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Chapterl. Introduction

1.1 Background

In recent years, the volume of processed information has rapidly increased due to the
expanding use of cloud computing and artificial intelligence. Given such rising data
volumes, reducing power consumption for information processing has become
imperative. Optical wiring technology based on photon—electron spin information
conversion is garnering interest as a component for ultra-low power information
processing platforms. In semiconductor-based photon—electron spin information
conversion, electron spin information is converted into light polarization information
via luminescence recombination between electrons and holes without energy
consumption [1]. In addition, the power consumption of optical wiring platforms is
low, as these systems utilize light for signal wiring between electronic circuits and
systems, thereby preventing the heat loss that is generally associated with electrical

wiring.

In photon—electron spin information conversion, the information is stored as the spin
polarization of the electron spins and converted into the circular polarization of the
emitted light. The circularly polarization degree (CPD) can be described as

CPD (%) = 22— 2" %100 ~ —/——2=x 100, 1-1
Iy +1,_ N, +N,_



Electron spin

(information carrier)
Conduction 4— C.B.

band(C. B.) Circularly +>
+ polarized light

Valence (transfer)

band(V. B.) Ve

Figure 1-1. Schematic illustration of photon-electron spin information conversion.

where I;,(I,_) denotes the emission intensity associated with electrons with majority
(minority) spin and N, (N,_) denotes the number of electrons with majority
(minority) spin. The relaxation time of hole spin is extremely fast [2, 3, 4]; hence, the
CPD reflects the spin polarization degree of electron spins. To transfer the stored
information correctly, a high CPD must be maintained during emission, i.e., the spin

polarization of the electron spin polarization must be kept high.

To realize spin-functional optical devices, which serve as light sources for optical
wiring through the conversion of photon—electron spin information, it is imperative to
identify materials and structures capable of both preserving electron spin information
for extended durations and efficiently converting electron spin into light. In
addressing the former consideration, ferromagnetic metals are extensively employed
for electron spin storage due to their proficiency in maintaining spin information over
time. However, it is noteworthy that these materials lack the capability to effectually
convert electron spin into light. In contrast, current applications leverage bulk
semiconductors and semiconductor quantum wells (QWs) for light-emitting devices,
showcasing the ability to convert electron spin into light. Nonetheless, a notable
limitation persists, as these materials fail to conserve electron spin information for
prolonged periods. Consequently, the pursuit of materials and structures that can

simultaneously fulfill both requirements has been a focal point of research endeavors.

1.2 Spin relaxation mechanism in semiconductor
8



The three typical electron-spin relaxation mechanisms in semiconductor bulk [5] are
the D’yakonov—Perel’ (DP), Elliot—Yafet (EY), and Bir—Aronov—Pikus (BAP)

mechanisms.
1.2.1 D’yakonov—Perel’ mechanism

The DP mechanism [6, 7, 8] is caused by the effective magnetic field resulting from
the spin-orbit interaction. In an effective magnetic field, the moving electron spins
undergo precession motion. Electrons are scattered by impurities and defects, which
change their momentum (k vector), and the k-dependent effective magnetic field
causes spin relaxation. The spin relaxation time caused by DP mechanism, 27 is
proportional to inverse of the temperature, T, and the momentum scattering time, .
In general, at high temperatures, this DP mechanism emerges as the dominant spin

relaxation mechanism in the semiconductor bulk.
1.2.2 Elliot-Yafet mechanism

In the EY mechanism [9, 10, 11], the wavefunction of electrons in the
conduction band undergoes mixing with the wavefunction of electrons in the valence
band due to spin-orbit interactions. This interaction leads to spin inversion, even in
instances of spin-independent scattering. Consequently, whenever an electron scatters
and undergoes a change in its orbital momentum, the potential for an electron spin flip

exists. Impurities, boundaries, and phonons contribute to the inversion of electron spin

through spin-orbit interactions. The spin relaxation time, 2Y, attributed to the EY

mechanism is proportional to the momentum scattering time, 7,, and bandgap energy,

E,4. Notably, materials characterized by a narrower band gap experience faster spin
relaxation through the EY mechanism. Additionally, in contrast to the DP mechanism,

the spin relaxation time increases proportionally with .

9



1.2.3 Bir-Aronov-Pikus mechanism

The BAP mechanism [12, 13] is a spin relaxation mechanism that results
from the exchange interaction between electrons and holes. Due to the strong

hybridization of heavy and light holes with different angular momenta in the bulk, the

spin relaxation time of holes is extremely fast (a few ps [2]). Thus, their spin states

are generally unpolarized. Therefore, the electron spin state relaxes when the

electrons exchange and interact with the holes. In microstructures such as QD, the
electrons and holes are spatially confined to the same location and the electron-hole

interaction is strong, so that spin relaxation by the BAP mechanism dominates.

1.3 Semiconductor quantum dot

A significant challenge encountered in the application of semiconductors to spin-
functional optical devices lies in the rapid relaxation of electron spin within

semiconductor bulk materials. An encouraging solution to address this challenge is
found in II1-V semiconductor quantum dots (QDs) [14], which stand out as promising

candidates for the optically active layer in spin-functional optical devices, such as

spin-polarized emitting diode[15-23].

A semiconductor QD is a nanostructure with a typical diameter in the order of tens of
nanometers. In our study, self-assembled QDs were cultivated through molecular
beam epitaxy (MBE) on a GaAs (100) substrate. Figure 1-2 illustrates a

straightforward representation of the self-assembled QD structure and its

10
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Figure 1-2. Schematic illustration of a simple example of self-assembled QD

structure (a) and its energy band structure (b).

corresponding energy band structure. Despite their pyramid- or island-like shapes,
QDs exhibit lower energy levels than their surroundings, creating a potential well for

electrons and holes, allowing them to be effectively captured.
1.3.1 Optical properties of quantum dot

As previously highlighted, QDs possess lower energy levels compared to their
surroundings, creating potential wells for carriers and facilitating their confinement.
This spatial confinement of electrons and holes to the same position enhances the
radiative recombination probability, leading to effective conversion of electrons into
light. Furthermore, a robust three-dimensional quantum confinement effect is induced
in the confined electrons [24], resulting in a completely discretized density of states,
as illustrated in Figure 1-3. The quantum size effects play a crucial role in this
context, as the discretized energy levels of the electrons are inversely proportional to
the square of the QD diameter and height. Consequently, smaller QDs exhibit higher

energy levels, while larger QDs have lower energy levels [25]. The energy differences

between these discrete electronic states can surpass the thermal energy at ambient
11



DOS
Figure 1-3. Schematic illustration of density of states (DOS) of QDs. The broadening

of DOS reflects size or shape distribution of QDs.

temperatures, resulting in minimal variations in the emission wavelength from QDs

with temperature changes. This inherent property ensures that the emission
wavelength from QDs remains relatively unaffected by temperature, enabling the
realization of stable and temperature-independent emission characteristics. laser

devices based on QDs have demonstrated significantly smaller temperature variations

in optical output characteristics compared to those based on QWs. In particular,

Fabry—Perot and distributed feedback lasers based on QDs exhibited almost constant

optical output characteristics across a temperature range from —40°C to 100°C [26]. This
observation implies that, unlike conventional lasers, QD lasers do not necessitate
cooling elements, potentially reducing the power consumption associated with cooling

requirements.

