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Chapter 1

Introduction

1.1 Semiconductor quantum structures

In nanometer-scale solid-state materials such as semiconductors, quantum effects will

be observed [1,2]. One of the most significant quantum effects is a confinement effect

for an electron. An electron can be confined in low dimensional systems when the di-

mensions of the material are sufficiently small compared to the de Broglie wavelength

of the electron.

In 3-dimensional (3D) systems, put electrons into a box with a volume Ω =

Lx × Ly × Lz. The electrons are traveling in each direction with periodic boundary

conditions. The corresponding normalized electron states can be expressed by a

wavefunction ϕlnm, as follows:

ϕlnm(R) =
1√

LxLyLz

exp[i(kxx+ kyy + kzz)] =
1√
Ω

exp(iK ·R), (1.1)

where

K =
(
kx, ky, kz

)
=

(2πl
Lx

,
2πm

Ly

,
2πn

Lz

)
, l,m, n = 0,±1,±2, · · · . (1.2)
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A quantum well (QW) is a thin layer of solid-state material, which is sandwiched

between other materials as shown in Fig. 1.1 (a). The band-gap energy of the QW

with a thickness of dz is assumed to be lower than that of the surrounding material

(dz ≪ Lz, Ly). The electron’s motion is unconfined within the x, y-directions in the

QW and confined only in the z-direction. Therefore, the total electron energy in the

QW is the sum of the electron energy along the quantized z-direction and the other

x, y-directions:

Etot = Ez + Ex,y =
ℏ2

2m∗ · π
2

d2z
· n2

z +
ℏ2

2m∗ · (k2
x + k2

y), nz = 1, 2, 3, · · · , (1.3)

where nz is an integer, and m∗ is the effective mass of the electron.

Each state of the electron is defined based on each wavefunction. The density of

the states (DOS) of an electron confined in the QW [shown in Fig. 1.2 (a)] can be

written as:

DOS2D =
m∗

πℏ2
∑

Θ(E − En), (1.4)

where Θ is a Heaviside step function. The basic energy dependence of the DOS in a

QW with a specific dz is constant for the energy due to the quantum confinement.

Quantum dots (QDs) are man-made droplets with the size of less than several

tens of nanometers (dx,y,z = d) as shown in Fig. 1.1 (b). Electrons are confined for

all three dimensions. The total energy of the electron in the QD becomes:

Etot = El + Em + En =
ℏ2

2m∗ · π
2

d2
· (n2

x + n2
y + n2

z), nx,y,z = 1, 2, 3, · · · , (1.5)

where l, m, and n are integers. The density of the states [shown in Fig. 1.2 (b)] in

the QD is a series of Delta-functions [δ(E)]:

DOS0D =
∑
l,m,n

δ(E − El,m,n), (1.6)
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Quantum well (QW) Quantum dot (QD)
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Figure 1.1: Schematic illustrations of (a) a QW and (b) QD, embedded in barrier
materials (grey color).

The Pauli exclusion principle for multiple electrons (fermions) forbids from occu-

pying the same state simultaneously [2]. The occupation is statistically governed by

the Fermi-Dirac distribution function f(E,EF , T ). It is given by:

f(E,EF , T ) =
[

exp
(E − EF (T )

kBT

)
+ 1

]−1

, (1.7)

where kB is the Boltzmann’s constant. EF is called as the Fermi level and it varies

slightly with a temperature of T . The Fermi-Dirac function is plotted at a certain

temperature in Fig. 1.2 as a black curve.

(a) (b)
DOS2D(E)

E E

DOS0D(E)

DOS DOS

Fermi function Fermi function

E
C

E
C

thermal
distribution

thermal
distribution

of electron of electron

Figure 1.2: The density of the states (DOS) of electrons in a QW (a) and QD (b) (blue
line). The DOS of QD is expressed taking the slight size distribution into account.
The thermal distribution is given as a black curve. The yellow regions indicate the
thermal distribution of electrons.
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1.2 Background of spintronics

Spintronics, as its name implies, is a technology that studies how to exploit the

spin and charge degrees of freedom of electrons to add new performances in electron

devices [3,4]. As shown in Fig. 1.3, electronics used previously the freedom of ‘charge’

only. Nowadays, spin-polarized currents or internal electric fields can be used to

regulate the electron-spin orientation in solids, adding the ‘spin’ degrees of freedom

in electron devices, presenting many new physics effects and opening up new spin-

functional devices.

