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"What is an electron, anyway? Physicists see them, primarily, as
great criminals. Perverse and canny little subjects who, after com-
mitting countless atrocities, somehow manage to slip away. No doubt
there are clever types, and every effort to track them down only en-
courage them to perform the most devilish escape tactics. With the
skill of trapeze artists, they are capable to leaping from one place
to another without us even realising it. They fire away mercilessly
when they see the enemy approaching, and they always keep an al-
ibi ready to sabotage any investigations. Some observes have even
come to believe that they don’t operate alone, but rather in gangs of
like-minded villains. Either that, or they possess something akin to a
manipulate personality disorder. The individual electron behaves not
as a single entity but as a team, a swarm of desires and appetites, a
storm cloud of violent emotions that blasts through the wide reaches

of space, swirling around the objective at its mercy”ﬂ.

Jorge Volpi
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Abstract

This thesis discusses development of new semiconductor quantum dot
(QD) devices and materials. Optical spectroscopy of single QDs is em-
ployed in order to investigate electronic structure and magnetic prop-
erties of these materials. First we realise self-assembled InP/GalnP
QDs embedded in Schottky diode structures, with the aim to realise
charge control in these nanostructures, which recently provided an im-
portant test-bed for spin phenomena on the nano-scale. By varying
the bias applied to the diode, we achieve accurate control of charge
states in individual QDs, and also characterise the electron-hole align-
ment and the lateral extent of the exciton wavefunction. Second part
of the thesis explores optimum regimes for optically induced dynamic
nuclear polarization (DNP) in neutral InGaAs/GaAs QDs. Very ef-
ficient DNP under ultra low optical excitation is demonstrated, and
its mechanism is explained as the electron-nuclear flip-flop occurring
in the second order process of the dark exciton recombination. The
final part of the thesis reports on magneto-optical studies of novel
individual InPAs/GalnP quantum dots studied in this work for the
first time. Here the long-term aim is to realise strong carrier confine-
ment potentially suitable for QD operation at elevated temperatures,
e.g. as a single photon emitter. Here we lay foundations for future
structural studies of these dots using optically detected nuclear mag-
netic resonance, and explore regimes for efficient DNP in InPAs dots

emitting in a wide range of wavelength 690-920 nm.
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Chapter 1

Introduction

1.1 Background and motivation

Semiconductor QDs are nano-objects with dimensions smaller than the electron
de Broglie wavelength. QDs confine carriers in all three directions resulting in
quantization of their energy levels resembling electronic levels in atoms. There-
fore, semiconductor QDs systems are often referred to as artificial atoms [1, 2].
Their properties can be tailored by using a wide variety of semiconductor mate-
rials and several growth methods [3, 4, 5, 6, 7]. Semiconductor QDs have been
actively investigated in the last 20 years or so. Most active and successful re-
search directions have been development of QD lasers [8, 9, 10], single photon
emitters for quantum cryptography applications and quantum optics [11, 12, 13,
14], and spin and charge qubits for quantum information processing [15, 16, 17,
18]. In this thesis studies of three types of single quantum dots, InP/GalnP,
InGaAs/GaAs and InPAs/GaAs, are presented, addressing new physics, materi-
als and QD device development. Work reported in this thesis has been mostly

motivated by research into possible future applications of single quantum dots in



quantum computation and generation of non-classical light.

In the last 10 years, significant progress has been made in demonstration of
the potential use of QDs for control of spin qubits. First theoretical proposals
for a qubit based on the spin of the electron confined in a QD, were made in
the late 90’s by Loss, DiVincenzo and co-workers [15]. Within several years,
electrically and optically addressable QD systems where single electrons could
be identified and manipulated were reported [19, 20, 21, 22, 23]. This followed
shortly by demonstration of various ways of spin manipulation [24, 25, 26, 27].
Since then, in optical investigations, preference was given to self-assembled In-
GaAs/GaAs QDs grown by molecular beam epitaxy (MBE) [3]. In this type
of dots a reasonably strong confinement (exceeding 100 meV for electrons) can
be achieved. In addition, high quality GaAs can be grown, which ensures high
stability of the charge environment of the QD [28, 29]. In electron transport
measurements, where most advanced spin manipulation has been demonstrated
to date, QDs were lithographically defined by metallic gates on the sample sur-
face about a hundred nm above a two dimensional electron gas in a high quality
GaAs/AlGaAs quantum well. In such dots, electron charge and spin could be
controlled by applying bias to the metallic gates [30, 31, 20].

The spin of the confined electron in a QD made of III-V semiconductor ex-
periences the hyperfine interaction with 10%-10° nuclear spins. This interaction
is usually quantified by an effective Overhauser magnetic field, By, reaching in
some cases up to a few Tesla for highly polarised nuclear spin system, and having
a fluctuating part of a few mT [32, 33, 34, 35, 36, 37]. The presence and dynamic
properties of the Overhauser field have a significant impact on the behavior of

the electron and hole spin, and accordingly have received close attention in the



development of the QD spin qubit [38, 15]. Very high nuclear polarisation degrees
now routinely achievable in QDs have also enabled sensitive nuclear magnetic res-
onance (NMR) to be realised for non-invasive probing of chemical composition
and strain in the volume occupied by the confined electron [39, 40].

Optical studies of nuclear spin phenomena have been conducted in a range of
QD materials, including self-assembled InGaAs/GaAs and InP/GalnP QDs and
so-called interface (and nearly strain-free) GaAs/AlGaAs QDs [28, 36, 41]. Full
understanding of the nuclear spin phenomena requires stability and ideally exter-
nal control of the charge state of the dot. There are two factors underlying this
requirement. Firstly, fast nuclear depolarisation occurs as a result of interaction
with charges randomly captured in the dot. This, for example complicates nu-
clear spin dynamics measurements, and also nuclear magnetic resonance (NMR)
experiments, in both of which nuclear spin behavior in the 'dark’ (without op-
tically excited charges) needs to be investigated [42, 40]. The second factor is
that electron-nuclear interaction leads to inhomogeneous Knight field, an effec-
tive magnetic field experienced by individual nuclei [43]. Occurrence of this field
modifies the nuclear spin energy spectrum and dynamics (e.g. via its effect on
the nuclear spin diffusion process). Another useful aspect of QD charge control
is that the Knight field of both electron and hole could be studied, and also used
for nano-NMR imaging purposes as was proposed by Makhonin et al. [44]. The
concept of the hole Knight field has yet to be explored, since until recently interac-
tion of holes with nuclear spins were considered negligible due to the p-symmetry
of hole wavefunction [42]. In this respect a relatively simple nuclear spin system
should be employed initially, and InP/GalnP QDs present an interesting example

since phosphorus nuclei with spin 1/2 are not affected by quadrupole interaction



and have a narrow NMR linewidth (down to 3 kHz), which can potentially be
employed for sensitive probing of the Knight field of the hole. So far, however,
charge control using bias-tuning in Schottky diodes has been realised reliably in
InGaAs QDs only [19]. In this thesis we address this task in detailed studies of
InP/GalnP QDs embedded in a Schottky device.

Many recent studies of QDs showed that polarisation of nuclear spins is
changed under optical excitation in a wide variety of conditions including res-
onant and non-resonant cw and pulsed excitation [32, 45, 34, 35, 36, 37]. This
indicates the importance of these phenomena for optical manipulation of QD spin
qubits, and more generally for understanding the spin physics on the nano-scale.
An interesting example here are nuclear spin effects in neutral QDs [46]. Such
dots have been used recently in the non-invasive structural studies of QDs using
nano-NMR, and also proved to be crucially important in gaining new insights in
the hole-nuclear spin interaction [42, 40]. In the latter experiments in particular,
dark exciton states played an important role in detection of the Overhauser fields
experienced by the holes. The role of dark states in efficient polarisation of nuclear
spins via the second order recombination process has recently been demonstrated
in InP/GalnP QDs [46]. In this thesis we show that this unusual phenomenon is
general for neutral dots and explore these effects in InGaAs/GaAs QDs. We find
that extremely high degrees of nuclear polarisation can be achieved at ultra-low
powers of non-resonant optical excitation several orders of magnitude below QD
saturation. This further emphasizes that nuclear spin effects must be taken into
account in III-V nanostructures in the majority of optical experiments.

In the final part of the thesis, results on optical studies of new InPAs/GalnP

QDs are presented. Motivation for this work was to explore QDs with enhanced



1. Background: Semiconductor QDs

confinement of carriers, potentially enabling realisation of single photon emit-
ters operating at elevated temperature [47, 48]. So far the majority of non-
classical light generation experiments have been carried out on InGaAs/GaAs
and InP/GalnP QDs [12, 14, 49]. As an example, the band-gap difference be-
tween the QD emission and wetting layer for InGaAs QDs is usually around
150-250 meV, and is around 200-300 meV between the QD PL and GaAs barrier.
In the case of InPAs QDs the difference exceeding 0.5 eV should be easily achiev-
able. However, a few studies where high density ensembles of such dots were
realised did not exhibit the expected long-wavelength emission [48, 50]. This is
now realised in this work. In addition, we demonstrate samples with low dot den-
sity suitable for single photon applications. Since no structural information on
these dots exists, our initial motivation was to lay foundation for future structural
studies, which are now possible in self-assembled dots by using optically detected
NMR techniques recently developed in Sheffield [40]. We explore conditions for
dynamic nuclear polarisation, which would allow further exploration of material

composition and strain distribution in these dots in NMR studies.

1.2 Self-assembled quantum dots - fabrication

Semiconductor quantum dot (QD) structures discussed in this thesis are grown by
molecular beam epitaxy (MBE) and metal-organic vapor phase epitaxy (MOVPE).

Self-assembled dots. The self-assembled dots such as InGaAs/GaAs (MBE)
and InP/GalnP (MOVPE) are formed when thin layers of materials with higher
lattice constant (InGaAs and InP) are deposited on the material with a lower

lattice constant (GaAs and GalnP). In that case, the transition from the growth
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of 2D layers to the growth of 3D islands occurs after a critical thickness of the
material with the higher lattice constant is deposited, the process driven by the
increase of the surface energy due to the strain. This way, structures with a low
aspect ratio are formed with typical dimensions of 20 to 80 nm in-plane and 2 to 10
nm in height. The shapes are usually described in terms of lenses and pyramids,
and also truncated lenses and pyramids (see Fig. for example of InAs dot).
Significant intermixing of the material usually occurs between the dot and the
surrounding barrier as the dots are usually grown at high temperatures in excess
of 600°C: in InAs and InP dots, In atoms are usually partially replaced with Ga
atoms. This allows to some degree further post-growth modification of the dot
properties by high temperature annealing, by which both the composition and
shapes of the dots can be altered. The composition of the dot and the barrier
plays an important role in determining the confinement energies for electrons
and holes. Both InGaAs/GaAs and InP/GalnP are Type I nano-structures, i.e.
InGaAs and InP regions have the band gaps smaller than those in GaAs and
GalnP, respectively, and present confinement minima for both electrons and holes.
Confinement energies in excess of 100 meV for electrons are typical.

In this subsection we review the main process to fabricate self-assembled quan-
tum dots. Tremendous development of growth techniques to obtain QDs had been
achieved since the early days, when top-bottom process employing lithography
and etching methods were used [51]. These early techniques consist of epitaxial
growth of quantum wells, and the desirable pattern definition using lithography
masks. Subsequently, plasma etching reveals the quantum wire or dot struc-
tures. The main disadvantage of these techniques is the creation of high density

of defects due to the abrasive etching process [52, 53].
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Major breakthroughs came with the developments of bottom - up quantum
dot fabrication. Stranski - Krastanov growth of self-assembled quantum dots and
development of interface dots allowed to obtain defect - free quantum dots.

Stranski - Krastanow growth technique relies fundamentally on strained semi-
conductor layers. These type of QDs are better usually referred as self-assembled
dots. Figure [1.1]illustrates this quantum dot formation, for more information on
the mechanism of Stranski-Krastanow growth the reader can refer to the recent

report by Baskaran [4].

Figure 1.1: Stranski - Krastanov formation of quantum dots. a) GaAs substrate,
b) InAs monoatomic layer deposition, ¢) Formation of InAs nano-islands, d) GaAs
capping layer on top of InAs QDs. The inset on the left hand side, shows the strain
form by the difference in lattice constants of the two semiconductor materials. In
the upper inset typical TEM image of a Stranski-Krastanov QD is shown.

Typically, the dimension of the self-assembled dots are 2—5nm high and 20nm
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base, which densities of about 10'°—10'* ¢m~2. The strong confinement obtained
at these dimensions is enough to fully quantize the electron and hole states,
with quantization energies greater than kgT" which allow important technological
implementations. However, homogeneity in size, shape and distribution of QDs
represent the major open challenge of self-assembled dots. In order to control
the QD position local strain-mediated surface chemical potential [54] and pre-
patterned substrates [55] have been employed [56]. In the following subsection

we review the main epitaxial methods to fabricate quantum dots.

1.2.1 Epitaxial methods for fabrication of self-assembled

quantum dots

In order to obtain high quality semiconductor nanostructures, MBE (Molecu-
lar beam epitaxy) and MOCVD (Metal organic chemical vapor deposition) had
demonstrated high efficiency and are widely employed [1]. Nevertheless, effective
semiconductor nanostructure growth had been demonstrated in less advance epi-
taxial methods such as LPE (Liquid phase epitaxy) [6]. Here, we will focus on
the description of MBE and MOCVD which are the methods utilized to obtain

the samples related to the present work.