1.3.2 Spin properties of semiconductor quantum dot

QDs not only exhibit notable optical properties but also possess spin
properties that render them suitable for spin-optical devices [27]. In bulk
semiconductors, the dominant DP spin relaxation mechanism involves the scattering

of electron spins, moving within the bulk, by impurities and defects. This mechanism
12



leads to a rapid relaxation of the spin polarization degree, rendering it challenging to
maintain electron spin information for extended durations. In contrast, within QDs,
the three-dimensional quantum confinement effect freezes the momentum of
electrons, preventing scattering by impurities and defects. Consequently, the DP spin
relaxation mechanism is suppressed, allowing for the conservation of electron spin
polarization for a more prolonged duration compared to bulk semiconductors [24, 28-

32].
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Chapter 2. Research purpose

2.1 Previous works

2.1.1 Temperature dependence of optical spin properties of high-density

quantum dots

To attain both high emission intensity and a substantial circular polarization
degree at ambient temperature, comprehending the reasons for their decline at
elevated temperatures is crucial. To address this, the temperature dependence of the
optical spin properties of IngsGaosAs QDs with varying lateral QD densities (low-
density or high-density QDs) has been investigated in this study [1]. Due to the

smaller energy difference between Ino.sGaosAs and its excited state (ES) and the

(a)

(DThermal escape (2)Spin relaxation in barrier (3Reinjection

W s e

High density QDs Low density QDs

(b)

72, (@ Spin relaxation
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[

Figure 2-1. (a) Schematic model of electron-spin dynamics which result in low

i
- ——

CPD at high temperature above 140 K. (b) Schematic illustration of the dynamics
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surrounding GaAs barrier compared to InAs, it proves conducive for probing the

impacts of thermal escape.

In our investigation, it was observed that high-density QDs exhibit diminished
emission intensity and circular polarization degree compared to low-density QDs at
temperatures exceeding 140 K. Figure 2-1 schematically illustrates the model of
electron-spin dynamics at elevated temperatures. For both low- and high-density QDs,
a sequence of events unfolds, as depicted in Figure 2-1(a). Initially, electron spins
thermally escape from the QD to the surrounding barrier. Subsequent to thermal
escape, electron spins undergo rapid relaxation within the barrier via the DP spin
relaxation process [2, 3, 4, 5], given the semiconductor bulk nature of the barrier
layer. Ultimately, spin-flipped electron spins are reintroduced into the QD states,
resulting in a reduction of the circular polarization degree. Additionally, in the case of
high-density QDs, the strong coupling of electron wavefunctions among QDs, due to
their close proximity, induces interdot spin transfer and accelerates thermal escape,
leading to a lower circular polarization degree. These findings underscore the
significance of suppressing electron spin relaxation in the surrounding barrier layer
and enhancing the spin polarization degree of reintroduced electron spins for
achieving a high circular polarization degree at elevated temperatures. Thus, the
suppression of DP spin relaxation at the barrier, facilitated by p-doping, enhances the

circular polarization degree of QD emission [6].

2.1.2 Spin filtering effect in dilute nitride GaAs

As detailed in the preceding chapter, one viable approach to achieving a high
CPD at elevated temperatures involves enhancing the spin polarization degree of
electrons reintroduced into QDs. To pursue this objective, we explored the utilization
of dilute nitride GaNAs, known for amplifying conduction band electron spin

polarization at ambient temperature through spin-dependent recombination, as
18



elucidated below. A previous study comparing nitrogen-free InGaAs QWs with

InGag.994No.006As QW reported higher CPD and a twentyfold increase in electron spin
relaxation time at ambient temperature [7]. This observation extends beyond QWs, as
the spin relaxation time in the bulk InGaAso.9ssNo.o12 layer increases with temperature,

rendering it suitable for high-temperature operation.

Spin-polarized defect levels play a pivotal role in spin-dependent recombination,
contributing to the CPD amplification. In dilute GaNAs, nitrogen-induced defect-
related localized states (LSs) are energetically deep within the band gap. These LSs
are intricately coupled to the conduction band, enabling them to capture conduction
band electrons. Upon injection of spin-polarized electrons into GaNAs, the LSs
themselves become spin-polarized. The mechanism of spin polarization of LSs is
illustrated in Figure 2-2 (1). In the initial state A, LSs are unpolarized. Upon the
arrival of spin-polarized electrons, as depicted in B, LSs capture electrons in
accordance with the Pauli principle. As illustrated in C, within LSs housing two
electrons, one electron and a hole recombine, restoring the LSs to a state with only
one electron. Following several cycles of B and C, the LSs become spin-polarized, as
shown in D. Figure 2-2 (2) is the detailed illustration of the LSs spin-polarization

with more electrons and holes to help understanding.

2.2 Purpose of this work

In pursuit of attaining both high emission intensity and a significant CPD at
ambient temperature, our emphasis has been on exploring the spin filtering effect of
dilute nitride GaNAs. The discussion on electron spin dynamics, detailed in the
various studies below, is undertaken with the objective of identifying the optimal
device structure capable of effectively converting electron spin into circularly

polarized light.
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Figure 2-2. (1) Schematic diagram of the mechanism of spin polarization of LSs.
Black open circles represent holes. (2) Detailed illustration of the spin-polarization
phenomena of LSs with more carriers.
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Chapter 3. Experimental Procedures

3.1 Sample growth by Molecular beam epitaxy (MBE) method

I1-V compound semiconductor QDs were fabricated using MBE equipped
with a radiofrequency (RF) plasma source for nitrogen. MBE, a crystal growth
technique, involves the epitaxial growth of a single crystal film by directing source
materials, evaporated through heating or other methods, onto a substrate within an
ultra-high vacuum growth chamber. In RF plasma-assisted MBE, nitrogen is
introduced as nitrogen plasma. Figure 3-1 (a) provides a schematic depiction of the
MBE growth chamber [1]. The ultra-high vacuum conditions within the growth
chamber allow for an exceptionally slow growth rate, ensuring high crystal quality.
This setup facilitates precise control of film thickness at the scale of one atomic layer
and the creation of well-defined step hetero-interfaces. Within the MBE process, each
raw material—such as gallium, arsenic, and indium—is housed in a Knudsen cell (K-
cell). Each K-cell is equipped with a shutter that can be mechanically opened and

closed, along with a heater for temperature regulation. The shutters control the timing

(b)

. , © © Molecular beam
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CCD O {
camera (5 Nuceatlo O
2N
@ "1 v/ /l
() @) Surface migration
4) Caught at step

Substrate

I
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Figure 3-1. (a) Schematic image of MBE growth chamber (made while referencing
[1]) and (b) Schematic diagram of Kossel mechanism of MBE epitaxial growth

(made while referencing [2]).
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of material supply, while the temperature controls the supply rate, ensuring meticulous

control over the growth process.

3.2 Sample structures

All samples elucidated in this dissertation feature a 300-nm-thick GaAs buffer layer
on the GaAs (100) substrate. The fabrication of samples involving varying tunnel-
barrier thicknesses (discussed in Chapter 5), samples with different GaNAs quantum
well (QW) thicknesses (expounded in Chapter 6), and samples with different GaNAs

QW positions (detailed in Chapter 7) followed a consistent set of growth processes.
3.2.1 Growth procedure of samples with different tunnel-barrier thickness

Following the growth of a GaAs buffer layer exceeding 300 nm on the GaAs
(100) substrate, a 20-nm-thick dilute nitride GaNAs layer was deposited. The RF
power during the GaNAs growth was maintained at 70 W. Subsequently, the GaAs
tunnel barrier and subsequent InAs quantum dots (QDs) were grown. Two samples
were prepared with different tunnel barrier thicknesses: d = 3 and 10 nm. Finally, an
additional 100-nm-thick GaAs capping barrier and the InAs QD layer, intended for

structural observations, were subsequently grown.
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Figure 3-2. Schematic images of InAs QD - GaNAs QW tunnel-coupled structure
with different GaNAs QW thicknesses with different GaAs tunnel-barrier

thicknesses.