The degree of the freedom of spin was predicted by the Dirac equation. The

electron or hole must have an intrinsic angular momentum (or ‘spin’). The spin has

two orientations along an external magnetic field: parallel to the field direction (or

‘spin up’), and anti-parallel to the field one (or ‘spin down’).

In this research area, this degree of spin freedom is expected to play important

roles in realizing new functions in future electron devices. Conventional electron

devices can control the flow of charge only. The spintronic device can control the

spin-dependent current or light within the device, thereby adding extra information

of spin (Fig. 1.3). Spintronic devices can be realized by employing at least one of the

spin-related phenomena, such as injection [5, 6], manipulation [7], and detection of

the electron spin [8]. Because the spin direction of an electron can be switched from

one state to another immediately with extremely low energy consumption. These new

values cannot be obtained by conventional electron devices. Up to now, therefore,

spintronics opens up new types of device, such as a spin-field-effect transistor (Spin-

FET) [9], spin interference device [10], and qubit information readout device [11].

However, the transport of spin-polarized carriers without a significant loss of spin,

the optimization of an electron spin lifetime, and the fast manipulation of spin are

the major challenges to be solved in the spintronics.
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Figure 1.3: Conceptual schematic illustration: spintronics.

The giant magnetoresistance (GMR) [12–14] discovered by Fert [15] and

Grünberg [16] in 1988 corresponded to the starting point of spin-based elec-

tronic devices. The giant tunnel MR (TMG) by Miyazaki [17] was then used for

hard disk drive (HDD) heads. The high-sensitivity detection of a magnetic field

using this TMR was applied to a read-head for extremely weak magnetic fields,

originating from sub-micron scale magnetized domains as an information memory

in HDD. Nevertheless, the concept of ‘spintronics’ was not used by Wolf for the

first time until 1996 [18, 19]. Nowadays, electron devices are becoming much more

integrated and smaller, which makes spintronic devices one of the most desirable

candidates for the next generation electron device because of the ultra-low energy

consumption performance owing to the non-volatile property of magnetization. The

research field of spintronics is very extensive, and it intersects interestingly with

metal and semiconductor material physics, superconducting, mesoscopic, and cold

atom physics.

Until now, spintronic devices have been studied in nearly three decades.

Awschalom et al. divided the spintronics history into three stages according to

the development of the device [3, 20]. The main results of the first stage are the
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discovery and application of various MR effects, including the GMR and TMR,

mentioned above [15]. In 1993, Helmolt measured in rare-earth manganese oxides

with perovskite-like structures. The colossal magnetoresistance (CMR) effect [21]

and the TMR were found in tunnel junction structures [17,22,23]. Systems exhibiting

the GMR typically include two ferromagnetic layers. As shown in Fig. 1.4 [12], one

assumes that two ferromagnetic layers are antiferromagnetically coupled without

an external magnetic field, and the magnetizations are oppositely (anti-parallel)

oriented so that the electrical system is in a higher magnetoresistance state (b). The

spin-polarized electrons will be scattered by the magnetization with the anti-parallel

configuration for the electron spin. When a magnetic field is applied and its strength

is greater than a coercive field of the ferromagnetic layer, one of the magnetizations

will be reversed from anti-parallel to parallel to the applied field direction. Therefore,

both orientations of the magnetization in the two ferromagnetic layers become

identical, and the system is in a lower magnetoresistance state (a) [15]. It is worth

noting that the basic principle of the above MR effect is also the basis of the design

of more convenient spin valves [24] in the next stage [3]. At this stage, spintronic

devices fabricated based on the above MR effects have been successfully applied to

the HDD head.

Mott [25] first presented a two spin-current model to explain the GMR. One can

assume a resistance RAP is high for spin-polarized electrons with the antiparallel

magnetization direction due to strong electron scattering. A resistance RP is lower

than RAP , with the parallel magnetization direction. In the left-hand case in Fig. 1.4

(a), the magnetization is aligned parallel each other. The resistance of the spin-up

channel is low, whereas the resistance of the spin-down channel is much higher due to

significant scattering. Consequently, the left-hand circuit has a low total resistance.

