Biexciton energy.

The fourth effect which is expected in PZ QDs is attributed to electron-electron
and hole-hole Coulomb repulsive interactions which are larger than the electron-

hole attraction, giving rise to negative biexciton binding energy.

X XX

100uW

40pW

5uW } \
e rapimmatinr]

1.274 1276 1.278 1.280 1.282 1.284
Energy (eV)

u-PL Intensity

Figure 1.9: Micro PL power dependence spectra from a (211) InAs QD.
Due to piezoelectric field, the biexciton line appears at higher energy com-
pared to the exciton one .

This effect is confirmed by the experimental data of this work, and in figurdI.9|
is depicted the micro-PL spectrum from a single QD, showing the exciton and
biexciton emission lines under various excitation powers. At low powers of exci-
tation, the exciton transition dominates as the number of injected carriers in the
QD is small and most of them recombine through the first excited state (exciton
state). With increasing power of excitation the probability of having simultane-
ously two e-h pairs in the QD increases non-linearly and the biexciton emission
appears vividly. In such power dependent measurements we can have the signa-
ture of PZ QDs. In (111) and (211)B InAs/GaAs QDs the internal PZ fields are
expected to be in the order of hundreds kV/cm [26], giving rise to large negative

biexciton binding energies and opening new perspectives for single photon emitters
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1.3. MOTIVATION OF THIS WORK

as discussed in the next chapters.

High Temperature SPSs.

The high temperature operation of highly efficient Single Photon Sources (SPS’s)
by electrical injection, can become a reality with InAs PZ QDs, because the energy
difference between the exciton and biexciton emission lines is large enough and the

two lines can be distinguished even at high temperatures.

MpL Intensity (arb. units)

1 n 1 n 1 n 1 n 1 " 1 1

1.200 1.205 1.210 1.215 1.220 1.225 1.230 1.235
Energy (eV)

Figure 1.10: Micro-PL spectrum from a single PZ QD, of our sample,
showing the large X-XX energy difference. The emission lines of the X and
XX do not interfere at all at 80K.

The condition for room temperature SPS operation is to have the energy dif-
ference between exciton and biexciton larger than the homogeneous linewidth of
exciton’s and biexciton’s emission lines at that temperature. A typical homoge-
neous linewidth for a GaAs exciton at room temperature is 10 meV. Moreover the
GaAs based systems are well studied and can be easily integrated to electronic
circuits, in contradistinction to the Nitride based systems where the PZ fields are

much stronger but electrical injection is of serious concern especially when referring
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1.3. MOTIVATION OF THIS WORK

to the GaN/AIN QDs. The results and discussion from a comprehensive PL study
of ensemble and single PZ QDs, designed for high temperature operation, accom-
panied with the corresponding anti-bunching experiments providing evidence for

single photon emission up to 150K, is presented in Chapters 3 and 4.
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Chapter 2

Fine Structure Splitting in
Piezoelectric QDs

2.1 Abstract

In this Chapter we present polarization resolved and anti-bunching measurements
on single PZ QDs. The aim is to demonstrate the possibility of PZ QDs to act,
not only as a single photon emitters, but also as sources of entangled photon pairs.
Polarization-resolved single dot spectroscopy reveals that the exciton Fine Struc-
ture Splitting (FSS) in piezoelectric (211)B InAs/GaAs quantum dots, in the vast
majority of examined dots, is smaller than 10ueV. These values are significantly
reduced compared to as-grown (100)-oriented InAs dots. By time-resolved mea-
surements (TRPL) we confirm the high oscillator strength of these dots, in spite of
the internal piezoelectric field, suggesting good quantum efficiency at 4 K compa-
rable with that of (100) InAs/GaAs dots. Last, photon correlation measurements
demonstrate single photon emission from exciton levels of these dots. All these
features make this intriguing dot system promising for implementing solid-state

entangled photon sources.
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2.2 Introduction

Quantum information science strongly relies on the efficient generation of “on
demand” single and entangled photon sources [I}, 2]. In several pioneering exper-
iments [3, 4], 5], entangled photon pairs were obtained using parametric down-
conversion [6, [7], which, while easy to implement, suffers from the Poissonian
statistics of the emitted photon pairs, leading to multi-pair emission, decreasing
thus the fidelity of entanglement [§]. “On demand” entangled photon pairs can
be obtained by heralding a 3-photon process [3] or with the detection of several
auxiliary photons [9], but both schemes are inefficient in terms of photon pair pro-
duction probability. Single quantum dots (QDs) have been proposed as sources
of “on demand” polarization entangled photon sources [10] by using the radiative
decay of two electron-hole pairs trapped in the QD. As mentioned in Chapter 1,
the subsequent decay of the biexciton (XX) and exciton (X) states will produce
polarization entangled photon pairs, provided that the two possible, Horizontal

(H) or Vertical (V'), decay paths
|Hyw)| He) 0T Vi) |Vi) (2.1)

to the ground state are indistinguishable, which requires that the FSS of the in-

termediate excitation state is zero.

Then, the emitted two-photon state is a superposition of the two horizontally-
polarized and the two vertically-polarized photons, which are produced by the
cascade emission to the ground state through the intermediate exciton state, and

can be written as follows:

W= (i) + VerVa)) (222
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U corresponds to an overall unpolarized photon state.

2.3 The importance of the reduced FSS

In actual QDs, due to lateral anisotropies of the dot wave-functions, a fine structure
splitting of the intermediate X level arises, rendering the two paths distinguishable
and diminishing the entangled photon pair fidelity [I1], 12]. Several techniques,
using QD annealing [13], in-plane magnetic [14] or electric field [15], perpendicular
electric field [I6, [17] and biaxial strain [I8] have been suggested to reduce or
cancel FSS. Moreover, broadening of the X line by Purcell effect has been used to
make the two paths indistinguishable [12]. Generation of polarization entangled
photons has been reported in the last few years by using one or several of the above
techniques [19, 20, 2I]. While these techniques are successful, they are hardly
scalable, as it is not simple to obtain a QD with FSS below 2ueV, necessary for

the generation of high-fidelity entangled photons [12].

Alternatively, it has been proposed recently that QDs grown along polar orien-
tations, such as (111) or (211), are capable of negligible FSS values [22| 23] based
on the following considerations. Unlike the (100) dots, where lateral piezoelec-
tric (PZ) fields elongate the electron and hole wave-functions in the growth plane
generating thus significant FSS [23] in the case of (111) or (211) dots, the main
manifestation of the PZ effect is a strong vertical PZ field (S1MV/cm) [24] 25]
which does not introduce any lateral wavefunction anisotropy, and hence does not
generate F'SS. Lateral PZ fields are also present in these orientations, however, they
are much weaker and, as shown for (111) dots, they do not generate FSS either,
as they preserve the Cs, symmetry of the confining potential. We argue that this
equally applies to our (211) dots, not only because a (211) surface closely resembles

the (111) surface, but in addition due to the large diameter to height aspect ratio

27



2.4. SAMPLE AND EXPERIMENTAL TECHNIQUES

in our dots, minimizing any influence that lateral facets may have in the system.
A recent work on (111) InGaAs/GaAs QDs fabricated using droplet epitaxy has
indeed shown evidence for reduced FSS values (10-40peV) [26] although clearly
such values are still too large for entanglement applications. On the other hand,
another recent report on pyramidal InGaAs QDs grown by metalorganic chemi-
cal vapor deposition on pre-patterned (111)B GaAs substrates [27] has reported
very small FSS splittings (S5peV, in the majority of dots) as well as evidence
for polarization entanglement out of these higher symmetry dots. In this report,
we present results on InAs/GaAs QDs grown along the (211)B orientation in the
standard Stranski-Krastanow growth mode, which as-grown exhibit FSS values
smaller than 10ueV, for over 90% of the dots, suggesting that (211)B-grown QDs
may prove suitable for use in entangled photon sources, without necessitating any

pre-patterning or post-processing step.

2.4 Sample and experimental techniques

The sample named as “859” used here contains a single layer of InAs QDs, grown in
the middle of a 10nm-thick GaAs/Aly3Gag 7As quantum well, about 50nm beneath
the sample surface. The QD layer is grown by depositing 1.5 monolayers (MLs) of
InAs at 500°C with a growth rate of 0.1ML/s. Under these growth conditions, the
InAs dots take the shape of truncated pyramids, with typical QD heights between
2 and 3nm, an aspect ratio larger than 10, and a QD density of ~ 101%m~=2 [2]].
As an example, figure [2.1a) presents an atomic force microscopy (AFM) image
from an uncapped QD sample grown at exactly the same conditions, the analysis

of which reproduces well the above values.
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Figure 2.1: (a) AFM image from an uncapped QD layer grown at the
same conditions as in the sample used in this work. (b) SEM picture from
a typical mesa used for u-PL experiments.

For single dot spectroscopy, the sample is processed by e-beam lithography into
mesas of various diameters (150-500nm), placed more than 15um apart. A typical
mesa is shown in figurd2.1(b). A continuous-wave 405nm laser diode is used for the
excitation of isolated mesas with a spot size of 2um. The micro-photoluminescence
(u-PL) signal is dispersed in a 0.75m spectrograph with 1200gr/mm grating and
is detected by a Nitrogen-cooled charge-coupled device camera. The sample is
cooled down to 5K in a variable temperature continuous-flow helium cryostat. The
polarization-resolved spectra are recorded using a fixed linear polarizer in front of
the spectrograph and a broadband A\/2 wave-plate to rotate the polarization as
demonstrated in figure 2.2, The exciton lifetime measurements are performed by
a TRPL set up attached on a typical u-setup and is visible in figure where
a mode-locked Ti:sapphire laser at 780nm with 4ps pulses at 81MHz repetition
rate, is used as an excitation source. The laser diode signal from the laser is used
to trigger the clock of the time to amplitude converter for the photon correlation
measurments performed for the purpose of this Chapter. More information will

be given in Chapter 4.
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Figure 2.2: A schematic representation of the u-PL setup combined with
TRPL setup for measuring the decay times of the emitting QD states. The
polarisation-resolved setup is also schematically presented and can be in-
serted in the u-PL setup for polarization measurements.
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2.5 Polarization resolved micro PL experiments

2.5.1 The determination of exciton and biexciton lines
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Figure 2.3: (a) p-PL spectrum from a single (211)B InAs/GaAs QD con-
sisting of an excitonic (X) and a bi-excitonic (XX) peak. Lorentzian fittings
of the two peaks are superposed. The intensity axis is given in counts per
sec. (b) Power-dependent p-PL spectra from the same QD, demonstrating
the strongly nonlinear character of the XX line. The spectra are upshifted
for clarity and normalized to the maximum peak.

In figure [2.3|(a) is presented a characteristic u-PL spectrum from a single (211)B
InAs/GaAs QD. It consists of two lines, labeled as exciton (X) and biexciton (XX).
The two peaks are identified as exciton and bi-exciton, based on their linear and
quadratic power dependence, respectively, at low excitation powers. The related
power dependent spectra demonstrating the strongly nonlinear character of the XX
line are depicted in figure 2.3(b). In fact, the intensity of X scales at low powers
as ~PY"%® whereas that of XX as ~P®. The energy difference between the XX
and X lines is ~4.4meV in this QD, with the XX line appearing characteristically
at higher energy as a manifestation of the large PZ field inside the dots, expected

to be several hundreds of kV/cm based on our own measurements. [25].