3.2.2 Growth procedure of samples with different GaNAs QW thickness

Following the growth of a 300-nm-thick GaAs buffer layer on the GaAs
(100) substrate, a dilute nitride GaNAs layer was deposited. The nominal nitrogen
concentration was set at 1%, and three samples were created with varying GaNAs
QW thicknesses: d =5, 10, and 20 nm. Subsequently, a 3-nm-thick GaAs tunnel
barrier and the ensuing InAs quantum dots (QDs) were grown. To conclude, an
additional 100-nm-thick GaAs capping barrier and the InAs QD layer, intended for

structural observations, were subsequently grown.
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Figure 3-3. Schematic images of InAs QD - GaNAs QW tunnel-coupled structure
with different GaNAs QW thicknesses.

3.2.3 Sample structures of samples with different GaNAs QW position

We fabricated three samples with distinct configurations, positioning the GaNAs QW
in different locations relative to the InAs QD. Specifically, sample a had the GaNAs
QW beneath the InAs QD, sample b had it above the InAs QD, and sample ¢ featured
GaNAs QWs on both the upper and lower sides of the InAs QD. The GaNAs QW
thickness for samples a and b was 10 nm, while sample ¢ incorporated a 5-nm-thick
GaNAs QW on both sides, resulting in a total GaNAs QW thickness of 10 nm for all
three samples. A 10-nm-thick GaAs layer capped the InAs QDs. For samples a and c,
a 3-nm-thick GaAs tunnel barrier was introduced between the InAs QD layer and the
lower side GaNAs layer. Additionally, all three samples included an extra GaAs

capping barrier and an InAs QD layer to facilitate structural observations.
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Figure 3-4. Schematic images of InAs QD - GaNAs QW tunnel-coupled structure,
whose QW layers exist (a) lower side, (b) upper side and (c¢) both sides of the QD

layer.

3.3 Circularly polarized photoluminescence measurement

In this investigation, the optical spin properties of the fabricated samples were
assessed through time-resolved circularly polarized photoluminescence (PL)
measurements. Figure 3-5 illustrates the diagram of the measurement system, while

Figure 3-6 provides a schematic representation of the measurement principle. The

Mode-locked ‘
Tl Sapphire laser Lens
GT i Hlﬂj filter
\ Linear
Photodetector \\ . p olarizer
Spectrom eter— [I A4 plate

Stredk camera
Trigger signal

Figure 3-5. Measurement system of circularly polarized time-resolved PL

measurement.
27



GaAs

7§t$55\\‘”” W_cB

7 H-
- 1=
5000~/ V- B

Figure 3-6. Schematic diagram of the measurement principle.

experimental setup involved an excitation laser with a wavelength of 800 nm, emitted
by a mode-locked Ti:Sapphire laser. This laser was converted into s+ circularly
polarized light using a linear polarizer and a quarter-wave plate (44 plate). The s+
polarized laser was then directed onto the sample within a cryostat, where spin-
polarized carriers were generated in the GaAs barrier layer. The initial spin
polarization degree was set at 50%, aligning with the optical selection rule [3].
Subsequently, the generated spin-polarized carriers were injected into QDs and QWs
through energy relaxation, leading to the radiative recombination of electron-hole
pairs. If the electron spin is conserved until the emission, s+ circularly polarized
photoluminescence (PL) is detected. Conversely, if the electron spin undergoes
flipping, s- circularly polarized PL is observed. A /4 plate and a linear polarizer were
strategically employed to construct a filter, allowing the selective measurement of PL
in either the s+ or s- circularly polarized state from the sample. This setup facilitated

the separate measurement of PL in each circularly polarized state.
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3.4 Rate equation

To simulate circularly polarized PL time profiles, we used a rate-equation
model including tunnel spin transfer and relaxation processes in the GaNAs QW and
InAs QD tunnel-coupled system [4]. The rate-equation model is shown in Figure 3-
7(a). In this model, we considered the spin-selective relaxation from the QD GS to the
GaNAs LSs. In addition, the GS PL was defined as the sum of the PL derived from
the carriers injected from the GaAs barriers and GaNAs QW because the GaAs barrier
was photoexcited in this study. The first PL component includes the number of

carriers in the GaAs barrier N, a spin conservation factor during the injection process

b

inj denote the time constants for radiative recombination,

ay. Parameters 7,, 7, and T

spin relaxation, and spin injection from the barrier to QDs, respectively. The rate
equation can be written by the following Equations 3-1 to 3-3. Herein, Nyps4+(Nopg—)

implies the population of the QD GS with majority (minority) spin.

dNb _ ap XNb (1—ab) XNb

= 3—-1
dt Tlpnj T?nj ( )
dN, a, XNy, Nopg- N N

QDo+ — b : b + QDo _ QDo+ _ QDo+ (3 _ 2)

dt Tinj T T T,

dN, 1—a,) XN, N Nops— Nopg-—

QDo+ — ( Z) b + QDo+ _ QDo _ QDo (3 _ 3)

dt Tin; T T T,

For the second PL component derived from the carriers injected from the
GaNAs QW, the number of carriers in the GaNAs QW and a spin conservation factor

during the injection process are expressed as Ny, and agyy, respectively. Herein,

W jenotes the time

aqw depends on the spin filtering effect of GaNAs. Parameter 7;;,;
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constant for spin injection from the QW to QD. In particular, 7, i is the effective time

constant and includes the reverse spin transfer from the QD to QW via thermal
redistribution. Only for the QD-emission components, the time constant for the
capture of majority (minority) spins by the LSs is defined as 7., (7._), whereas this
LS contribution before the spin injection into the QDs is included in the ayy, term, as
described above. Because the radiative recombination and spin relaxation occur inside
the QDs, 7, and 74 were assumed to be the same for electron spins injected from the
GaAs barrier and GaNAs QW. The rate equation can be written by following
Equations 3-4 to 3-6.

dNow _  aqw X Now (1~ aqw) X Now

3-4)
Qw Qw
dt Tinj Tinj
dNops+ _ agw X Now | Nopo- _ Nops+  Ngpo+  Nopo+ (3-5)
dt TlQnV]V Ts Ts Tr Te+
dNopo+ (1 —aqw) X Now + Nops+  Ngps-  Nopo—  Nops-— (3-6)
dt T%V T T, T, Teo

Figures 3-7(b, c, d) present the simulation results of the proposed rate
equation, showcasing the time-dependent characteristic CPD amplification with well-
reproduced outcomes using appropriate parameters. Figure 3-7(b) presents the
simulation results with various N, at a fixed Ny = 60 and ayyy = 0.8, where the
larger contribution of the spin injection from the GaNAs QW to that from the GaAs
barrier causes a stronger CPD amplification. The effect of on the time-dependent CPD
is evident from the results plotted in Figure 3-7(c), where parameters t._ = 10 ps and
Now /N, = 1.5 are fixed. When the occupancy of the LSs by majority spins is high,
T4 Increases owing to Pauli blocking. In this case, majority spins are likely to remain

in the QDs relative to the transfer of minority spins from the QDs to LSs, resulting in
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a stronger CPD amplification. Moreover, Figure 3-7(c) indicates that the increase in

T.4+ can suppress the CPD decay in the second-half time range. In contrast, the

decrease in T%/ results in rapid CPD amplification (Figure 3-7(d)).
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Figure 3-7. (a) Rate equation model including tunnel spin transfer and relaxation

processes in tunnel-coupled system of GaNAs QW and InAs QD. Simulation

results of rate equations with various (b) N, (c) 7., and (d) ‘L'%/
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Chapter 4. High electron spin polarization degree at
ambient-temperature with InGaAs QD-GaNAs QW tunnel-

coupled structure

4.1 Background

This chapter delves into the exploration of high electron spin polarization in
the InGaAs quantum dot (QD) — GaNAs quantum well (QW) tunnel-coupled
structure, as discussed in the work authored by Yuqing Huang et al. [1]. My

involvement in this study primarily centered on PL measurements.