1.2.1.1 Molecular beam epitaxy

Due to its unique properties such as ultra-slow deposition rate (typically 1pum per
hour) conserving low impurities density, MBE is widely used in the semiconductor
industry to fabricate high quality devices [3]. First demonstrations of high quality

semiconductor nanostructures had taken advantage of this facility [57].
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A schematic of an MBE chamber is shown in figure[[.2] It consists of ultra-high
vacuum chamber (typically 10~® Pa) with several effusion cells each of them for
different elements. In a growth process the cells are heated up to a temperature
where the elements start to evaporate. Once the cell shutter of the desirable
element is open, an atomic beam leaves the cell targeting a hot substrate (bulk
semiconductor). The atomic beams combines the elements at the surface of the
substrate and due to the slow deposition rate of about 1xm per hour an epitaxial
growth of atomic layer by atomic layer occurs. The substrate holder can be
rotated to homogenize the grown layers. Because the shutters can be controlled in
a much faster time than the deposition rate, very thin layers with sharp interfaces
can be produced.

RHEEDelectrongun  Rotatingsample holder

lonization manometer
Window

Principal shutter
Cell shutters

Airlock valve

Effusioncells

Effusioncells

Effusion cells Sample

transfer unit

Window

Fluorescentscreen

RHEED Motor

Figure 1.2: Schematic of principal elements of molecular beam epitaxy reactor
(MBE).



1. Background: Semiconductor QDs

1.2.1.2 Metal organic chemical vapor deposition

In contrast with the MBE method, MOCVD growth takes place by chemical
reactions and not physical deposition. The elements utilized are embedded in
gaseous compounds. The elements break down to deposit on the heated substrate
with remaining waste gases being removed from the chamber. All the processes
described here take place under non-vacuum conditions, and just the gas phases
are kept under pressures of 2 - 100 kPa [1, 5]. Figure|l.3[shows a schematic of the
main MOCVD components, and the chemical reaction to obtain GaAs. Valves
in the gas lines allow to control an appropriate sequence to grow the desirable
semiconductor structure. In general, the growth rate of MOCVD process is faster

than MBE, which is more suitable for industrial applications.

650°C
(CH;);Ga + AsH; ————> GaAs+CH,

S

AsH;

®

Reactor l—
H, & > Manifold —_—
T =
H; ~@->— H—@>— Substrate on
heated holder
Bubblers (CH;);Al (CH;);Ga

Figure 1.3: Schematic of principal elements of metal organic chemical vapor de-
position system (MOCVD)
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1.3 Optical techniques for studies of QDs

Quantum dots have been extensively studied for applications in diverse fields
like physics, chemistry and biology. In particular, for quantum physics, optical
techniques allow studies of confined carrier and spin systems within the QD. Sev-
eral research groups have reported experimental evidence and detail description
of diverse phenomena in quantum dots, such as Coulomb interaction [23], Pauli
blocking effect [58], spin polarisation [59] and charge control [21, 19], just to
mention few.

Here we review the main optical techniques for studies of QDs. In the first
subsection we will refer to non-resonant excitation method. In this method, a
light source typically a laser beam with energy greater than the relevant excitonic
transition in the QD is used. The optical excitation generates exciton popula-
tion in either a higher exciton QD transition or in the bulk semiconductor of the
host matrix. The created higher energy carriers non-radiatively relax, releasing
energy through carrier scattering and phonons, and finally populate the lowest
available QD energy state. The second subsection we will refer to resonant exci-
tation method. Here, we use a laser with energy equal to the relevant excitonic
transition, which creates an electron-hole pair populating the QD energy state.
Figure shows schematics of non-resonant excitation which creates carriers in
the barriers (top panel), and resonant excitation which generates e-h pairs in the

dot transitions (bottom panel).

11
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Optical excitation
into GaAs barrier

Optical excitation
into the dot

Figure 1.4: Optical excitation techniques. Top panel shows non-resonant optical
excitation which creates carriers in the barriers. Bottom panel shows resonant
optical excitation which generates e-h pairs in the dot transitions.

1.3.1 Non-resonant optical excitation

Non-resonant excitation optically excites electron-hole pairs at energies higher
than the QD excitonic transitions (e.g. wetting layer). Some of the carriers
relax into quantum dot levels before they recombine and emit a photon with in-
formation about, relaxation times (typically picoseconds), QD energy levels, spin
polarisation etc. However, conventional photoluminescence techniques use a laser
beam with typical diameter of ~ 100um which for QD densities of 101° — 10 ¢m =2
simultaneously excites 10° — 107 dots. Despite the fact that a typical quantum
dot contains discrete energy levels, the fluctuations in sizes, shapes, and com-
position of the dots is reflected as inhomogeneous broad spectra with linewidths
100meV [2]. These inhomogeneously broadened spectra restrict studies of indi-

vidual dot behaviour. Hence, micro-photoluminescence p — PL under which a

12
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laser spot size of ~ 2um can be achieved have been essential for single quantum
dot studies [60]. Additional to smaller laser spot size, QD samples analyzed by
1 — PL technique could also use further metal shadow mask with nano-apertures
for optical access with sizes from 200nm — 1u to further reduce the excitation
area.

Figure [1.5| shows PL spectra of a QD ensemble under optical excitation with
a laser beam diameter of ~ 100um (gray spectrum), which reflects the inhomoge-
neous broadening, and p— PL spectra of a QD ensemble (black spectrum) under
optical excitation with a laser beam diameter of ~ 2um and nano-apertures for

optical access ~ 400nm (inset), which shows individual QD emission peaks.

Microscope
Objective

LASER

ensemble

individual
dots

PL intensity (arb. units)

920 940 960 980
Wavelength (nm)

Figure 1.5: Comparison of a PL spectra of a QD ensemble under optical excitation
with a laser beam diameter of ~ 100um (gray spectrum), and pu — PL spectra
of a QD ensemble (black spectrum) under optical excitation with a laser beam
diameter of ~ 2um and nano-apertures for optical access ~ 400nm (inset).

Figure|l.6|shows s typical uPL set-up including the sample attached to a three-

13
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dimensional piezo-positioner with electrical connections for electrical charging
control, which is placed in the bore of a superconductive magnet for magneto-
spectroscopy experiments. The laser beam is focused in a ~ 2um spot on the

sample by the lens with a short focal length.

Laser

e
i

Spectrometer
electrical
connections

lens

laser beam

3D piezo
positioner

QD sample

Figure 1.6: A typical micro-photoluminescence (micro-PL) set-up including the
sample attached to a three-dimensional piezo-positioner with electrical connec-
tions, which is immersed into a superconducting magnet. The laser beam is
focused in a ~ 2um spot on the sample by the lens with a short focal length.

1.3.2 Resonant optical excitation

When non-resonant excitation is used and creates carriers in higher exciton tran-
sitions or semiconductor host material we establish an incoherent pumping of
the dot. This incoherent pumping mainly due to non-radiative relaxation paths
before emission reduce the usefulness of this optical technique for linear optics

quantum computing algorithms [60]. Resonant excitation optically generates co-
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herent e-h pairs into the QD transition of interest. Additional, resonant optical
excitation allows spectrally access to individual QD electronic transitions [24].

An example of resonant technique used in this thesis is photocurrent. Pho-
tocurrent (PC) techniques rely on resonant excitation and quantum dot diode
structures, where an electric field can be applied to control the tunneling time
of carriers [61]. PC techniques applied to single QDs is a powerful spectroscopy
method which gives information about the interband optoelectronic properties
in QDs [62]. PC has been widely employed for coherent control studies, as was
first demonstrated by Zrenner et al. [63], and has been extensively exploited since
then [24]. Using this technique, QD spectra are obtained by moving the optical
transition in and out of resonance with the excitation laser using the confined
Stark effect [64]. Hence, additional to the specialise experimental set up (similar
to that for micro-PL studies), we require the dots to be grown within a structure
which allows the application of an electric field.

Figure [1.7] shows the mechanism for photocurrent detection. A resonant
excitation creates an electron-hole pair in the dot. Under the applied electric field
the carrier tunnel out of the dot and are detected as a change in photocurrent of

up to InA in cw measurements.

1.4 Electron-hole complexes in quantum dots

The types of QDs described above provide strong confinement for electrons and
holes, and usually can accommodate many charge carriers. Of particular interest
for the present thesis are neutral (empty or uncharged) and singly-charged QDs.

The latter include positively and negatively charged dots containing a hole or

15



1. Background: Semiconductor QDs

Absorption

(b)

Photocurrent
detection

Figure 1.7: Principle of photocurrent detection. QD embedded in a Schottky
diode structure. (a) Resonant excitation with an optical transition creates an
electron-hole pair. (b) When applied electric field the carriers scape from the dot
and are detected as a change in photocurrent.

electron in the ground state, respectively. Recently, these two types of charged
dots have been extensively studied owing to the promise of developing solid state
spin-qubits based on single hole or electron [25, 63, 30]. The control of the charge
state was thus an essential first step and will be briefly described here.

Confinement of carrier in QDs leads to quantization of energy states for con-
duction and valence band in semiconductor materials. Normally just the heavy
holes states with its twofold degeneracy S; = 4+3/2 and the conduction band
with Sz = 41/2 are necessary for accurate description of optical transitions in
semiconductor QDs [65].

Charges can be introduced in the dot by using modulation doped structures,
where a delta-layer of dopants of a very low density is deposited during the struc-

ture growth a few nm below or above the dot layer [66, 67]. Structures where
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on average one electron per dot was created in this way were routinely obtained.
An important characteristic of the dot charging created in this way is that it
is relatively stable, and events such as co-tunneling observed in charge-tunable
devices (discussed in chapter 1) do not occur. Usually, it is more difficult to
create modulation doped samples of p-type, especially if doping is achieved with
Be, which is a very mobile atom. An alternative solution, which has been used
in several reported cases is doping with carbon [36]. Charging of QDs also oc-
curs naturally due to the residual doping. Dots charged both with single holes
and electrons have routinely been observed in MOVPE grown InP/GalnP sys-
tem [37]. Charging may also occur under the non-resonant optical excitation due
to different efficiencies of the hole and electron capture into the dots. Although
such charging usually does not provide stable charge configurations on the dot as
charges of both signs can be randomly created in this way.

Interaction among these excited carriers confined in a semiconductor QD lead
to well known effects, such as electron-hole exchange interaction, Pauli-blocking of
states, energy renormalization due to Coulomb interaction and other interactions
resulting in dephasing [19, 23, 21].

Electron-hole pair within a QD can form an exciton, which is bonded by elec-
trostatic Coulomb force, and is better known as neutral exciton (X°). Additional
to this, other exciton complexes can be formed within a quantum dot. A resident
carrier could already exist in the QD due to the possibility of doping the semicon-
ductor material with n-type or p-type impurities as just mentioned above. Then,
if an electron-hole pair is photon-generated, a negatively charge exciton is formed
(X~1) by the presence of the additional electron. Under the same principle, if

a resident hole exist in the QD and an electron-hole pair is photon-generated, a
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positively charge exciton is created (X*1). A so-called biexciton can form if an
electron-hole pair exist in the quantum dot when another electron-hole pair is
photon-generated [19, 68, 69, 21]. Representation of these exciton complexes can

be seen in figure [I.8]

X° ) X+ XX°

——o— oo to— oo

/\/\ Photon-generator

—o—{ o— f(oo{ oo

Figure 1.8: Exciton complexes in semiconductor quantum dots. Photon-
generated carriers are represented by blue solid (electron) and open (hole) circles,
while resident carrier are red solid (electron) and open (hole) circles. From left to

right hand we have neutral exciton (X?), negative exciton (X1!), positive exciton
(X*!) and biexciton (X X?).

An alternative solution enabling precise control of the charge state of the dot
is the use of so-called charge-tunable devices. A schematic of such a device is
shown in Fig. [1.9] The charge state of the dot is controlled by the voltage applied
between the back contact usually located 25-80 nm below the QD layer and the
Schottky contact formed by a metal gate on the top surface of the device. By
biasing the diode the electron energies of the quantized states in the quantum

dot can be moved in resonance with the edge of the Fermi sea, Er, thus enabling
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tunneling of electrons from the contact into the dot. The precise control of the
charge state is achieved at low temperature (a few tens of Kelvin or lower), where
the maximum energy of electrons in the contact is rather well defined [68, 21].
When a single electron is loaded in the dot, the Coulomb blockade prohibits
charging by the second electron, unless the bias is changed so that the energies
of the dot states are lowered with respect to that of the contact. The electron
captured in the dot can still tunnel out of the dot, and additional processes
known as co-tunneling may occur [70]. However, stable charging with a single
electron may be achieved at voltages where the energy of one electron on the
dot is sufficiently lower than Er, but the energy of two electrons on the dot
is sufficiently higher than Fr. Similarly, charging with holes can be achieved
by using p-type Schottky devices, preferably with carbon doping [22, 71, 25].
Alternatively, charging with holes is achieved in n-type Schottky devices under
optical excitation at high bias: photo-generated electrons quickly tunnel out of the
dot, while heavier holes may remain for few microseconds. Figure|l.9{demonstrate
the charging process of a QD embedded in a Schottky diode structure. Top panel
shows the charging control of a single hole under forward bias. The bottom panel

shows a typical PL spectra of a InGaAs neutral and singly positive charge exciton

(left), and ratio of X /X under applied bias.