In the right-hand case, Fig. 1.4 (b), the resistances through both spin channels are

identical. Therefore, the resistance of the right-hand circuit is higher than that of the
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Figure 1.4: A basic scheme of GMR: (a) In the parallel magnetization configuration,
one spin-polarized current easily can flow through the device, leading to the lower
electrical resistance. (b) By contrast, in the antiparallel magnetization configuration,
the total resistance is higher. A two-current circuit model expressing the equivalent
resistances of GMR is shown below, corresponding to the above situations (a) and
(b), respectively [12].

left-hand circuit. The states with high and low resistances can be switched between

the antiparallel and parallel magnetization alignments by application of an external

magnetic field [26].

The second stage is in spintronics devices, where it is desirable to use spin-

polarized currents instead of conventional spin-independent currents to create spin

transistors, spin valves, etc. Thereby, the optical and electrical signals are amplified,

and then can be switched by electric field applications for a programmable micro-

processor. For this second stage, the theoretical design includes spin-FET (such as

Datta-Das type transistors [9], magnetic p−n junction diodes [27], unipolar spin tran-

sistors [28], and magnetic bipolar transistors [29]). Although many design schemes
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have been proposed theoretically and some progress has been made in experiments,

the spintronic devices designed in this stage are still far from an industrial application.

Here, the Datta-Das transistor [9] is considered at the beginning of this second

stage. The original model of the Datta-Das transistor is shown in Fig. 1.5 and is

a quasi-two-dimensional system. The left and right ends of the device are a source

and drain electrode made of a ferromagnetic material, and respectively performing

injection and detection of spin-polarized currents. The middle part is a conducting

channel, in which the Rashba spin-orbit coupling is introduced and regulated by a

gate voltage (destruction system for interface inversion symmetry) [30–34]. Spin-

polarized electrons enter the conductor path from the source electrode, and this

spin-polarization produces precession under the effective magnetic field owing to the

spin-orbit coupling. When the electron reaches to the drain electrode, if the spin

polarization is parallel to that of the magnetic drain, this circuit is turned ‘ON’

[Fig. 1.5 (a)]. Otherwise, the electron is scattered with the anti-parallel configuration

at the interface of the drain electrode, then this circuit is turned ‘OFF’ [Fig. 1.5 (b)].

The current switching of the circuit can be controlled by regulating the spin-orbit

coupling in the conducting path. Although this Datta-Das transistor model is very

attractive, it is not easy to realize, experimentally [35–37]. However, the Datta-Das

transistor involves important issues such as spin injection, spin diffusion, and spin

relaxation [38–40].

Here is another important application of spintronic devices in this stage. The

polarization of photons can also be controlled during a photoelectric conversion pro-

cess, which is called as a spin-polarized light-emitting diode (spin-LED) as shown

in Fig. 1.6 (a) [6, 19, 41–46]. In this device, spin-polarized electrons (or holes) are

injected into a QW active region of the device, where they can emit photons with

a left-handed or right-handed circular polarization depending on the electron-spin

direction. This direct relation between the electron spin and the photon polarization

8
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Figure 1.5: Scheme of the Datta-Das spin field-effect transistor. The left source and
right drain electrodes made of ferromagnetic metals or semiconductors can realize the
injection and detection of spin polarization. The middle part is the 2D-Electron Gas
(2DEG) channel, in which the Rashba spin-orbit coupling is introduced and regulated
by the gate voltage. In the case of V1 and V2, the circuit can be turned on (a) and off
(b), respectively [9, 19].

has many practical possibilities. For example, a circularly polarized light can be used

to directly detect the electron spin state in a semiconductor heterojunction as shown

in Fig. 1.6 (b). Thereby, the spin-LED promotes to develop spintronics due to their

ability to quantify the spin injection process and the resultant spin state.

The Faraday geometry is usually used to detect the spin state owing to the optical

selection rule [42, 47, 48]. At present, the spin injection source used is composed of a

ferromagnetic material (FM). A spin state with the higher occupancy rate is called

as a spin majority state, and the opposite case is a spin minority one. Unfortunately,

the process of spin injection into the semiconductor is rather complicated and many
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n-doped
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Figure 1.6: (a) Schematic representation of a spin-polarized LED structrue with
the Faraday geometry. (b) The corresponding band-structure is sketched. Spin-
polarized electrons are injected into a QW active region from a top ferromagnetic
metal (FM) contact with perpendicular magnetization [47]. Then, circularly polarized
light emissions can be induced owing to the optical selection rule.

factors can affect the spin injection efficiency, such as interface material quality, a

defect or impurity density, and the interface band structure. How to improve spin-

conserving injection efficiency is a big challenge for material growth and energy-band

engineering.