In conventional semiconductors, the steady-state electron spin polarization,

P, = 2 s represented by Equation (4-1) [2].

m+n;

Py

=—2 __<p, 4-1
1+ 1/74 0 ( )

Fe

T, 1s the electron spin-relaxation time, 7 is the electron lifetime, and P, is the initial
spin-polarization degree. This equation demonstrates that the electron spin-
polarization, P,, is limited by initial the spin-polarization, Py. To overcome this strict
limitation, spin filtering effect via a spin-dependent recombination process in GaNAs
have attracted attention. Under the spin filtering effect, electron lifetime of majority-
and minority-spin are no longer equal; accordingly, Equation (4-1) is modified as
follows:

p = (1+Py) /7, — (1 — Py)
¢ A+ Py) 1/ + (1 =Py + 211/7’

(4-2)

71(t}) denotes the lifetime of the spin-up (spin-down) conduction band electrons.

Theoretically, |P,| can exceed | Py| via the spin filtering effect. However, when the
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spin filtering layer (GaNAs) is used as the optically active layer, defects and potential
fluctuations in the GaNAs layer degrade the electron spin polarization. Therefore, the
author proposed a concept termed remote spin filtering. They prepared the sample
with a GaNAs QW as a spin filtering layer and an InAs QD layer as an optically
active layer. They achieved over 90% electron spin polarization at ambient

temperature, demonstrating the efficacy of the two-step remote spin filtering.

4.2 Two-step remote filtering

To achieve heightened electron-spin polarization through remote spin-
filtering at ambient temperature, the authors introduced the concept of two-step
remote spin filtering. The first step involves standard spin filtering, where conduction-
band electron spins undergo filtration in GaNAs, as detailed in Section 2.1.2 [3].

Additionally, when the electron ground state (referred to as e0 in this paper) of the

(a) GaNAs (b) First-step : GaNAs  Second-step : QD
Energy Energy
A A
CB

=

N
¥ ) —

DOS
SEXE hno

I%Defect
% VB ﬁ\\_/‘

Figure 4-1. (Made while referencing Fig.2a and 2b of [1]) Principle of the defect-

€

enabled remote spin filtering. A simplified picture of the working principle of
single-step, defect-enabled spin filtering in GaNAs (a) and the two-step remote
spin filtering in a coupled QD/GaNAs nanostructure (b). The size of electron spins

illustrates the number of them.
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QDs lies between the occupation levels of majority and minority spins in GaNAs, as
illustrated in Figure 4-1, a two-step spin filtering mechanism can be realized. The
second step involves the injection of majority spins into QDs and simultaneous
removal of minority spins from QDs. This is facilitated by the distinctly aligned
energy states shown in Figure 4-1(b), where majority spins exhibit a tendency to
occupy QD ground states, while minority spins preferentially reside in the GaNAs
level [4]. This innovative two-step remote spin filtering strategy contributes to

achieving enhanced electron-spin polarization under ambient conditions.

4.3 Sample structure

A schematic of the studied samples is presented in Figure 4-2. The samples
feature an InAs QDs layer tunnel-coupled with a GaNAs spin-filtering layer separated
by a thin GaAs tunneling barrier layer. A reference QD sample (ref-QD) and reference
GaNAs sample (ref-GaNAs) were also studied for a comparative analysis. Samples
with different N concentrations (1 to 2.6%) in GaNAs and different GaAs tunneling
barrier thicknesses (3 to 15 nm) were prepared to investigate the effects of two-step

remote spin filtering. The samples with a N concentration of 1.5% and GaAs tunnel
barrier thickness of 3 nm exhibited the highest QD electron spin polarization, |PeQD |,

of 90%.
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Figure 4-2. (Made while referencing Figure S1 of [1]) Schematic illustration of the

studied QD / GaNAs nanostructures.

4.4 Results and discussion

4.4.1 PL measurements

The polarization-resolved PL spectra are illustrated in Figures 3 (d, e, f) of
[1]. The QD/GaNAs sample and reference GaNAs samples were excited with
continuous-wave g -polarized laser above the GaNAs bandgap. 6 /o™ (67 /a7)
(Figure 3 of [1]) implies o *-excitation/o *-detection (o *-excitation/a ~-detection).
The reference QD sample was excited above the GaAs bandgap. Considering the spin
loss from carrier generation to energy relaxation, the initial spin polarization of
electron in the GaNAs conduction band, P§*V4S | can be estimated to be less than 10%
[5]. First, comparing the PL energies, the PL energies of the QD/GaNAs samples
correspond to those of the reference QD (Figure 3(e) of [1]) and reference GaNAs

sample (Figure 3(f) of [1]), respectively. The QDs in QD/GaNAs exhibit a PL
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polarization, Pp;, of 90% at ambient temperature, a significant increase compared to

the reference QD with a Pp; of 2%.
4.4.2 Time-resolved PL measurements

Time-resolved PL measurements were performed to confirm that the
observed high Pp; originated from the spin filtering effects. Figure 4 (a) of [1]
presents the decay curves of | ,?LD and PPQLD from the ref-QD and QD/GaNAs structure

with a GaAs tunneling barrier thickness of 3 nm. In the case of the ref-QD, o™ PL and
o~ PL converge to identical values after the electron spins are completely relaxed. In
contrast, those of QD/GaNAs do not converge to identical values, and the initial decay
of the o™ PL is slower than the o~ PL. This discrepancy serves as compelling

evidence that the remote spin filtering is the underlying cause of the remarkably high

|PeQD| of 90% at ambient temperature.

Furthermore, the authors investigated the effects of barrier thickness and

enegy-level alignment. Especially, in experiments with various N concentrations, the
maximum |PeQD| of 90% was attributed to the maximum overlap achieved between the

GaNAs and QD. This emphasizes the significance of barrier thickness and energy-

level alighnment in influencing and maximizing electron spin polarization.
4.5 Conclusion

In conclusion, a significant milestone was reached in achieving a remarkable
electron spin polarization of 90% through the innovative approach of coupling InAs
QDs with GaNAs using a two-step filtering effect. This outcome serves as clear and

compelling evidence that remote spin filtering is an effective strategy for enhancing
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high electron spin polarization and, consequently, achieving a notable circularly

polarization degree at ambient temperature.
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Chapter 5. Tunnel-barrier thickness dependence of optical

spin properties of InAs QDs

5.1 Background

Building upon earlier research [1] detailed in the preceding chapter, the
GaNAs QW-InAs QD tunnel-coupled nanostructure proves effective in achieving
heightened electron spin polarization and corresponding CPD at ambient temperature.
To comprehensively understand the impact of various parameters and optimize the
sample structure, our initial focus is on studying the dependence of optical spin
properties of InAs QDs on tunnel-barrier thickness. While some investigations on
tunnel barrier thickness effects have been conducted in prior studies [1], this research
aims to deepen our understanding by examining samples grown in-house with our
specialized equipment. This approach is geared towards accumulating knowledge for
the fabrication of diverse structures incorporating GaNAs and QDs in future

endeavors.