1.5 Conclusions

We presented the main growth techniques and generic optical properties of self-

assembled semiconductor quantum dots.
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Figure 1.9: Charging of a quantum dot embedded in a Schottky diode structure.
Top panel shows the charging control of a single hole under forward bias. The
bottom panel shows a typical PL spectra of a InGaAs neutral and singly positive
charge exciton (left), and ratio of X*/X? under applied bias.
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Chapter 2

Charge control in InP/GalnP
single quantum dots embedded in

Schottky diodes

2.1 Introduction

Control and understanding of charge states in a quantum dot is important for
spintronic applications [1]. For this propose, semiconductor QDs have been em-
bedded into diodes [2, 3, 4]. Pioneering work of Warburton on InAs charge tun-
able quantum rings revealed optical emission of diverse quantum charge states
as electrons are added one-by-one to the artificial atom, this revealing its shell
structure [2]. This breakthrough permitted further development of QD research
and applications. By tilting the band structure of a semiconductor QD, it is pos-
sible to control the tunneling times of charges, as consequence a single electron or

hole can be isolated for single spin coherent control [5, 6] and diverse applications
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ranging from single-photon emitters [7, 8] to spin qubits for quantum information
processing [7, 9, 10] have emerged. The majority of results have been achieved
using InGaAs/GaAs QD structures [11], which emit at long wavelength > 900nm
where Si detectors are inefficient. Another class of QDs made of InP/GalnP re-
ceived less attention mainly due to less mature technology. On the other hand,
recent studies have also shown intriguing nuclear spin phenomena in InP/GalnP
QDs grown by MOVPE. In optically pumped QDs, record high degrees of nuclear
spin polarisation ~ 65% [12] and ultra-long nuclear depolarisation times up to
5000s have been observed [13]. A direct measurement of the hole hyperfine inter-
action in semiconductors has also been demonstrated [14], placing these dots in
the context of the intensively pursued research into QD-based spin qubits [7].
Nevertheless, the use of InP dots for spin studies encounters the following ma-
jor challenge: InP/GalnP samples commonly contain multi-modal distributions
of QD sizes, consisting of short wavelength (660 — 730nm at 10 K) small QDs
and longer wavelength (730 — 770nm at 10 K) large QDs [15, 16]. Although these
reproducibly grown samples allow access to individual QDs in the short wave-
length range, their properties are uncontrollably influenced by interactions with
high density large QDs. These large QDs have been shown to accumulate high
numbers of charges at low temperatures [17], leading to charge instability and
additional spin relaxation pathways in the neighboring small QDs. The presence
of large dots is the most likely reason for a certain time delay, in comparison to
InGaAs/GaAs structures, for the achievement of effective charge control in InP
single QDs placed in Schottky diodes. This is now realised in our work, after
the growth of QDs with a single-mode size distribution has been achieved. This

essential step enabled realisation of charge-tunable InP QDs for future studies of
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charge-controlled few spin nano-systems.

Here, control by electric field of exciton charge states in individual InP dots
by placing them in the intrinsic region of n-i-Schottky diode structures is pre-
sented. The optimized growth using low-pressure metalorganic vapor phase epi-
taxy (MOVPE) enabled us to avoid formation of high densities of large highly
charged QDs, leading to optimized samples containing only small QDs with den-
sities below 10°cm 2. From bias and polarisation-dependent analysis of the pho-
toluminescence (PL), multi-particle excitonic complexes could be observed and
identified as the neutral (Xj), singly (X '), doubly (X2) and even triply (X ?)
negatively charged excitons. Binding energies for the X! are demonstrated
to range from 4 to 7 meV. We probe the PL bias dependence of a relatively
high number of individual dots, which allows for a general characterization of
the electron-hole permanent dipole moment and polarisability of this system.
From the dipole moment analysis, we demonstrate that for InP/GalnP QDs the
electron-hole alignment along the growth direction is generally opposite to what
is usually observed for InGaAs/GaAs QDs. From the polarisability study, we
characterize the lateral extent of the exciton wavefunction in the QD plane and
the hole wavefunction extension along the growth direction. Complementary to
PL measurements, we carry out resonant excitation experiments, where photon
absorption by the dot is measured using photocurrent (PC) technique, opening
perspectives to manipulate the electron and hole lifetimes for application in res-
onant coherent spin control measurements.

The chapter is organised as follows. We start in Sec. 2.2 with a descrip-
tion of the samples structure and the experiments. The experimental results are

presented in Sec. 2.3, where in subsection 2.3.1 we discuss the QD growth opti-
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mization procedure necessary to obtain a uniform distribution of QD sizes. Sub-
sections 2.3.2 and 2.3.3 are devoted to single QD characterization and statistical
analysis of QD properties performed in a large ensemble of QDs, respectively. In
subsection 2.3.4 we present single QD characterization by resonant photocurrent

spectroscopy. Section 2.4 summarizes the main conclusions of this chapter.

2.2 Experimental

The sample growth was performed in a horizontal flow quartz reactor using low-
pressure MOVPE on (100) n-type GaAs substrates misorientated by 3° towards
(111). The growth temperature of the GaAs buffer and bottom GagsIngsP layer
was 700°C. Before proceeding to the deposition of InP and the GagsIng 5P cap-
ping layer, the wafer was cooled to 650°C. The grown GalnP layers were nomi-
nally lattice matched to GaAs. A low InP growth rate of 1.1A /s and deposition
time of 3 seconds was chosen. Two different Schottky diode structures were
analyzed. Sample A consisted of a QD layer grown on top of a 40 nm thick
i-GalnP layer above the n-doped GalnP region. Capping was performed with
a 160 nm-thickness i-GalnP layer only. Sample B consisted of a QD layer also
grown 40 nm above the n-doped GalnP region, but capped by a sequence of
undoped GalnP/AlGalnP/GalnP layers with thicknesses of 85, 25, and 50 nm,
respectively, in order to create a blocking barrier for holes.

The optical measurements were carried out using a micro-photoluminescence
(uPL) set-up with 2 pm spatial resolution for a bare wafer or &~ 1um resolu-
tion defined by apertures in the opaque mask deposited on the sample surfaces.

PL was analyzed using a 1 m double spectrometer with a charge coupled device
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(CCD). Photocurrent (PC) measurements were performed via resonant excitation
with commercial current/temperature tunable laser-diodes and electrical detec-
tion with a picoammeter added to the uPL set-up circuit. All measurements were

carried out at 10 K.

2.3 Results

2.3.1 Ensemble characterization

Figure presents pPL spectra of unmasked samples obtained in the growth
optimization procedure. Figure (a) demonstrates that by varying the InP
deposition thickness (dj,p) it is possible to control the size distribution of the
InP QDs. As we observe, by changing d;,p from 1.65 to 4.4 A, the center of the
QD emission band can be shifted from 665 to 710 nm (the peak around 650nm
corresponds to the GalnP barrier emission). This transition is markedly more
gradual with deposition thickness than the one observed in the molecular beam
epitaxy (MBE) growth of widely studied InGaAs/GaAs QDs[18, 7]. Importantly,
this procedure also allows the formation of high densities of large QDs to be
avoided. The large dots are formed for higher values of d;, p, which is illustrated
in Fig. (c), where, for dj,p = 11A, where we observe a pronounced multi-
modal size distribution which is characterized by two broad PL peaks: a weak
peak at 705 nm and a pronounced band at 750 nm, which correspond to small
and large QD size distributions [15, 16, 17], respectively.

The low excitation power spectra shown in Fig. (b) demonstrate that the

optimum conditions for the growth of low densities of small QDs are obtained for
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Figure 2.1: pPL spectra of InP/GalnP QD ensembles measured with HeNe laser
(A=632 nm). Spectra for samples with d,p varying from 1.65A to 4.4 A are
shown for laser excitation powers: (a) P = 5uW and (b) P = 0.15uW. (c)
Spectrum of a QD ensemble grown with dj,,p=11A measured at P = 15, W.
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drn,p values in the range of 2.75 A and 3.3 A. For these two values, we observe
a relatively small number of individual QD PL emission lines, corresponding to
QDs densities of 1x10%m™2 and 8x108cm~2, respectively, which are similar to
the ones obtained by MBE growth [19]. We note that the observed range of
drp (from 2.7 A to 3.3 A), which leads to growth of suitable samples at our
InP deposition rate of 1.1A /s, is equivalent to 0.2 atomic monolayers (ML). This
range is large in comparison to the mechanical growth-control time, thus resulting
in very reproducible growth confirmed in our further growth experiments. The
variation of the dot density by a factor 1.25 in this range of dj,p is up to a
factor of 2 smaller than in MBE growth of InP/GalnP (InGaAs/GaAs) QDs for
a similar range of deposition thicknesses and dot density around 10%cm ™2 [18, 19].
In this way, the MOVPE method discussed here offers a robust and well controlled
method for fabrication of QD structures with ideal densities for individual QD

studies, thus providing a suitable alternative to InGaAs structures.

2.3.2 Single dot properties

After growth optimization, which led to identification of the optimum dj,p ~3A,
samples A and B were grown as described in Sec. 2.2. The samples were processed
in diodes with the top surfaces covered with opaque Au-film contacts, and 1 pm
apertures were open for optical access to dots [see Appendix]. Figure [2.2fa)
shows an example of a bias dependence of the uPL spectrum of a single QD in
sample B measured at excitation wavelength and power of 650 nm and 40 uW,
respectively. For high negative bias (reverse bias) occupancy of the dot is low

due to the high electron-hole tunneling rates. At V &~ -2.8 V a single emission
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line appears (marked as Xj). As the reverse bias is decreased, a second line
appears on the low-energy side of X, separated by 6.32 meV. We attribute these
two lines to the neutral (X,) and singly-charged (X ') exciton states of the
QD. This is confirmed by the cross-polarised linear PL detection measurements
shown in Fig. (b) As expected, Xy shows a fine-structure energy splitting
(Aps=55 peV), while X! is insensitive to polarisation of the detection because
the electron-hole exchange interaction is zero due to the presence of a second
electron in the QD [20].

Figure (c) presents the X ! binding energies obtained for a large number
of single QDs measured in samples A (dots) and B (empty squares) as a function
of Ey, the X, energy at zero electric field (obtained from the fit of the QD Stark
shift, as explained below). The binding energy is found not to depend on the
confinement energy. The distribution presented in Fig. (d) shows that most of
the QDs have binding energies between 4 and 7 meV, similar to what has been
reported for InGaAs/GaAs based QDs [2, 21, 22]. This can be attributed to the
similarity of effective masses and dielectric constant of both systems, which also
should lead to similar values for biexciton binding energies [23].

Note also in Fig. 2.2f(a) that, as reverse bias continues to be decreased, elec-
trons tunnel from the back n-type contact into the QD, thus leading to the
observation of more negatively charged exciton complexes, namely the X 2 and
X3 [2, 21]. In general, besides the X emission, the yPL lines observed in the
bias dependence measurements on samples A and B were predominantly due to
negatively charged multi-exciton complexes. In sample B, even with the presence
of the hole blocking barrier, in a very small number of QDs biexciton (X X') emis-

sion lines could be identified by cross-polarised linear PLL measurements. Precise
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Figure 2.2: (a) Single QD pPL as a function of the bias applied between the n
and Schottky contacts. (b) Linear polarisation resolved PL measured at -2.55 V
for the Xy, and X! lines shown on (a). The black and red lines represent po-
larisation parallel to the [110] and [110] crystallographic directions, respectively.
(c) Negatively charged exciton (X™!) binding energy for samples A (black dots)
and B (empty squares) against Ey, the energy of the neutral exciton at zero field.
(d) Distribution of the X~! binding energy. (e) Neutral-exciton energy Ex, as
a function of the applied electric field F,. Inset shows the values of p and f3
obtained from the fit to the data (solid curve).
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determination of the biexciton binding energies was however difficult because of
the high spectral density of QD peaks at the low reverse bias where such lines
start to be observed. Emission of the positively charged exciton (X1) was not
identified in any of the samples, possibly due to the very low confinement poten-
tial for holes expected for InP/Gag 5Ing 5P structures [23].

Figure 2.2|e) shows the emission energy (Ex) of X, presented in Fig [2.2{a),
as a function of the applied electric field (F,). The solid line is a fit with the
equation Exog = Fy — pF, + BF?, where Ej is the energy at F.=0, p is the
QD permanent dipole moment, and  is the exciton polarisability [22, 24]. The
values obtained for p and § are shown in the inset. From p we extract an electron-
hole separation r = p/e = -5.2 A. The negative sign obtained for 7 reflects the
permanent dipole orientation at zero field for this particular QD: the electron
is more localized in the direction of the apex and the hole in the direction of
the base of the QD. The hole wavefunction located below that of the electron
has previously been inferred from PL bias dependence measurements in InP QD
ensembles [17]. However, this is not always true at the single QD level because the
electron-hole wavefunction alignment along z-direction is sensitive to the specific
confinement characteristics of each individual dot. This property is discussed in

detail in the following subsection.

2.3.3 Exciton wavefunction

The dependence of the permanent dipole moment p on Ej for a large number of
QDs in samples A (dots) and B (empty squares) is shown in Fig. [2.3|(a). We find

that p, which is normally sensitive to the QD height and In concentration [22; 25],
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Figure 2.3: (a) Permanent dipole moment p and (b) polarisability 5 plotted
against the neutral exciton energy Ej for samples A (dots) and B (empty squares).
In (a), the inset shows the distribution of the electron-hole separation r. In (b),
the inset shows the extent of the hole wavefunction along z direction (L) for
sample A. (¢) Permanent dipole moment p against polarisability § for samples A
and B. Solid lines are linear fits to the data.
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does not depend on the confinement energy in a range of approximately 150 meV.
Besides this, the distribution of electron-hole separation r presented on the inset
shows that for the majority of the QDs the hole wavefunction is localized below
that of the electron. Such a result is consistent with what is expected for strained
QDs with a weak gradient of In distribution, for which a minimum of energy for
holes is created at the QD base due to the higher strain at the interface with the
barrier 26, 27].