Alternative assignments for the two lines involving charged excitons can be
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easily ruled out, based on the observed power dependence and the fact that in
undoped QD systems as ours, charged excitons are typically observed as additional
lines to the neutral exciton ones. For instance, the possibility to interpret the XX
line as due to a charged exciton can be excluded, not only based on its near
quadratic power dependence, but also on the fact that in such case a third distinct
bi-excitonic line would be expected at the exciton saturation excitation levels,
which is not observed in our dots. Moreover, for the particular dot discussed in
figurd2.4] showing a sizable FSS (> 10ueV), if either or both of the lines were due
to charged excitons, they should not exhibit any linear polarization splitting [29],

unlike the experimental findings of figure [2.4

2.5.2 The determination of F'SS values in PZ QDs

To determine FSS in (211)B InAs/GaAs QDs, we performed polarization depen-
dent pu-PL on 20 different single dots of the sample. Here, it must be pointed
out that taking into account the instrument’s spectral resolution and the typical
exciton line-widths of 100ueV, the resolving power of this set-up using standard
de-convolution procedure is estimated to be ~10ueV. One can further improve
the precision of the FSS measurement beyond this 10ueV limit, by applying the
method of ref. [13], i.e. utilizing Lorentzian fittings to determine the energies of
the exciton (X) and biexciton (XX) peaks, and subsequently fitting the XX-X en-
ergy difference versus polarization angle by a sinusoidal function, where applicable.
Among the 20 examined QDs, only two have shown FSS larger than our resolving

power of 10ueV.
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Figure 2.4: (a) u-PL spectrum from a (211)B InAs/GaAs QD with siz-
able F'SS, consisting of the characteristic exciton (X) and bi-exciton (XX)
peaks. (b) Polarization-resolved emission from the X and XX lines of same
dot. (c¢) XX-X energy splitting as a function of polarization angle, showing
characteristic periodicity. The extracted FSS for this QD is 20ueV.

One such case is shown in figure [2.4] where the X and XX emission lines of
figurd2.4|(a) are analyzed in terms of linear polarization in figurd2.4(b). We ob-
serve that while the intensity of the lines remains practically intact, their energy
positions vary periodically with polarizer angle, shifting in opposite directions. By

extracting the energy positions by Lorentzian fittings, the XX-X energy difference
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is plotted in figure [2.4R(c) as a function of polarizer angle, exhibiting the char-
acteristic sinusoidal periodicity of 180°. From the max-min energy difference, we
deduce that the FSS in this QD is 20ueV. However, as previously mentioned, 90%
of the dots tested in this work have shown F'SS below 10ueV.
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Figure 2.5: Top: Polarization-resolved emission from the X and XX lines of
a typical (211)B InAs/GaAs QD, exhibiting very weak polarization depen-
dence. Bottom: XX-X energy splitting as a function of polarization angle,
showing no obvious periodicity. All points lie within the 20eV-wide shaded

zone, implying that the FSS is less than 10ueV.

A typical example is depicted on the top panel of figurd2.5] where the X and
XX lines of another dot appear nearly completely insensitive to polarization. The
extracted XX-X energy difference is plotted as a function of polarizer angle on the
bottom panel of figure 2.5 showing no obvious sinusoidal behavior. However, all
data points lie within the 20peV shaded zone, clearly suggesting that the FSS of
this dot is smaller than 10pueV. Similar behavior has been observed for 90% of the
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examined dots.
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Figure 2.6: Statistical distribution of the FSS values fitted with a Gaussian
along with mean and full width half maximum values.

In order to assign an FSS value to all our dots, we subtract the XX-X energy
difference values at 0° and 90° polarization angle and divide by two. The thus
obtained FSS values are plotted in the histogram of figure 2.6 confirming that
only 10% of the QDs exhibit a splitting larger than 10ueV. By assuming a gaussian
distribution, we obtain a mean FSS of 6.2 £3ueV. This is to be compared to FSS
values of several tens of eV for as-grown (100) InAs/GaAs QDs, [13] which can
be reduced to less than 10peV only when annealing is applied to specific dots [30].

2.5.3 Time resolve photoluminescence measurments

Negligible F'SS is not a sufficient condition to make the (211)B InAs/GaAs QDs
a good candidate for the generation of entangled photon pairs. It is necessary
that these QDs exhibit purely radiative decay and single photon emission. We
investigated both properties under pulsed excitation in a time-resolved pu-PL set-

up. Figur(a) depicts the PL decay curves obtained at 5K from the X line of a
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single dot emitting at 1.2778 eV for three different excitation powers. By fitting
the decay curves at long times with a single exponential, we extract a lifetime of
~2 ns, independent of the pump power as expected for QD emission. This lifetime
is comparable to the ones observed in (100) InAs/GaAs QDs emitting in the same
energy range [31], B2], Ulrich2005. Specifically, Karachinsky et al [31]. reported a
2ns lifetime for InAs dots emitting at 1.30eV, Bardot et al. [32], 1.55ns for dots
emitting at 1.29eV, and Ulrich et al. [33], 1ns at 1.34eV. This demonstrates the
still high oscillator strength and quantum efficiency of the (211) dots in spite of
the large PZ field which can be as high as ~1 MV /cm, and which is expected
to reduce the oscillator strength and increase the radiative lifetime by quantum

confined Stark effect (QCSE).

In order to understand this important point, we plot in figure (b) the cal-
culated ratios of radiative lifetimes in (211) and (100) QDs as a function of QD
height, with or without a PZ field of 1MV /cm in the (211) dots, assuming a one-
dimensional (1D) Schrédinger equation model and calculating the electron-hole
wavefunction overlap integrals in the envelope function approximation. Strain
effects on the band alignment and the effective mass dependence on growth direc-
tion have been taken into account. The 1D simplification is justified in our case
by the large aspect ratio of the QDs, implying that quantum confinement along
the growth direction is much stronger compared to the lateral directions. For zero
field, the lifetime ratio is practically constant and close to unity, while for the
IMV /cm PZ field, the ratio increasingly deviates from unity with increasing QD
height, in accordance to QCSE. However, for QD heights between 2-3 nm, which
are the actual heights of our dots, the lifetime ratio barely exceeds unity by only

10-30%, accounting for the relatively short lifetimes observed in our experiments.
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Figure 2.7: (a) Time-decay curves of the X line of a single (211)B InAs
QD as a function of excitation power. The inset shows the time-integrated
PL intensity versus power, marking a clear saturation regime in this power
range. (b) Calculated ratio of radiative lifetimes in (211) and (100) QDs as
a function of QD height, with or without a PZ field of IMV /cm in the (211)
dots.

Coming back to figure[2.7)(a), the prolonged rise-time observed in the PL decay
curve for 95uW is attributed to state filling and subsequent cascade from higher
excited dot levels [34]. The same state-filling effects are responsible for the strong
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saturation of the PL intensity, depicted in the inset of figure (a). Note that
both the 2ns lifetime and the observation of state filling constitute an indirect
proof of the high optical quality of the (211) InAs/GaAs QDs, equivalent to their

well-known (100) counterparts.

2.5.4 Photon correlation measurements

Here is presented the single photon emission behaviour as a direct proof of the

single exciton nature of the investigated QD.

g°(r)=0.28+0.05

Correlation function g*(t)

-12 0 12 24 36 48

Delay 7 (ns)

Figure 2.8: Second-order correlation function g2(7) obtained with 27uW
pump power demonstrating clear anti-bunching behaviour characteristic of
single photon emission.

The experiment was performed in a typical Hanbury-Brown-Twiss (HBT)
setup [35]. More informations about the anti-bunching measurements and HBT
u-PL setup are given in Chapter 4. The two avalanche photodiodes were APD
EG&G Model SPCM-AQR 13 [36]. Each APD is placed after a monochromator,
spectrally filtering the X line, to avoid optical cross-talk [37]. The same single dot
of figurd2.7|(a) is pumped with a power of 27 pW, i.e. just below saturation, in
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order to maximize the photon count rate. The count rates were 6500 and 9000
counts per second (cps) on each APD with a background of 2500 and 4000 cps,
respectively, measured next to the X line. The background arises from emission in
a doped buffer layer of the sample, but also from stray light on the APDs (& 1000
cps). Figure shows the raw second order autocorrelation function g?(7) of the
X line, after integration of 3600sec. At each repetition of the laser pulse we ob-
serve a correlation peak, the area under which normalizes to A(7)=140.05 [36].
At 7=0, however, we observe absence of coincidences, signature of single photon
emission from the dot under investigation. The normalized area of the 7=0 peak
is A(7)=0.2840.05, which is less than 0.5, satisfying the criterion for single photon
emission. Note that the g?(7) function has not been corrected for any background,
and the relatively poor value of A(7=0) is mostly due to the excess of background

radiation.

2.6 Conclusions

In conclusion, we have shown that (211) InAs/GaAs QDs are good candidates for
the implementation of compact entangled photon sources. We have demonstrated
that the mean FSS splitting of these dots as-grown is below 10ueV. In addition,
we have shown that their lifetimes are very similar to their (100) counterparts,

and that they are capable of single photon emission.
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Chapter 3

Piezoelectric QDs for High

Temperature Operation

3.1 Abstract

In the first section of this chapter the carrier dynamics in self-assembled (211)B
InAs quantum dots (QDs), grown by Stranski-Krastanow method has been inves-
tigated by time-resolved and temperature-dependent photoluminescence experi-
ments. The radiative recombination times are found to be larger than 1.7ns and
remain practically constant with temperature, in line with the zero degree of di-
mensionality of the system. Above 100K, the decay time is dominated by non-
radiative channels. The main activation mechanism for non-radiative recombina-
tion is associated with carrier escape from the quantum dots to the wetting layer.
In the second section of this chapter some important results on band-gap engi-
neered InAs/GaAs QDs are discussed, where the QD and wetting layer transition

energy difference is apropriate increase , resulting in higher activation.
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3.2. INTRODUCTION: THE KEY TO SUCCESS.

3.2 Introduction: The key to success.

A sustainable source of “on demand” single and entangled photons operating at
high temperatures would represent a vital step towards realistic quantum com-
munication and quantum computation technologies [Il 2, B]. Even though sin-
gle photon emission at high temperatures has been demonstrated on systems
such as molecules [4], color centers in diamonds [5], nano-crystals [6], and as-
grown QDs [7, 8, O], these demonstrations relied exclusively on optical pump-
ing schemes. On the other hand, single or entangled photons emitted from self-
assembled QDs under electrical injection, have already been demonstrated at low

temperatures [10, 11].

As discussed in Chapter 1, piezoelectric QDs offer concrete advantages for
single or entangled photon sources at elevated temperatures. The main arguments
are that: they are capable of large exciton biexciton splittings, favoring single
photon emission at elevated temperatures [§]. Secondly, as proposed recently [12]
13], piezoelectric QDs are capable of negligible fine structure splitting (FSS) values
of the exciton state, as a prerequisite for efficient generation of entangled photon
pairs. The case of InAs QDs grown on (211)B GaAs substrates [I4] is a good
example of a piezoelectric QD system which is technologically exploitable. As
previously shown, the (211)B InAs QDs carry a strong internal piezoelectric (PZ)
field that can be as high as IMV /cm [15], exhibit ultra-small FSS values in as-
grown QDs [I6], [I7], and are capable of large exciton to biexciton splittings, in
excess of 10meV depending on the QD size and or PZ field. All these features
make the (211)B InAs QDs attractive for entanglement as well as practical single
photon emitter applications at high temperatures. Towards this end, the next
two sections will discuss the recombination dynamics of this interesting PZ QD

system, accompanied by a comprehensive study on the origins of non-radiative
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mechanism by resolving the activation energies of InAs QDs either on GaAs or on

xAGaAs/yAAlAs pseudo-alloy layer.