5.2 Experimental procedures

5.2.1 Sample structures
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Figure 5-1. (a,b) Schematic images of InAs QD-GaNAs QW tunnel-coupled
structure with different GaAs tunnel-barrier thicknesses. (c¢) The atomic force
microscopy (AFM) image of the InAs QD grown on the top of the sample for AFM

analysis (not shown in Figures 5a and 5b).

Schematic images of InAs QD—-GaNAs QW tunnel-coupled structure are
presented in Figures 5-1(a, b). Two samples were grown with identical conditions
except for the GaAs tunnel barrier thickness d = 3 or 10 nm. The detailed growth
conditions are described in Chapter 3.1.1. Figure 5-1(c) illustrates the atomic force
microscopy (AFM) image of the InAs QD grown on top of the sample. The areal QD
density is estimated as 2.5 X 101° cm™2. It is worth noting that a strict energy
alignment was not employed, potentially impacting the occurrence of the two-step

spin filtering process [1, 2].
5.2.2 Circularly polarized time-resolved PL measurement

The circularly polarized time-resolved photoluminescence (PL) was
conducted at ambient temperature, with the excitation energy set to 1.46 eV to induce
spin-polarized carriers in the GaAs barriers. It is crucial to highlight a significant
departure from the previous study [1], where carrier generation occurred in the

GaNAs quantum well (QW).
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5.3 Results and discussion

5.3.1 Circularly-polarized PL spectra

Figure 5-2 (a) presents the circularly polarized PL spectra recorded at ambient
temperature. The red solid lines indicate o*-PL, which denotes spin-conserved
emission, and the blue solid lines indicate 0—PL, which implies the spin-flipped
emission. The green solid lines represent the corresponding CPD spectra determined

by Equation (5).

Iy —1,_
CPD(%)=G+TG><

Iy + 1y

100, (5)

where, I, denotes the intensity of o*-PL. The lower-energy emissions originate from
the QD emissive states, and the higher-energy emissions originate from the GaNAs

QW.

The d = 10-nm sample achieves a maximum CPD of approximately 15%. In
contrast, the d = 3-nm samples exhibited a CPD exceeding 30% at ambient
temperature. Figure 5-2 (b) presents the average CPD of QD emission as a function of
the excitation power, and the d = 3-nm sample showcases a substantial enhancement

in CPD across all excitation power levels.
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Figure 5-2. (a) Circularly polarized PL spectra and corresponding CPD of InAs QD

— GaNAs tunnel-coupled samples with d = 3 and 10 nm, measured at room

temperature. (b) Average CPD of QD emission as a function of excitation power.

5.3.2 Discussion from PL spectra and PL decay

Initially, we delved into the intricacies surrounding the enhanced CPD by
exploring the spin-independent PL spectra and PL decay time. Figure 5-3 unveils the
normalized PL spectra emanating from samples with tunnel barrier thicknesses of d =
3 and 10 nm. Upon scrutinizing the ratio of PL intensity originating from QDs to that
from GaNAs, a conspicuous disparity surfaces in the d = 3 nm sample. This
discrepancy is rooted in the prevalence of dominant electron spin tunneling from QD

to GaNAs, propelled by the robust coupling of electron wavefunctions, ushering in a
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Figure 5-3. Ambient-temperature PL spectra normalized by PL intensity of GaNAs
(a) and QD-PL time profiles (b) of InAs QD — GaNAs QW tunnel-coupled samples
with d = 3 nm (black solid line) and d = 10 nm (blue solid line).

larger influx of electrons from QDs to GaNAs. Turning our attention to Figure 5-3(b),
a compelling narrative unfolds through time-resolved PL from QDs in both samples.
The PL decay time for the d = 3 nm sample clocks in at 46 ps, a stark contrast to the
93 ps observed in its d = 10 nm counterpart. This expedited PL decay underscores a
more potent coupling of electron wavefunctions between GaNAs and QDs, indicative
of a more efficacious electron spin tunneling trajectory from QDs into GaNAs for the

d =3 nm sample.
5.3.3 Discussion from transient spin polarization properties

Figures 5-4 presents the ambient temperature time-resolved circularly PL and
the corresponding CPD of QDs. The initial CPD for the d = 10 nm sample registers at
approximately 20%. In contrast, the d = 3 nm sample exhibits a notably higher initial
CPD, reaching about 35%. Moreover, the d = 3 nm sample manifests a temporal
amplification of CPD, peaking at 50% around 90 ps. This pronounced initial CPD and
the subsequent amplification observed in the d = 3 nm sample can be ascribed to the

robust influence of the spin filtering effect of GaNAs [1, 3, 4]. Two conceivable
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mechanisms are posited as contributors to the heightened CPD in the d =3 nm

sample.

The first mechanism involves the tunnel injection of highly-polarized
electron spins from the GaNAs QW to the InAs QD, as illustrated in Figure 5-5 (a).
As discussed in Chapter 2.1.2, GaNAs has the capability to amplify the spin
polarization of conduction band electrons due to the spin filtering effect [1, 3, 4]. In
the case of the d = 3 nm sample, where GaNAs QW and QDs are strongly coupled,

this effect becomes more pronounced, resulting in the amplified initial CPD.
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Figure 5-4. Time-resolved circularly polarized PL and the corresponding CPD of

QDs at room temperature.

The second mechanism involves the selective removal of minority electron
spins from the QD (Figure 5-5 (b)). This mechanism may appear similar to the
second-step spin filtering described in Chapter 4.2, but it is different because our
focus is more on the occupancy density of states than the energy alignment. Localized
states in GaNAs selectively capture minority spins of conduction band electrons,
allowing minority spins injected from the GaAs barrier to QDs to be selectively
transferred to GaNAs through wavefunction coupling. We hypothesize that these two

mechanisms contribute to the high CPDof QD luminescence, corresponding to high
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Figure 5-5. Schematic illustrations of spin dynamics. (a) Tunnel injection of highly-
polarized electron spins from QW to QD and (b) selective removal of minority

electrons spins from QD.

spin polarization at QD states.

5.4 Conclusion

To investigate the effects of various parameters and optimize the sample structure of
the GaNAs QW-InAs QDs tunnel-coupled structure, we explored the tunnel-barrier
thickness dependence of the optical spin properties of InAs QDs. Two noteworthy
features were observed in the electron spin properties of this nanostructure. Firstly,
electrons with amplified spin polarization in GaNAs QW were tunnel-injected into
QDs. Secondly, minority spins were selectively transferred from QDs to the tunnel-
coupled GaNAs QW. Consequently, the InAs QDs tunnel-coupled with GaNAs QW
exhibited an enhanced CPD of QD luminescence at ambient temperature. This
outcome suggests that, even if energy alignment is not strictly controlled, the remote
spin filtering effect of GaNAs QW can influence the optical spin properties of tunnel-
coupled QDs.
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Chapter 6. GaNAs QW thickness dependence of optical spin

properties of InAs QDs

6.1 Background

In Chapter 5, we established that the tunnel-coupled GaNAs QW
significantly influences the optical spin properties of InAs QDs, even in cases where
the energy levels were not precisely aligned. Subsequently, in pursuit of optimizing
the structure of InAs QD—-GaNAs QW, we examined the impact of GaNAs QW
thickness on the optical spin properties of InAs QD emission. The findings from this

chapter have been published in Applied Physics Letters [1].

