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In most branches within experimental physics technical prowess lies at the heart of many seminal works. From the
observation of the photoelectric effect and the ultraviolet catastrophe that led to the development of quantum mechanics
to the first transistor that shaped the modern age of electronics, significant physical insight has been achieved on the
shoulders of technical advances and progress. Research on self-assembled quantum dots may be a drop in the sea of
physics, but it still is no exception to this trend, and more physical insight continues to be revealed as the tools of the
trade get increasingly more complex and advanced. This article is written primarily for senior undergraduate students
and first year graduate students of experimental physics involving optically active quantum dots. More often than not,
we have seen students shuffling through journal articles trying to relate the reported physics to the used experimental
techniques. What we want to cover here is not in any way the history or the recent progress in quantum dot research —
there are an ample number of topical books and review articles for that — but rather to highlight a selection of optics-
based measurement techniques that have led to significant progress in our understanding of quantum dot physics as well
as their applications in the last two decades. We hope a basic survey of the relevant optical spectroscopy techniques will

help the newcomers in connecting the dots between measurements and physics.
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1. Introduction

Quantum dots have become a system of study in a broad
range of disciplines in a relatively short time. The
incredible progress in synthesis, growth and fabrication
quality fed further the advances in optical investigations
in physics, biology and chemistry. Particular to quantum
physics, quantum dots allow optical studies of confined
charge and spin systems and in parallel studies on
engineering light-matter interaction and even the
suppression of spontaneous emission. We start below
with an introduction to the growth of quantum dots and
then follow with a discussion of the various optically
active charge complexes that a quantum dot can
support. We then proceed with a handful of optical
techniques lined up vaguely with increasing technical
difficulty and chronological appearance. We finish with
a selection of applications, mainly driven by quantum
information science, in order to highlight how much
experimental progress in quantum information science is
indeed driven by a reinterpretation of results obtained
via conventional optical spectroscopy.

2. Quantum dots: from growth to energy levels

Advances in material science have enabled the growth
of heterostructures exhibiting inhomogeneity on a

length scale relevant for influencing the spectrum of a
material’s excitations. Quantum dots (QDs) are
heterostructures engineered to provide three-dimen-
sional spatial confinement for electronic excitations.
The confinement yields a discrete spectrum of QD
energy eigenstates and it is not uncommon to refer to
QDs as artificial atoms. In practice, there exist a
number of quantum confined physical systems that
exhibit a discrete electronic spectrum -— interface
fluctuation QDs that form at the gallium arsenide/
aluminum gallium arsenide (GaAs/AlGaAs) barrier
boundary in a quantum well, core—shell cadmium
selenide/zinc  sulphide (CdSe/ZnS) nanocrystals
formed through both colloidal methods and quantum
dots grown by Metallic Organic Vapour Phase
Epitaxy (MOVPE), electrically defined QDs via gate
electrodes patterned on two-dimensional electron gas
yielding precise control over the local electrostatic
potential and self-assembled QDs grown by Molecu-
lar Beam Epitaxy (MBE). Here, we will focus mainly,
but not exclusively, on indium arsenide (InAs)/GaAs
self-assembled QDs in portraying the optical techni-
ques used to date. In this section, before looking into
the characteristic electronic structure of QDs, we will
discuss the material science advances that have
resulted in the growth of self-assembled QDs by
MBE.
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Epitaxial growth is a process where a new crystal is
grown over a host crystal surface via layer-by-layer
atomic deposition [1]. Epitaxial techniques are capable
of depositing high quality semiconductors with an
abrupt change in material composition having mono-
layer (~3 A) accuracy. The formation of InAs/GaAs
QDs is a natural process and is the manifestation of a
strain-driven phase transition that occurs when com-
bining two materials of different lattice constants
during one material growth cycle. Every material has
its own lattice constant and this commonly leads to
formation of strain on two layers constituting an
abrupt interface. Figure 1(«) illustrates the two typical
cases of strain release: a monolayer-thick material
embraces a lattice constant dictated by the host
material or a sufficiently thick material recovers its
own lattice constant resulting in strain release via
dislocations and defects at the interface. The formation
occurs exactly during the transitional period linking
the two regimes of strain release. If the lattice
constants are significantly different (e.g. 7% mismatch
between /, and [, as is the case for GaAs and InAs
lattices), the epitaxial growth of InAs with the GaAs
lattice can not be sustained for more than two
monolayers of growth. At one point, the newly formed
layer goes through a phase transition forming minia-
ture islands, very much like mercury droplets do on a
smooth flat surface. Further growth with the same
material as the handle wafer, in this case GaAs, caps
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Figure 1. (a) An illustration of lattice constant mismatch
for two materials grown by MBE for strained thin layers and
dislocated thick layers. (b) Cross-sectional scanning
tunnelling microscopy of a self-assembled InAs QD grown
by MBE [2].

the QDs and protects them from the surrounding
environment. After growth, the height of the QDs is
typically 4-5 nm, as determined by cross-sectional
scanning tunnelling microscopy image of Figure 1(b)
[2]. We emphasise that, although the self-assembled
QDs exhibit pristine optical properties, the in-plane
QD distribution is disordered and extensive efforts are
still made today in this field in order to achieve better
control over the island size distribution and location of
nucleation.

The MBE growth process results in strong three-
dimensional carrier confinement for electrons in QDs
resulting in quantisation of energy states. However,
QDs are composed of around 10° atoms, and thus form
a mesoscopic system with arbitrary shape and composi-
tion which differ from QD to QD. The distribution in
shape and composition combined with the strain profile
experienced by the QD all influence the single particle
QD energy levels in the form of inhomogeneous
broadening. In addition to material properties, if
multiple charges are confined in the QD the Coulomb
interaction between the quantum confined carriers has
to be taken into account when calculating the multi-
particle energy levels. All the previous complications
make an analytical determination of QD properties
practically impossible and modelling typically relies on
perturbative or numerical methods. Even with all these
complications it is striking that the roughly 10° InAs
atoms in the GaAs matrix conspire to exhibit a discrete
atomic-like energy spectrum.

The InAs/GaAs QDs covered in this work are
semiconductors in bulk (three-dimensional) form.
Therefore, to solve for the energy levels of QDs, it is
natural to start from the bulk material properties and
determine the consequences of reducing the system’s
dimensionality. For a phenomenological, but satisfac-
tory, prediction of bulk semiconductor band struc-
tures, we resort to a perturbative k - pmodel. Ink - p
single-particle wavefunctions and energy ecigenvalues
are assumed to be known at k=0 and the band
dispersion is obtained in the small k approximation
around the T" -point [3]. These perturbative methods
can also be applied to quantum dots since the k-vector
distribution of confined charges is concentrated
around k = 0. Figure 2 shows a schematic of the
band structure of bulk GaAs with relevant parameter
values at room temperature. The band structure of
InAs looks esentially identical, but, the values of the
indicated parameters differ significantly from GaAs.