3.3 Recombination Dynamics in (211)B QDs

The PZ QD samples are grown by molecular beam epitaxy on (211)B semi-
insulating GaAs substrates. Initially, a thin GaAs buffer layer is grown at 620°C,
followed by a 40 period (23A GaAs/15A AlAs) super lattice (SL), which is meant
to smooth out any irregularity of the high index substrate and provide a high qual-
ity surface for the QD nucleation. The QD layer is then typically grown at 480°C
on a 10 nm GaAs layer following the SL, with a growth rate of 0.1ML/s. Un-
der these conditions, the QDs take the shape of truncated pyramids, with typical
heights of 2-3nm, and a relative large aspect ratio of > 5, as detected by AFM [14].
Next, the QDs are capped by a 30 nm GaAs layer which is grown by ramping up
the temperature to 620°C, or they are left uncapped for Atomic Force Microscopy
(AFM) characterisation. For photoluminescence (PL) experiments, a He-Cd con-
tinuous wave (cw) laser at 325nm is used and the sample is fixed on the cold finger
of a variable-temperature closed-circuit helium cryostat. The signal is analyzed
using a 0.5m spectrograph equipped with a 150gr/mm grating and is detected by
a liquid Nitrogen-cooled charge-coupled device (CCD) camera. For the single QD
(SQD) experiments, the samples are processed by standard e-beam lithography
into mesas with diameters varying from 150nm to 500nm and every mesa isolated
from the next neighbour by 15um free space. For the excitation of SQDs, a cw
405nm laser diode beam is focused down using an 40x objective, with a numerical
aperture of 0.65. The micro-PL (u-PL) signal is collected through the same path
using a beam splitter, which is analyzed using a 0.75m spectrograph equipped

with a 1200 gr/mm grating, blazed at 750nm, and is detected by a high quantum

49



3.3. RECOMBINATION DYNAMICS IN (211)B QDS

efficiency back-thinned liquid Nitrogen-cooled CCD camera. The time-resolved
PL (TRPL) experiments are performed using a Hamamatsu streak camera set-up
equipped with an InGaAs photocathode and is attached to the monochromator
for the spectral filtering excited using a mode locked Ti:Sapphire laser at 780 nm
with a pulse width of 4ps and repetition rate of SO0MHz.

3.3.1 PL and TRPL study from PZ QDs on GaAs

Before proceeding with the optical characterisation and properties of the sample,
it is useful mentioning some structural properties as they are depicted on figure
3.1(a), which shows an AFM image, from an uncapped QD sample, showing the
formation of uniform QDs on a smooth (211)B surface, with no aggregates or

dashes.
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Figure 3.1: (a) AFM image from a sample with (211)B InAs QDs on the
surface. (b) Characteristic u-PL spectra from single PZ QDs having the
biexciton (XX) lines at higher energies compared to the exciton (X) lines.

From the analysis of the AFM image the QD heights are measured in the
range of 2-3 nm with base diameters between 28-35 nm and the QD density is

about 1.8x10%m™. At this point, it is important to note that we performed
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work towards reducing the QD density, down to values, as low as 10°cm™, in
order to facilitate the isolation of SQDs by standard e-beam lithography. The
characteristic u-PL spectra from single PZ QDs, contained in sub-micron nano-
mesas are depicted in figure (b) In either spectra, the two lines corresponding
to exciton and biexciton emission are labelled as X and XX, respectively. The
nature of these lines are identified by their linear and quadratic power dependence
at lower power levels. Moreover the absence of additional peaks in the spectra,
rules out the possibility of emission from charged states. Taking into account the
QD emitting at 1.3eV, the X and XX line-widths are 160 and 130 ueV, respectively,
whereas for the QD emitting at 1.24 eV, the respective values are 270 and 170ueV.
The energy difference between the X and XX emission lines in the presented QDs
are 6 and 13meV, respectively, values which hold promise for the discreteness of

the two lines even at elevated temperatures, in spite of thermal broadening effects.

3.0 T T T T

28[(D) ]
26 ]
24} ]
221 R
0 20 L § L ® ®
= 18¢ ® ® ]
1.6 E
14} ]
120k . . . . ]
1.25 1.26 1.27 1.28 1.29 1.30

Time (ns) Energy (eV)

T, (ns)

Intensity (arb.units)

Decay tim

Figure 3.2: (a) Time decay curve from a SQD exciton line suggesting a
lifetime of 2ns. (b) Exciton lifetimes extracted for SQDs emitting at different
energies.

The ability of the (211)B InAs QDs to act as single photon emitters was
previously demonstrated, by observing a pronounced anti-bunching at zero delay,

from the exciton emission line of a SQD at T=5K [16]. A characteristic exciton
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decay curve, obtained from a single QD, is shown in figurd3.2|(a), where the decay
curve is fitted with the following equation ({3.1)).

=1 {exp(_—T)}. (3.1)

™D

The Ij is the intensity at 7=0 whereas the 7p is the decay time. In this case,
the exciton lifetime is found to be about 2ns, and is independent of the excitation
power below or just above the saturation level. Very similar values in the range
of 1.8-2.2 ns, were also obtained on several other SQDs studied. They are plotted
in figure (b), as a function of emission energy, suggesting a rather weak size
dependence. These values are not very different from the lifetimes encountered in
non-piezoelectric (100) InAs QDs, despite the potentially large PZ field in the dots
discussed here. This, can be attributed, to the small height of the emitting QDs in
our system, which minimizes the influence of the PZ field, in separating the carrier
wave-functions and increasing the lifetime. Finally, we note that both the power
independence of the lifetime, as well as the prolonged rise-time observed with
increasing power [16], attributed to state filling effects, are both consistent with
the picture that the low temperature recombination dynamics of single quantum

dots is dominated by purely radiative effects.
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Figure 3.3: (a) Spectrally integrated PL intensity, and (b) PL time decay
versus temperature from (211)B InAs QDs.

Towards the direction of developing practical single photon emitters, we need
to understand the mechanisms that govern the recombination dynamics in a PZ
QD at elevated temperatures. Thus, we performed temperature-dependent TRPL
experiments, using a streak camera set-up. Figure [3.3(a) and (b) shows the spec-
trally integrated PL intensities and the corresponding time decays from ensemble
of QDs, taking into account a spectral window of 10nm, around the PL maximum,
which is shifted corresponding to PL maxima, at their respective temperatures. It
is very clear from the figure that below ~80K, the decay time remains constant
around (1.740.1)ns, which is a value comparable to those measured on single QDs,
suggesting that the low temperature decay times are mainly of radiative nature.
However above ~90K, we observe a significant decrease of both the PL intensities
and the decay times, underlining the fact that non-radiative channels begin to take

over at these temperatures.
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Figure 3.4: (a) Extracted radiative times versus temperature for different
values of 7,, confirming the 0D character of QDs. (b) Non-Radiative times,
for different values of 71,, dominate the PL decay above 80K.

Following the standard temperature-dependent TRPL analysis as described
in [18,19] and references therein, the measured time decay 7p at every temperature

T is related to radiative 7g and non-radiative 7ygr recombination times as follows.

1 1 1
(@) (@) TNa(@) (3.2)

In the following analysis, we tacitly make the assumption that the thermal-
ization processes are much faster than the recombination ones (radiative or non-
radiative), meaning that the carriers are in thermal equilibrium. The temperature

dependence of the integrated PL intensity Ipp,(T) can be expressed as

TD<T)
TR(T)

Where n(T') is the radiative efficiency at a given temperature T and Ij is a

Ipy = I = Iogn(T). (3.3)

normalization factor. The form of n(T') is given by the temperature dependence
of Ipy,. If the value n(7T) is known for a given temperature, then we can extract

from Eqs. and [3.3] both the radiative and non-radiative recombination times,
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as a function of T, by the following relations.:

r(T) = I Too(D) ~ D) (3.4)
vr(T) = TD(T)[O+?3L(T) = TD(T)l—;n(T)' (3.5)

In figure[3.4[(a) and (b), are presented the estimated values for the radiative 7
and non-radiative Ty lifetimes, as a function of temperature, for different values of
7. Several conclusions can be drawn: for all n, at T=0, the radiative recombination
times are higher than 1.7 ns and remain practically constant with temperature,
in line with the zero degree dimensionality of the system. The small increase of
Tr With temperature can be attributed to the large base to height aspect ratios of
the QDs discussed here, allowing for some carrier thermalisation in closely spaced
lateral quantization higher excited states. Furthermore, as expected from the drop
in PL intensity, the Txg curves obtained for various values of 7,, merge above 100K
and reach values below 1 ns, implying that at high temperatures the decay time

is essentially dominated by non-radiative channels.
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Figure 3.5: (a) Temperature dependent PL spectra from ensemble of PZ
QDs. (b) Arrhenius plot of PL intensity at maximum as a function of inverse
temperature for the QD sample presented on figurd3.5(a). The solid line
is the best fit of the equation described in the text, leading to the main
activation energy. (Inset) PL spectrum at 25K showing that the activation
energy corresponds well to the energy difference between the WL and the
maximum of the QD PL peak.

To comprehend the origins of the non-radiative recombination mechanism, we
investigated the activation energy by temperature dependent PL measurements.
The PL spectra obtained from an ensemble of (211)B QDs, at different tempera-
tures, are displayed on figurd3.5a). The dashed curves are multiplied by a factor
of 12. The QD emission ranges between 1.15 to 1.4 eV, while the emission lines
between 1.45 and 1.52 eV are related to the (211)B semi-insulating GaAs sub-
strate. With increasing temperature, the QD PL peak drops in intensity, with
an increasing rate above 100K. On figurd3.5(b), the Arrhenius plot of the QD PL
intensity corresponding to its maxima is depicted. The solid line running through
the experimental points, is obtained from the following fitting equation .

-1

—Lig

T ) + bexp(

IPL = Io 1+ aexp( (36)

— LU
k‘T) ’

The two exponentials in the denominator, corresponding to different activation
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processes, are necessary to describe the tendencies both in the low and high tem-
perature regimes, respectively. In the low temperature range, the small decrease
in PL intensity is accounted for by a small activation energy E,=(30+5)meV, with

a relatively weak probability coefficient b, of the order of 10.

The origin of this weak activation process can be attributed to exciton thermal-
ization to the p-shell of the QDs, whose energy separation from the X line has been
found by us to be about 30meV in photoluminescence excitation spectroscopy, is
not discussed in this thesis. On the other hand, in the high temperature range, the
first exponential takes over, characterized by a much larger probability coefficient
a, of the order of 10°, and an activation energy of E,=(119424)meV. This activa-
tion energy matches well with the energy difference between the QD PL maximum
and the wetting layer (WL) energy, AE=Ey-Eqp.pr, allowing us to conclude that
the main activation mechanism for non-radiative recombination is associated with
carriers escaping from the QDs to the wetting layer. It should be noted that, in
this sample the WL energy is determined by a weak shoulder in the low tempera-
ture PL spectrum, as indicated by an arrow in the figure [3.5(b)(inset), which is in
very good agreement with the findings of previous studies on samples with more
intense WL emission [14]. The fact that the activation energy relates to escape to
the WL of electron-hole pairs through the barrier rather than separate electrons
or holes, is a strong indication that the thermionic escape rates of electrons and

holes from the QD to the WL are comparable.

3.3.2 Conclusions

Based on the above discussion, it is clear that increasing the operating temperature
of (211)B InAs QDs involves an effort to increase AE. This can be achieved either

by increasing the QD size or by “pushing” the WL energy to higher energies by
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appropriate use of AlGaAs barriers around the QD layer. In what follows, we
chase the latter option because, increasing the QD size, has the disadvantage
of introducing dislocations above a critical size and shifting the QD emission to
longer wavelengths where CCD arrays based on Si, similar to the ones used in our

laboratory, have very low quantum efficiency.