6.2 Experimental procedure

6.2.1 Sample structure

Figure 6-1 depicts schematic images of the InAs QD-GaNAs QW tunnel-
coupled structure with varying GaNAs QW thicknesses (d =5, 10, and 20 nm). The
GaAs tunnel barrier thicknesses were fixed at 3 nm, and the nominal nitrogen
composition was approximately 1% [2]. Assuming the same density of localized states
(LS) in GaNAs for all three samples, an increase in the number of LSs is expected
with the GaNAs thickness (d) increment. In Figure 6-2 (b, c, d), the band calculation
results are presented. The red lines depict the square of the electron and hole
wavefunctions of the QD ground state (GS), while the blue lines represent the GS of
the GaNAs QW state. These calculations are based on the cross-sectional image
obtained from bright-field scanning transmission electron microscopy (STEM) shown
in Figure 6-2 (a). The hole wavefunction is localized in the QD GS state, emphasizing

that the observed emission mainly originates from the QD state. The energy level of
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the GaNAs QW changes with variations in QW thickness, thereby altering the energy
alignment between the GaNAs QW and QD GS. The insets of Figure 6-2 (b, ¢, d)
illustrate the spatial profile of the existence probability of the electron wave function
of the QD GS. These insets suggest differences in spatial coupling, potentially

influencing distinct optical spin properties.
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Figure 6-1. Schematic images of InAs QD — GaNAs QW tunnel coupled structure
with different GaNAs QW thicknesses.

6.2.2 PL measurement

Circularly polarized time-resolved PL was measured at ambient temperature using a
near-infrared (NIR) streak camera. Simultaneously, spin-independent PL spectra were
measured using an infrared (IR) camera, known for its heightened sensitivity to lower
energy emissions. The excitation energy was adjusted to generate spin-polarized

carriers in the GaAs barriers.

6.3 Results and discussion

6.3.1 PL spectra
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Figure 6-3 displays the normalized PL spectra of each sample measured with
low excitation power at ambient temperature. All four samples exhibit a common peak
around 1.08 eV, indicating the successful creation of an identical QD structure.
Furthermore, the samples with GaNAs QW feature peaks on the higher-energy side,
while the reference QD sample shows only one peak. This observation suggests that
the peak at 1.08 eV originates from QD emissive states, while the higher-energy peaks
arise from the GaNAs QW states [2].
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Figure 6-2. Cross-sectional image of bright-field scanning transmission electron
microscopy (STEM) of d = 10 nm sample. (b,c,d) Band calculation results. Red lines
show the square of the electron and hole wave function of QD GS and clue lines
show the GS of GaNAs QW state. Insets are the spatial profile of the existence

probability of electron wave function of QD GS.
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Figure 6-3. Normalized PL spectra of each sample measured with low excitation at

room temperature.
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Figure 6-4. (a) Circularly polarized PL spectra and the corresponding CPDs (a green

line) for GaNAs QW-InAs QD tunnel-coupled structures. Sum of the PL intensity

of QD GS (b) and the averaged CPD (c) as a function of excitation power.
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Subsequently, we conducted circularly polarized PL measurements, and the
results are depicted in Figure 6-4 (a). The yellow rectangle in the circularly polarized
PL spectra of the d = 5-nm sample represents the QD ground state (GS). Figure 6-4
(b) illustrates the sum of the PL intensity of the QD GS as a function of excitation
power. The PL intensity decreases with increasing GaNAs QW thicknesses. This
reduction in PL intensity is attributed to the capture of a larger number of carriers by
LSs in GaNAs [3]. As mentioned earlier, a thicker GaNAs QW implies a greater
number of LSs in the GaNAs layer. Consequently, the increased LSs lead to more
carriers being captured, resulting in a weaker PL intensity. This outcome indicates that
the InAs QD states of all samples with GaNAs QW are effectively influenced by the
GaNAs QW, as evidenced by the lower PL intensity compared to that of the reference

QD sample.

Figure 6-4 (c) presents the averaged CPD of the QD GS as a function of
excitation power. The averaged CPD of the reference QD (depicted by green circles
and lines in Figure 6-4(c)) sharply decreases due to the spin-dependent state-filling
effect [4, 5]. In contrast, the samples with GaNAs QW exhibit a notably high CPD
compared to the reference QD sample, attributed to the spin-filtering effect of the
tunnel-coupled GaNAs [6, 7, 8]. However, the averaged CPD reaches its maximum at

different excitation powers, and the values vary slightly.

6.3.2 Time-resolved PL
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Figure 6-5. Circularly polarized transient RT PL and corresponding CPDs of QD GS
for (a) d =5 nm, (b) 10 nm and (c¢) 20 nm samples, with excitation power of 20 mW.
Solid lines depict best-fitted results of rate equation for transient PL and CPD. (d)

Time-transient CPD of d =5, 10 and 20 nm samples.

Figures 6-5 (a, b, ¢) depict the time-transient circularly polarized PL and
corresponding CPDs of the QD GS (highlighted with a yellow rectangle in Figure 6-
4(a)) at ambient temperature. The solid lines represent the best-fitted results of the
rate equation described in Chapter 3.3 for the transient PL and CPD. In Figure 6-5(d),
noticeable differences are observed in the initial CPD value, CPD rise, and CPD

decay time.

The sample with d = 5 nm exhibits a low initial CPD of 20%, and the CPD rise time,
indicating the time for CPD to reach its maximum, is the slowest, with a value of
about 90 ps. However, after the gradual CPD amplification, the enhanced CPD is

maintained for an additional 50 ps. For the d = 10-nm sample, an initial CPD of 20%
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is observed with a relatively slow CPD rise of 70 ps. Notably, the CPD reaches a
maximum of higher than 60%, the highest among the three samples. The d = 20-nm
sample displays the highest initial CPD of 40% and the fastest CPD rise; however, the
CPD rapidly decays after the rapid amplification. Additionally, the d = 10- and 20-nm
samples demonstrate a faster PL decay than the d = 5-nm sample. These
characteristics reflect differences in the dominant spin amplification dynamics of the
QDs among the three samples. The initial CPD and CPD rise time are susceptible to
the spin amplification degree of the GaNAs QWs and the injection speed of spin-
amplified electrons. However, as the GaAs barrier is photoexcited in this case, the QD
PL encompasses contributions from electron spins directly injected from the GaAs
barrier, in addition to those from the GaNAs QWs. In the following discussion, we

characterize the characteristic spin amplification dynamics of the QDs.

The features of the d = 5-nm sample are a low initial CPD, a gradual CPD
rise, and a long duration of the high CPD. As shown in Figure 6-2 (b), the electron
wavefunction coupling between the QW and QD is relatively weak for the d = 5-nm
sample. This weak coupling causes a slow spin injection from the QW to QDs,
indicating that the contribution of GaNAs spin filtering to the initial CPD should be
small, as reflected in the lowest agy, value listed in Table 1. Thus, the initial CPD is
mainly affected by the depolarized electron spins directly injected from the GaAs
barrier. However, the contribution of GaNAs sin filtering to the CPD properties
should be dominant in the second-half time range (Figure 6-5(a)). Because minority
electron spins are selectively removed from the QDs, 7._ is significantly faster than
Tc4, resulting in the d = 5-nm sample exhibiting the longest 7.,. The extended 7.,
indicates a minimal capture rate of majority electron spins by the LSs, i.e., the highest
occupancy of the LSs. This outcome is mainly attributed to the smallest number of the
LSs in the thinnest QW. Furthermore, the number of effective LSs affecting the QD

PL should be small because the QD electron wavefunctions penetrated the QW are
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limited in the small area just below the QD (Figure 6-2 (b)). These two factors can
effectively increase the occupancy of the LSs by majority spins, leading to the longest
T4 The resulting slow 7., —significantly longer than t._—can suppress the CPD

decay, as simulated in Figure 3-6(c).