However, as also observed in Fig. [2.3(a), some QDs (=~ 13%) show positive
values for the permanent dipole moment p. As in the case of InGaAs/GaAs based
systems, the occurrence of positive values for p is possibly related to the pres-
ence of a positive In gradient from base to apex of the QDs [24, 28, 25]. This
gradient, caused by the presence of more Ga atoms close to the interface with
the barrier, ensures a smaller strain at the base with respect to the apex, thus
inverting the natural dipole moment orientation of the system. The low occur-
rence of QDs with positive dipole (and the smaller magnitudes of such dipoles)
is probably associated with the low mobility of Ga during growth since the QDs
were grown at a lower temperature than the bottom GalnP barrier. In addition,
NMR measurements by Chekhovich. et. al (unpublished) indicate an occurrence
between 10 and 15% of Ga in such QDs, which can make some dots subject to
composition inhomogeneities.

Figure (b) presents the QD polarisability 8 plotted as a function of Ej for
samples A (dots) and B (empty squares). Comparing distribution of p and 3
with Fy in Figs. [2.3[(a) and (b), we can observe that there is a correspondence
between the values of the QD permanent dipole moment and its polarisability.

Such relationship provides information about the exciton wavefunction extension
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in the QD plane. This is clearly illustrated in Fig. [2.3(c), where the values of the
permanent dipole moments are displayed as function of the polarisability for both
samples. In the harmonic confinement potential approximation, the presence of a
permanent dipole moment can be associated with a built-in electric field Fy along
the growth direction. It can be easily shown that the ratio between dipole moment
and polarisability characterizes this field p/8 = —2F; [22]. By fitting the exper-
imental data with this equation, we obtain the fields Fya = —(77 £ 13) kV/cm
for sample A and Fyp = —(152 4 33) kV/cm for sample B. The presence of an
approximately constant built-in field for the two ensembles of QDs allows for
a classical interpretation of the electron and hole wavefunctions as representing
the two plates of a circular capacitor [22]. In that case, Fy depends only on the
area (A) of the capacitor Fy = e/Aepe,, not on the distance between the plates.
Here, e, = 12.6 is the InP dielectric constant [29]. This relationship allows us
to estimate, independent of the size of the permanent dipole moment, the lateral
extension of the excitonic wavefunction by assuming it to be determined by the
area A. From Fy,4 and Fyp we obtain ay = 7.7 nm and ag = 5.5 nm for the
average excitonic radius encountered in samples A and B, respectively. By com-
paring with the calculations of Wimmer et.al 23], the excitonic radius obtained
experimentally from us should correspond to QDs with diameters around 20 and
30 nm.

Furthermore, for InP/Gag 5Ing 5P QDs, the statistics on QD polarisability pro-
vides information specifically about the hole wavefunction. Assuming a parabolic
confinement in the vertical direction z for electrons and holes, the Stark shift of
the states is given by AE = —(e?/2h%)(my, Ly, , — m.L; ,)F2, so that the polaris-

ability depends on the electron (hole) effective mass m. (m;) and spatial extent
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Figure 2.4: Photocurrent a neutral exciton state X, measured in a single InP QD
for different excitation-laser energies. The 2D-plot inset shows, for comparison,
the pPL bias dependence of X for the same single QD. The upper inset illus-
trates the measurement procedure, where the laser is fixed at different excitation
energies Epp, and the QD energy is tuned by the applied bias and brought in
resonance with the laser, as described in the text.
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of the wavefunction along confinement direction L., (Lp.) [28, 22]. However,
besides the fact that my; > m,, for InP/Gag5IngsP structures the confinement
energy for holes along the vertical direction is expected to be much smaller than
the one for electrons [23]. This implies that the hole wavefunction is expected to
be more delocalized than the electron one (Lj . > L. ), in contrast to the case
of InGaAs/GaAs system [30]. The polarisability measured in our QDs is, there-
fore, basically characterized by the contribution of holes and can be written as
B = (e?/2h*)my Ly, ,. Using the values obtained from the statistics performed for
f and assuming hole effective masses values for InP/Gag sIng 5P given by Wim-
mer (23], we plot on the inset of Fig. 2.3|(b) the distribution for the extent of
the hole wavefunction along the confinement direction Ly, for the dots probed in
sample A. As we observe, the hole wavefunction extension is on average around
2 nm, which, comparing to Fig. [2.3(a), corresponds to QDs with permanent
dipoles p ~ —10 A.

This analysis allows to make more specific conclusions about the nature of
the electron-hole alignment in the studied dots. Since electron is under a higher
confinement regime the sign of the dipole for InP/Gag 5Ing 5P QDs is mainly deter-
mined by the position of center of the hole wavefunction, which is more sensitive
to the type of confinement added by the strain. As we observe experimentally, the
majority of the QDs are characterized by an electron-above-hole alignment which
occurs as a consequence of a high strain at the QD base but also indicates a more
homogeneous distribution of In along its height. On the other hand, the presence
of a higher concentration of Ga at the base of a small number of QDs relieves the
strain at the interface and enhances the In gradient along the QD height, thus

contributing to the appearance of smaller positive dipole moments. The height
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and strain distribution in the QDs, however, do not affect the in-plane extent of

the exciton wavefunction, as demonstrated by the linear relationship between p

and 8 shown in Fig. 2.3|c).

2.3.4 Photocurrent of single dots

As previously mentioned in Chapter 1 photocurrent technique gives information
of the carrier absorption in the QD. If a laser is in resonant with a optical transi-
tion, absorption creates and electro-hole pair in the dot. The carriers can tunnel
from the dot if an electric field is applied and finally the carriers are detected
as a change in photocurrent. A photocurrent spectrum is obtained scanning the
energy of the laser and monitoring the photocurrent variations. Ideally 100%
detection efficiency of photocurrent could be achieved if the device acts like an
optically triggered single-electron source. However, this is mainly limited by the
competition between radiative recombination and charge tunneling rates.

Figure [2.4] presents resonant-excitation experiments performed on single InP
QDs by photocurrent technique (PC). It shows a 3D-plot of X neutral exciton
PC performed for one of the QDs in sample A. The corresponding PL bias de-
pendence is shown in the 2D-plot on the inset. Each PC curve is obtained by
fixing the energy (ELp) of a single-mode laser-diode and tuning the QD neutral
exciton energy through the resonance with Ep by changing the applied bias.
The upper inset in Fig. illustrates the projection of the 3D-plot into the F-
Bias plane. By setting Ep = 1.8470 eV (blue horizontal line), approximately
equal to the maximum energy of the X, Stark-shift parabola, a PC curve with

one maximum at this energy is measured (blue-doted PC curve). As Erp is de-
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creased to 1.8467 eV (red horizontal line on the inset) two PC peaks are observed
(red-doted PC curve) at different bias, corresponding to the resonances achieved
at the two sides of the Stark-shift parabola. The linewidth of the PC peak mea-
sured at higher reverse bias is broader due to shortening of the carrier lifetime
in the dot [31]. In this way, as the laser-diode energy is tuned in small steps
across the energy range of the X, Stark-shift parabola, the PC bias dependence
can be characterized, as demonstrated by plotting the PC curves obtained for
different values of Ep in Fig. Note that the bias regime where PC is mea-
sured coincides with that of PL (see inset). This PC characteristics, observed in
all QDs measured in samples A and B, are possibly related to fast hole tunneling
which occurs as a consequence of the weak confinement regime that holes are
subject. Most important, Fig. demonstrates clearly that the single InP QD
states can be directly addressed by resonant excitation and detected electrically
[as previously reported for In(Ga)As dots only], thus opening the way for more
sophisticated experiments involving resonant manipulation of electron, hole and

nuclear spins in single dots employing bias control [32, 33].

2.4 Conclusions

In summary, by realising MOVPE growth of low density InP/GalnP QDs, we
have overcome the major hurdle of the presence of high densities of large QDs
in this system. We achieve a reproducible and smooth transition in QD size
distribution and density by varying nominal InP deposition thickness. Such an
achievement has allowed the detection and manipulation of neutral (X,) and

negatively charged (X ') exciton energy levels in individual QDs by application
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of vertical electric fields using Schottky devices. X ~! binding energies are shown
to range from 4 to 7 meV, similar to InGaAs/GaAs QDs. Systematic studies
of QD permanent dipole moment and polarisability in a large ensemble of QDs
allows for the characterization of the exciton wavefunction in such system. We
argue that due to a relatively higher confinement regime imposed to electrons,
the sign of QD permanent dipole moments are mainly determined by the position
of the hole wavefunction along the growth direction, which provides insight into
the QD composition and strain distribution. Moreover, from the relationship
between dipole moment and polarisability, we show that the lateral extent of the
exciton wavefunction varies very little from dot to dot. We obtain an average in-
plane exciton radius of 7.7 and 5.5 nm for two QD ensembles probed in different
samples. Photocurrent technique has been demonstrated, allowing for resonant

manipulation and electrical detection of excitons in single InP/GalnP QDs.
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Chapter 3

Dynamic nuclear polarization in
InGaAs/GaAs quantum dots
under non-resonant ultra-low

power optical excitation

3.1 Introduction

Hyperfine interaction within semiconductor quantum dots is one of the main
mechanisms which prevents long lived electron spin memory and coherence. Ma-
terials with well-isolated nuclear spins such as Si nuclei, 3'P impurities in silicon
and ¥C in diamond have called attention as an option to overcome this problem
isolating the electron spin from magnetic environments [1, 2, 3]. Nevertheless,
despite all atoms in ITI-V semiconductors carry nonzero nuclear spin, these mate-

rial systems are favored for fabrication of advanced quantum dot nanostructures
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3. DNP in single quantum dots

suitable for both electrical and optical control of single electron and hole spin
states [4, 5, 6]. Even more, semiconductor quantum dots have been recently re-
ported as an efficient source of entangled photons when driven electrically, which
is desirable for quantum information processing [7, 8]; However, here as well hy-
perfine interactions play a major role limiting fidelity [9]. Therefore, it is desirable
to pump high nuclear polarisation in a semiconductor quantum dot. It has been
predicted that if a 100% polarisation of the nuclei is obtained, the electron spin
decoherence due to nuclear spin fluctuations will be suppressed [10]

Previously, highly efficient nuclear spin pumping has been demonstrated us-
ing both resonant optical excitation of optical transitions within a chosen dot
and non-resonant optical pumping creating non-equilibrium populations of elec-
tron spins causing dynamic nuclear polarisation [11, 12, 13, 14, 15, 16]. The
majority of nuclear spin pumping methods (especially in resonant excitation con-
figurations) employ relatively high excitation powers to create sizable nuclear
polarisation. In contrast, in a recent report by Chekhovich et al [17], effective
nuclear spin pumping has been achieved in InP/GalnP quantum dots under low
power excitation, in the regime where both bright and dark excitons are readily
observed. Control of the nuclear spin environment in such a low power regime
may be favourable for spin physics studies in QD diode structures, where per-
turbations to the charge state of the dot (controlled by the electric field) may be
minimised by using the low excitation power.

Here we report measurements of DNP at ultra-low excitation power (4 orders
of magnitude lower than QD saturation) in individual neutral InGaAs/GaAs
self-assembled dots. We show that the main mechanism of DNP at ultra-low

excitation powers is electron - nuclear spin flip-flop caused by second order re-
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combination of dark states similar to the mechanism reported for InP/GalnP dots
[17]. Very large Overhauser shifts (OHS) up to 80ueV were found at ultra-low
excitation power, this representing an Overhauser field By=-3.2T. Here, the ef-
fect observed in InGaAs QDs is significatively more pronounced than InP/GalnP,

mainly due to higher electron spin polarisation achievable in InGaAs.

3.2 Techniques and samples

The experiments were performed on neutral quantum dots in a nominally un-
doped InGaAs/GaAs sample. The structure was grown by molecular beam epi-
taxy (MBE), for more details on the growth technique see growth techniques
subsection in Introduction. Self-assembled InGaAs/GaAs dots were grown in
a low Q-factor (QQ = 250) cavity that enhances the quantum dot luminescence
signal [18, 19, 20]. All experiments were carried out in a pu-PL set up with a
helium gas-exchange cryostat at T=4.2 K. The sample was excited by the laser
light focused by an aspheric lens into a spot of 1 pum in diameter. The same
lens was used to collect the PL signal which was then analyzed by a double spec-
trometer, equipped with a back-illuminated deep-depletion charge-coupled device
(CCD) camera. Excitation energy was chosen to match the wetting layer for In-
GaAs dots (Eez.=1.46 eV). Magnetic field Bz up to 8 T was applied normal to
the sample surface and parallel to the direction of PL excitation and collection.
Pump-probe measurements are employed to extract behaviour at optical satura-
tion powers, and to deduce By = 0 keeping the sample in dark for sufficiently

long time to allow the nuclear spins to relax (>200s).

93



3. DNP in InGaAs/GaAs QDs under non-resonant ultra-low power
optical excitation

3.3 Photoluminescence spectroscopy of dark and
bright exciton states in neutral quantum dots

In a neutral QD, electrons (1,]) and heavy holes (f},{}) spins can form either
optically forbidden dark excitons |}, 1> (]{},>) with spin projections J; = +2(-
2) or bright excitons |, 4> (|{},1T>) with Jz = +1(-1) [21]. The structure of the
exciton eigenstates in the dot is determined by the electron-hole (e — h) exchange
interaction [11, 22]. In QDs with low symmetry exchange interaction mixes bright
and dark states [22, 15]. As a result dark excitons gain dipole oscillator strength
and become visible in PL.