In conclusion, the recombination dynamics of (211)B InAs PZ QDs were in-
vestigated by a combination of time-resolved and temperature-dependent PL. The
radiative recombination times can be as low as 1.7 ns in spite of the large PZ field
inside the dots, and are essentially temperature independent in good agreement
with the zero-dimensional character of the dots. Above 100K, the decay time is
dominated by non-radiative channels, activated mainly by carrier escape from the

quantum dots to the wetting layer.
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3.4 Band-gap “Engineering”

This section discusses the methods involved in increasing the activation energy
of the carriers in the QDs. Towards this end in the next samples the QD layer
is encapsulated between AlGaAs “pseudo-alloys”, issued from binary GaAs/AlAs
Short-Period Super-Lattices (SSL)s.

3.4.1 Growing low density samples of QDs inside SSL’s.

The QD samples are grown by molecular beam epitaxy on (211)B GaAs semi-
insulating substrates, as previously mentioned, the only difference being that the
QD layer is embedded in (xA GaAs/yA AlAs) SSL where the GaAs and AlAs
thickness vary as x and yA respectively. Moreover during the development of this
series of samples, the growth conditions are carefully adjusted, for the successful
implementation of low density samples, with a density as low as ~7-8 dots per
pum=, as depicted in figure (b) which is nearly two orders of magnitude lower
than the QD samples studied at the beginning of this work, accompany with a

plan-view image of a PZ QD depicted in figure (c)

Figure 3.6: (a),(b) AFM images from uncapped samples containing QDs on
the surface showing the evolution of grown QD samples from a high density,
of a few 10"'%m? down to a few 10%cm™2, which is very useful for the study
of isolated single QDs. (c) Plan-view TEM image of a single PZ QD.
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The ability to control the growth conditions is very important since QDs on
the low density samples can be easily isolated with standard e-beam lithography
into circular nano-mesas for the u-PL experiments. Although the density of QDs
on samples is suppressed, the total InAs deposition of 1.8ML is consistent with
our previous results, because the energy position of the WL on reference sample
in figure is at 1.4eV, consistent with our previous studies. The parameter that
was found to influence the QD density on the samples is the InAs growth rate. In
terms of beam equivalent pressure (BEP), which is analogue to the ion gate flux,
if we consider a constant distance from the target and same ion beam diameter,
the change was from 1.6x 10 "mbar and 18sec growth time up to 8x10"mbar and
2 seconds of growth time. This was enough to achieve the low density samples,
while preserving the aspect ratio and dimensions of the QDs close to the old ones.
The QD growth temperature was fixed at 480°C, and and the growth rates were
as high as 0.9ML/s. The growth time was 9 times quicker than in the past growth
conditions. Under these conditions, the QDs take the shape of truncated pyramids,
with typical heights of 1.5-2.4 nm, and an aspect ratio of 10-12. These values are
extracted by analysing the AFM images, of the remaining uncapped samples, as
depicted in figurd3.60] A He-Cd continuous wave cw laser at 325nm, is used as a
source of excitation for PL experiments, which is focused onto a sample, fixed on
the cold finger of a variable temperature, closed circuit helium cryostat. The signal
is analysed using a 0.5m spectrograph with 150 gr/mm grating and is detected by
a liquid Nitrogen-cooled Si CCD camera.

3.4.2 PL study from PZ QDs on SSL’s.

The PL spectra obtained from ensembles of (211)B QDs embedded in short period
binary (xA GaAs/16A AlAs) SSL’s, with different relative thickness’s of GaAs and
AlAs layers are as displayed in figure [3.7]
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Figure 3.7: Photoluminescence spectra of ensembles of QDs, from sam-
ples where the QD layer is embedded in xA GaAs/16A AlAs “pseudo-alloy”
SSL with different relative thickness of GaAs and AlAs layers in a straight

comparison with the reference sample where the QD layer is embedded in
GaAs.

The reference spectrum where the QDs are grown on thick GaAs is depicted in
the bottom of figure 3.7, where the WL energy position is at 1.4eV, as mentioned
before. This spectrum is included in the figure to emphasize how fast the WL
energy blue-shifts, in comparison to the emission energy of QDs, as we decrease
the GaAs thickness in the SSL forming a richer in Al pseudo alloy. The much
faster blue shift of the WL PL can be attributed to its small thickness of ~1.3ML,
since the carrier wave-functions in a very thin layer are much more sensitive to
the surrounding layers compared to the carriers in the QDs, that can extend over

several nm in height and several tens of nm in lateral dimensions.

We present now experimental evidence for increased QD emission efficiency
at higher temperatures through the investigation of the activation energy in the

various samples by temperature dependent PL measurements.
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Figure 3.8: (a) Temperature dependent PL spectra from ensemble of PZ
QDs. (b) Arrhenius plots of PL intensities for the two maxima indicated
by arrows in the spectra. The solid lines (red and blue) are the best fit of
the equation , leading to two activation energies for the “peak a” and
“peak b” respectively.

The PL spectra obtained from an ensemble of (211)B QDs inside SSL’s at dif-
ferent temperatures, are displayed in figure |3.8(a), the sample named as “1106”.
The dashed curves are multiplied by a factor of 8. As the temperature is increased,
the PL intensity drops but the quenching is much smaller compared to samples
without SSL. The activation energies extracted from the best fitting using equa-
tion of the Arrhenius plots of figure [3.8(b), for the two maxima indicated by
arrows as “peak a” and “peak b”, are displayed in ﬁgur(b). The activation
energy with the larger probability coefficient a, of the order of 10° for the first
“peak a” is E,~227meV and for the second “peak b” is Ey~131meV, where on
both occasions the weaker activation process, observed as a small decrease in PL
intensity in the low temperature range, is accounted for by a small activation en-
ergy Ep~30meV and is associated to exciton thermalization to the p-shell of the
QDs as mentioned previously, and has a relatively weak probability coefficient b,
of the order of 10. Taking into account the energy positions of “peak a”, “peak b”

and the WL, as indicated by arrows, we have calculated the difference in energies
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between the emission energies of WL and “peak b” as AE} = Ewy, — Epeax b and
between WL and “peak a” as AE! = Ewr, — Epeaka- The resulted values were
AE;=135meV and AE!=248meV respectively, in very good agreement with the
extracted activation energies. This leads us to the conclusion that, as expected, the
activation energy in these QD samples corresponds very well to AE=FEw;,—Eop-pr,

due to which QDs with increased barrier height finally emit up to 300K as depicted

in figure [3.§(a)

3.4.3 Conclusions

The emission from QDs, grown inside GaA/AlAs SSL’s, result in much improved
PL efficiencies at higher temperatures, including up to 300K. The activation energy
in these samples can be as high as 230meV, corresponding well to the energy
difference between the QD emission at 1.35 eV and the WL transition energy, which
in these samples is strongly blue-shifted to 1.59 eV. This result is very promising

for the implementation of single photon emitters at elevated temperatures.
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Chapter 4

Single photon emission from a PZ

QD at high temperature

4.1 Abstract

In this chapter, the results on temperature-dependent micro-photoluminescence
(u-PL) and cross-correlation measurements, on the emission from an exciton state
of single (211)B InAs QDs are presented. In line with the discussion in the previous
chapter, on ensemble of QDs, where the QD layer is embedded inside GaAs/AlAs
SSL, this chapter discusses the single QD behaviour of such QDs at elevated tem-
peratures. As it will be shown, the large exciton-biexciton (X-XX) splittings of
the system allows for the observation of anti-bunching behaviour up to 150K, for

the first time in an InAs-based QD system.
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4.2 Introduction

It is well known and proven by experiments that a QD is a sustainable source
of single photons with narrow spectral line-widths, high generation rates and of
course high internal quantum efficiency and stability [I, 2, 8, 4]. For all these
reasons, QDs are characterized as artificial atoms, having the ability to produce a
regulated photon stream, which contains one and only one photon at a given time
interval. For practical reasons, the single photon emitters “on demand” should be
able to emit single photons even at high temperatures. Several solid state systems
have already been proposed, such as: i. single molecules of terrylene [5], which
operate at room temperature but suffer from photo-blinking. Blinking is a process
in which the fluorescent emission stops for a certain period of time, and can be
either recoverable or non-recoverable [6]. ii. Nitrogen vacancy (NV) color centers
in artificial diamond, which also operate at room temperature as single photon
emitters [7, ], but they exhibit relatively long radiative lifetimes of about 10ns,
limiting their maximum single photon emission rate. iii. Colloidal CdSe QDs,
which also emit single photons up to 300K [I], but they exhibit significant photo-
blinking, spectral diffusion effects, and suffer from very long luminescence lifetime

of ~1.4us [9)at low temperatures and up to ~20ns at room temperature [10].

On the other hand the epitaxial QDs such as InAs/GaAs are very attrac-
tive having all the advantages of single photon emitters such as high repetition
rates, no photo-blinking problems, strong electro-luminescence, and easy integra-
tion into photonic microcavities [I1],12] in order to increase their efficiency. They
are compatible with the well-established micro-fabrication III-V semiconductor
technology and moreover can be integrated into photonic systems, like p-i-n diode
structures [13] 14} 15, 16, 17]. In most of the previous attempts with InAs QDs

the operation of single photon emitters were limited to low temperatures, such

68



4.2. INTRODUCTION

as 5-8K. In several successful attempts mentioned in the literature, the operat-
ing temperature was raised up to liquid nitrogen conditions [18| 19, 20], 21], and
only one group managed to show operation at 120K by optical pumping [22]. In
this chapter, a detailed study will be presented based on PZ InAs QDs, where
the operation of an optically pumped single photon emitter reaches ~150K. The
photon correlation histograms are recorded from the recombination of an exciton
state of a SQD, confined in a microcavity, exhibiting sub-Poissonian statistics with
an anti-bunching behaviour g?(7=0)=0.46 at 150K. Furthermore, a PL emission
spectrum will be presented from another SQD, where the PL is still bright up to
260K. This is the first time that the X and XX emission lines from a single InAs

QD are resolved at such high temperatures.
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SQDS.

4.3 Temperature evolution on the emission of
SQDs.

The previous chapter mainly concentrated on QD’s inside SSL’s, where the ac-
tivation energies were significantly increased compared with samples without the
use of SSL’s. One of these samples named as “sample 11177, with the highest
activation energy, consisting of QDs grown inside 2.4nm GaAs layer acting as
nucleation layer and surrounded by a 20 periods of 1.6AA1AS/ 1.2AGaAs SSL, is
selected as the next specimen for study. The SQD experiments are performed on
the sample after it is processed by standard e-beam lithography into mesas with
diameters varying from 350nm to 2000nm, where the inter-spacing between them
is ~ 15um. A mode locked tunable wavelength Ti:sapphire laser, with a repetition
rate of T6MHz, or the same laser operated in C'W mode, is used as the source of
excitation, focused using a 40x objective, with a numerical aperture of 0.65. The
same objective is used to collect the micro-PL (u-PL) emission-signal which is then
analysed through a 0.75m spectrograph equipped with 1200 gr/mm grating, blazed
at 750nm. The spectra are recorded by a high quantum efficiency back-thinned
liquid Nitrogen-cooled CCD.