Table 6-1. Best fitted parameters for d =5, 10 and 20 nm samples.

QW thickness (nm) | T, (T._) (ps) agw 1-33’ (ps) Now/Np
5 220 (11) 0.53 21 4

10 81(13) 0.62 14

20 55 (11) 0.71 8 3

For the d = 20-nm sample, the electron wavefunction coupling between the

QW and QD is stronger than that for the d = 5-nm sample (Figure 6-2). This strong

coupling causes the fast spin injection from the QW to QDs, 1.e., the faster 133/ of 8
ps (Table 6-1). We anticipate that the fast injection of spin-amplified electrons in QW
can increase the contribution of the GaNAs LSs to the QD PL, leading to not only an
increase in aqy, but also a decrease in 7. In this case, both the majority and minority

spins will likely be removed from the QDs (Figure 6-6(b)), resulting in a rapid CPD

decay in addition to the fast PL decay.

For the d = 10-nm sample, the highest Nyy,/N), of 9 was obtained, indicating
that the large amount of QD PL originated from the spin-amplified electrons injected
from the GaNAs QW. Due to the smaller energy difference between QD GS and QW
GS for the d = 10-nm sample than the d = 20-nm sample, the strongest wavefunction
coupling between the QW and QD was observed (Figure6-2 (b)). This coupling can
enhance the contribution of the GaNAs spin filtering to the QD PL, thereby yielding
the highest CPD value.
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6.3.3 PL intensity dependence
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Figure 6-6. Averaged CPD of the PL from QD GS as a function of PL intensity.

Towards the conclusion of section 6.3, an additional intriguing result is
presented in Figure 6-6, illustrating the averaged CPD of the PL from QD GS relative
to PL intensity. This plot suggests that all three samples with GaNAs QW reach
maximum CPD at nearly the same PL intensity. While further analysis is required to
definitively ascertain whether this is coincidental, it is plausible that manipulating the
excitation power could yield PL of comparable intensity and CPD values. It is
essential to underscore, however, that the electron spin dynamics vary with the

GaNAs QW thickness, as elucidated in the preceding chapter.
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6.4 Conclusion

In this investigation, we explored the influence of GaNAs QW thickness on
the dynamics of spin amplification in tunnel-coupled InAs QDs. The rate equation
fitting of circularly polarized PL and corresponding CPD unveiled that the spin
amplification effect in the GaNAs QW and the spin injection dynamics into the QDs
were contingent on the QW thickness. With a QW thickness of 5 nm, the temporal
CPD amplification was gradual due to weak wavefunction coupling between the QW
and QD. However, a prolonged high CPD was sustained, facilitated by the restrained
capture of QD majority spins, originating from the limited number of effective LSs,
relative to the efficient removal of QD minority spins. In the case of the 20-nm-thick
QW, robust spin filtering in GaNAs and intense wavefunction coupling induced swift
CPD amplification with a high initial CPD. Nonetheless, the CPD swiftly diminished
post-amplification, attributed to the capture of both QD majority and minority spins.
These outcomes offer a straightforward approach to fine-tune ambient temperature
spin amplification in QDs by adjusting the thickness of the tunnel-coupled GaNAs
QW.
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Chapter 7. GaNAs QW position dependence of optical spin
properties of InAs QDs

7.1 Background

Building upon the findings in Chapter 5 [1] and Chapter 6 [2], it is
unequivocal that the remote spin filtering effect of GaNAs QWs proves efficacious in
attaining elevated CPD from QD emission at ambient temperature. Consequently, in a
seamless transition from Chapter 6, our attention shifted towards the spatial alignment
of the GaNAs QW layer concerning the InAs QD layer, aiming to identify the optimal
GaNAs QW-InAs QD tunnel-coupled structure.

7.2 Experimental procedure

Figure 7-1 illustrates the schematic images of the examined InAs QD—
GaNAs QW tunnel-coupled samples, where the relative position of the GaNAs QW is
altered—either positioned below, above, or on both sides of the InAs QD layer.
Throughout this chapter, we refer to each sample as the “lower QW sample,” “upper
QW sample,” and “both QW sample,” respectively. The nominal N concentration in
GaNAs is approximately 1%. The growth conditions remain consistent for each

sample, except for the placement of the GaNAs QW. Maintaining a fixed total GaNAs

thickness of 10 nm ensures an equivalent number of LSs in GaNAs.

Circularly polarized time-resolved PL measurements were conducted at ambient
temperature using a NIR streak camera. The excitation energy was adjusted to
generate spin-polarized carriers in the GaAs barriers. According to the optical
selection rule [3], the initial spin polarization degree of the generated electrons is
50%.
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Figure 7-1. Schematic images of InAs QD — GaNAs QW tunnel-coupled structure,
whose QW layer exist (a) lower side, (b) upper side and (c) both sides of the QD

layer.

7.3 Results and discussion

7.3.1 Circularly polarized PL spectra

Figure 7-2 displays the circularly polarized PL spectra and the corresponding
CPDs for each sample at ambient temperature. To enhance clarity, the PL intensities

of the both side QW sample [Figure 7-2(c)] have been multiplied by 4.
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Figure 7-2. Circularly polarized PL spectra and the corresponding CPDs (green
lines) for GaNAs QW-InAs QD tunnel-coupled structures, whose QW exists at (a)
lower, (b) upper and (c) both side of QD layer. The PL intensities of both side QW

sample [Figure 7-2(c)] has been multiplied by 4 for clarity.

Despite the consistent QW thickness of 10 nm, variations in PL intensity are
evident among the samples. Specifically, the lower side QW sample and both side
QW sample [Figures 7-2(a) and (c¢)] exhibit weaker PL intensity compared to the
upper side QW sample. Additionally, the lower QW sample and both QW sample
show higher CPD than the upper QW sample at the lower photon energy side. In other
words, the sample without the lower side QW (upper side QW sample) displays
stronger PL intensity and lower CPD than the sample with the lower side QW (lower
side QW sample and both side QW sample). These findings suggest that the QWs
located on the lower side and upper side of the QD have distinct effects on the optical

spin properties of the QD.
7.3.2 Excitation power dependence

Figure 7-3 illustrates the excitation power dependencies of the sum of the PL

intensity and the averaged CPD of the QD GS. These plots reveal a decreasing trend
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in PL intensity in the both QW sample, lower QW sample, and upper QW sample, in
that order. Conversely, the CPD demonstrates an increasing trend in the same order.
Both the reduction in PL intensity and the elevation in CPD are recognized effects of
the remote spin filtering effects in GaNAs [4, 5]. Consequently, these two
characteristics suggest that the remote spin filtering effect of GaNAs exerts a more
significant influence on the both QW sample, followed by the lower QW sample and
the upper QW sample. This discrepancy may arise from differences in the probability
of tunnel transfer of electron spins between GaNAs QW and InAs QD for each

sample, as schematically depicted in Figure 7-4.
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Figure 7-3. Sum of the PL intensity and (b) averaged CPD of QD GS as a function

of excitation power.
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7.3.3 Time-resolved circularly polarized PL

In Figure 7-5(a), time-dependent normalized PL intensities are depicted.
Notably, only the upper QW sample exhibits a slow PL decay, while the other two
samples display faster PL decay. Given that accelerated PL decay has been reported in
the context of QD tunnel-coupled with GaNAs [3], this outcome suggests that, in the
case of the sample with the lower side QW (lower side QW sample and both side QW
sample), InAs QD GSs strongly couple with GaNAs QW.
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Figure 7-5. Room temperature time-dependent normalized PL intensities (a) and

CPD values (b) of QD GS.