The third stage is based on the operation of single or several electron spins, and one

hopes to achieve quantum computing, quantum encryption, data compression, and

quantum communication [49]. The task at this stage is to combine spin states with

quantum information and computing. Three important issues need to be addressed in

this area: first, how to extend the spin energy relaxation (direction for the quantized

axis) and the spin-phase relaxation (decoherence) times. Second, how to effectively

manipulate the spin direction. Third, implemented spintronic devices are requested to

have good scalability. In response to these problems, a semiconductor QD system is a

good candidate for realizing quantum information and computation using spins, which

has a quantized level and a long spin-decoherence time [50,51]. Besides, QD systems
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can take an advantage of existing mature semiconductor micro-nano technologies to

facilitate large-scale integration [52]. However, totally speaking, the third stage is

still at a relatively early stage, and it takes a long way to achieve solid-state quantum

computing.

In the last decade, spintronics has developed rapidly due to advances in the use

of optical and electrical methods for spin operations of electrons [53, 54]. Among

them, on a time scale (a spatial uniform system) and spatial scale (spin diffusion

and transport one), the spin relaxation in various materials under various conditions

(such as external field, temperature, doping concentration, and stress) are studied.

Moreover, the nature of decoherence is still a major research topic [3, 4, 19, 55].

1.3 Generation of carrier-spin polarization

The generation and manipulation of spin polarization are prerequisite for the devel-

opment of spintronics. Generation of the spin polarization creates a nonequilibrium

spin population. The main method used experimentally to generate spin polariza-

tion in semiconductors can be divided into the following four categories. The first

type is optical excitation (optical spin orientation), which applies the optical selec-

tion rules in zinc-blend type semiconductors to produce the carrier-spin polariza-

tion [4, 56–58]. The second category uses electrical method to inject spin-polarized

current from ferromagnetic materials into semiconductors [59–64]. The third type is

to excite/inject spin-polarized current in a material such as metal or semiconductor

through a time-dependent electric or magnetic field. In this method, a typical ex-

ample is spin pumping [65–68]. The fourth category utilizes mutual conversion of

current and spin-polarized current. In this method, the spin Hall effect or its inverse

effect [69–71] is the most representative. Below, I introduce typical examples and

relating principles for the optical orientation method.
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Taking the zinc-blende III-V compound semiconductor material such as GaAs,

I explain the optical orientation method [72]. The energy band structure of a bulk

GaAs has a direct bandgap, and therefore the lowest energy point of the conduction

band and the highest one of the valence band is located at the same Γ point, as shown

in Fig. 1.7 (a). The conduction band (C. B.), neglecting its small spin-orbit coupling,

is spin-degenerate. In the valence band (V. B.), it includes the degenerated light-hole

(LH) and heavy hole (HH) bands. At k = 0, the energy difference between the C. B.

and V. B. is expressed by a band-gap energy Eg. In GaAs, band-gap energy Eg is

1.43 eV at room temperature.

X-valley

E

L-valley

EX
ELEg

�-valley

electron 1
2 ,

1
2

0 k
Heavy holes 3

2 ,
3
2

Light holes 3
2 ,

1
2

111100

(a) (b)
mj ���1/2 �1/2

HH LH LH HH

m
j
���3/2 �1/2 �1/2 �3/2

③ ① ① ③

�
�

�
�

C. B.

V. B.

Figure 1.7: (a) Schematic band structure near the Γ point in GaAs. The energetical
minimum of the C. B. and the maximum of the V. B. are located at k = 0. (b)
Schematic diagram of the optical selection rule for inter-band transitions in a GaAs
bulk with degenerate HH and LH bands and the corresponding optical polarization.

Considering that the projection of the photon angular momentum of circularly

polarized light in its propagation direction is +1 (right-handed polarization: σ+)

or −1 (left-handed one: σ−). When circularly polarized light can be absorbed in

a semiconductor, the angular momentum of the light is transferred to the electron

system, which can polarize carrier spins.