The determination of X and XX emission lines from a SQD, is made possible
with high degree of confidence, by power dependent measurements, in cases where
other emission lines are absent around the spectral area of interest, which is the
SQD emission area. The same approach is followed for every SQD investigated.
In figure (a), power dependent spectra are shown under different powers of
excitation recorded at 7T8K. At low powers of excitation, the X transition energy
is dominant whereas at high powers, the XX gains more intensity compared to
X, which is normal in experiments where the excitation is in CW mode. This

behaviour is expected because at low powers, the rate of excited carriers is low
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and inside the QD, electrons and holes are formed and recombine as excitons.
As the power is increased, the rate of excited carriers increases as well, and as a

consequence the probability having more than one exciton (XX) in the QD becomes

higher.
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Figure 4.1: (a) A characteristic power-dependent behaviour for the exciton
(X) and bi-exciton (XX) emission lines of a SQD under different powers of
CW excitation. (b) Integrated intensity of X and XX emission lines versus
excitation power.

The emission peaks are fitted by Lorentzians and the fitted peaks are inte-
grated. The different behaviour of the integrated intensity for the X and XX
emission peaks as a function of excitation power is depicted in figure (b) The
power dependence of the integrated intensity, for the X state is linear (~ P%%),
whereas that for the XX state is nearly quadratic (~ P™). In all QDs that will
be presented next, the XX appears at higher energy than the X line. These two
excited states are well separated and in particular for the SQD of figure [4.1|(a) the
energy splitting is ~7.6meV, which is a characteristic behaviour of the PZ QDs.
The large anti-binding energy of the XX state [23] is a key feature for single QD

emission up to room temperature.

In figure is shown the evolution of the SQD emission as a function of tem-
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perature. Special care is taken during the experiment for the excitation conditions.
Specifically, the excitation power is appropriately adjusted, at every temperature,
just below the saturation regime of the exciton transition. With this method the
carrier recombination rate from the X and XX states can be kept constant. The
exposure time is the same for all spectra and for clarity the intensity of each

spectrum is normalized to unity.
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Figure 4.2: Temperature dependence of Micro-PL spectra from a SQD in
the range of 78 - 260K. The X and XX emission lines are well distinguished
even at 260K. The intensity of each spectrum is normalized to unity.

As the temperature is increased, the two peaks attributed to X and XX emis-
sion lines, shift simultaneously to lower energies, following the decrease of the band
gap. In order to understand the spectral evolution with temperature of a single
PZ QD, in figure (a) we plot the temperature dependence of the unstrained
band-gap (E;) according to the Varshni law for GaAs or InAs [24]. The relations
for the GaAs and InAs are taken from M. Baira et. al. [25], which are described

by the following equations:
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It should be noted that the temperature dependence of the energy band-gap for
GaAs, is independent on the crystal orientation [26]. Therefore, it is also applied
to our case. A comparison between the Varshni’s relations for GaAs and InAs and
the experimental energy positions of the exciton state of a SQD is presented in
figure [4.3(a).
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Figure 4.3: (a) Exciton transition energy reduction as a function of tem-
perature following the Varshni model for GaAs energy band gap reduction.
(b) Evolution of the X line integrated intensity as a function of kBT result-
ing that the activation energy mainly is attributed to carriers escape from
QDs to WL.

As it can be observed, the SQD emission follows the Varshi relation for GaAs.
This could be attributed firstly, to the fact that the larger part of the electron
wave function is located inside the GaAs, and secondly because of possible GaAs
segregation inside the InAs QD matrix. As a matter of fact, this result alerted us
to reconsider the structure of QDs which led us to an analytical structural analysis

of the QDs, which will be discussed in the next chapter 5.
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The quenching of the integrated u-PL intensity at higher temperatures is shown
in figure [£.3|(b). It is a clear indication that the number of carriers for radiative
recombination reduces as the temperature increases, and this is attributed to the
following reasons. First of all the carriers are thermally activated and escape from
the QD to the WL, as the activation energy of ~180 meV corresponds well to the
energy difference between X transition energy and WL energy position. Moreover,
at higher temperatures the X radiative recombination time increases slightly with
T as shown in chapter 3 and in figure [3.4)(a), contributing to the further drop of
PL intensity.

4.3.1 Temperature dependence of the exciton homogeneous
linewidth

Another important QD parameter for SPS applications is the linewidth (T") of its
X emission line and its temperature dependence. The following relation is a
general equation which describes the exciton peak full width at half maximum
(FWHM) linewidth I'(T") as a function of temperature, in quantum wells and bulk
semiconductors [27] due to phonon scattering. Moreover, the same equation is used

generally for QDs, such as InGaAs [28] and even in colloidal CdS/ZnS QDs [29].

1

O =0 =0l Yo oo KT — 1

(4.3)

Where I'(T" = 0) is the zero-T linewidth, ~,. and ~,, are the terms which
represent the acoustic and optical phonon scattering respectively, and Awr o is the
energy of the longitudinal optical (LO) phonon of GaAs. In figure [4.4] we plot the
extracted FWHM linewidth (red and blue spheres), from an X and XX line of a
PZ SQD, as a function of temperature. These data are compared with linewidth

values available in the literature for InGaAs-based (100) QDs measured in two
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different excitation conditions: non-resonant excitation (triangles) similar to our

experiments, and resonant excitation (rhomps).
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Figure 4.4: Experimental temperature dependence of XX and X linewidths
for (211)B QDs in comparison with reported results of (100) QDs under
resonant and non-resonant excitation conditions.

['(T = 0) in our case is 90+15ueV, which is two orders of magnitude larger
than the natural linewidth 'y = h/27 where 7 is the radiative lifetime for the
(211)B QDs, which is expected to be 7p=1.3-1.8ns as discussed in Chapter 3.3.1
and visible in figure [3.2(b). The relatively elevated spectral broadening of the X
line at low temperature can be attributed to spectral diffusion effect, from charges
in the QD environment. First important observation of figure [£.4] is that the PZ-
QD’s linewidths seem to merge and to form a single curve with the non PZ-QD’s,
measured under non-resonant conditions. At T> 100K, the exponential increase
seems to slow down, and at 260K the experimental linewidths for the PZ QDs are
6-7 meV, similar to the non-PZ QDs [30] [31], 32]. It is worth noting that the curve
for the PZ-QDs merges at high T’, with the curve for non-PZ QDs obtained under

resonant conditions. the above data, strongly support the idea that the presence of
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high internal fields in PZ QDs does not seem to generate any additional broadening
of the exciton emission line compared to non-PZ QDs. We have to mention here
that the above study is limited to a PL study with non-resonant excitation. Future
experiments with resonant excitation may show narrower linewidths as they are

already proposed and observed by Kammerer et. al.[30].
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4.4 QDs in MCs

4.4.1 Collection efficiency strategy.

During the initial study with micro-PL measurements, we realized that the PL effi-
ciencies of single QDs were relatively low, limited to a few tens of counts per second
(c.p.s.) at 78K. These numbers of c.p.s. are not enough for the implementation
of photon correlation measurements, which are essential in order to observe the
anti-bunching behaviour of the emitter and establish whether it can be considered
as a single photon source or not. We have realised, with the standard structure
based on GaAs, that the high refractive index of GaAs of 3.5 at 930nm where the
SQDs emit sets a serious limitation, in the sense that only a small fraction of the
emitted photons can possibly escape from the top surface of the structure. The
equation below describes the critical angle above which total internal reflection

(t;r) on the top semiconductor/air interface occurs.

Oy, = sinl( Hair ) (4.4)

NGaAs

Applying the previous equation with GaAs constants, we obtain a very low
critical angle of 17°, which means that all radiation emitted at higher angles is
fully reflected and does not come out of the structure. Taking into account that
a single photon emitter can behave as a point source emitting in all directions,
the portion of photons that can be efficiently collected is relatively low. If we
consider now an objective lens with a N.A. of 0.65, such as the one is used in
our experiments, the collection efficiency 7 of the system can be calculated by the

following equation:( [33] and references therein.)
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The total efficiency n then for GaAs and N.A. = 0.65 is ~0.9%. Many tech-
niques have been used to improve the collection efficiency, such as interface surface
roughness, solid immersion lens of LaSFN9 glass or GaAs, and of course semicon-
ductor microcavities [34], B35, 36]. The current study utilizes the semiconductor

microcavity approach.

4.4.2 Enhanced Spontaneous emission from SQDs by a

Semiconductor Microcavity.

A long time ago Purcell proposed the method to control the spontaneous emission
(SE) rate of a quasi monochromatic dipole by using a cavity, thereby coupling
its emission with the electromagnetic modes of the cavity [37]. This can also be
applied to the case of single QDs. The ability to enhance the SE rate has opened a
new era to develop high-efficiency single photon emitters. In the case of the study
here, four samples were grown, two of which will be discussed here, with one of

them being suitable for high temperature operation.

As a first step, we decided to grow the microcavity (MC) samples following
the guide line of Bennett et. al. [33]. The researchers in their study suggested that
the maximum efficiency for a A-cavity can be achieved using a 12-period bottom
mirror and an optimum 4-period for the top mirror. The quantum efficiency of
such a structure could thus be increased to ~ 11.8% in comparison to the 0.9% of

the the regular structure.

In addition, by making use of the transfer matrix method described in detail
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by Furman [38], the MC structures were modelled to meet the requirements of the
SPEs described in this work. Design optimization of the structure is non-trivial
due to the fact that the QDs have to be positioned in the cavity in a way that
maximum coupling is achieved with the photon field at the cavity mode linewidth,
considering the fact that QD emission is really narrow. Moreover an additional
prerequisite is that the cavity mode should support at least a certain frequency
range, where not only the exciton emission line but also the biexciton one can
benefit. In other words, the cavity mode should be broad enough, supporting an
energy range of the order of 10-20 meV, which means that the Q factor should
be relatively small. In order to comply with all these issues, only three stacks of
A/4-pairs are used in the top Distributed Brag Reflector (DBR), resulting in a low

Q factor as will be discussed below.

4.4.3 Sample fabrication and structural characterization.

The total structure which consists of the bottom/top DBRs, the cavity and the QD
layer, is grown on (211)B SI GaAs substrate after a GaAs buffer with approximate
thickness of 1um. The bottom stack of quarter-wave GaAs/AlAs DBRs consists
of 14 periods giving a highly reflective mirror of ~99%. Then a xAGaAs/yAAlAs
SSL or a simple GaAs layer, constitute the A-cavity, which contains in the middle
the QD layer. The cavity length defines the number of anti-nodes that are formed
along the cavity. We decided to use a A-cavity design that supports only one mode
in the anti-node of the electromagnetic field, exactly positioned in the middle
of the cavity layer. Finally, the top stack is grown which consists of 3-periods
of GaAs/AlAs DBR. The QDs are grown by Stransky Krastanow growth mode,
by depositing 1.8ML of InAs, and the position is fixed at the anti-node of the
electromagnetic field inside the cavity in order to increase the total light collection

efficiency from the QDs. Special care is taken to keep the density of self-assembled
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QDs low, about ~7-9 QDs per um?, to facilitate the isolation of SQDs through

processing.
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Figure 4.5: (a), (b) Cross-sectional TEM images from an MC sample,
taken along the [0-11] zone axis. The morphology of the structure above the
GaAs buffer layer and along the growth direction is depicted.

In figure[4.5(a), a TEM micrograph is shown depicting the overall morphology
of one of the four samples named as “sample 1102”7, and figure (b) shows a
zoom-in of the A-cavity and a few layers of GaAs/AlAs DBRs. As can be seen
from the image, the interfaces between AlAs and GaAs appear to be sharp without
misfits and in addition the whole structure is dislocation free. The thickness of
AlAs layers are around 7041nm while that of GaAs layers are around 6741nm
, as visible in figure (b) Each GaAs layer of the A-cavity is measured to be
around 129+1nm, which gives a total cavity thickness of 261nm including the QD
layer. The nominal values for GaAs and AlAs in the DBRs were 69nm and 80nm
respectively, while the total cavity thickness was supposed to be 270nm. The
variation on AlAs layer thickness between the nominal and the measured value
can be attributed to the fact that the growth rate calibration of the MBE system
referred to (100) orientation. However, in our structure this small variation does
not affect significantly the CM position and the overall DBR quality. On the other

hand, the GaAs thicknesses match well with the nominal ones, and furthermore
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the QD layer seems to be positioned at the exact center of the cavity layer, which

is the most important for enhanced radiative coupling.