In Figure 7-5(b), time-dependent CPD values from the GS of QDs are
presented for each sample at ambient temperature. Upon comparing the time it takes
for the CPD value to reach its maximum value (CPD amplification time), it is
observed that the amplification is faster for the both QW sample, followed by the

lower QW sample, and then the upper QW sample.

As discussed in Chapter 2.1.2, the amplification of CPD through GaNAs
remote spin filtering effect is attributed to the selective removal of minority electron
spins from the QDs to the GaNAs QW and the reinjection of majority electron spins
from the QW to the QD (illustrated schematically in Figure 7-6). The observed rapid
amplification in both QW samples suggests that these two electron spin dynamics are

particularly effective among the three samples.
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Figure 7-6. Schematic model of remote spin filtering of GaNAs at both QW sample.
Red arrows mean reinjection of majority electron spins and blue arrows mean

removal of minority electron spins.

In exploring the influence of the relative position of the GaNAs Quantum Well (QW)
layer to the InAs Quantum Dot (QD) layer, we systematically investigated three
distinct samples: lower QW sample, upper QW sample, and both QW sample, and

compared their optical spin dynamics.

The optical spin properties exhibit significant distinctions based on the presence or
absence of a lower side QW in the sample. The remote spin filtering effects of
GaNAs, including the reduction in Photoluminescence (PL) intensity and the
amplification of Circularly Polarized Degree (CPD), are most pronounced in both QW
sample, followed by lower QW sample and upper QW sample, in that order.
Moreover, through time-resolved circularly polarized PL, the both QW sample
demonstrates the highest averaged CPD, attributed to a combination of decreased PL

decay time and rapid CPD amplification.
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This study highlights that, alongside QW thickness and nitrogen composition in
GaNAs, previously explored as parameters for GaNAs, the position of the GaNAs
QW layer plays a crucial role in controlling the optical spin properties of tunnel-
coupled Quantum Dots (QDs).In exploring the influence of the relative position of the
GaNAs QW layer to the InAs QD layer, we systematically investigated three distinct
samples: lower QW sample, upper QW sample, and both QW sample, and compared

their optical spin dynamics.

The optical spin properties exhibit significant distinctions based on the presence or
absence of a lower side QW in the sample. The remote spin filtering effects of
GaNAs, including the reduction in PL intensity and the amplification of CPD, are
most pronounced in both QW sample, followed by lower QW sample and upper QW
sample, in that order. Moreover, through time-resolved circularly polarized PL, the
both QW sample demonstrates the highest averaged CPD, attributed to a combination

of decreased PL decay time and rapid CPD amplification.

This study highlights that, alongside QW thickness and nitrogen composition in
GaNAs, previously explored as parameters for GaNAs, the position of the GaNAs
QW layer plays a crucial role in controlling the optical spin properties of tunnel-

coupled QDs.
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Chapter 8. Conclusion

In this investigation, the primary goal involved achieving both high
luminosity and elevated circular polarization emission in QDs by leveraging the
unique properties of GaNAs. This material has been previously reported to exhibit
high luminescence circular polarization at ambient temperature, accompanied by
heightened circular polarization of the luminescence, indicative of enhanced electron
spin polarization. However, due to the entrapment of numerous carriers in localized
levels, leading to a reduction in luminescence intensity, it becomes imperative to
optimize the quantum structure. Consequently, this study involves the fabrication of
samples featuring varying thicknesses and arrangements of GaNAs QWs and GaAs
tunnel barriers. The overarching objective is to derive design guidelines for quantum
structures with the aim of optimizing the trade-off between luminosity and circular

polarization in QDs.

In Chapter 5, the investigation into GaNAs QW-InAs QD tunnel-coupled
nanostructures commenced by studying samples with varying GaAs tunnel barrier
thicknesses. In instances where a thin tunnel barrier was employed, the luminescence
intensity of QD decreased, while the circular polarization of luminescence increased.
This phenomenon is attributed to the enhanced coupling between the QW and QD
electronic wavefunctions, which becomes more pronounced with decreasing tunnel
barrier thickness. The study emphasizes the prominent role of GaNAs in influencing
the circularly polarized luminescence properties of QDs. In this research, InAs QDs
were fabricated atop 20 nm GaNAs QWs. Contrary to expectations, thin tunnel
barriers did not adversely affect the QD structure grown on top, showing no
discernible impact on the GaNAs layer distortion. Surprisingly, there was no
observable difference in the QD structure based on tunnel barrier thickness. As a

result, for subsequent discussions in Chapters 6 and 7, the tunnel barrier thickness
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remained fixed at 3 nm. This consistent parameter choice facilitates a more focused

exploration of the interplay between QW and QD in the ensuing chapters.

In Chapter 6, the investigation delved into the influence of GaNAs QW film
thickness on the circularly polarized emission characteristics of InAs QDs through
time-resolved circularly polarized light PL. The temporal variation of circular
polarizability was found to be contingent on the GaNAs QW film thickness. The
electron spin dynamics were modeled using a rate equation that considered electron
spin transfer between GaNAs QWs and InAs QDs, along with the spin capture of
localized levels in GaNAs. In the sample with the thinnest QW film (5 nm), the spin-
capture time of GaNAs localized levels exhibited significant variability based on spin
direction. A swift transfer of spins from QDs to GaNAs localized levels, coupled with
a substantial remaining spin population in the QDs, led to a prolonged maintenance of
amplified circular polarization during emission. However, the limited number of
localized levels contributing to QD luminescence resulted in a small circular
polarization amplification time. Moving to the sample with a medium QW film
thickness (10 nm), the amplification time surpassed that of the sample with a thinner
QW film. The close energetic alignment of GaNAs QW levels and InAs QD levels
facilitated easy electron spin transfer between them, intensifying the circular
polarization of QDs. Consequently, GaNAs exerted a stronger influence on the
circularly polarized luminescence properties of QDs, culminating in the highest
achievable circular polarization. Finally, in the sample with the thickest QW film (20
nm), the amplification of spin polarization at the QW, coupled with rapid spin
injection from QW to QD, resulted in swift circular polarizability amplification. This
observation emphasizes the intricate interplay between QW film thickness and spin
dynamics, shedding light on the nuanced factors impacting circular polarization in QD

emission.
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In Chapter 7, I explored the impact of GaNAs QW arrangement on the
circularly polarized luminescence properties of QDs by altering the positioning of
GaNAs QWs. Previously situated at the bottom of the QDs, three sample types were
fabricated with QWs at the top, bottom, and both top and bottom. A comparative
analysis between samples with QWs at the bottom and those with QWs at the top
revealed an enhancement in the circularly polarized emission characteristics of QDs
when QWs were positioned at the bottom, despite maintaining the same QW
thickness. Moreover, the examination unveiled that the sample with QWs at both the
top and bottom exhibited a more pronounced influence from GaNAs compared to the
sample with QWs only at the bottom. Notably, this outcome cannot be solely
explained by aggregating the effects of lower and upper QWs, suggesting a potential
connection to the intricate coupling state of electronic wavefunctions arising from the

placement of QWs at both ends of the QD.

In conclusion, this study has revealed a substantial transformation in the
electron spin dynamics within tunnel-coupled nanostructures of GaNAs QWs and
InAs QDs by altering film thickness configuration and arrangement. Notably,
adjusting the thickness of GaNAs QWs not only impacts the strength of the GaNAs
spin amplification effect but also alters the spin injection time into the QDs. These
findings offer valuable insights for designing quantum structures aimed at achieving
high-speed spin amplification, a crucial requirement for the high-frequency operation

of spin-emitting devices.
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