The probability of optical transitions (Wif ) can be calculated using the pertur-

bation theory, which is generally written as the product of the transition matrix
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elements Mif and the density of final states g(hν). For the transition between bands,

the transition probability is given by the Fermi’s golden rule:

Wif =
2π

ℏ
Mifg(hν) =

2π

ℏ
∑
f,i

|⟨f |HI |i⟩|2(δEf − Ei + ℏω), (1.8)

where i, f indicate the initial and final states of the optical transition with the energy

of Ei and Ef , respectively. HI is the interaction Hamiltonian. |J,mj⟩ is the Bloch

states according to the total angular momentum J and its projection onto a positive

z-axis mj. Wavefunctions describing C. B. and V. B. states close to the Γ point in

terms of s, px, py and pz orbital character are shown in Table 1.1.

Table 1.1: Specification of the C. B. and V. B. states close to the Γ point in a bulk
GaAs [42, 72].

Band |J,mj⟩ Wavefunction with spin states (↑↓)

Conduction |1
2
,+1

2
⟩ |s⟩ ↑

|1
2
,−1

2
⟩ |s⟩ ↓

Heavy hole |3
2
,+3

2
⟩ − 1√

2
(|px⟩+ i|py⟩) ↑

(HH) |3
2
,−3

2
⟩ + 1√

2
(|px⟩ − i|py⟩) ↓

Light hole |3
2
,+1

2
⟩ − 1√

6
(|px⟩+ i|py⟩) ↓ −2|pz⟩ ↑

(LH) |3
2
,−1

2
⟩ + 1√

6
(|px⟩ − i|py⟩) ↑ −2|pz⟩ ↓

The interaction Hamiltonian is an operator for physical interaction and given by:

HI = µ⃗ · ε⃗ = (µxεx + µyεy + µzεz), (1.9)

where µ⃗ is the dipole moment of an electron and ε⃗ is the electric field of an electro-

magnetic wave.
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The Wigner–Eckart theorem indicates that only ∆mj = ±1 are allowed for those

non-zero matrix elements (Mif ̸= 0). Optical transitions in which mj changes by ±1,

reflecting the absorption of the photon’s original angular momentum. Holub et al

summarized the relative transition probabilities by the square of the matrix element

(M2
if ) in Table 1.2 [42]. These selection rules are strictly valid at the Γ point only.

Table 1.2: Transition probabilities for allowed optical transitions with circular polar-
izations [42].

Transition states Mif ∆mj Absorption light |Mif |2

polarization

HH↑ → CB↑ ⟨1
2
,+1

2
|µx|32 ,+

3
2
⟩ −1 σ− 1

2
|⟨px|µx|s⟩|2

LH↑ → CB↓ ⟨1
2
,−1

2
|µx|32 ,+

1
2
⟩ −1 σ− 1

6
|⟨px|µx|s⟩|2

LH↓ → CB↑ ⟨1
2
,+1

2
|µx|32 ,−

1
2
⟩ +1 σ+ 1

6
|⟨px|µx|s⟩|2

HH↓ → CB↓ ⟨1
2
,−1

2
|µx|32 ,−

3
2
⟩ +1 σ+ 1

2
|⟨px|µx|s⟩|2

I use the absorption of σ− polarized light propagating in the +z-direction as

an example to explain the excitation process of spin polarization in the GaAs [42].

When the σ− polarized light is absorbed with the excitation energy near Eg, electrons

with the mj = +3/2 state in the HH band can show transition to the C. B. with

mj = +1/2 state. At the same time, the electron transition between the mj = +1/2

in the LH band and the C. B. with mj = −1/2 can also take place. However, the

excitation probabilities of such two processes are different. The transition probability

of involving an LH or HH state is weighted by a square of the non-zero matrix element

(M2
if ) so that the relative intensity of the optical transition between the HH and LH

subbands by circularly polarized light illumination is 3, as shown in Fig. 1.7 (b) [42]

and in Table 1.2. Therefore, the absorption of photons with angular momentum

−1 (σ− polarized light) produces three spin-up (mj = +1/2) and one spin-down

(mj = −1/2) electrons. Therefore, σ− polarized light creates 50% electron spin
14



polarization P in a bulk GaAs with the LH and HH subband degeneration at the Γ

point, which is calculated as follows:

P =
n↑ − n↓

n↑ + n↓
=

3− 1

3 + 1
= 50%, (1.10)

where n↓ and n↑ are the number of the optically excited electron with a spin mj = −1
2

and spin +1
2
, respectively. However, when HH-LH splitting is sufficiently large, P ∼=

100%.