Elements of processing. Next, we describe the main processing steps for the
fabrication of SPE’s. Firstly the sample is cleaned using standard organic degreas-
ing agent. The degreasing process involves dipping of the sample in acetone for
Imin, then in isopropanol for another 1min and finally rinsing in running deionized
water. Then, the sample is baked at 110°C on a hot plate for approximate 15 min,
for the dehydration of the substrate prior to e-beam lithography resist deposition,
which increases resist film adhesion to the substrate. The appropriate Electron
beam sensitive resist used for the etching process is the ma-N2403 of Micro resist
Technology. The resist is spun on the sample substrate using the spin coater (SPS
Spin 150) at 3000 rotations per minute (rpm) for 40 sec in order to obtain a final
resist film thickness of around 300nm. The film is thermally stabilized with a bake
on a hot plate at 90°C for 2 min. The resist is then exposed using an electron beam
for the definition of the patterns that will be used as soft masks for the subsequent
dry etching which results in the formation of mesa pillars. The specific resist is a
“negative tone”, which means that the exposed areas are partially cross-linked and
that they can withstand the subsequent development process. At the end of the
development, the exposed area patterns remain on the substrate which in turn is
used as a masking material. The equipment used for this job is the Field Emission
SEM (Jeol 7T000F), where e-beam lithography is possible due to the electron beam
writer equipment attached to the system (Raith Elphy Quantum). After the ex-
posure, the sample is developed in the ready-to-use developer ma-D525 of Micro
resist Technology, which is Tetramethylammonium hydroxide (TMAH) based, for
around 1min. A further thermal stabilization of the resist is required for the dry

etching process and the sample is heated at 100°C on a hotplate for about 5min.
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The next step includes the mesa formation through the following procedure.
The tool used for the dry etching of mesa pillars is the Reactive Ion Etching sys-
tem (Vacutec 1500) equipped with an in-situ laser interferometry system. The
whole process is monitored using in-situ laser interferometry in order to make an
estimation of the etch depth, during the process. After the process is finished, the
remaining resist film is stripped using the standard cleaning condition as mentioned
earlier, (aceton, isopropanol, water rinsing), and the sample is ready for optical
measurements. The final product of the processing procedure is depicted in fig-
urd4.6], where we observe micropillar-mesas with diameters varying from 350nm to
2500nm whereas the height of each mesa is about 800nm. The height of the mesa
is such that it includes the top DBRs, the cavity length and 1-2 periods of the
bottom DBRs.

FORTH-IESL SEI 15.0kV X600 WD 10.0mm  10um FORTH-IESL SEI 15.0kv  X20,000 WD 10.0mm 1um

Figure 4.6: (a) SEM image representing a full period after standard process
stage, containing mesas of different diameters for the purpose of micro-PL
experiments. (b) A top view of an isolated mesa from the squared area of
the previous image with diameter is 850nm and height of 800nm. (inset)
In the inset is depicted the same mesa inclined. Some of the bottom and all
the top DBR periods can be distinguished.
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4.4.4 Optical characterization.

The main optical characterizations of the samples include PL (micro-PL) before
(after) the processing procedure, and reflectivity. Before continuing with the dis-
cussion results, it is useful to address the setup for the optical characterization
of samples. The optical setup used is depicted in figure [£.7, which consists of a
typical micro-PL accompanied by a reflectivity set-up. The reflectivity setup can
be described by the following steps. 1) a Halogen lamp, where the light is guided
through a Multi Core Fibre (MCF) (yellow-cores) to illuminate the sample area
under investigation. 2) The reflected light from the sample is collected using a
Multi-Mode Fibre (white-core) (MMF) which is positioned at the center of the
bunch of fibres as described in the figure inset. 3) The light is now analysed by
a spectrograph and recorded by a high quantum efficiency back-thinned liquid

Nitrogen-cooled CCD camera.
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Figure 4.7: A Schematic representation of a typical micro PL set up ac-
companied with a fibre coupled reflectivity set-up.
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The reflectivity response from the samples must be close to the simulated
results, since the values for layers thicknesses used in the model are close to their
actual thicknesses, estimated for the growth recipe. A direct proof of the above is
obtained by comparing the reflectivity (straight-lines) of the planar cavity samples
with the corresponding PL spectra derived from the emission of the QD ensembles
(dash-lines), shown in figure . As expected, an enhancement in PL efficiency is
observed at the Cavity Mode (CM) area for both samples named as “1101” and
“1102”. In sample 1101, the reflectance in the stop band area is not as high as in
1102, which probably means that in the latter sample the bottom stack of DBRs

constitute a better mirror compared to the former.
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Figure 4.8: Micro-PL intensities in counts per second on logarithmic scale
(left) from exciton emission lines of three different samples. The red and
blue circles correspond to exciton lines from QDs in MCs, whereas the black
circles from QDs in a regular structure. In the reflectivity spectra of the
planar cavity samples (blue and red lines), the stop bands and CM positions
can be distinguished for each sample. The PL spectra from the corresponding
samples match well the CM positions observed in reflectivity.
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Moreover the CM in 1102 sample is deeper and narrower compared to 1101
which goes along with an enhanced DBR mirror in 1102 and the higher reflectivity
(R) value in the stop-band, resulting in an enhanced quantum efficiency for the

emitters (Purcell effect) in 1102 cavity.

Before proceeding any further it is important to address the following points
which are essential to observe a large Purcell effect. Purcell, assumed a localized
dipole that emits at a wavelength A\, with a spectral linewidth of A\, placed in
resonance with a single cavity mode. The specifications of the cavity mode are the

following: wavelength A, linewidth A\, and a quality factor of Q).

Ac

Q:A&

(4.6)

Since the AN\<<AN, we call this regime as “weak coupling” regime and the
spontaneous emission (SE) rate is then given by the Fermi’s golden rule, which for

an electric dipole transition has the following form:

L [ 2P (@7)

Where the 2 (7) is the amplitude of electric field in vacuum for an emitter
at a position 77, 7 is the electric dipole, peq(w) is the density of modes for the
emitter at angular frequency of w which is given by a normalized Lorentzian in

the case of the cavity mode.

Next the spontaneous emission (SE) rate in a cavity mode can be referred to
as the total SE rate in a homogeneous medium and is given by the Purcell factor

as follows.

30N
P 423y

(4.8)
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Where n refers here to the refractive index of the medium and V to the effective
cavity volume. The Purcell factor as described above is the figure of merit for the
cavity alone and describes the ability of a cavity to increase the coupling of an
ideal single photon emitter with the vacuum field. This can be achieved in two
ways: either via a local enhancement of its intensity by small cavity volumes V,

or by reducing the effective mode density by high Q-factors.

Finally in order to have a successful coupling, several important conditions
must be fulfilled. Firstly, the emitter i.e. a QD, must emit in exact resonance
with the cavity mode. Secondly, the SPE must be located at the anti-node of the
vacuum field. Thirdly, the dipole should be parallel to the vacuum electric field.
The conditions are fulfilled by the microcavity samples presented in this part of
the study. The layer of QDs is inserted at the center of the A-cavity, while the
dots of interest are in resonance with the CM. Even if the Q-factors in our MC
samples are not very large, still the Purcell factor must be high enough in order

to justify the micro-PL intensities of QDs inserted in MCs, as shown in figure [4.8|

The mean value of c.p.s. intensities from the samples with QDs inside cavities
are on the average 4-5 times higher than the QDs in a regular structure (sample
1117). This means that the SE rate is enhanced by 4-5 times for the QD excitons
which are coupled to the cavity mode. Especially, figure shows the response of
some QDs that satisfy the previous conditions, where the magnitude of the effect
is sufficiently high when the QDs are in resonance with a confined cavity mode.
The SE rate exceeds 1000 or even 2000 c.p.s. in some occasions, at a temperature
of 80K. These count rates are practically impossible to be observed in regular
structures, such as sample 1117 where the maximum count rate achieved is 40
c.p.s.. All these results suggest that we successfully achieved to enhance the SE
rate of single photon emitters by placing them inside microcavities. In the next

section, the quantum nature of the light emitted from a QD will be demonstrated
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by cross correlation measurements on the emission from a single exciton state even
at high temperatures. It is useful to remind here that the samples used in this
study consist of QDs inside microcavities, but the cavity layer material is GaAs for
the control samples, whereas for the implementation of high temperature SPE’s it
is xAGaAs / yAAlAs SSL’s which act like a “pseudo-alloy” increasing the potential

barrier for the carriers in the QD, as it has been presented in the previous section.

4.4.5 High Temperature Anti-bunching behaviour of PZ
QDs.

The use of low density samples makes the next experimental stage with micro-PL
measurements easier. For the implementation of micro-PL measurements, time-
resolved PL (TRPL) and cross correlation experiments, a mode locked tunable
Ti:Sapphire laser is used as a source of excitation for the SQDs, whose repetition
rate is T6MHz and its photodiode signal acts as a trigger to the fast on-board mod-
ule for the TRPL experiments. The dimensions and the beam shape is prepared
by a spatial filtering setup, as depicted in figure [£.9 at the output of which, a
clean spatial profile of a Gaussian beam is provided to the micro-PL setup. The
beam is then focused through a 40x objective with a numerical aperture of 0.65
leading to a lateral resolution of about 1.4um. The same objective is used to
collect the micro-PL (u-PL) signal, which is analyzed through a 0.75m spectro-
graph equipped with a 1200 gr/mm grating, blazed at 750nm. The spectra are
recorded by a high quantum efficiency back-thinned liquid Nitrogen-cooled CCD.
The cross-correlation measurements are implemented in a typical Hanbury Brown

and Twiss (HBT) setup, as shown in figure [4.9]
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Figure 4.9: A cross correlation measurement set-up consisting of a typical
micro PL set up, the HBT interferometer and a Time-Correlator Single
Photon Counting Module accompanied with the SPADs as schematically
depicted on the figure.

In the HBT [39] setup a monochromator is used for spectral filtering, where
the width of the slit opening at the exit defines the spectral area of observation
(A)), which is recorded using two fast Si Single Photon Avalanche Photodiodes
(SPADs). At low temperatures up to 60K, the spectral resolution provided by
the slits was arranged to be ~ 50ueV, whereas at higher temperatures the slits
were opened according to the broadening to the exciton lines, which at 150K is
about ~2meV. After the beam exits from the monochromator it is split into two
beams by using a (50:50) non-polarizing beam splitter (BS). The resulting two
beams are then focused onto two SPADs. The SPADs used for the first series of
measurements between 8K to 60K are from Perkin Elmer Optoelectronics model
(SPCM-AQR-13), whereas for the higher temperatures and lower count rates from
Excelitas model (SPCM-AQRH-FC-14), the latter having 8-10% quantum effi-
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ciency at 950nm and a time resolution of ~340ps. To avoid the optical cross-talk
between SPADs, two iris with small openings are used in each arm after the beam
splitter [40]. The signals (photons-coincidences) are then used to initiate (start)
and disable (stop) a time-to-amplitude converter whose output is stored in a multi-
channel analyzer. In this study, the signals are analyzed by a multichannel analyser
acquisition card, which is a Single Photon Counting module (SPC-130), by Becker
and Hickl, containing a complete electronic system for recording fast light signals

by Time-Correlated Single Photon Counting (TCSPC) with a resolution of 820fs.