Excitation of an electron across the bandgap leaves
an empty electronic state in the otherwise electron-
filled valence band. These /oles can equally be treated
as positively charged particles with modified mass and
g-factor. The lowest conduction band has to a very
good approximation parabolic dispersion around the
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I" -point, as indicated by the red curve in Figure 2. The
wavefunctions for this band have s-wave character
sustaining a twofold spin-degeneracy with [S||S.] =
[1/2]] £ 1/2]. The valence band wavefunctions have
p-wave character that would normally sustain a sixfold
spin-degeneracy forming a [3/2|| + 3/2, + 1/2] quad-
ruplet and [1/2|| + 1/2] doublet. However, spin-
orbit coupling in these semiconductors causes the
[1/2|] + 1/2] doublet to be separated in energy forming
what is referred to as the split-off band (Figure 2).
Further, upon including the influence of other bands,
even the fourfold degeneracy of the [3/2|| + 3/2,
+1/2] states is lifted for k # 0 forming the heavy-
hole and the light-hole bands with near-parabolic
negative curvature dispersion as seen in Figure 2.
When the dimensionality of the system is reduced
such that the effective Bohr radius becomes compar-
able to the physical extent of the confining material,
quantum confinement strongly influences the density
of states, band dispersion and degeneracies. In the case
of QDs, the dimensionality is zero resulting in
motional confinement along all three directions.
Therefore, a set of discrete energy levels arise with
level spacings determined by the, not necessarily equal,
confinement strength along each direction. In fact, due
to their particular lens-like topology (see Figure 1(b)),
the QDs considered here display strongest motional
confinement along the growth (z) axis. Therefore, the
main features of the energy levels of these QDs can be
seen by simply considering a strong confinement along
the z direction with a two-dimensional quasi-parabolic
confinement in the two remaining directions. A
generally accepted approach to quantifying the QD
energy levels and the corresponding wavefunctions
relies on pseudopotential theory [4]. A nice tutorial

Energy E 69 =142 eV
1 E 139 = (.35 eV
I'|valley E SQ(G"‘*“’ =0.34 eV

Ego49 =0.41 eV

E, I
<100> i <111>
Wave vector
Heavy hole band

Light hole band

Split-off hole band

Figure 2. A simplified band structure illustration for I1I-V
semiconductors such as GaAs and InAs with the typically
accepted values for key energy scales.

discussion of pseudopotential theory, with illustrations
of the QD electronic excitation wavefunctions, can be
found in the review by Zunger [5].

From the optics perspective an important feature
of the quantum confinement is that although the
energy spectrum of the QD is altered when compared
to the bulk semiconductor, the electrons and holes that
become trapped in the QD inherit the spin structure of
the bulk semiconductor. This determines the optical
(polarisation) selection rules for transitions between
QD celectron and hole states mediated by a photon.
Explicitly, focusing on the conduction band and heavy
hole valence band, we can specify the QD electron and
hole spin. The QD levels derived from the conduction
band levels sustain their twofold spin degeneracy,
while the QD levels derived from the valence band
states display a confinement-induced splitting into
heavy-hole and light-hole doublets.

We qualitatively established the energy levels of
electrons and holes confined in all three dimensions in
semiconductor QDs. We now identify the energy scales
of common InAs/GaAs QD charge configurations that
are probed optically. The simplest charge configura-
tion linked to an optical emission is the neutral
exciton X (see Figure 3), i.e. a single electron—hole
pair occupying the lowest discretised energy levels
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Figure 3. Neutral exciton (X°), biexciton (XX) transitions
under excitonic level splitting and negatively charged trion
(X'7) transitions under magnetic field along the growth axis
for a typical quantum dot. The wavy arrows indicate photon
mediated transitions between the states. For the negatively
charged trion (right illustration) the up (down) arrow
represents the electron spin projection of +1/2 (—1/2)
along the growth direction and the solid up (down) triangle
is the hole projection of +3/2 (—3/2). The ground state of the
trion transition is a single electron with its spin projection up
or down. Each transition is decorated with a symbol
indicating the emitted photons polarisation — wy (my) for
horizontal (vertical) and ¢¥ (¢7) for right (left) circularly
polarised photons. The direction of linear polarisation
(horizontal and vertical) is defined with respect to the
major and minor axis of the elliptical QD base (as opposed
to circular) due to strain-induced anisotropy of the dot
geometry.
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within the original conduction and valence bands. The
electron in the conduction band can have spin
quantum number [S]|S.] = [1/2|| + 1/2]. The heavy
hole in the valence band has spin [J||J.] = [3/2|| + 3/2].

By addition of angular momentum, a single electron—
hole pair in the QD can end up in any one of four
spin-state combinations. The total angular momentum
of these combinations being AJ = +1 or AJ = +2,
each doublet is degenerate. In an optical transition
angular momentum must be conserved, and this is
reflected in the polarisation of the emitted photons.
Recombination via a single-photon emission process
can only occur for the AJ = +1 exciton doublet, since
single photons carry angular momentum + 1. The
angular momentum conservation is reflected in the
emitted photon’s polarisation. Specifically, photons
carrying +1 (—1) angular momentum are left (right)
hand circularly polarised and are denoted with the
symbol ¢ (¢7). The exciton doublet AJ = +1 that is
linked to photon emission is called bright, while the
remaining optically inactive doublet is called dark (the
AJ = +2 excitons). The polarisation selection rules
also constrain the set of excitons that may be created
optically to the AJ = +1 doublet.

Of course, the real world is not simple! The
previously mentioned shape nonuniformity and strain
act to coherently mix the bright AJ = +1 exciton
doublet via the electron—hole exchange interaction.
This interaction couples the spins of the electron and
hole confined in the QD and depends sensitively on the
structural symmetry of the QD. The electron—hole
exchange serves to both break the AJ = +1 exciton
doublet’s degeneracy and alter the polarisation of the
emitted photons from circular to linear, indicated by
ny/my in Figure 3. This new polarisation basis, which is
defined along the major and minor axis of the elliptical
QD base, led to the phrase X — Y splitting to denote
this effect. Due to exchange interaction, an electron—
hole pair once created in AJ = +1 state will precess
coherently between AJ = +1 spin configurations. A
re-diagonalised Hamiltonian after including this inter-
action leads to new eigenstates with the degeneracy of
their energies lifted in proportion to the interaction
strength. Typical energy scale for the AJ = + 1 exciton
doublet fine structure splitting is ~10 ueV for self-
assembled InAs/GaAs QDs. We will see this fine-
structure splitting has consequences for applications
involving photon emission in later sections of this
article. We direct the reader to [6] for a complete
discussion of electron—hole exchange interaction.

The next QD charge complex we discuss is two
electrons and one hole. We call this singly charged
excitonic QD excited state a trion, see Figure 3 (right
diagram), and label it as X'~. In forming the trion
complex, Pauli’s principle forces the electron pair to

form a spin singlet state where the closest triplet state has
energy much higher than typical ambient temperature
(4 K). Since the resident hole can have either spin up or
spin down, each QD has two trionic transitions that are
energetically degenerate. Due to Coulomb interactions
in this three-body problem, the recombination energy is
modified with respect to the original neutral X°
excitonic transition energy (ignoring fine structure) by
AE = E,.—E., — the direct energy due to electron—
electron and electron—hole Coulomb interaction [7] as
dictated by the wavefunctions via the form

(3,,,,,
o U2 [ MO

4mepe, |r— |

In the InAs/GaAs QDs considered here the result is a
total shift of AE = 6 meV to lower energy for the trionic
transitions. In contrast to the neutral exciton where the
electron—hole spin exchange breaks the twofold degen-
eracy, the electronic spin singlet is immune to electron—
hole exchange and the two trion states remain degen-
erate. In this case, the polarisation of the emitted photon
is in the circular basis and the handedness is determined
the direction of the resident hole spin.

The situation is conceptually similar when there are
two electron—hole pairs present in the QD referred to
as the biexciton (XX) shown in Figure 3 (middle
diagram). The shift in the transition energy for a
biexcitonic transition can once more be determined by
the energy difference between the initial and final
states, AE = 2E.. +2FEn,— Eep, and is on the order of
2meV for InAs QDs. Ultimately, every charge
combination results in a distinct spectral signature
due to the Coulomb interaction, and we refer the
reader to [7] for a detailed explanation of this approach
for direct and exchange type interactions.

It is good to note here that the relevant energy
scales for each mechanism considered are well defined.
The optical transitions occur at ¢V range while direct
Coulomb interactions within a QD are at tens of meV.
The fine structure such as X-Y splitting as we will see
later is on the order of tens of peV, which is still much
larger than the characteristic transition linewidth of
1 ueV. While each quantum dot can have vastly
different emission energies due to inhomogeneity in
the quantum dot ensemble, the relative energy shifts
are conveniently rather robust. With an understanding
of common QD charge complexes, we can begin to
address how the tools of optical spectroscopy reveal
physical properties of the QD states.