Typical PL spectrum of single InGaAs/GaAs neutral QD measured in mag-
netic field Bz = 8T along the sample growth axis is shown in figure 3.1l Two
spectra are shown: at ultra-low optical excitation power P,,. = 11nW (bottom
spectrum) and at high power P,,. = 3uW (top spectrum). Saturation power of
X for this dot is 100uW .

We start with discussion of the spectra measured at ultra-low powers. At
these powers QD is in the linear regime, i.e. PL intensity of all exciton lines
depend linearly on excitation power P,,.. Such regime is realised when the total
probability to find the dot occupied by an exciton (in any spin state) is much
less then unity (<1). Under these conditions PL intensity of each exciton state
will be determined by two factors (i) the probability for this state to be pop-
ulated by the laser excitation and (ii) non-radiative escape rate (spin-flips, or
non-radiative recombination). If the rate of non-radiative processes is negligibly
small the relative PL intensity of each exciton state will be proportional to its

initial population probability after the optical excitation. This is because each
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exciton (dark or bright) will have sufficient time to emit a photon before the dot
captures another e-h pair. As a result at ultra-low power all four possible excitons
have comparable intensities in PL spectrum (Fig. . We note that observation
of dark excitons in InGaAs/GaAs QDs at ultra-low optical powers complement
the previous report for InP/GalnP quantum dots [17], demonstrating that this

phenomenon is not specific to a certain QD material system.
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© 1) |
[41)
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O

O

I I DI QI

—_
—

[ U1) Pexc = 11 nW
I |TT) .

PL Intensity (arb. units)
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Figure 3.1: PL spectrum of neutral InGaAs QD1, measured in external magnetic
field applied along the sample growth axis By = 81". Two spectra are shown: at
ultra-low optical excitation power P.,. = 11nW (bottom spectrum) and at high
power P,,. = 3uW (top spectrum). In a neutral quantum dot heavy holes (1, {})
and electrons (1,J) with spins parallel (antiparallel) can form optically allowed
"bright” states (|f},J>,[{},1>) and forbidden ”dark” states (|f},T>,{},]>) with
total spin projections J; = | +1 >(| =1 >) and Jz = | +2 >(| —2 >) respectively.
At ultra low excitation power all four (bright and dark) excitons are observed in
PL spectrum. At high power, PL of dark states is saturated and only bright
states are observed.

When optical excitation power is increased the PL of dark excitons saturates
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due to their small optical recombination rate as shown in the top spectrum of
fig. 3.1} This saturation takes place when QD is no longer in the linear regime,
and dark excitons can be effectively depopulated via capture of a second exciton
and formation of a biexciton state. As a result dark excitons have relatively small
intensity compared to bright sates at increased optical power (Fig.|3.1]).

The dependence of PL energies of dark (E,) and bright (E}) exciton states on
external field Bz is shown with symbols in Fig. for InGaAs/GaAs QD2. We
use the following model equations for exciton energies [22, 17]:

for bright states with Jz=41

Ey(Bz) = Bo+ 5B} + 60/2 £\ + 1ih(ons — 9e:)?BR/2 (3)

while for dark states with J;=42 we have

Eu(Bz) = By + 5BY — 00/2 /83 + iy (on- + 002)2B3/2  (3.2)

where pp is Bohr magneton, Ey QD band-gap energy, x diamagnetic constant,
ge(gn) electron (hole) g-factor, dy is the splitting between dark and bright exciton
doublets and d4(dp) is the dark (bright) doublet fine structure splitting.

Optical excitation creates bright states in the first instance, and spin relax-
ation of bright states before optical recombination fills up dark states.

Since the Zeeman splitting of bright (dark) excitons is determined by the
difference (sum) of g, and g electron and hole g-factors can be determined inde-
pendently from the experiment. The results of fitting using Eq. and are
shown in Fig. with lines. We find the following fitting parameters: £ ~ 7.5
eV, &y ~ 365 peV, & ~ 35 ueV, g. = - 0.42 and g5, = 1.82 for InGaAs/GaAs
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Figure 3.2: Magnetic - field dependence of exciton PL energies in InGaAs QD2.
Open symbols represent bright states |{, > (circles) and ||}, 1> (squares), while
solid symbols correspond to dark states [f,1> (circles) and |{,]> (squares).
Lines show fitting using Eq. 1 allowing electron and hole g-factors to be deter-
mined (see details in text).

QD2 at B = 0 T and optical power P.,. = 50nW. The splitting 4 could not
be resolved and was fixed at zero during the fitting. From the measurements on

several other dots from the same samples we find very similar values of &, dg, ge,

gn, while fine structure splitting d, changes considerably from dot to dot.

57



3. DNP in InGaAs/GaAs QDs under non-resonant ultra-low power
optical excitation

3.4 Dynamic nuclear polarisation in neutral quan-

tum dots at ultra-low excitation power

3.4.1 Detection of nuclear spin polarisation in quantum

dots

Optical detection of the nuclear spin polarisation in single dots may be achieved
as follows [23]. When an external field By is applied along the sample growth
direction, the exciton Zeeman splitting is observed in PL (see Fig. : the four
visible PL lines correspond to recombination of two bright excitons with spin
projections | —1 >,| +1 > and two dark excitons with projections | +2 >, |
—2 >. Circularly polarised optical excitation transfer angular momentum to the
electron which is then transmitted to the nuclei due to hyperfine interaction.
Polarisation of nuclear spins (to be considered in the following subsections) will
lead to occurrence of the Overhauser field By, a collective result of the hyperfine
interaction of 10° nuclei in the dot with the spin of the confined electron [24].
In turn polarised electrons act like an effective magnetic field known as Knight
Field B, which is in the millitesla range, significant smaller than the maximum
Overhauser field which can reach several tesla [14]. The electron-nuclei hyperfine
interaction and created Overhauser and Knight fields are illustrated in Fig. [3.3]

Here, for simplicity we will neglect the hyperfine interaction of the hole [25, 26].
When nuclear spins are polarised either along or opposite the external field [12,
27], the bright exciton Zeeman splitting change corresponding to the Overhauser
shift will be as follows: Eops = geptp By (where g, electron g-factor, pup- Bohr

magneton). Note, that Fogg is directly proportional to the degree of nuclear
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Figure 3.3: Schematic representation of the electron-nuclei hyperfine interac-
tion. Circular polarisation excitation transmit angular momentum to the electron
which is then transmitted to the nuclei. Polarised nuclei create and effective Over-
hauser field By acting on the electron, in turn the polarised electrons create and
effective Knight field B, which acts back on the nuclei.

polarisation Sy : By o< Sy. In PL, where the typical linewidths are in the range
of 30-80 peV, using lineshape fitting, Fpps can be measured with an accuracy
of =~ 1ueV, potentially providing a very high accuracy in the measurements of
Sy [26]. In practice, QDs with complex compositions are used, where polarisation
degrees for different isotopes may be different. In that case Eongs = Xp;Ail;Sn i,
where p; is the relative concentration of the ith isotope, A;, I, and Sy, - its
hyperfine constant, spin and polarisation degree, respectively [12]. Thus, in most
cases the determination of the absolute degree of nuclear polarisation is a difficult

task, and it is more practical to operate in terms of the Overhauser shifts, which

in some cases, when g, is known, can also be converted in to the Overhauser
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fields, By.

Similarly to PL, in other types of optical measurements on single dots, such
as differential transmission (DT) [16] or resonance fluorescence (RF) [25], the
Overhauser shifts can usually be measured. The advantage of the non-resonant
measurement such as PL on a single dot is that the energies of all states are
detected in a single PL spectrum measurement, enabling precise determination
of the Overhauser shift [12, 27, 26]. This can be achieved using resonant tech-
niques only when two or more resonant lasers are used [25]. In the measurements
on ensembles of QDs the degree of nuclear polarisation can be either extracted
from the detailed measurements of the PL polarisation [28] or from the ultra-fast
optical measurements of the Larmor precession of electrons [29].

Figure 3.4 shows PL emission at By = 5.35T and P,,. = 13nW of all four
exciton transitions in presence of positive (open squares) and negligible (solid
circles) nuclear polarisation. Zeeman energy splitting of bright states (| +1 >,|

—1 >) is enhanced by Overhauser field.

3.4.2 Dynamic nuclear polarisation at ultra-low optical

powers in InGaAs quantum dots

We now turn to the analysis of the mechanisms of the optically induced dynamic
nuclear polarisation in the studied quantum dots. For that we perform a series
of power-dependent measurements on a set of different quantum dots at different
magnetic fields Bz. In each measurement optical excitation power P,,. is var-
ied in a wide range of more than six orders of magnitude and PL intensities of

excitons as well as the Overhauser shift Fpyg are deduced as a function of P.,.
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s =—e—|~0
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Figure 3.4: PL emission of all four exciton transitions in presence of positive
(open squares) and negligible (solid circles) nuclear polarisation is shown. Zeeman
energy splitting of bright states (| +1 >,| —1 >) is enhanced by Overhauser field.
with the expression: Eops = AEjy > 11> — AEION>,IM>; where AEy > 4> cor-
responds to energy splitting between the bright states (|[{)>,|{1>) for By # 0,

and AFE?

1> ur> corresponds to the energy splitting of bright states (|1>, [1>)

for By = 0. This can be measured accurately only when the conditions with
By = 0 are known. In order to obtain an accurate measurements of the OHS
we extract the AFE for bright excitons at By = 8T, using pump-probe measure-
ments. We keep the sample sufficiently long time to allow the nuclear spins to
relax (>200s), and we obtain a AE = 1050ueV . The results of such an experi-
ment done on InGaAs QD2 at B; = 7T are presented in Fig. for o polarised
optical pumping (open symbols) and o~ pumping (solid symbols). Additional
scale on the far right shows effective nuclear field By, deduced by By = £eis

HBZGe )

PL intensities of all four exciton transitions are shown in the top part of
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Figure 3.5: Results of power dependence measurements on InGaAs neutral quan-
tum dot QD2 at Bz = 7T under 6" (open symbols) and o~ (solid symbols) optical
pumping. PL intensities of all bright and dark exciton states are shown at the top
of the graph (left scale). Overhauser shift Eops = AEjps jut> — AE\?N%H}D is
shown at the bottom of the graph with diamonds (right scale). Additional scale
on the right shows effective nuclear field By. Vertical dashed line at P.,. ~ 5ueV
shows an approximate boundary between two distinct nuclear spin pumping
mechanisms: low power DNP via second order recombination of dark excitons

and high-power DNP due to spin transfer from spin polarised excitons/electrons
(see explanation in the text).

Fig. [3.5] (left scale). The intensities of bright excitons saturate at a power of

~ 80uW, while dark excitons saturate at much lower power < 5uW due to their

significantly smaller oscillator strengths.

The power dependence of nuclear polarisation is shown in the bottom part
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of Fig. [3.5] (right scale). Two distinct regimes can be observed. High-power
DNP (P.,. > 5uW) is characterized by monotonic power dependence and direct
correspondence between the helicity of light and the direction of the resulting
nuclear field. Such pattern in DNP power dependence is well studied [13, 30, 17].
In this regime ot (07) optical pumping results in positive (negative) Overhauser
shift Foys which exceeds +100 peV (-120 peV), corresponding to effective nuclear
field in excess of +4 T (-5 T). However these large values of Eppg are achieved
only at very large pumping powers P.,. ~ 1000uW for which exciton luminescence
is saturated and suppressed, for which pump-probe measurements are needed
(Fig. [3.5). Thus high-power DNP can not be ascribed to ground state excitons
and is likely to be a result of nuclear spin transfer from spin polarised electrons
in the wetting layer or highly excited QD states [17].

A significantly different nontrivial pattern is observed in the low-power DNP
regime (P, < 5uW). At o pumping Overhauser shift depends non-monotonically
on the excitation power with maximum Eppg =~ 80ueV observed at a very low
power of P,,.~ 100nW. We note that with the high-power DNP the same mag-
nitude of Eppg can only be achieved for excitation powers at least 3000 times
higher. For ¢~ pumping, less pronounced monotonic behavior is observed at
ultra-low powers, while at high power similar behavior is detected although with
opposite signs.

The underlying mechanisms of DNP observed in the low power regime has
been described for InP/GalnP QDs [17]. Schematic representation of the two
bright and two dark states involved in the process of DNP at ultra-low excitation
powers for InGaAs QD at B, > 5 is presented in figure [3.6] In this mechanism,

DNP occurs via second-order process which involves virtual transitions between
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bright and dark excitons [22]. For instance, if the dot contains a | —2 > dark
exciton it can increase the total nuclear spin by -1 by making a virtual flip into
the | —1 > bright state (zigzag line Fig. [3.6). Such process which changes nuclear
spin polarisation by +1(-1) can start from | +2 >( | =2 > )or | =1 >( | +1 >
states (see Fig. [3.6)). Here the difference arise from the longer lifetimes of dark
states (| £2 >) which therefore dominate the DNP at ultra-low power excitations.
In the present InGaAs QD system, the rate of virtual flip - flops of the | —2 >
exciton exceeds that of the | +2 >. This imbalance arises from the asymmetry
of the exciton configuration of the dot (see figures and [3.4). Here the energy
splitting between | —2 > and | —1 > is significantly smaller than | +2 > and
| +1 >. This results in a considerably more effective nuclear spin pumping
for o excitation, which populates the | —2 > dark state. Here, the nuclear
spin pumping efficiency scales roughly as 1/AE% 5, where AEpp is the energy
splitting between dark and bright states.