The quantum nature of the emitted light from a single QD, even at high
temperatures will be presented in this section. The PL emission of individual QDs
at low temperatures, i.e. 8K, consists of sharp lines, but at high temperatures we
observe an increase in their linewidths, as already discussed previously. Another
difficulty is that the MC structure where the QDs are embedded sets a limitation
for the observation of the same single QD in the entire range of temperatures. This
is because a QD which at a given temperature emits at a specific wavelength and
couples with the cavity mode, when increasing the temperature, it loses intensity
as it goes out of resonance with the CM due to the decrease of its energy gap
according to Varshni’s law. Thus to study the single-photon emission property
of PZ QDs at elevated temperatures, different dots entering successively in the
energy range of CM have to studied. Hence, the main difficulty of the experiment

is to find the next well-coupled QD in the sample at the next temperature.

As it was mentioned earlier a single photon source, such as a QD, emits an-
tibunched photons. The physics of antibunched photons can be realized by the
following example. If we consider a two level system that emits a photon at a time
7=0 then it is impossible for it to emit a second one immediately after, because
it is already at the ground state. The next photon can be emitted and detected

after a waiting time, that can be attributed to the repetition rate of the excitation
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source but mainly due to the recombination rate of the system which is higher
than the repetition rate of the source of excitation i.e. a pulsed laser source. The
result is a dead time between successive photon emission events. In the absence of
other sources of light fluctuation, the statistics which describe these photon events
are the sub-Poissonian statistics. For comparison, the photon number distribution
of a laser source which is operated above threshold is a Poisson distribution which
is described by the following relation:
N7
P,(n) = Heaz‘p(—N) (4.9)
P,(n) describes the probability to find n photons in the coherent state with
the mean photon number N = 2. States which possess a narrower photon number
distribution is called sub-Poissonian. A QD as a single photon source is able to
produce photons “on demand”. In this study the experiments are performed in
order to prove the quantum nature of our QD system by measuring the second
order correlation function or the auto-correlation function g(®(7), as a function of

the delay time 7.

s IWI(t+7) )
{1(1))?

The experiments are performed by using the HBT set-up previously described

g (1) = < (4.10)

under pulsed excitation conditions. I(t) is the measured intensity where “::” indi-
cates normal ordering. The g® () function describes the probability to measure
a photon coincidence at a time 7 based on the condition that a first photon has
been detected at a time ¢t = 0. This means that the PL collected from a single
photon emitter has the property of g (7 = 0) ~ 0. The strong quantum correla-
tion easily vanishes by increasing the number of emitters. For this reason, strong

photon antibunching g(® (1 =0) <0.5 can be considered as a criterion that a given
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emitter is a single photon emitter. The auto-correlation function is measured by
using a HBT interferometer set up where the signal of one detector starts a clock

until a detection coincidence of the second detector results in a stop (figure 4.9)).

1.0[@)

g%(r)=0.17+0.02

0.0

-26.4  -13.2 0.0 132 264
Time (ns)

Figure 4.10: Photon correlation function g(® (7) for (a) a pulsed coherent
state source such as a laser and (b) a sub-Poissonian state as recorded from
an exciton state of single PZ QD at 80K.

In the experiments where the photon correlation measurements are carried out
with pulsed excitation, the value of the g(® (7) function can be directly determined
without the need of a fitting procedure taking into account the exciton lifetime
and the detector response. The information about the photon number correlation

between pulses is estimated from the area under the correlation peaks.

Figure depicts the recorded histograms normalized with the response of

the laser. The top part corresponds to a coherent light source with g® (7 = 0) =1
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at zero delay, whereas the bottom part is a comparison, showing an example of
the second order correlation function recorded from an exciton QD state with a
g (0) =0.17. This value is obtained by normalizing the peak integrated intensity
at t = 0 by the average area of the other four adjacent peaks. The fitting function

which is used for the four peaks is described as follows.

t—to‘

correlations(t) = Ae_‘ D (4.11)

In the equation tg can be referred to as the zero delay time of a given correlation

peak and 7p as the decay time for the exciton state under investigation.

Experimental evidence of the anti-bunching behaviour at high temper-

atures.

In the next figures, the histograms obtained using the HBT set up interferometer
described above will be presented. The measurements have been performed at
various temperatures in order to highlight the possibility of PZ QDs to act as single
photon emitters on “demand”, at higher temperatures. The experimental data
which are presented here can be separated in two, based on the laboratories where
the measurements have taken place or by the temperature of the QD system where
the histograms are recorded: from 8K and up to 60K the anti-bunching behaviour
of the PZ QDs are investigated in the laboratory of prof. Valia Voliotis in the
Institute of NanoSciences of the Pierre and Marie Curie University in Paris, and
the rest of the measurements at temperatures from 60K up to 150K, are performed
in the quantum optics laboratory of Foundation for Research and Technology -
Hellas (FORTH), in a new set-up installed by the writer of this manuscript and
prof. Nikos Pelekanos. As mentioned before the emitter under investigation is

not the same at every temperature-measurement because of the decoupling of the
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electromagnetic field between the cavity mode and the emitter. This is the reason
that the spontaneous emission lifetime of the emitters is not identical, as it can
be easily recognized through the histograms at different temperatures, and varies
in the range of 1 to 2ns. The measurements are performed with non-resonant
excitation above the band gap of GaAs and always a little below the saturation

regime of the examined QD exciton state.

Figure depicts the raw second order autocorrelation function g(®(7) of
an X line in the temperature range between 8 and 60K. Based on the repetition
rate of the laser which is ~80MHz, every 12.5ns, a correlation peak is observed.
At zero delay time the absence of coincidence is the signature of single photon
emission from the QD under investigation. Considering the lifetime of this PZ
QD it is almost certain that the QD is empty each time a pump pulse arrives.
Moreover the start-stop time intervals from SPADs are recorded and then binned
with time resolution of 324ps, as depicted in the histograms. The count rate on
each SPAD in the two arms of HBT setup ranges from 7000c.p.s. to 20000c.p.s.
in the various temperatures, which also includes the dark count rates of either
detector. The total dark counts of the detectors was less than 200c.p.s., whereas
during the measurements the stray light was about 800c.p.s.. Note that the count
rate at 60K is higher than at 20K, partly because the system was pumped at a bit
higher excitation conditions, but mainly due to the fact that we removed unused
optical elements from the collection’s optical path. The total recording time of the

correlation events was 60 minutes at 8K and up to 120 minutes at 60K.
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Figure 4.11: Coincidence counts histograms, measured using a Hanbury
Brown-Twist interferometer under pulsed excitation representing the second
order intensity correlation function g(® () (left) of the respective QD exciton
emission lines (right), at 8K upper panel and up to 60K lower panel, obtained
from sample “1102”.
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As visible in figure [4.11 we observe a correlation peak at each repetition of
the laser pulse and the area under each peak is normalized to A(7) =1+ 0.05 as
described in [2] and [8]. At the zero delay peak, the area is much smaller than
the area of the adjacent peak. This absence of coincidences is a characteristic of
a single photon emitter. g®(r = 0), which gives the probability of recording a
second event after measuring a first event at t=0, remains practically constant up
to 60K. It is estimated to be less than 3% at 8K, 9% at 20K, 5% at 40K and
less than 3% at 60K. These numbers are much smaller than the criterion of 0.5
and constitute a direct proof that the photons are emitted one by one from the
examined state of QD, showing the clear quantum nature of these emitters. As
the measurements are not performed on the same QD, the signal to noise ratio
and the decay time of each QD exciton are different on every measurement. In
general, the clear and emphatic antibunching behaviour measured at 60K raised

our hopes for the following measurements at even higher temperatures.

The next measurements show the ability of PZ QDs emitting photons “on de-
mand” even at higher temperatures than liquid nitrogen conditions (77K), which
will be useful for the implementation of quantum devices at a reasonable cryo-
genic cost, finding niche applications in industry. Figure depicts temperature
dependent u-PL spectra from “sample 1120” obtained from a mesa of 400nm in

diameter with an integration time of 1sec.

95



4.4. QDS IN MCS

Intensity (arb. units)

(@)

1.25 1.26 1.27 1.28 1.29 1.30
Energy (eV)

Figure 4.12: Temperature dependent photoluminescence spectra obtained
from a 400x400nm micro-pillar with the same optical excitation conditions
as in the photon correlation experiments. The temperature and the nominal
pump power are (a)78.5K, 115nW (b) 120K, 200nW and (c) 150K, 243nW.

The spectra are obtained under the same excitation conditions identical to the
ones used in the photon correlation measurements presented in figure [4.13] The
power density of excitation was selected carefully, in all cases below the saturation
regime of the exciton line. The spectra are shown in such a way that the maximum
intensity of the exciton transition seems to decrease in absolute value, but in
actuality the PL intensities remain constant if we consider spectrally integrated
intensities under the PL peaks. This means that by increasing the pump power we
succeed to keep the average population population at the same level, even though
the non-radiative channels become active at higher temperatures. The fact that the
count rate on the SPADs decreased significantly at 78K, prompted us to increase
the slit width and spectrally filtering a larger spectral window compared to the
one used at low temperatures. At the highest temperature of 150K the slits are

opened to a spectral resolurion of 3.5 meV, making sure that the larger part of the
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emission from a single exciton emission line enters in the collection path.
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Figure 4.13: Coincidence counts histograms, measured using the Hanbury
Brown-Twist interferometer under pulsed excitation, representing the second
order intensity correlation function g(2)(7') from the emission of a single
exciton state at 78.5K (upper panel) up to 150K (lower panel).

Figure presents the measurements above 77K where the values of raw
g (7 = 0) measured from the emission of a single exciton line satisfies the criterion

required for a single photon emitter up to 150K. The count rates in this set of
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experiments are not as high as in the previous experiments at lower temperatures,
but enough to acquire satisfactory statistics on the histograms. The repetition rate
of the excitation source is 13.2 ns. The histograms are presented after binning with

a time resolution of 224ps.

The count rates on each SPAD ranged from 8500c.p.s. at 78.5K to 3800c.p.s
at 150K. The recording time for the measurement at 78.5K is 60 minutes whereas
at 150K is 210 minutes because of the relatively low count rate from the emitter,
for the selected spectral window. The dark counts on the SPADs are 60c.p.s., and
80c.p.s., respectively. In the total, background counts, the stray light noise and
background emission from the sample measured next to the X line have also to be
included, with the corresponding counts being 320c.p.s. and 480c.p.s. respectively
on the two SPADs. At high temperatures, where the spectral window is wider the

background signal is increased to about 600c.p.s. and 780c.p.s. respectively.