3. Optical spectroscopy techniques

In the previous section we highlighted the most
relevant excitonic complexes in QD optics and their
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relevant energy scales. How excitons and photons
couple to each other can be presented in many ways.
We will make a distinction between two methods of
optical excitation. The first approach, which we refer
to as nonresonant excitation, is to use a light source,
typically a laser, with an energy that is larger than the
energy of the relevant excitonic transition. The laser
creates exciton population in either higher energy QD
excitons or in the bulk of the host semiconductor
matrix. The higher energy excitons then nonradiatively
relax, giving off energy through carrier scattering and
phonons, and populate the lowest energy available
exciton state. The second approach is to use a laser
with energy equal to the excitonic state of interest
much like in atomic physics. In the latter case we will
say the laser is resonant to conform to the language
used in the field. Of course either method of excitation
links real states of the system and is resonant; but we
rather use the term resonant to indicate a laser that has
energy commensurate with the relevant exciton
transition.

3.1. Optics of quantum dots: nonresonant excitation
3.1.1. Exciton spectrum — photoluminescence

A quantum dot may host discretised electronic levels,
but the surrounding semiconductor matrix introduces
a continuum of filled valence and available conduction
band states. Therefore, an optical field can generate an
ensemble of electron—hole pairs in the vicinity of a
quantum dot. Typically, most of these pairs recombine
quickly to yield photon generation at the bandgap
energy of the semiconductor, while occasionally, a
combination of electrons and holes may be captured
into the discrete exciton levels of the quantum dot. For
this to happen, the excess energy of the excitons has to
be taken away by carrier scattering or phonons.
Exactly how this relaxation occurs and how it depends
on external parameters such as temperature and
magnetic field has formed a whole branch of research
on quantum dots, especially in the 1990s. This
relaxation process happens at relatively fast timescales,
i.e. tens of picoseconds and removes any coherence
with the excitation laser. Therefore, generation of
excitons in a quantum dot via bandgap excitation can
be treated typically by an incoherent driving field
between quantum dot states. In addition, the spin
orientations of the optically excited electrons and holes
are affected during the relaxation processes yielding
only a residual correlation to the original excitation
laser polarisation. Radiative recombination of an
electron—hole pair in the quantum dot consequently
reveals information on the quantised energy levels
and the optical seclection rules. Therefore, micro-

photoluminescence (¢PL), i.e. measuring the spectrum
of QD light emission under continuum excitation, has
been an essential workhorse of quantum dot research
over the years.

In a typical uPL setup, a schematic can be found in
Figure 6(a), Section 3.1.3, laser light is directed by a
beamsplitter to an objective which focuses the light
onto the QD sample (the triangle in the illustration).
The numerical aperture of the objective and the laser
wavelength determine the focal volume the laser
excites. The luminescence emitted from the sample is
collected by the same objective and is directed through
a pinhole (RP in the illustration). The function of the
pinhole is to limit the sample volume from which
luminescence is collected. Selection of the objective
numerical aperture and pinhole diameter result in
diffraction limited focal volumes of less than 1 um?®
which, provided the sample density is low enough
(1-10 dots per um?), can enable single QD spectro-
scopy. After the pinhole, a flip mirror (FM in the
illustration) directs the luminescence to an imaging
spectrometer that is able to resolve the spectral content
of the luminescence.

We present in Figures 4(a) and (b) two of the first
reported ensemble and J-function-like spectra of
photoluminescence from InAs/GaAs quantum dots
[8,9]. Figure 4(a) displays the broad emission of a QD
ensemble at the low energy tail of the spectrum along
with the sharper bulk luminescence at 1.38 eV. In the
measurements presented in Figure 4(b), to probe

(b
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Figure 4. (a) Photoluminescence from ensemble of InGaAs
QDs [8]. (b) Top three traces are uPL spectra recorded from
three different sample locations at 10 K. The bottom trace is
the sum of 20 spectra [9]. (¢) uPL from a single well-isolated
InAs QD showing the individual transitions. The solid circles
represent electrons and the open circles are holes.
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individual QDs the sample surface was etched to
contain small mesas separated by 15 u m. The mesas
limited the spatial region of excitation and collection
revealing signatures of single QD emission although
the sample density resulted in ~250 QDs within the
diffraction limited collection spot size. The etched mesa
is similar in effect to an appropriately selected pinhole
placed in a conjugate image plane of the microscope.
Figure 4(c) is a similar uPL measurement on a well-
isolated single InAs QD displaying the individual
optical transitions with the corresponding charge
configurations.

3.1.2. Exciton lifetime — time correlated photon
counting

Although photoluminescence is able to determine the
transition energies between optically active quantum
dot electronic states, it is not able to associate a time
scale with these transitions. Assuming a stable ground
state, it is natural to invert the linewidth measured with
the spectrometer to obtain the transition timescale.
Unfortunately, for most QDs and a single spectro-
meter, the transition linewidth is narrower than the
instrument’s spectral resolution (a typical resolution is
30 ueV), hence numerous publications historically
have used the term resolution-limited emission over
the years. It is clear from these considerations that in
order to assess the dynamics of the light emission
process a new technique is needed — one with temporal
resolution.

One approach with temporal resolution is to
generate an ensemble of electron—hole pairs in the
surrounding matrix by a short nonresonant laser pulse,
typically on the order of a few hundred femtosecond to
a few picosecond duration. In bulk semiconductors
with direct bandgap, excitonic lifetime is on the order
of a few picoseconds. When confined in all three spatial
dimensions, as in a quantum dot, the lifetime of
excitonic complexes is enhanced by about three orders
of magnitude. Due to the unequal recombination rates
of excitons in extended versus confined systems, only
the excitons captured by the quantum dot remain even
after a mere tens of picoseconds following the initial
excitation pulse. This allows the quantum dot exciton
to decay in the absence of any other excitations, and
thus free from excited carrier induced effects. QD
emission, spectrally filtered from all other excitonic
recombinations, can then be detected by photon
counting photodetectors. A registry of photon arrival
time delays with respect to each excitation laser pulse
thus builds up a temporal histogram of detection
events. This histogram can be interpreted as the
probability that a QD exciton remains alive (or QD
remains in the excited state) over a timescale.

Figure 5 presents data from a single InAs QD
measured as a function of average pulse power for a 3
ps wide excitation pulse [10]. At the lowest pump
power (bottom curve), the exciton (or excited state)
lifetime is revealed, and the fit decay time is 0.8 ns. For
an ideal two-level system, such a measurement will
produce a single exponential decay of width directly
related to the excited state lifetime, and thus the
natural linewidth of the transition through a Fourier
transform. As the average pulse power is increased,
there is a pronounced shift in the start time for the
exciton decay. This is in fact a very nice signature of
multi-excitonic effects taking place at high pump
powers. The probability of capturing one exciton is
already high, so an additional exciton capture within
the recombination time becomes considerable. Conse-
quently, exciton decay is necessarily delayed by the
characteristic biexciton decay time. It is important to
note here that not only the radiative decay, but also
any other process that results in exciton population
loss will affect this histogram. For example, if there is a
nonradiative channel for exciton decay that is larger
than the radiative lifetime, the measured histogram
may exhibit a double exponential where the decay of
each exponential is dictated by the radiative and
nonradiative decay rates. Quantum dot systems, such
as CdSe/ZnS core/shell colloidal QDs, do possess finite
nonradiative decay rates [11], where one mechanism
leading to nonradiative decay in CdSe/ZnS is Auger
recombination — a process whereby an exciton pair
recombines to form a more energetic electron. In the
case of InAs QDs with effectively no appreciable
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Figure 5. The photoluminescence intensity from a single
InAs QD, at 20 K, as a function of time after excitation with
a 3 ps laser pulse. The inset indcates the average power for
the excitation pulse. The lowest power decay curve fits to an
excited state lifetime of 800 ps [10].
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nonradiative decay channels, another mechanism does
lead to biexponential decay in lifetime measurements —
bright and dark exciton mixing. A clear study of this
effect can be found in [12,13].