Figure shows power dependence measurements on InGaAs neutral quan-
tum dot QD2 under o™ optical pumping at Bz = 5T (top), Bz = 7T (middle)
and By = 8T (bottom). Overhauser shift Fons = AEjg > 1> — AE < y4s 18
shown in the left scale. Additional scale on the right shows effective nuclear field
By, deduced by By = %. Horizontal dash lines show maximum By values
for all three By : for By = 5TaBy = 1.8T, for B; = 7TTaBy = 3.2T and for
B; =8TaBy = 2.7T. A non-monotonic dependence of the maximum By in the
low power regime on By is apparent in these figures(shown with horizontal line).

Energy splitting between | —2 > and | —1 > decreases as By increases (see

Fig.|3.2)), which leads to increase of OHS due to more efficient interaction between

relevant dark and bright states, this effect can be clearly identify by increasing By
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Figure 3.6: Energy diagram of exciton states in high magnetic field By > 5T.
Heavy holes (1, }) and electrons (1, ) with spins parallel (antiparallel) to Bz form
optically allowed "bright” excitons (|1}, 1>,|{},T>) and "dark” excitons (|f, T>,{}
,4>) with total spin projections Jz = | +1 >(] =1 >) and Jz = | +2 >(| —2 >)
respectively. Zigzag lines show electron-nuclear (e-N) spin flips induced by the
hyperfine interaction.

when we move from By = 5T (By = 1.8T) to Bz = 7T (By = 3.2T"). However,
when we increase By from 7T to 81 we detect a decrease of By (3.27 — 2.77).
At Bz = 8T small energy splitting between | —2 > and | —1 > excitons causes
strong mixing of the states which in fact decrease the lifetime of the | —2 > dark
state, hence reducing the nuclear spin pumping efficiency.

In figure [3.8] we present power dependence measurements on InGaAs neutral
quantum dot QD2 under o' optical pumping at By ranging from 07 to 8T.
Overhauser shift Fppyg is represented by color code and shown in the left scale
of Fig. 3.8l Horizontal dashed line at P.,. = 1uW shows an approximate bound-

ary between two distinct nuclear spin pumping mechanism: low-power DNP via

second order recombination of dark excitons and high-power DNP due to spin
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Figure 3.7: Power dependence measurements on InGaAs neutral quantum dot
QD2 under ot optical pumping at Bz = 5T (top), Bz = 7T (middle) and
By = 8T (bottom). Overhauser shift Fops = A4 > j¢1> — AEI?N>,WT> is shown
in the left scale. Additional scale on the right shows effective nuclear field By,
deduced by By = i%’;s Horizontal dash lines show By values for all three By,
: By =18TforB; =5T, By = 32T forB; = 7T and By = 2.7T forBz = 8T.
Sketch of the energy separation between bright and dark states for each B, is
presented on the right hand side.
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Figure 3.8: Power dependence measurements on InGaAs neutral quantum dot
QD2 under ot optical pumping at Bz ranging from 07 to 8. Overhauser shift
FEons = AEjy> jut> — AEﬁT 1> it 18 represented by color code and shown in the
left scale. Horizontal dashed line at P.,. = 1uW shows an approximate bound-
ary between two distinct nuclear spin pumping mechanism: low-power DNP via
second order recombination of dark excitons and high-power DNP due to spin
transfer from spin polarised excitons/electrons.

transfer from spin polarised excitons/electrons. In the low-power regime increase
of By reduces energy splitting between dark (] —2 >) and bright (] —1 >)
states, which dominate nuclear spin pumping in our QD system (see Fig. |3.2).
Hence, decrease of the energy splitting is reflected as a systematic increment of
OHS with Bz from 0 T to 7 T. Nevertheless, when we increase By from 7 T
(AEjyps—jyy> = 188ueV) to 8 T (AEjy4s—jyy> = 159ueV), OHS is reduced. This

is observed since the small energy splitting at Bz = 8T (AE|yys_jy> = 159ueV)

causes strong bright-dark mixing reducing non-radiative lifetime of dark excitons
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and nuclear spin pumping efficiency.

3.5 Conclusions

We studied experimentally the dependence of dynamic nuclear spin polarisation
on the power of non-resonant optical excitation in neutral InGaAs/GaAs quantum
dots. We showed that the recently reported mechanism of nuclear spin pumping in
InP/GalnP QDs via second order recombination of optically forbidden (”dark”)
exciton states in InP/GalnP quantum dots is relevant to the material system
considered in this work [17]. In the studied InGaAs/GaAs dots this nuclear
spin polarisation mechanism is particularly pronounced due to long non-radiative
lifetime of "dark” excitons, resulting in nuclear spin polarisation degree up to
~ 45% and By = 3.2T achieved at optical excitation powers ~ 1000 times smaller
than the power required to saturate ground state excitons. Polarisation degrees
reported in this work under ultra - low power optical pumping are comparable
to those achieved by more demanding techniques such as resonant excitation or
optical pumping with high power circular polarised light [11, 12, 13, 14, 15, 16].
Dynamic nuclear polarisation via second - order recombination of ”dark” excitons
may become a useful tool in single quantum dot applications, where manipulation

of the nuclear spin environment is required.
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Chapter 4

Magneto - spectroscopy and

dynamic nuclear polarisation of

InPAs/GalnP quantum dots

4.1 Introduction

Semiconductor quantum dots are atom-like systems. Their electronic properties
can be tailored by modifying their size and composition. For example electronic
properties of QDs can be engineered using ternary alloys. For instance, variation
of the content of the chemical elements of the alloy results in modification of the
optical energy emission, shape, size and strain distribution of the dot. In this
context, [1I, 111, _,V QD systems have received most of the attention. Here,
self-assembled Stranski-Krastanow In,Ga;_,As/GaAs is the most studied quan-
tum dot system, in which the alloy composition can be modified to obtain a broad

range of emission energies [1, 2, 3]. An important crystal growth method for QD
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fabrication is so-called self-assembly relies fundamentally on strained semicon-
ductor layers. If we grow a semiconductor epitaxial layer on top of a substrate
or host material with a different lattice constant, for a small deposition thickness
the lattice constant in the layer will remain similar to the substrate thus accumu-
lating energy due to the strain. This energy will build up, and eventually a more
energetically preferential 3D growth mode occurs leading to formation of QDs.
Ternary I11V,V;_, Stranskii - Krastanov QDs have not been studied in detail.
InPAs QDs grown by self-assembly on GalnP is the system to be considered in
this chapter. In this type of QDs an extremely large confinement energies can
be achieved, which potentially may lead to robust performance of single dot de-
vices such as single photon emitters at high T. Such deep confinement is achieved
by combining small band gap of InAs with a large band gap for the GalnP bar-
rier. Composition, strain distribution and other characteristics of InPAs quantum
dots on GalnP matrix are largely unknown. Here, in order to lay foundations
for investigation of such a structures in optically detected nuclear magnetic res-
onance (ODNMR) we study the dynamic nuclear polarisation (DNP) of single
InPAs/GalnP QDs.

The first successful attempt to grow InPAs QDs on GalnP matrix was reported
by Vinokurov in 1998, demonstrating highly efficient radiative recombination [4].
However, this first report did not show dramatic differences of optical energy
emission with the well-known InP QD system. Later on, Ribeiro and collabora-
tors reported on studies of InAsP/GaAs quantum dots [5, 6]. In Ref. [5] it was
found that InPAs/GaAs dots emit at about 1.25 eV at 77 K. In Ref. [6], it was
shown that it is possible to tailor the electronic properties of InAsP/GaAs QDs

by controlling the PH3 flux during the growth of InAs QDs. As they increase
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the PH3 flux, the energy emission increases towards InP QD energy. However,
no systematic studies on InPAs/GalnP QDs exist, and no single dot emission
was reported. Here, we report on magneto-optical studies of single InPAs/GalnP
quantum dots. The chapter starts with description of the sample growth pro-
cess and experimental set up. In the next section photoluminescence results at

= 0 are presented. Then, the following section shows magneto-spectroscopy
measurements revealing a g-factor dependence on energy emission and dynamic
nuclear polarisation which allows for further investigation of strain distribution
and chemical composition of these QDs by NMR [7]. Finally, conclusions, future

work and prospectives are discussed.

4.2 Techniques and samples

The samples of ternary InPAs QDs embedded in GalnP studied in this work
were grown by low pressure (150 Torr) metalorganic vapour phase epitaxy in a
horizontal flow reactor on (100) GaAs substrates with a miscut angle of 3° towards
(110). Trimethylgallium and trimethylindium (TMIn) were used as precursors
for group IIT elements and arsine (AsH3) and phosphine (PHj) were used as
group V precursors. (Dimethylzinc and disilane were used for p-type and n-type
doping, respectively.) Hydrogen was used as a carrier gas. The growth rates were
maintained at 7.6 A/s for the GaAs buffer layers and GaInP matrix material.
QDs were deposited at a lower nominal growth rate of 1.1 A /s. The GaAs buffer
and the subsequent/following GalnP barrier material were grown at 690°C. The
growth of the QD layer included several steps. Before the deposition of the

QDs, the growth was halted under PH3 flow, and the susceptor temperature was
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lowered to 650°C. Then, TMIn was introduced to the reactor for 1-2 s followed
by adding AsHj for 3-5 s. The final step was deposition of nominally binary
InP material for 1 s or PHj3 purge for 1-10 s followed by GalnP growth. The
compositions of InPAs were controlled by the flow rate of AsHj3; while keeping
the flow of PHs3 constant. In order to assess the nominal arsenic fractions a
thick layer of InPAs was grown and examined by means of X-ray difractometry.
According to the X-ray diffraction measurements, the AsHs flow of 10.5 sccm
(standard cubic centimeters per minute) results into the As fraction in solid of
35%. Based on this data, the calculated nominal As fractions in solid are 7%,
13%, 24%, 38%, 46%, 53% and 72% for the arsine flows of 1.5 sccm, 3 scem, 6
scem, 13.2 scem, 16.7 scem, 22.1 scem and 50 scem, respectively. However the
corresponding long wavelength shift of the QD emission in PL spectra appeared
to be smaller than one could expect, i.e. the actual fractions of As in the dot
material is smaller than measured/calculated for bulk InPAs.

For the data presented in this chapter we chose the sample grown with 16.7
scem (46%) of AsHjg flux. This particular sample (referred to below as 16.7 sccm
sample) shows relatively high intensity optical emission in the range from 670nm
to 940nm, which allows for PL studies in a broad wavelength range. Photo-
luminescence was measured at T = 4.2 K in external magnetic field Bz up to
10 T normal (Faraday geometry) and parallel (Voigt geometry) to the sample
surface. For sample positioning and high stability of the experiment, Attocube
piezo-stages were used. To optically excite QDs for most of the data in this
chapter a diode laser with photon energy F... = 1.88eV was employed, which
corresponds to the low-energy tail of the InPAs wetting layer (below the GalnP

barrier band-gap excitation). Additional to this, other two diode lasers with pho-
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ton energies F.,. = 1.80eV and E... = 1.53eV were used to study efficiency of
dynamic nuclear polarisation. Quantum dot PL in the range from 1.38 eV to
1.85 eV was excited and collected with an aspheric lens, which gives a micro-PL
laser spot of 1-2 ym diameter. The collected PL was analyzed using a 1-m dou-
ble spectrometer and a charge-coupled device. We used linearly and circularly
polarised excitation, which was achieved with appropriate linear polarisers and

half and quarter-wave plates.

4.2.1 Transmission electron microscopy characterization

Figure shows typical transmission electron microscopy (TEM) images of InP
(top) and InPAs (bottom) quantum dots. Typical in-plane dimensions of InP dots
observed in TEM are ~ 50nm. This is somewhat larger than typical in-plane sizes

of QDs in InPAs samples, where dimensions of ~ 30nm were observed.

4.3 Photoluminescence spectroscopy of InPAs/GalnP
quantum dots

We start by discussing PL of InPAs/GalnP quantum dots. Photoluminescence of
InPAs/GalnP quantum dots was detected in a broad range of wavelengths when
using Fe,. = 1.88 eV. Fig. shows a comparison between InPAs 16.7 sccm
sample and nominally InP dots grown without As.

Both spectra were taken under the same excitation power P,,. = 200nW and
exposition time of 20 sec. The PL intensity for InPAs/GalnP QDs (bottom)

shows noticeable decrease compared with that for pure InP/GalnP QDs (top).
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Figure 4.1: Transmission electron microscope images of InP (a) and InPAs (b)
quantum dots. InP QD is larger at the base and shorter in high than InPAs QD.
InPAs QD shows a bright capping layer defining a core-shell structure.
In addition a notably broader spectral distribution of PL intensity is observed:
nominally InP sample emits in the range 680-780nm, whereas InPAs QD emission
is observed from 680 to 920nm. We will now discuss the homogeneity of the
quantum dot formation across the InPAs/GalnP wafer. Figure shows PL
spectra of six places across the InPAs/GalnP wafer taken from the line parallel
to the chamber flow. All six spectra were measured under the same conditions,
optical excitation power P.,. = 200nW and 20 sec of integration time.