The clarity and count rates on each histogram are not the same since each
QD environment is different and the excitation energy is far way from the QD
emission. Additionally, the nonzero g(® (7 = 0) is partly due to the broadening of
the XX emission which starts introducing coincidences inside the spectral window
of the X emission under investigation. Specifically the XX-X energy difference
of the QD presented in figure is 4.8meV. Moreover, it can be attributed to
background emission from deep levels inside the GaAs substrate, which becomes
more prominent at high temperatures and at the higher power levels of excitation
as the QD intensity drops significantly with T. This explanation cannot be ignored
since at higher temperatures, an increased decay time close to 2.5ns and in some
occasions a second decay is observed at the SQD line under investigation. This
implies that the total decay is long enough to extend into the adjacent correlation
peak in the g®(7) histograms, which is clearly visible in the high temperature
histograms of figure[4.13] The extended and/or the second decay are not due to the
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X emission line of interest, because by selecting a narrow spectral window around
the X line and by performing TRPL measurements, the decay time is found almost
the same as at low temperatures, which means that the need to collect more counts
on the SPADs for improved statistics of histograms by selecting a larger spectral
window, leads to include emission not only from the X line but also from other
sources that degrade the g (7 = 0). All these reasons result in a degradation of
the performance of the single photon emitter “on demand” at higher temperatures.
There are many ideas to overcome the present temperature limitations of SPE’s
such as: the use of larger QDs with larger negative binding XX energy such as
shown in figure[I.10] avoiding the overlap between X and XX emission lines at high
temperatures, and to eliminate background radiation. On the latter, there are two
ways: 1. resonant excitation at energy below the GaAs energy bandgap or even
better below the WL. ii. electrical injection which would limit the recombination
in the active region only, where the QDs reside, and eliminate any radiation from

the substrate.

4.5 Conclusions.

The ability of the PZ QDs to act as a single photon emitters at higher tempera-
tures than the ordinary (100) InAs QDs has been demonstrated by measuring the
second order correlation function g(?(7) at various temperatures and breaking the
previous record of 120K, highlighting a new one at 140K. We strongly believe that
PZ QDs hold the key for the implementation of quantum information process at
a temperature appropriate for industrial use. Due to the fact that the strong PZ
field exists inside the PZ QDs, the large exciton-biexciton energy splittings give
us the possibility of single SPE’s at high temperatures.
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Chapter 5

Enhanced Stark tuning of single
InAs (211)B quantum dots.

5.1 Abstract

In this chapter we demonstrate enhanced Stark tuning of single exciton lines in
self-assembled (211)B InAs quantum dots (QDs). This comes as a consequence
of pronounced nonlinear piezoelectric effects in polar orientations of Zinc-Blende
nanostructures, making this QD system particularly sensitive to relatively “small”
applied external fields. The Stark shifts in the first 100kV /cm of applied external
field are at least 4 times larger, compared to those observed in non-piezoelectric
(100) InAs QDs of similar size. To account quantitatively for the observed transi-
tion energies and Stark shifts, we utilize a graded In-composition potential profile,
as deduced from the strain analysis of high-resolution transmission microscopy im-
ages. Our results provide a direct demonstration of the importance of non-linear

piezoelectric effects in Zinc- Blende semiconductors.
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5.2 Introduction

Semiconductor quantum dots (QDs) are the ultimate sources of “on demand” sin-
gle photons [1], entangled photon pairs [2], and indistinguishable photons [3], with
direct applications in quantum cryptography and quantum information process-
ing schemes. as previously mentioned in the introductory Chapter 1, piezoelectric
(PZ) QDs, i.e. QDs carrying a strong vertical PZ field in their core, offer con-
crete advantages compared to non-PZ QDs, on several practical aspects of single
or entangled photon sources. First, the large exciton biexciton energy difference,
encountered in PZ QDs due to the strong PZ field, enable the two lines to remain
resolved as the temperature increases, allowing for single photon emission at high
temperatures [4]. Second, the PZ field along the QD growth axis preserves the
high symmetry of the confining potential [5], leading to negligible fine structure
splitting of the ground exciton state [B, [0 [7], which is a prerequisite for the
generation of high fidelity entangled photons [§]. Another interesting feature of
PZ QDs, which is explored in this Chapter, is their high sensitivity to relatively
“small” external electric fields, giving rise to enhanced Stark tunings of their exci-
ton lines and the possibility for widely tunable single photon sources. Such sources
open new possibilities in quantum information experiments, including for instance
enhancing the efficiency of a QD emitter by tuning it in resonance with a cavity
mode [9], entangling the emission of two remote independent single QDs at the
same energy [10], and fine-tuning the intermediate exciton state to suppress the

fine structure splitting [11].
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QDS

5.3 Possibility for non-linear PZ effects in (IN11)
QDs

A key characteristic of these high index-grown polar nanostructures is their pos-
sibility to exhibit pronounced strain-induced PZ fields, which can dramatically
modify their electronic and optical properties as discussed in Chapter 1. Accord-
ing to linear elasticity theory applied to cubic polar heterostructures [12], the PZ
polarization Ppy in a biaxially-strained layer is proportional to the PZ coefficient
er; and the in-plane strain ¢,, = (as — a)/a, where, o, and « are the lattice
parameters of the substrate and layer, respectively. It is well known [13| [14] that
ey, consists of two opposite-sign contributions: a purely “electronic” contribution
versus an internal strain-induced one, often called simply “ionic”. In ITI-V com-
pound semiconductors, the electronic contribution exceeds the ionic one and ey
is negative. As an example, for bulk GaAs and InAs the experimental e;; values
are -0.16 and -0.045 C/m?, respectively [I5]. In these bulk experiments, the strain
values applied to the samples are minute, of the order of 107%, posing no real

challenge to the linear elasticity model.

The situation is considerably different in the case of two-dimensional strained
heterostructures, such as for instance InGaAs/GaAs quantum wells (QWs), where
the typical lattice mismatch strain is about 1%. In such relatively high strains,
it is likely that higher order terms, non-linear to strain, contribute to the PZ
polarization. This is especially true in the case of InAs, where the near cancellation
of the electronic and ionic contributions in the linear term favours the observation
of nonlinear PZ effects [16]. Indeed, a notable nonlinear dependence of e;, on strain
and a significant deviation from the extrapolated values based on the binary ey,
values has been demonstrated in strained In,Ga;_,As (111)B QWs [17]. Evidence

for nonlinear piezoelectricity has been also reported in CdTe QWs [I8], 19].

109



5.4. FUTURISTIC QD DEVICE: TUNABLE SPE

The situation in the case of high-index InAs/GaAs nanostructures is even more
favorable for observing nonlinear PZ effects, considering the very high strains that
these nanostructures can sustain, reaching values up to 7%. Additionally to the
discussion in Chapter 1, section 1.3.1, evidence for the existence of large PZ fields
in (N11) InAs QDs has been reported previously [20] [2I]. By using bulk InAs
PZ coefficients, a PZ field of 250 kV/cm was estimated for (211) InAs QDs [20].
As a comparison, we note that this value is only a small fraction of the 7 MV /cm
internal field observed in hexagonal c-axis oriented GaN QDs [22] [23]. However,
late ab initio theoretical calculations of PZ coefficients in highly-strained InAs have
suggested that the PZ field in (N11) InAs QDs reverses direction and is strongly
enhanced by nonlinear PZ effects, reaching values in excess of 1 MV /cm for pure
(211) InAs QDs [24]. Such strong fields are expected to fully dominate the optical
and dynamic properties of (N11) InAs QDs.

5.4 Futuristic QD Device: Tunable SPE

Having in mind the demonstration of a tunable single photon emitter at elevated
temperatures, and considering we have already observed the clear antibunching be-
haviour of PZ QDs up to 150K, we present here an experimental study of the Quan-
tum Confined Stark Effect (QCSE) on the emission of single (211)B InAs/GaAs
PZ QDs at 100K. Accordingly, bias-dependent micro-photoluminescence (u-PL)
experiments are performed on specially designed Schottky diode samples contain-
ing the PZ QDs, revealing pronounced Stark redshifts of the QD emission lines.
The direction of these shifts intelligibly demonstrates that the direction of the PZ
field is opposite to that predicted based on bulk InAs PZ coefficients, confirming
the importance of non-linear PZ effects in heavily strained Zinc-Blende nanostruc-

tures. In figure the electrical package containing the diodes mounted inside the
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cryostat is presented. The package is attached on the cold finger of the cryostat
and is mounted on a specially designed base (white in image) with electrical leads,
having the ability to reload packages without any bonding and being fully com-
patible with cryogenics. The electric field is applied to the devices using vacuum

compatible copper wires.

Figure 5.1: Image of the package containing the diodes mounted inside the
cryostat.

5.4.1 Sample Fabrication

The sample is grown by molecular beam epitaxy on a (211)B GaAs semi-insulating
substrate. The structure starts with a 1um thick n™ GaAs buffer layer, doped by
10'® em ™2, to be used as the bottom n-contact. The intrinsic region contains first
a 40x period 2.5nm/1.6nm GaAs/AlAs short-period super-lattice, serving as high
quality template for the nucleation of QDs. Then follows the active region, which
consists of three 50nm-thick Aly3GagrAs barrier layers, confining a first 12nm-
thick GaAs reference QW; for the calibration of the actual electric field applied
by the external bias, and a second 10nm-thick GaAs QW, containing the QD

layer in the middle. The QD layer is formed in the Stranski-Krastanow mode
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by deposition of 1.5 ML of InAs at 500°C with a growth rate of 0.1 ML/s. The
sample ends with a bnm GaAs cap-layer to protect the top Aly3GagrAs layer
from oxidation. A twin sample with an uncapped QD layer grown on the top
surface under the same conditions provides information about the QD structural
characteristics by Atomic Force Microscopy (AFM). The QDs have a density of a
few times 10° cm™2, typical height between 1.5 and 2.5 nm, and appear to have

relatively large base-to-height aspect ratios, consistent with a truncated pyramid

morphology [25].
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Figure 5.2: (a) Schematic representation of the total diode structure. (b)
Top view SEM image of a bonded device. (¢) Macro-PL spectrum (blue line)
from the active region of the diode, showing characteristic emission from the
QDs and QW7 at 100K. The sharp-peaked spectrum in red is micro-PL
emission through nano-apertures such as the one shown in (d), opened on
the top metal layer.

A schematic of the complete Schottky diode structure is depicted in ﬁgura),

while a scanning electron microscopy (SEM) image of a bonded device is shown in
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figurd5.2(b). The diodes are fabricated using standard GaAs processing technology
and consist of 0.75m deep mesas with 350-500 m diameter, etched down to the n™
GaAs layer by reactive ion etching, onto which ring-shaped n-type (Ge/Au/Ni/Au)
ohmic contacts are evaporated and activated by rapid thermal annealing at 410°C.
On the top of the mesa, Ti/Pt/Au Schottky contacts are formed in a ring-shaped
geometry with 175-250 m wide rings at the edge of the mesas, whereas in the inte-
rior region of the rings 80nm of Ti are deposited and nano-apertures with varying
diameters between 350nm and 5m are opened for optical access by electron beam

lithography.

5.4.2 Experimental

An example of a 400nm diameter nano-aperture is shown in figurd5.2(d). The
1u-PL spectra are collected using a 40x objective with numerical aperture of 0.65
from a spot size smaller than 1.5um. The sample is cooled down to 100K in a
liquid Ny (LN) flow cryostat. A variable-wavelength continuous-wave Ti:Sapphire
laser is used as excitation source. The excitation power level in all bias-dependent
experiments is kept sufficiently low to make screening effects in the diode negligible.
The signal is dispersed in a 0.75m spectrograph with a 600 grooves/mm grating
and is detected with a LN-cooled charge-coupled device (CCD) camera. Samples
for HRTEM imaging are prepared in cross-sectional geometry, either by mechanical
grinding or tripod polishing, followed by low-voltage Ar™ ion-milling in the Gatan
PIPS. HRTEM observations are carried-out in a Jeol 2011 electron microscope,
operated at 200 kV. HRTEM images are digitized at a resolution of 4000 dpi using
a Nikon SUPER COOLSCAN 9000 scanner and then are processed by Digital
Micrograph software package. Strain analysis is performed on numerous HRTEM
images of InAs QDs using the Geometrical Phase Analysis (GPA) method [26]. In

the GPA method, the relative variation of the lattice fringe spacing is determined
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