3.1.3. Two-time field and intensity correlations

Time-correlated photon counting allows us to measure
the emission timescale of the photons, but reveals very
little about their coherence properties. In order to
understand the extent of excitonic and carrier induced
decoherence mechanisms taking place prior to or
during the exciton recombination, we need to use a
technique where the signal is directly linked with the
degree of coherence of the QD emission. A first step to
quantify the degree of coherence in the emitted photon
stream is to interferometrically measure two-time field
correlations, where temporal correlations in the light
beam are revealed by interfering the field with its
time delayed replica. One approach, illustrated in
Figure 6(a), is to use a Michelson interferometer which
maps path length difference between the two inter-
ferometer arms to time delay. Mathematically, this can
be represented as

Ip(Ax) = 2 x L (1 + R[g(Ax)]), (2)
where
g(Ax) = exp (—i2kAx — 2y|Ax|). (3)

Ax is path length difference between the two arms of
the Michelson interferometer and 7y is the total
damping rate of the transition (we have assumed the
transition lineshape is Lorentzian). In Equation (2),
I,y 1s the average intensity that reaches the detector.
While the first term in the parentheses of Equation (2)
reveals the average intensity of light and does not
exhibit relative optical path length dependence, the
second term, in Equation (2), modifies the detected
signal to the extent that the parts of the optical field
at two different times remain correlated. Figure 6
presents this measurement on photons emitted from a
single self-assembled indium phosphide QD [14]. In
Figure 6(b) widefield images of QD emission are
presented for the open circles decorating the interfer-
ogram in Figure 6(c). The decay of the interferogram
envelope for large path length differences, Figure 6(d),
reveals the damping rate y defined in Equation (2) will
result in an exciton with an emission linewidth of
186 ueV. The inverse of this quantity yields the
coherence time of the emitted photons. Zwiller et al.
indeed extract a coherence time of 140 ps, much
shorter than the measured excited state lifetime of
1.2 ns, allowing for an accurate quantification of the
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Figure 6. (a) Experimental setup. Flip mirrors (FM) are
used to direct the emitted photons to either to a
spectrometer, to a Michelson interferometer, or to a
Hanbury-Brown and Twiss correlator. The latter two are
built around nonpolarising beam splitters (BS). A removable
pinhole (RP) can be used to select a single dot. A narrow
bandpass filter (F) is tilted to transmit single spectral lines.
(b) Images taken through the Michelson interferometer
showing several dots with varying intensity as the mirror is
scanned. (¢) Single-dot photoluminescence intensity for the
dot marked by an arrow in (b) as a function of mirror
position. The circles indicate the three positions where the
images were taken. (d) The envelope of the exciton emission
interferogram measured at 6 K with a 5 mm relative path
difference between the two arms. The inset is the intensity
correlation, g®(t), measurement on the same exciton [14].

dephasing mechanisms. One notable source of dephas-
ing in this measurement is the optical charging of the
QD environment that results from above bandgap
nonresonant excitation. Specifically, photoexcited elec-
tron hole pairs, a portion of which relax to occupy the
QD exciton states, may also become trapped at defect
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sites in the vicinity of the QD. These local charges
create a varying Stark field (uncontrolled electric field
at the location of the QD) which acts to shift the QD
transition energy. If the time-scale of the measurement
samples a number of local defect charge configurations
then the QD transition energy will shift throughout the
course of the measurement. The shift in the energy will
act to smear out the single-photon interference fringes
and will lead to a reduction in the measured contrast,
i.e. extracted photon coherence time.

Two-time measurements can also be carried one
order higher, where the correlations in optical intensity
rather than the field are considered at two different
times (in Figure 6(a) the HBT box). In this case, the
signal arises due to intensity fluctuations and does not
depend on interference or phase relations within the
fields. Therefore, historically second-order correlations
of strong light beams were obtained from correlating
photodetector current outputs i(¢) after detection, in
the form of

g% (1) = (it + ) /G(O) it + 7). (4)

A truly uncorrelated pair of photocurrent measure-
ments gives unity value for this function, and any
departure from unity value indicates correlation (or
anti-correlation) within a characteristic memory time-
scale of the source. Consequently, Equation (4) can be
written in the form g®(r) = 1 + #C(7). For intense
optical beams detected by photodiodes, the registered
current is proportional to the intensity, therefore the
second-order optical correlations are mapped conve-
niently to the current. The scenario is quite similar for
single photon light levels where a temporal registry of
individual detection events carries similar correlations
to the incident photon stream. For example, coherent
light (such as laser emission) exhibits no correlation
(n = 0) and g®(x) = 1 for all delay times whereas the
memory present in single photon emission from a two-
level system results in anti-correlation, g?(t) < 1 with
n = (—1) and C(r) = exp(—y|t|). In order to perform
second-order correlation measurements on single QD
emission lines, the Hanbury-Brown Twiss (HBT)
experimental arrangement, shown in Figure 6(a), is
used. The collected QD emission is split to be detected
by two photon counting detectors. Photon detection
times are then registered per detector. A count is
recorded conditioned on the previous detection of a
photon — a coincidence count. A histrogram of counts
is plotted as a function of the delay time between
successive detection events using time—amplitude con-
version. Figure 7 shows intensity (photon) correlation
measurements performed on the emission under
nonresonant excitation for an ensemble of InAs QDs
(panel 1) and two individual InAs QDs (panels 2/3)

Correlation function g@(t)
(2)u syunod aouspiUI)

-10 0 10 20 30 40 50
Delay time t (ns)

Figure 7. The data presents the measured distribution of
coincidence counts and a fit of the correlation function. Panel
1 is for a high density QD sample with more than one QD
emitting within the focal volume of the collection optic. The
measured g®(1) does not exhibit antibunching. Panels 2 and
3 are for a single InAs QD at two different pump powers.
Panel 2 (3) is taken at 125 W em 2 (66 W cm ™). Panel 3
exhibits a pronounced antibunching dip [15].

[15]. The pump power in panel 2 (3) is at the onset
(below) the power necessary to saturate the QD
emission. In panel 1, there is no correlation in the
photon emission from the ensemble of QDs, and there
is no deviation from unity as a function of delay time.
Panels 2/3 show that the detector outputs are
uncorrelated in all time scales except around zero
time difference, where detection events are anti-
correlated. The QD emission therefore is antibunched,
or has a degree of temporal order. This is a
consequence of the anharmonicity of the energy levels
involved in the QD emission. In these systems only one
photon can be generated within a radiative lifetime.
Therefore, the two-time dependence of coincidence
counts also reveals the temporal profile of photon
emission. For a two-level system with Lorentzian
spectrum, with a linewidth of y, we expect to see an
exponential decay in the time domain, and photon
correlation measurements indeed reveal a symmetric
double exponential profile. It is important to note here
that this technique measures the probability of two-
photons being generated sequentially, therefore it is
immune to deviations from ideal configurations. For
example, if the experimental setup includes imperfect
elements or has mechanical instability, parameters
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extracted from an interference-based measurement
would be significantly affected, but not the observed
photon correlation function. Alternatively, we might
be dealing with less than ideal atomic-like states where
pure (elastic) dephasing and nonradiative decay
mechanisms of the excited state may be non-negligible.
While previously discussed lifetime measurements
would only provide the fotal excited state decay
characteristics, photon correlation measurements, pro-
vided the excitation method can be classified as
incoherent, will reveal only the radiative part and
remain immune to all other decay and dephasing
channels [16]. In experimental physics such power
comes rarely from such a simple arrangement. Another
point we wish to emphasise here is that while two-time
correlation measurements to date have been performed
using two independent detectors, identical measure-
ments could also be performed using a single detector
with sufficiently fast response and timing capability.
Therefore, there still is a lot of attention on the
development of single-photon sensitive, photon-num-
ber resolving and high temporal resolution detector
technology [17], where superconducting detectors seem
to offer promising capabilities for this direction [18].