As can be seen, QD-like emission is detected across the whole wafer. The

bottom two spectra (A-B) show considerably higher QD density compared with
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Figure 4.2: PL spectra of InP/GalnP (top) and InPAs/GalnP (bottom) quantum
dots sample grown with 16.7 sccm AsHj is shown. The top spectrum (black)
shows PL emission of InP/GalnP QDs centered around 730 nm, while the bottom
spectrum (red) shows sharp peaks corresponding to single quantum dot emission
in a broad range of wavelength, from 670 nm up to 940 nm for InPAs/GalnP
QDs.

the rest of the wafer. Then starting from C-F positions, the QD density gradu-
ally decreases as it gets further from the material source in the chamber. Similar
spread of PL wavelength 680-950 nm can be clearly observed for all positions
across the wafer. QD PL intensity drops down after 800nm mainly due to reduc-
tion of the sensitivity of the charge coupled device (CCD) used for PL detection.
CCD quantum efficiency plot against wavelength for the model Spectrum One

CCD 3000 can be seen in Appendix.
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Figure 4.3: Position dependent PL spectra of InPAs/GalnP QD wafer with 16
sccm. From bottom to top (A-F) indicates the increasing distance to the material
source in the chamber, the black arrow indicates the direction of the flow (inset).
All PL spectra were taken at optical excitation power of P,,. = 200nW and 20
sec of integration time.

4.3.1 Photoluminescence detection of single InPAs/GaInP

quantum dots

In order to study magnetic phenomena, such as g-factors and dynamic nuclear
polarisation, we need to be able to detect small energy shifts (typically few tens
of neV) [8, 9, 10, 11, 12, 13]. Hence, detection of single quantum dot emission is
desirable.

Figure [4.4] shows typical PL spectra measured at Bz = 0T of single InPAs
QDs using linearly polarised excitation and o detection. Top panel shows PL

of a single quantum dot at a low energy Epp ~ 1.3280eV (QD1). Bottom panel
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Figure 4.4: Typical PL spectra measured at Bz = 07T of single InPAs QDs using
linearly polarised excitation and o (black) detection. Top caption shows PL
of single quantum dot at low energy Ep; =~ 1.3280eV (QD1). Bottom caption
shows PL of single quantum dot at high energy Ep; &~ 1.7647¢V (QD2). Dashed
lines show FWHM for both QDs.

shows PL of a single quantum dot at a high energy Ep; ~ 1.7647¢V (QD2).
We find that typically QD PL exhibit no fine structure splitting, a signature of
dot charging [14, 15, 16]. Charging of QDs was further confirmed by magneto-
spectroscopy in Voigt geometry. Dashed lines in fig. show FWHM for QD1
~ 33ueV and QD2 ~ 55ueV , which are close to the instrument spectra resolution

~ 30ueV and are comparable to the best linewidths of high quality GaAs and
InGaAs QDs [17, 18].
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4.4 Magneto - spectroscopy of individual InPAs/GalnP
quantum dots

We carry out magneto - spectroscopy measurements of about 75 InPAs/GalnP
QDs in order to explore the dependence of g-factors and nuclear polarisation ef-
fects on the QD emission energy, which gives valuable information about the
intrinsic QD magnetic environment and will lay foundations for future stud-
ies of composition and strain distribution by novel techniques like NMR spec-
troscopy [7]. InPAs/GalnP QDs were measured in two different magnetic field
configurations: (i) Magnetic field normal to the sample surface (Faraday geome-
try) and (ii) Magnetic field parallel to the sample surface (Voigt Geometry).

Firstly, we present typical PL spectra of single QDs at By = 3T for dots
emitting about Fp; = 1.830eV (a), Epy = 1.419¢V (b) and Ep;, = 1.377¢V
(¢) in figure [1.5] PL was excited with linearly polarised light with excitation
energy F... = 1.88eV for all three QDs. Zeeman splittings are indicated for each
QD with values equal to AEZceman = 302ueV (2), AEzeeman = 235ueV (b) and
AEzceman = 204peV (c) respectively. An observed trend in AEzeeman reflects
the gradual variation of QD composition across the QD ensemble. The observed
trend is presented in the following subsections.

In the first subsection we will show g-factors measured at several QD emission
energies. In the following subsection, external magnetic field in Faraday geometry
is used to determine experimental conditions for effective creation of DNP in

InPAs/GalnP single quantum dots at different energies.

82



4.Magneto - spectroscopy of individual InPAs/GalnP quantum dots

a)
3000 -
g, =302V
B, =3T AE zemman He
o
QJ
»
S 2500 |
[Z
K]
2
‘@
§ 2000 -
£
P
o
1500 -
. . n
1.828 1.829 1.830 1.831 1.832
Emission energy (eV)
1600} 2237
r AE =235 peV
8 Pexc = 400uW H 2E, ne
)
D4
g wsof @
0
S
> 1500}
‘@
c
2
£ 1450
]
o
1400
1350 : : : :
1.418 1.419 1.420 1421
Emission energy (eV)
c)
1400 B, =3T H 2, =204 eV
o -
% Pexc = 300uW
o
o QD5
T sof
o
2
‘@
& 1300 -
£
-
a
1250
. . A .
1.376 1.377 1.378 1.379

Emission energy (eV)

Figure 4.5: PL spectra of InPAs/GalnP single quantum dots at external magnetic
field By = 3T, and excitation energy E.,. = 1.88eV. Typical PL spectra of single
dot emission at Ep;, = 1.830eV (a), Epr, = 1.4195eV (b) and Ep;, = 1.3773eV (c)
are shown. Energy Zeeman splitting is indicated for each QD with values equal
t0 AE zemman = 302ueV (a), AE zemman = 235ueV (b) and AEzemman = 204peV
(c) respectively.
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4.4.1 Using magneto-optics for determination of the QD
charging

Measurements of magneto-photoluminescence in Faraday and Voigt geometries
allows to determine in and out of plane g-factors and corresponding diamagnetic
shifts. Typical magnetic field dependence of the position of the peaks for InPAs
QDs can be seen in figure for both magnetic field configurations (Faraday and
Voigt) exhibiting Zeeman splitting. In Faraday geometry the emission line splits
in two circularly polarised peaks (o and o7), in Voigt geometry it splits in four
linearly polarised peaks (m; and my). This behaviour presented in Fig. has
been previously found for singly charged InGaAs and InP dots [19, 20]. In order
to obtain the g-factors and diamagnetic shifts, the energy lines as a function of

magnetic field E(B) are plotted using the equation:

1
E(Byz) = FEy+ kpBy £ 5924587 (4.1)

for Faraday geometry and the equations:

1

E(BX) = EO + /‘ivB% + §/JJBBX(:|:gh7J_ + ge) (42)
1

E(Bx) = Ey+ kv B % é,UBBX(:tgh,J_ F ge) (4.3)

for Voigt geometry. In these three equations Ej is the emission energy at
zero field, By(x) is the magnetic field in Faraday (Voigt) geometry, pp the Bohr
magneton, gx, gn.i, ge are the exciton, in-plane hole and electron g-factor respec-

tively, kg the diamagnetic shift in Faraday geometry and xy in Voigt geometry.
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Figure 4.6: A typical magnetic field dependence of PL spectra from an In-
PAs/GalnP quantum dot measured 16.7 sccm sample at 4.2K under non-resonant
excitation in o* and o~ in Faraday geometry and in orthogonal 7y, 7 linear po-
larisations in Voigt geometry, where a typical trion behaviour is observed with
four peaks. Trion peak energies from spectra in (a) versus external magnetic field.
g-factors and exciton diamagnetic shifts are found fitting the curves (solid lines)
with equations 1, 2 and 3.
For this particular dot gx = 1.592, g. = 1.58, g5 1 = 0.737, kp = 2.67ueV/T?
and ky = 1.12ueV/T?. Here we assume isotropic g-factor for electrons. Using
these parameters we can also deduce hole g-factor along Z g3 = 3.175.

Figure [4.7 shows a summary of electron g-factor g. values at several emission

energies, ranging from 1.3 eV to 1.8 eV. To study the dynamic nuclear polari-

sation which is the main interest of this work just g. is relevant as hole-nuclear
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spin interaction is about 10 times weaker [10]. More detailed analysis of all g-
factors (ge, gn,1, gn,, 9x) is in progress and will be published elsewhere. Clear
dependence of QD g, on energy emission can be seen. Electron g-factors increase
with the energy of the dot emission. In earlier work was found that for InP QDs
which emit around 1.8 eV the electron g-factor g. ~ 1.5 [21]. This is close to the
g-factor value at 1.8eV in figure [4.7 This suggest a P — rich QD behaviour for
dots emitting at these energies. Even for dots emitting at 1.3eV strong contri-
bution of P in the composition of the volume occupied by electron is evident, as
large g. &~ +1 are measured. This is in contrast with InAs/GaAs QD emitting
at this energy, where negative g, ~ —0.5 are usually measured. This observation
either indicates that InPAs dots at 1.3eV are still rich in P, or that the electron

wavefunction leaks into the P — rich around the more As — rich core of the dot.

4.4.2 Dynamic nuclear polarisation in InPAs/GaIlnP quan-

tum dots

In this section we will discuss dynamic nuclear polarisation in single InPAs/GalnP
quantum dots emitting in a wide range of PL energies. DNP is essential for further
studies of material composition and strain distribution in the dots by NMR spec-
troscopy [7]. The measurements were performed under external magnetic field
parallel to the sample growth direction (Faraday geometry). Main difference to
previous experiments is that the optical excitation was circularly polarised using
a quarter-wave plate, which typically facilitates dynamic nuclear polarisation [11,
22, 23, 17]. We measure the InPAs/GalnP QD sample grown with 16 sccm As

flux. Single quantum dot emission was obtained using a micro-PL set up. The
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Figure 4.7: The electron g-factors (g.) of InPAs/GalnP quantum dots for sample
with 16.7sccm of As flux. The g, increase with energy dot emission following a
trend.

sequence used for the DNP measurements was as follows: First we excite with
negative circular polarisation for more than 5 sec and then measure PL using lin-
early polarised detection (red spectrum) with an integration time of 20 sec; then
we set opposite circular polarisation and detect again with linear polarisation
(gray spectrum in fig. under the same time scales. These time scales allow
nuclear polarisation to build up according to the sign of circular polarisation.
Polarisation of nuclear spins lead to occurrence of the Overhauser field By, a
collective result of the hyperfine interaction of 10° nuclei in the dot with the spin
of the confined electron [24]. Here, for simplicity we will neglect the hyperfine
interaction of the hole, since its contribution is at least 10 times smaller than

that of the electron [25, 10]. In practice, QDs with complex compositions are
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used, where polarisation degrees for different isotopes may be different. In that
case AEons = > piAil;Syi, where p; is the relative concentration of the ith
isotope, A;, I, and Sy, - its hyperfine constant, spin and polarisation degree,
respectively [26]. Thus, in most cases the determination of the absolute degree
of nuclear polarisation is a difficult task, and it is more practical to operate in
terms of the Overhauser shifts (OHS), which in some cases, when g, is known,
can also be converted in the Overhauser fields, By.

In figure , the Overhauser shift (OHS) induced by optical pumping of
nuclear spins can be observed for both QDs, measured in external magnetic field
Bz =0.5T. AE,+ (AE,-) stands for the energy splitting of bright excitons under
ot (07) excitation. For o~ excitation it was not possible to resolve the energy
splitting at Bz = 0.57. When the Zeeman splitting at By = 0 is known, it is
possible to accurately extract the Overhauser shift. This is very important when
strong non-linearities of the DNP are present, as shown for ultra-low excitation
powers in Chapter |3| and reported for InP before [12]. However, since we do not
observe strong non-linearities of DNP in our dots, we assume similar values of
nuclear polarisation with opposite signs for ¢t and o~ excitation. Therefore,
AFEops values were obtained comparing the energy splitting for the spectrum
excited with o~ circular polarisation (red circles) and the spectrum excited with

AE_;—AE__
2

ot (gray squares) circular polarisation according to AEpys = 22].
Solid curves in fig. represent the Gaussian fits to extract AFE,- (red) and
AE,+ (gray). AFE,- can be roughly estimated from the linewidth if the red
spectrum, this will be the high boundary of AE,—, which means AFoys will be
the low boundary. For the low energy dot AFEops = 29.5ueV and for high energy

dot AEopgs = 52.5ueV .
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Figure 4.8: PL spectra of InPAs/GalnP quantum dots measured with two cir-
cularly polarised optical excitation o~ (red circles) and ot (gray squares) at
Bz = 0.5T. Energy splitting difference between spectra reflects Overhauser
shift values according to AFpgs = 2B+ 8- Solid curves represent the
Gaussian fits to extract AFE,+ (gray) and AE,- (red). For the low energy dot
AEops = 29.5ueV (a) and for high energy dot AEops = 52.5ueV (b).

Now, we present full magnetic field dependence of Overhauser shift AEoyg for
QD5 (figure [4.9). For each By two spectra representing o™ (solid symbols) and

o~ (open symbols) are presented. Right panel shows summary of the AEops

dependence on Bz. As can be observed, AFEpps decreases linearly as By is
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increased.
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Figure 4.9: Magnetic field dependence of Overhauser shift AEogg for QD5. For
each By two spectra representing o™ and o~ are presented. Bottom panel shows
summary of the AFpgs dependence on By.