The power of photon correlation measurements
does not stop here at single photon generation, and can
reveal a lot more about the internal dynamics of multi-
exciton recombination. We have seen previously that
the individual recombination processes of neutral and
charged excitons as well as biexcitons have well
distinguished energy shifts (see Figure 4(c¢)) and have
already seen such consequences on lifetime measure-
ments (see Figure 5, top panel). Therefore, the intensity
correlations between any two QD emission lines can be
measured as well. Figure 8 shows such measurements
for biexciton—exciton cascade decay [19]. The break-
down of symmetry around the zero time delay between
coincident detection events reveals the one-sided
ordering of the cascade process. The probability to
detect exciton decay is increased on the condition that
a photon from biexciton decay has been detected, while
the probability to detect a photon from biexcitonic
decay is essentially nil upon detection of a photon from
exciton decay. This technique therefore gives direct
information on the emission time ordering, plays a
crucial part in identification of the observed spectral
lines and allows us to identify metastable intermediate
states during the cascade.

3.2. Optics of quantum dots: resonant excitation

Techniques presented in the previous section can give
valuable information on exciton capture and decay
dynamics as well as properties of the generated optical
fields. A common feature in all of these studies is the
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Figure 8. Cross-correlation of the biexciton—exciton
cascade emission. The experimental apparatus is identical
to Figure 6(a) except the detection of the exciton emission is
conditioned on the measurement of biexciton emission. To
realise this experimentally, narrow band spectral filters
(1-2 nm FWHM centred on either the exciton or biexciton
emission line) are placed in front of each APD [19].

incoherent pumping of the quantum-dot transitions
through carrier generation in either the host matrix
such as GaAs or the quasi-continuum states above the
higher-lying confined states of the quantum dot — what
we have termed nonresonant excitation. This excita-
tion method leads to photon-emission-time jitter, since
it relies on an uncontrolled relaxation step to populate
the excited exciton state, and spectral wandering of the
quantum-dot transition larger than the transition’s
linewidth due to optical charging of the host semi-
conductor matrix. Both effects reduce the usefulness of
non-resonantly generated single photons in linear-
optics quantum computing algorithms, even if the
quantum dot is coupled to a cavity [20]. In an attempt
to both address this previous shortcoming and provide
spectrally selective access to the quantum-dot electro-
nic transitions, increasing attention has turned to
resonant optical excitation. Noting all successful
quantum-information science (QIS) implementations
on well-developed qubit candidates, such as trapped
ions, have relied on resonance scattering, it is clear that
resonant optical control of QD transitions is desirable.
In the realm of resonant spectroscopy, we make a
further distinction between temporal and spectral
measurements.

3.2.1. Temporal measurements

A single ultrafast pulse propagating through a material
may be affected by both absorption and dispersion.
Transient nonlinear optical spectroscopy, also known
as pump—probe spectroscopy, involves a sequence of
ultrafast optical pulses, which are separated in time
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and tuned to the spectral vicinity of an absorption
band in a material. Conditional on the optical
excitations or an induced polarisation field due to the
first pulse (usually called the pump) the propagation of
the second pulse (i.e. the probe) may show a deviation
from what one would expect from the single pulse case.
Therefore, a dynamical response from the material can
be mapped out based on the time delay between the
pump and probe pulses. The selection of the laser pulse
spectral/temporal width depends on the desired experi-
ment, but typical considerations for QD excitons are
the timescale of the dynamics limiting the pump—probe
delay and the spectral separation of other excitonic
resonances limiting the pulse bandwidth. The pulse
spectral width (via Fourier transformation) dictates the
shortest temporal separation between two pulses and
consequently sets the experiment’s temporal resolu-
tion. Before continuing we highlight that nonlinear
spectroscopy techniques result in weak signals (typi-
cally 15 orders of magnitude with respect to the
excitation pulses) and the measurement of these small
signals presents an experimental challenge [21]. A first
step toward signal recovery is to interfere the signal
field on the detector with a local oscillator field that is
either derived from a reference pulse that does not
interact with the QD or with one of the excitation
pulses. Mixing the signal field with a second field on a
photodiode is referred to as heterodyne detection, a
term borrowed from radio wave engineering. The
advantage of heterodyne detection is that the inter-
ference term depends on the signal amplitude multi-
plied by the conjugated strong local oscillator field
amplitude and this acts to amplify the measured signal.
In addition to interference it is common to modulate
the excitation pulses so that the signal is carried by
distinct spectral components in the measured photo-
current which can then be accessed with a phase-
sensitive lock-in detection system.

Within the family of pump—probe techniques used
for ensemble and single QD spectroscopy, there is a
particularly elegant and powerful modality, where the
pulse sequence itself generates a third-order nonlinear
polarisation in the QD which acts as a source of an
additional field that carries information related to the
dynamics of the QD excitons. This polarisation field
oscillates at a set of frequencies determined by central
frequencies of the two laser pulses including a beat
frequency, and, if the pulses are non-collinear, the
generated field may even propagate in a distinct
direction due to the phase matching requirement of
the involved k -vectors. This counter-intuitive response
to a two-pulse sequence can be seen in the relevant
density matrix equations of motion coupling popula-
tions to coherences for spectrally shifted excitation
pulses [22].

In the context of QD spectroscopy the initial
motivation for two-pulse degenerate transient FWM
was to circumvent the inhomogeneous broadening
inherent in ensemble QD measurements, and directly
access the dephasing time of a single QD exciton. In
this spectroscopy modality the central frequency w, of
a laser pulse is tuned to the mean frequency of the
ensemble X° exciton resonance. As can be seen in
Figure 9(a), the exciting laser pulse is split into three
parts — a pump, a probe and a reference pulse. A
controllable time delay, 74, is established between the
pump and probe pulses. The pump (indexed with a 1)
and probe (indexed with a 2) pulse each receive a small,
but distinct, frequency up-shift typically with acoustic
optic modulators to w; = wg + wrE; and w, = wg +
wrpz- The pulse pair is subsequently directed to the
QD sample exciting a third-order polarisation. It is at
this point, when the pulses excite the sample, where
there are two variations in implementing FWM. In [23]
the time-delayed pump pulse and probe pulse
illuminate the sample with well-defined non-collinear
k-vectors, ky and k», where the general scheme is nicely
illustrated in Figure 9 [24]. The resultant polarisation
radiates in a direction determined by the wavevector
combination 2k, —k; and oscillates with a frequency
2w, —w,. The subsequent source field (resulting from
the QD nonlinear polarisation) is mixed with a
reference laser pulse still at wg, but delayed by time
7., on a photodiode. A phase-sensitive lock-in amplifier
demodulates the FWM signal in the measured photo-
current at 2wrp> — @ grp, Which is typically in the tens
of MHz frequency range.

Another approach to FWM, which does not
exploit the additional wavevector selectivity afforded
by the previous approach, is presented in [25]. Again
the pump and probe pulse are time delayed, but
instead of illuminating along fixed, non-collinear,
directions the collinear pump and probe pulses are
focused by a high numerical aperture objective onto
the sample as illustrated in Figure 9(b). The induced
nonlinear polarisation radiation is collected by a
similar objective and mixed with the reference pulse
directly on a photodiode. Unlike the previous example
where the signal was free from pump and probe pulse
background, this second approach relies entirely on the
lock-in amplifier to distinguish the signal of interest
from the background pulses, which still modulates
the photocurrent at a frequency 2wrp>— wgrp;. The
stringent k -vector considerations are not an issue for
this modified version, at the expense of reduced
sensitivity in detection. Although these two modalities
are slightly different with respect to signal acquisition,
both benefit from the essential advantage of the
transient FWM signal; its immunity to inhomogeneous
broadening. Inhomogeneous broadening is an inherent
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Figure 9. Schematics of the setups for the two four-wave mixing modalities. (¢) A pump and a probe pulse, at two distinct
frequencies, illuminate the sample along two directions. The phase matched signal, in a direction distinct from the pump and
probe, is mixed with a reference pulse on a photodiode. A lock-in amplifier demodulates the signal, at a frequency 2w gm — WRrE1,
from the photocurrent. (b) Same as (a) except the pump and the probe pulses are now focused and collected by high numerical

aperture objectives.

feature of QD emission spectra in high density QD
samples (when there are a number of optically active
QDs within the microscope focal volume) as a result of
the QD size distribution. Specifically, when the
inhomogeneous spectral broadening of the ensemble
is considerably larger than the homogeneous dephas-
ing rate of a single QD exciton, the polarisation will
radiate a light pulse at exactly 2 times the pump—probe
delay; the photon echo. Figure 10(a) presents the
measured echo pulse as a function of the probe delay 74
from an ensemble of InAs QDs at a temperature of
50 K. The important information is obtained from
plotting the integrated area of this light echo pulse as a
function of pump-probe delay. The strength of the
photon echo generated depends on the coherence of
the ensemble, so the decay of the integrated area is
determined by the total dephasing rate of a single QD
exciton. Figure 10(b) is an example of the integrated
echo pulse area FWM signal. The extracted dephasing
rate of 630 ps when this measurement was repeated at
7 K was the first of its kind to suggest the excited state
decay was predominantly the result of radiation
broadening.

The second transient nonlinear spectroscopy tech-
nique we describe is degenerate pump—probe
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Figure 10. Time resolved four-wave mixing data from an
ensemble of InAs QDs at 50 K. («) The echo pulse as a
function of the reference pulse time delay .. The time delay
between the exciting pulse pair is varied in 400 fs steps from 0
to 3.2 ps. (b) Time-integrated four-wave mixing obtained by
integrating the echo pulse area in (@) at different excitation
intensities. (a) Corresponds to the 2I, trace in (b).
Exponential fits to the traces in () yield the dephasing time
of a single QD exciton transition [25].
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spectroscopy. Just like FWM, pump-probe also
interrogates the induced third-order polarisation, but,
in contrast to FWM, the pump—probe signal is derived
from the polarisation’s response at the probe field’s
frequency. Consequently, this alternative technique
probes essentially the occupation probabilities of the
excitonic states rather than being limited by their
coherences. In other words, the previous FWM signal
(at the beat frequency of 2wgrp> —wgrypy) Will vanish if
the coherence between the two states of the transition
is lost, while the probe response (at the probe
modulation frequency wgrp») will still be visible as
long as the excitations are present, much like the
lifetime measurements discussed before. The two
pulses are delayed in time by 74, but now the signal
field is mixed with the probe field on the photodiode. A
lock-in amplifier filters the measured photocurrent
isolating the signal at a frequency wgrp». In a pump—
probe experiment the probe pulse transmission as a
function of delay time 74 is a direct measure of the
excited state lifetime: both radiative and nonradiative
contributions. A further twist on the pump—probe
technique results from plotting the probe transmission
at a fixed delay time 74 as the pump and probe centre
frequency are varied in unison. In this case the time-
domain technique is able to unmask frequency domain
information and probe the absorptive resonances of
the QD. An example of the measured data in these two
approaches is in Figure 11 for a single GaAs interfacial
(fluctuation) QD [22]. In the top panel in Figure 11(a)
two co-polarised 6 ps wide pulses, with a fixed 6 ps
delay between the pulses, illuminate the sample. The
absorption of the probe pulse, the transient differential
transmission, is plotted as a function of the two pulses’
centre frequency. The peaks in the absorption data
reveal electronic transition energies in the QD.
Figure 11(b) is the measured probe pulse area as the
delay between the pump and probe pulse is varied. The
measured excited state decay time is 41 + 2 ps.
Finally, the lower panel in Figure 11(b) presents
differential transmission with a continuous wave
(CW) laser. The narrowband CW laser greatly
improves the spectral resolution of the absorption
measurement, and as we will see in the coming section,
has become an indispensable tool for selective excita-
tion of QD transitions.

3.2.2.  Spectral measurements

We introduced fundamental transitions per charge
configuration in the quantum dot in the first section
(see Figure 3). The purpose of photoluminescence
measurements was to map out the spectrum of all
allowed transitions due to various charge combina-
tions. Given a typical resolution of 30 peV, this
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Figure 11. Degenerate pump—probe spectroscopy data. (a)
Copolarised pump and probe pulses with widths of 6 ps are
delayed by 6 ps and the transmission is measured as the pulse
centre frequency is varied. The dashed line is the zero signal
level. In the lower panel, a cw laser is tuned through the QD
resonance. We will focus on the merits of this technique in
the next section. (b) The integrated probe pulse signal as a
function of its delay from the pump pulse. The fit exponential
decay reveals an excited state lifetime of 41 + 2 ps [22].

appears insufficient for resolving spin and anisotropy
induced fine structures. Likewise, even when the
ground state of the quantum dot is controlled to be
in a particular charging configuration, we introduced
nothing to prevent the capture of uncontrolled charge
combinations under above-band-gap excitation.
Therefore, while this particular type of excitation
allows for mapping out the optical transitions, it still
renders any systematic access to individual spin states
impossible. Pump—probe techniques allow for precise
measurement of the excitonic dynamics, but due to the
extended bandwidth of the optical pulses, frequency
selectivity of individual transitions within the fine
structure is limited. In order to address this short-
coming, an alternative technique is utilised where
temporal resolution is sacrificed for such spectral
selectivity. Ultrafast pulse pairs are replaced by one
or more highly monochromatic single transverse and
longitudinal mode lasers with tuneable optical fre-
quencies. We can now address a transition of interest
directly and selectively among many allowing us to
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study features such as optical selection rules and
oscillator strengths by observing the scattered laser
light.

The signal in this case is still due to the interference
of the background laser and the scattered dipole
radiation, where the transmitted laser field is measured
by photodetectors rather than the emitted photons
being detected by a spectrometer. If the laser field is in
resonance with a quantum dot transition, the optical
field scattered by the quantum dot interferes with the
background optical field. The total field observed upon
transmission through the quantum dot includes the
signature of the quantum dot response to the light
field. All measurements are performed in the far-field
so the phase difference is a result equivalent to the
overall Guoy’s phase acquired by the background
laser. Consequently, we typically measure the absorp-
tive response directly in intensity change. In short, the
measured optical field intensity will trace out the
following response:

I(A)/1(00) = 1 — o, [(T?/4) /(3 + T%/4)],  (5)

where o, is the effective absorption strength deter-
mined by the laser focus area and the quantum
dot oscillator strength and is typically in the range of
107*—1072 In order to see this response one has to
have control over the detuning ¢ and this can be
achieved in two ways: either by sweeping the optical
frequency of the excitation laser with respect to the QD
transition or by shifting the quantum dot emission
energy via DC Stark effect through an external electric
field.

Unlike photoluminescence measurements, the sig-
nal strength here with respect to the background laser
intensity is usually on the order of 102 as dictated by
o, and lock-in based detection is required in order to
eliminate this background. The modulation required
for the lock-in scheme is obtained by electronically
modulating the external electric field with a square
wave signal. Normalising by the total power at the
photodetector one can calculate the deviation of the
transmissivity from the off-resonant value AT/T. This
is called Stark-shift modulation spectroscopy and
further experimental details of this technique can be
found in [26]. Given that we are no longer limited by
the spectrometer spectral resolution of 30 peV, but
rather the uncertainty of the applied gate voltage and
the spectral bandwidth of the applied laser, resonant
scattering has significantly higher resolution, on the
order of 0.04 ueV. The previously predicted fine struc-
ture of each optical transition can now be observed
clearly, as displayed in Figure 12(a). The black (grey)
data set is obtained with a ©y (ny) linearly polarised
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Figure 12. Differential transmission data for the neutral
exciton (left panel) exhibiting the fine structure x — y splitting,
in this case 27 ueV, due to the electron—hole exchange.
Differential transmission data for the trion exciton (right
panel). The exchange splitting observed in panel (@) is zero
since the electrons are in a spin singlet [27].

laser. Figure 12(b) is the same measurement on
X'~ displaying a single peak due to degeneracy [27].
Taking advantage of this high spectral resolution, QD
transition linewidths on the order of 1.3 ueV have been
observed [28]. In addition, this response can in
addition be controlled to yield both absorptive and
dispersive lineshapes [29] depending on the relative
phase between the laser and the QD scattering field.
Nevertheless, the relatively modest signal to back-
ground level limits how fast this measurement can be
completed. However, recent advances incorporating
solid immersion lens technology [30] showed that the
measured signal strength can be increased further
leading to higher detection bandwidth [31,32].