Nuclear polarisation builds up as a result of the electron spin flip-flop which
simultaneously changes the spin of one nuclear spin. This process is repeated

many times for different re-pumped electrons. The efficiency of the spin transfer
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depends on the energy splitting between the initial and final electron (exciton)
states involved in the electron spin-flip. For X this is the splitting between the
dark and bright states, Epp as presented in Chapter [3, and for charged dots it
is the electron Zeeman splitting E.z, i.e. the splitting between Y1 and |
for X, and between 1 and | for a negatively charged dot [26]. Owing to the
requirement of the energy conservation, in most cases the spin flip-flop occurs as
a second order process: at the first stage, as a result of the hyperfine interaction,
the electron is virtually transferred to the state with the opposite spin while at
the same time flopping a single nuclear spin (changing its spin state by +1); the
electron then escapes from the dot (or a trion is formed in a charged dot), the
process accomplished by emission (absorption) of a photon [10, 26, 23, 27] or
electron tunneling from the dot [8, 28, 29]. Thus, the process efficiency scales
roughly as 1/AE%¢, where AE} equals to Epp or E.z depending on the type of
the dot. For charged dots like in our case here, E. =| g. | up(Bz + Bx). Hence,
the origin of the gradual decrement of OHS with increasing Bz in the bottom
panel of figure arises due to gradually increasing separation of exciton states
with opposite electron spin states.

In figure we present QD energy emission dependence of OHS for several
dots measured at By = 3T, where PL line splitting can be clearly measured
(figure . Most of the QDs were measured with excitation energy F,,. = 1.88
eV (solid squares) which is in resonance with the low-energy tail of the wetting
layer and usually employed to induce DNP in InP/GalnP QDs [9, 12]. Two
additional optical excitation energies F,. = 1.80eV (open circles) and E.,. =
1.53 eV (solid triangles) were used to explore the effect of optical excitation in

resonance with the QD ensemble.
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Figure 4.10: Quantum dot emission energy dependence of Overhauser shift at
Bz = 3 T using three different optical excitation energies. F.,. = 1.88 eV (solid
squares), Fe,. = 1.80eV (open circles) and E.,. = 1.53 eV (solid triangles).

We found that DNP can be induced with any of the three lasers. However,
DNP under non-resonant excitation (FEe.. = 1.88 €V) is more efficient. Clear trend
of the OHS with QD emission energy can be also observed. Black line in Fig. |[4.10
is a guide to the eye. For QDs at low energy Ep;, ~ 1.35—1.5eV, we detect values
of OHS ~ OueV — 47ueV, where more effective nuclear spin pumping is created
with Fe.. = 1.53eV (solid triangles). OHS keeps increasing monotonically for
Epp ~ 1.5 —1.85eV reaching a maximum value of OHS ~ 35ueV .

Figure 4.11| shows By dependence on QD emission energy. The By was
calculated using the data presented by solid lines giving average values for OHS

in fig. and g, in fig. 4.7} and diving by g. interpolation of the trend average

value (fig. multiplying for up.
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Figure 4.11: Quantum dot emission energy dependence of Overhauser field By.
Trend of Overhauser shifts (OHS) at Bz = 3 T see fig. is divided by Bohr
Magneton up and g, trend, see fig. [1.7]

Values of By systematically increase as QD emission energy is increased. The
range of By values goes from 0.1 at 1.2eV to 0.2T at 1.9eV.

Using the expression AEoys = Y, piAil;Sn,; we deduce a degree of polarisa-
tion of about 15%. As — atoms have spin [ = 3/2 and A = 47ueV, P — atoms
spin I = 1/2 and A = 36ueV, and In — atoms spin I = 9/2 and A = 56ueV .
p; is the material composition, for the sample measured we estimated an As of
40%. However, In — atoms give the main contribution for DNP due to its spin
configuration. The degree of polarisation deduced of 15% for our dots shows a
not very efficient DNP as reported for InP or InAs separately under non-resonant
excitation [21, 26]. Nevertheless, variation of composition in these dots is still

unclear and other possible source of depolarisation may be present.
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4.5 Conclusions

First optical magneto-spectroscopy studies on single InAsP /GalnP quantum dots
have been presented. Dependence of g-factors with energy emission was found.
More specifically g, follows a clear trend from values of 1.0 at low emission energy
of 1.3eV up to 1.6 at high emission energy of 1.8eV. We expect the dependence
to originate from variation in As concentration. Further analysis of g-factor is
in progress and will be published elsewhere. Studies of nuclear spin pumping
also reflect a trend of OHS and By values with QD energy emission. Degree of
polarisation in this InPAs QD systems was found to reach 15%. This reflects not
very efficient DNP for our sample, and ways to improve it may be needed. Data
presented in this chapter opens the way for further investigation of the influence
of As on the electronic and optical properties of QDs. Additional to this, dynamic
nuclear polarisation found in this system, allows for ODNMR studies which will

enable composition and strain investigation as recently reported for InGaAs and

InP QDs [7].
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Chapter 5

Conclusions and future work

5.1 Conclusions

In this thesis three main topics were investigated. (i) Charge control in InP/GalnP
single quantum dots embedded in Schottky diodes, (ii) Dynamic nuclear polarisa-
tion in InGaAs/GaAs quantum dots under non-resonant ultra-low power optical
excitation, and (iii) Magneto - spectroscopy and dynamic nuclear polarisation of
InAsP/GalnP quantum dots. The key results presented for each topic were the
followings:

(i) By realising MOVPE growth of low density InP/GalnP QDs, we have
overcome the major hurdle of the presence of high densities of large QDs in this
system. We achieve a reproducible and smooth transition in QD size distribu-
tion and density by varying nominal InP deposition thickness. Such an achieve-
ment has allowed the detection and manipulation of neutral (Xy) and negatively
charged (X 1) exciton energy levels in individual QDs by application of vertical
electric fields using Schottky devices. X ! binding energies are shown to range
from 4 to 7 meV, similar to InGaAs/GaAs QDs. Systematic studies of QD per-

manent dipole moment and polarisability in a large ensemble of QDs allows for

99



the characterization of the exciton wavefunction in such system. We argue that
due to a relatively higher confinement regime imposed to electrons, the sign of
QD permanent dipole moments are mainly determined by the position of the hole
wavefunction along the growth direction, which provides insight into the QD com-
position and strain distribution. Moreover, from the relationship between dipole
moment and polarisability, we show that the lateral extent of the exciton wave-
function varies very little from dot to dot. We obtain an average in-plane exciton
radius of 7.7 and 5.5 nm for two QD ensembles probed in different samples. Pho-
tocurrent technique has been demonstrated, allowing for resonant manipulation
and electrical detection of excitons in single InP/GalnP QDs.

(ii) We studied experimentally the dependence of dynamic nuclear spin polar-
isation on the power of non-resonant optical excitation in neutral InGaAs/GaAs
quantum dots. We showed that the recently reported mechanism of nuclear spin
pumping in InP/GalnP QDs via second order recombination of optically for-
bidden (”dark”) exciton states in InP/GalnP quantum dots is relevant to the
material system considered in this work [1]. In the studied InGaAs/GaAs dots
this nuclear spin polarisation mechanism is particularly pronounced due to long
non-radiative lifetime of "dark” excitons, resulting in nuclear spin polarisation
degree up to ~ 45% and By = 3.2T achieved at optical excitation powers ~ 1000
times smaller than the power required to saturate ground state excitons. Polari-
sation degrees reported in this work under ultra - low power optical pumping are
comparable to those achieved by more demanding techniques such as resonant
excitation or optical pumping with high power circular polarised light [2, 3, 4, 5,
6, 7]. Dynamic nuclear polarisation via second - order recombination of ”dark”

excitons may become a useful tool in single quantum dot applications, where
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manipulation of the nuclear spin environment is required.

(iii) First optical magneto-spectroscopy studies on single InAsP/GalnP quan-
tum dots have been presented. Dependence of g-factors with energy emission was
found. More specifically g, follows a clear trend from values of 1.0 at low emission
energy up to 1.6 at high emission energy of 1.8eV. We expect the dependence to
originate from variation in As concentration. Further analysis of g-factor is in
progress and will be published elsewhere. Studies of nuclear spin pumping also
reflect a trend of OHS and By values with QD energy emission. Degree of po-
larisation in this InPAs QD systems was found to reach 15%. This reflects not
very efficient DNP for our sample, and ways to improve it may be needed. Data
presented in this chapter opens the way for further investigation of the influence
of As content. Additional to this, dynamic nuclear polarisation efficiency found
on this system, allows for ODNMR studies which will enable composition and

strain investigation as recently reported for InGaAs and InP QDs [§].

5.2 Future work

Future experiments related to the results obtained in the present thesis which

could be of interest.

5.2.1 Coherent control in InP/GalnP quantum dots

Photocurrent technique (PC) has demonstrated to be a powerful experimental
tool for coherent control of spin states in quantum dots, specially for InAs/GaAs [9)].
With the first demonstration of resonant manipulation and electrical detection of

excitons in single InP/GalnP QDs presented in chapter , we open the possibility
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of engineering InP/GalnP QD structures for coherent control of the hole spin,

which has been successfully demonstrated for InA /GaAs [10].

5.2.2 Voltage control of nuclear spin polarisation

The hyperfine interaction of electron-nuclear spins is responsible of nuclear spin
polarisation, due to electron spin flip-flop. One of the principal obstacles for more
effective nuclear spin pumping is the injection of polarised electron spins effec-
tively into the dot due to Pauli blocking. Hence, the tunneling rate of an electron
spin within a QD can be controlled by applying electric fields in a Schottky diode
structure. Dependence of nuclear spin with applied voltage has been already re-
ported [11, 12]. Additional to this, significant DNP on singly charge excitons in
InAs/GaAs QDs has been probed [3], similar effect could be expected for charge
excitons in InP/GalnP. QDs.

5.2.3 Inverse nuclear magnetic resonance for material char-

acterization

NMR provides a non-destructive technique for structural analysis, but has been
restricted only to unstrained semiconductor nanostructures [13, 14]. Just recently,
a variation of the optically detected NMR has been reported, which allows anal-
ysis of individual strained quantum dot [8]. This new ODNMR technique allows
to measure strain distribution and chemical compositions of intriguing new QD
systems like InPAs/GalnP presented in chapter . Additional to this, we could
obtain precise control of nuclear spins [15] in the presence of strong quadrupole

effects on QD systems with high relatively high degrees of nuclear polarisation
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like InGaAs/GaAs presented in chapter [3]
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Appdx A

This appendix contains the description of fabrication of quantum dot Schottky
diode structures, and nanoapertures for micro-photoluminescence characteriza-

tion.

.1  Quantum dot Schottky diode structure

Figure [I] shows schematic of QD Schottky diode structures. Sample A consisted
of a QD layer grown on top of a 40 nm thick i-GalnP layer above the n-doped
GalnP region (a). Capping was performed with a 160 nm-thickness i-GalnP layer
only. Sample B consisted of a QD layer also grown 40 nm above the n-doped
GalnP region, but capped by a sequence of undoped GalnP/AlGalnP/GalnP
layers with thicknesses of 85, 25, and 50 nm, respectively, in order to create a
blocking barrier for holes (b).

Non-resonant optical excitation above the transitions in the QDs create charges,
which relax into the dot and then recombine. Charging can be controlled by ap-
plying electric field as seen in chapter 2] Resonant optical excitation with the
transitions in the QDs create e-h pairs, which tunnel out of the dots under applied

electric field and can be detected as photocurrent.
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Figure 1: Schematic of quantum dot Schottky diode structures. Sample A used
in chapter [2|is presented in top panel (a), and sample B used in the same chapter
is presented in bottom panel (b).

.1.1 Device processing

QD dot wafers for samples A and B were processed into Schottky diodes with
a combination of (i) optical lithography to define diode structure shapes, (ii)
chemical etching to define paths for electric contacts, (iii) metal deposition.

Figure [2| shows a photograph of a fully finished Schottky device. Labels on the
photograph show the Ohmic contact (bottom), Schottky contact, Large mesas
with rough dimensions of 350um x 400pum and small mesas 150um x 250um.
Beneath the Schottky contact and across the mesa a semi-transparent Titanium
layer of 8-10nm thick is indicated.

Figure[3|shows nano apertures for micro-PL characterisation. Top panel shows
a optic microscope photograph of the array of apertures with sizes from 400 to
1000nm (a). Bottom panel shows a SEM image of one aperture with dimension

of about 1um (b).
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Figure 2: Photograph of fully finished quantum dot Schottky device. Labels in-
dicate the Ohmic contact (bottom), Schottky contact, Large mesas, small mesas.
Beneath the Schottky contact and across the mesa a semi-transparent Titanium
layer of 8-10nm thick is indicated.

107



gn Det WD Exp 1 1pm

0000x SE 10.0 1

Figure 3: Nano-apertures for micro-PL characterisation. Top panel shows a optic
microscope photograph of the array of apertures with sizes from 400 to 1000nm

(a). Bottom panel shows a SEM image of one aperture with dimension of about
Lum (b).
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Appdx B

In this appendix we present the technical details of the Charge Coupled Device

used for detection in most of the experiments presented in this thesis.

.2 CCD Detection System

The detection system used for the experiments presented in this thesis were car-
ried out with a Spectrum One CCD3000 of Jobin Yvon Horiba company. The
CCD is a liquid nitrogen LN cooled system. The most relevant feature for the
analysis for our data is the quantum efficiency curves of the detector chips. Fig-
ure 4] shows quantum efficiency curves of Spectrum One CCD3000 chips. Top
panel shows Q.E. curves for SiTe chips, and bottom panel Q.E. curves for EEV
CCD chips.

The Q.E. significantly drops down below 50% after 800nm, which is an im-

portant data when analyse PL intensity in our data.
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Figure 4: Quantum efficiency curves of Spectrum One CCD3000 chips. Top panel
shows Q.E. curves for SiTe chips, and bottom panel Q.E. curves for EEV CCD
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chips.
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