4. Recent achievements utilising these techniques

What we have presented so far is a survey of optical
techniques utilised in the quantum dot research in the
broad sense. While each technique presents a com-
plementing side to complete spectroscopy of quantum
dots, some have in parallel been utilised to perform
some key achievements. In this context, quantum
information processing has benefited significantly from
the re-interpretation of spectroscopic concepts and
measurements. We give below a handful of examples
along these lines, but emphasise that we are leaving out
a vast area of quantum dot research on conventional
optoelectronics technology, such as lasers and optical
switches.

4.1. Deterministic source of single photons and
quantum cryptography

One of the earliest applications of quantum informa-
tion science was quantum cryptography, which drew
its power of security from the indivisibility of a single
photon. The information (the bit) is encoded on single
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photons thus ‘tapping’ the quantum channel was
quantum mechanically forbidden. The lack of a true
single photon source prevented the use of the no-
cloning principle, and had to revert once again to the
‘difficulty’ of eavesdropping by using either heavily
attenuated laser beams with average photon number
much less than one, or down-conversion processes that
generate photon pairs with a small probability of
generating multiple photon pairs in well determined
directions. Sacrificing one of the photon pairs in down-
conversion for timing gives a sense of heralding to the
photons in the other direction, but the probability to
have more than one photon in a pulse still remains
finite. A compact, stable, reliable source of single
photons was the missing link for relying on quantum
mechanical principles for ultimate cryptographic se-
curity rather than assumed difficulty in practice of
breaking the cryptographic code.

We have discussed how intensity (photon) correla-
tion measurements reveal the decay dynamics of the
excited states in quantum dots. In 2000, two groups
reported one of the first applications of this technique
in the realm of quantum information for the realisation
of deterministic heralded single photon generation
[33,34]. In these works, the above-bandgap nonreso-
nant continuous-wave excitation laser was replaced by
an ultrafast laser pulse train which generated excitons,
in the vicinity of a quantum dot, at well known times.
After each excitation pulse, a high density of photo-
excited excitons was to ensure the probability to
capture at least one exciton inside the quantum dot
approached unity. While the number of excitons
captured inside a quantum dot is statistically varying,
the distinct exciton emission wavelengths due to
Coulombic interactions allows one to spectrally filter
out only the neutral exciton recombination. The result
is a single photon generated with unity probability at a
well-defined wavelength, at discrete times manifested

>

Figure 13. (a) The top panel is the autocorrelation of a
250 fs Ti:sapphire laser and the bottom panel is the
autocorrelation of single photons emitted from the ground
state exciton of a QD embedded in a microdisc cavity under
pulsed excitation. In the bottom panel (in contrast to the top
panel), the zero delay time is nearly zero. This is a result of
the QD emitting one photon at a time. More importantly,
upon pulsed excitation, the QD emits a single photon in well-
defined time bins — the so-called photon turnstile [33]. (b) The
polarisation of single photons emitted by a QD based photon
turnstile is used exchange a secure key between Alice (the
transmitter) and Bob (the receiver). The key is used to encode
and decode a 140 x 141, 256 pixel colour bitmap of the
Stanford University’s memorial church (the top image). The
encoded message appears as white noise to all parties that
detect the encoded photons without the key except for Bob
who has the correct key [35].

by the excitation laser pulses. Figure 13(«a) displays the
photon correlation measurement under these condi-
tions. Unlike the continuous-wave excitation profile,
we see uniform coincidences only at discrete time
delays indicating that the emission comes as a pulse
train following the excitation laser pulse train. The
absence of the central coincidence peak is due to
the lack of another photon emitted simultaneously at
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the same wavelength, verifying the single photon
nature of this heralded emission process.

In 2002, Santori et al. implemented the first
quantum key distribution protocol using a single
quantum dot as a true single photon source [35].
Figure 13(b) shows the original and decoded image
when the polarisation state of individual photons
emitted from a quantum dot are used to exchange
the key necessary to decode the image.

4.2. Going beyond single photons: polarisation
entangled photon pairs

A cascade two-photon emission process with inter-
mediate level degeneracy was the source of entangled
photons for the seminal work by Aspect et al., where
J=0—J=1—J =0 type cascade decay of Calcium
atoms was used for the first experimental demonstra-
tion of bipartite entanglement and violation of local
realism models for quantum theory [36]. Once the
analogous cascade nature of the biexciton-exciton
decay in quantum dots was revealed, the route to
generation of frequency and polarisation correlated
(or entangled) two-photon states was established. The
two-photon field emitted via the biexciton—exciton
cascade decay process, illustrated in the inset of
Figure 14(a), can be written as

(|1 Hyx, oy Hy) + |03 Vyx, 04 Vx)) /2% (6)

This is a maximally entangled state in the strict sense
of the word. However, revealing the degree of, for
example, polarisation entanglement would be bur-
dened by the simultaneous frequency entanglement.
The frequency tag on the decay channel comes from
the electron—hole exchange (discussed previously in
relation to Figure 12), labelled S in the inset of
Figure 14(a), which lifts the double degeneracy of
the intermediate X° excitonic energy levels. There-
fore, removal of the which-path information for the
two decay probabilities is necessary to reveal
polarisation entanglement. We can list three ap-
proaches to this problem two of which have shown
success.

The first method is to be oblivious! That is, let us
focus only on the subset of emission events that cannot
reveal the path information. The finite spectral width
of excitons still allows a region of spectral overlap (and
thus indistinguishability) where spectral pre-selection
of excitons in this overlap region, roughly in the middle
of split X° energy levels, will remove the information
on decay paths albeit the heavy cost of detection rates.
Akopian and co-workers have done just that to show
correlations that reach beyond the classical bounds for

the two photons generated by such a biexciton—exciton
decay from a single quantum dot [37].

The second method approached the problem from
the materials side: the excitonic exchange splitting to a
certain extent originates from the shape anisotropy of
the quantum dots. Therefore, physically altering the
shape of the quantum dots after growth process has been
completed will also alter this undesired level splitting.
Stevenson et al. used post-growth annealing of the QD
sample which led to a systematic reduction of the
exchange splitting as a function of annealing time, as can
be seen in Figure 14(a) for two different QDs [38,39].
Since every QD starts from a different splitting value
within a statistical distribution, a certain annealing range
provides a subset of QDs where exchange splitting is
effectively removed, and thus results in polarisation
correlations that reach beyond the classical bounds
without sub-selecting the emission spectrum. To verify
entanglement in the emitted photon pairs, Figure 14(b)
presents full state tomography of the emitted photons in
the linear polarisation basis. The inset of the figure is the
results of various entanglement tests performed on the
measured density matrix [40].

The final method we mention was in fact the first
one proposed, but is still yet to be realised: coupling an
optical transition to a cavity mode coherently broadens
the spectrum of the emitted photons due to a reduction
of the radiative lifetime, known as the Purcell effect.
We will not discuss emitter—cavity coupling in this
article; however, it suffices to note that the path
distinguishability can be removed by increasing the
spectral overlap of the two excitonic transitions via
cavity-induced broadening [41]. This method not only
recovers polarisation-only entanglement, but further
increases the photon-pair generation rate — both
features desirable for QIS applications.

4.3. A quantum gate with excitonic qubits

Another application we would like to highlight is the
possibility to use the QD exciton as the physical
representation of a qubit. In 2003, the two-colour
version of the pump-probe transient nonlinear spec-
troscopy technique was utilised along with the linear
polarisation selection rules of a quantum dot exciton
and biexciton transitions in order to operate a
quantum gate. We saw in the previous section that
the cascaded decay process of a biexciton follows either
of the two decay paths into the ground state. Here,
Gammon et al. approached from the other direction
where a large value for S is favoured and demonstrated
the conditionality of the biexciton generation on
the initial exciton polarisation [42]. The excitonic
states of Figure 15(a) can be interpreted via two-
qubit logic states. A laser pulse resonant with the
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exciton—biexciton transition was labelled as the ‘opera-
tion” and had an effect on the quantum dot excitation
that is conditional on the initial condition. For
example, if the quantum dot was in the |00) or |01)
state, the operation left the system unaltered due to
either frequency or polarisation selectivity. If, how-
ever, the initial state was |[10) the ‘operation’ pulse
resulted in a 7 -excitation to the biexciton state ”|11),
while the initial state of |11) dropped to |10) through
stimulated emission. Consequently, one could con-
struct a truth table for this effective two-qubit
operation that is analogous to a controlled rotation
(CROT) gate. Verification of this operation and
quantifying the gate’s fidelity still relied directly on

the transient pump—probe technique discussed earlier.
In Figure 15(b) the reconstructed physical truth table
for this excitonic gate is presented. The system is
prepared in the various input states, the operational
pulse is applied, and the final state ofthe QD is
determined. Ideal operation corresponds to the four
white bars having a value of 1 and the rest 0.

4.4. Initialisation and coherent rotation of quantum
dot spin qubits

All nonresonant excitation mechanisms introduce
multiple carriers into the quantum dot levels, whereas
resonant excitations only create single excitons within
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Figure 14. (a) In the inset, S depicts the fine structure splitting of the neutral exciton X° (see Figure 3(a)) as a result of the
electron—hole exchange interaction. The data points represent how the fine structure splitting can be tuned through annealing two
different InAs QD samples for 5 min intervals at 675°C. For generating polarisation entangled photons from QD emission the
third data point for DOT B is of interest [39]. (b) The real and imaginary components of the measured density matrix for the two-
photon state emitted from a QD with an exchange splitting less than 1.3 pueV. Inset: The results of various entanglement tests

performed on the measured density matrix [40].
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the quantum dot. The unprecedented spectral resolu- accessibility can be used for spectroscopic measure-
tion provided by the differential transmission techni- ments to reveal the strength of electron—hole ex-
ques highlighted above allow direct access to the change interaction and quantum dot anisotropy. In
transitions between the individual fine structure and the case of a single excess electron trapped in a
Zeeman levels. We showed in Figure 12 how this quantum dot, we do not have a priori control, over or
(@) A (b)
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Figure 15. Controlled Rotation (CROT) gate based on QD biexciton and exciton transitions. (a) Panel A is a schematic of the
QD states relevant to the CROT gate. Panel B is the excitation energy level diagram and Panel C is the CROT gate
transformation matrix (note |10) is transformed to — |11)). (b) The reconstructed physical truth table for the CROT gate.
The operational pulse is a 7 -pulse tuned to the [10) — |11). The system is prepared in the various input states, the operational
pulsed is applied, and the final state of the QD is determined. Ideal operation corresponds to the four white bars having a value of
1 and the rest 0 [42].
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Figure 16. (a) Experimental setup for pulsed optical rotation of QD spin. During each experimental cycle, one or two rotation
pulses may be sent to the sample to observe Rabi oscillations or Ramsey interference, respectively. The time delay, t, between
pairs of pulses is controlled by a retroreflector mounted on a computer-controlled translation stage. CW, continuous wave;
QWP, quarter-wave plate; PBS, polarising beam splitter; SPCM, single-photon counting module; CCD, charge-coupled device; c,
speed of light. (b) Reconstructed evolution of the Bloch vector. The curves trace out the tip of the Bloch vector in the one-pulse
(Rabi oscillation) experiment. The colour scale indicates the length of the Bloch vector, which shrinks exponentially as the system
is evolved for longer times. Views are from the perspective of the x axis [44].
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knowledge of, its spin. In atomic physics, the concept
of optical pumping is used to create an imbalance in
the spin projection of the ground states of an atomic
ensemble. This process relies on the fact that upon
excitation to a higher electronic state, the atoms will
decay randomly into a set of ground states in
accordance with the strength of the corresponding
transition matrix elements. In charged quantum dots,
such as the trion in Figure 3, the process can not
work in ideal conditions, but in the presence of state
mixing mechanisms such as nuclear spin coupling and
hole mixing, there is small but finite rate of decay into
the other electron ground state. Specifically, if a
resonant laser drives the o' transition, there is a
small, but finite probability for a spontaneous
Raman spin flip process to take place and
shelve the electron in the spin down ground state.
The system then goes dark and no more light is
scattered due to both frequency and polarisation
selection rules. This exact idea, an outgrowth of the
previously discussed DT technique, has been demon-
strated in [43], where a QD electron was optically
pumped and thus prepared a given spin state with
99.8% fidelity. This is the initial step of any QIP
protocol utilising single QD spins.

Finally, we briefly touch on a recent work that
demonstrates coherent control of individual electron
spin states using ultrafast optical pulses and optically
induced spin rotations. The spin of a singly charged
QD serves as the qubit. The sample is placed in a
static magnetic field perpendicular to the growth
direction (the Voigt geometry). If a single electron is
loaded into the QD, it will coherently precess around
the applied perpendicular field at the Larmor
frequency. Visualised on the Bloch sphere the state
of the electron spin is traversing a great circle of the
sphere ignoring any spin dephasing effects. Applica-
tion of a circularly polarised ultrafast optical pulse
red-detuned from the electron transition Stark shifts
the two ground state electronic levels and results in
spin precession around the direction parallel to the
QD growth direction (perpendicular to the externally
applied magnetic field). The key point is that the
optical pulse, via the dynamic Stark effect, acts as an
ultrafast effective magnetic field and induces coherent
spin rotation. Figure 16(a) is the experimental setup
employed to optically evolve the electron spin and
Figure 16(b) is the reconstructed evolution of the
Bloch vector. We direct the reader to [44,45] for a
more detailed discussion of the two approaches, but
the main message here is that coherent optical
rotation of a single QD spin has now been observed
10 years after the first photon correlation measure-
ments indicating nonclassical light emission from
QDs.

5. Conclusion

Given that the word spectroscopy comprises two roots
(one Latin and one Greek) meaning appearance-
watching, one may be led to believe that spectroscopy
indeed goes all the way back to the Greeks and
Romans. Surprisingly, this powerful word itself was
not coined until 1882 by Arthur Schuster in order to
classify studies focused on the spectral properties of
light-matter interaction. With this particular defini-
tion, the first systematic spectroscopy experiments
were performed two centuries earlier. In 1666 Sir Isaac
Newton demonstrated the multi-colour nature of
sunlight by using a glass prism which was readily
available from the local market as a ‘Fool’s Paradise’.
His simple but ground-breaking findings initiated 350
years of investigations performed on light absorbed,
scattered, and emitted by matter. Today, spectroscopy
has generated a sea of knowledge on the nature of light
and its interaction with matter, where QD research
constitutes a modest component. We tried to give a
brief survey of the optical measurement techniques
utilised to investigate the physics of quantum dots.
Today, thanks to these studies we now have a high-
level of control over the physics of QDs and we can
expect to see a continuation of productivity in
quantum dot research in the coming years with less
emphasis on observation and more on control. The
optical techniques used for this progress, however, will
likely be a combination of what we discussed here,
as the general principles of spectroscopy are here to
stay.
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