1.4 Spin polarization detection by light

Photoluminescence (PL) widely used in direct band-gap III-V compound semicon-

ductors such as GaAs and InGaAs is a conventional optical method for detecting a

spin polarization [4, 56]. Spin-polarized electrons can be optically excited from a V.

B. to C. B. by illuminating circularly polarized lights, according to the abovemen-

tioned optical selection rule. Since the excited electron has a certain lifetime τ after

photo-excitation on the C. B., it will recombine with a hole on the V. B. emitting

a circularly polarized light, depending on the degree of spin relaxation. When one

assumes that the excited polarization is left-handed σ−, the degree of the circular

polarization (CPD) of PL is defined as:

CPD =
Iσ− − Iσ+

Iσ− + Iσ+

. (1.11)

Iσ− and Iσ+ are co-circularly and cross-circularly polarized PL intensities against for

the excitation light polarization.

It is known in Section 1.3 that the maximum CPD value with a bulk GaAs will

be limited to 50% even though a carrier’s spin polarization of 100%, obeying to the

optical selection rule at the Γ point with LH and HH subband degeneration. However,
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the case of QD is much more appealing as the quantum confinement and potential

epitaxial strain lift the degeneracy between the HH and LH-band at the Γ point.

For InxGa1−xAs QDs, those I used in my study using QW/QDs coupled structures,

the HH-band is energetically higher (lower for a hole) than LH-band. Thus, the LH

states can be ignored if all holes relax to the HH band before recombination with

spin-polarized electrons, in addition to the CB → HH transition is three times more

probable than the CB → LH transition. It is then theoretically possible to reach

100% CPD in PL emissions in the case that the injected electron-spin polarization is

100% [42]:

CPD =
Iσ− − Iσ+

Iσ− + Iσ+

∼=
3n↑ − 3n↓

3n↑ + 3n↓
=

n↑ − n↓

n↑ + n↓
= P. (1.12)
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Chapter 2

Research Purpose

2.1 Spin injection into QDs

Self-assembled quantum dots (QDs) of III–V compound semiconductors have been

extensively investigated [73–75] owing to their unique and highly useful electronic

properties, including significant suppression of carrier or exciton spin relaxation in

addition to strong three-dimensional (3D) quantum confinements [4,76–84]. Besides,

these self-assembled QDs become an excellent candidate for the development of next-

generation LED with a property of ultra-low energy consumption [85, 86].

For the practical use, high-density QDs are known to achieve efficient spin injection

performance owing to suppression of Pauli spin blocking [87,88], as well as high optical

gains [79, 89–92]. Injection of spin-polarized carriers from the spin aligner into the

active region is essential for realizing spin functional photoelectrical devices such as

a spin-polarized LED [45, 47, 93]. Bulk semiconductors or QWs were used as active

regions in the spin-LED [94]. However, the spin injection was not efficient because of

the spin relaxation during the injection process in addition to the spin relaxation in the

active region after the injection, particularly at high temperatures. Spin-relaxation

times in these devices are in general very fast due to their 3D or 2D characters of
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bulk or QW active regions, in addition to the 3D barriers [95]. However, in the QD-

based spin-LED, the major spin-relaxation mechanism should be inactive [78,96–102].

Recently, QD-based spin-LEDs have been reported, which utilize QD-based active

layers typically as shown in Fig. 2.1 [95, 103–105]. Large magnetic fields (B > 2 T)

were used to align the magnetization perpendicular to a Fe film plane of a spin aligner

(the saturation perpendicular magnetization was obtained at B > 2 T with the strong

in-plane magnetic anisotropy in the thin Fe film) to realize the Faraday geometry. An

injection spin polarization of 5% in QDs was measured [103].

electron

hole

Active region of QD layers

10 nm

Typical InGaAs QD

Spin-polarized

Circularly polarized EL �
�

non-doped

Figure 2.1: Schematic drawing of a QD-based spin-polarized LED structure with self-
assembled InGaAs QDs in the active region. A typical cross-sectional TEM image of
InGaAs QD is shown in right.

The spin-polarized electrons are injected into the QD-based active region and then

circularly polarized lights can be emitted by recombination with un-polarized holes

owing to the optical selection rule.
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2.2 Spin injection in QW/QDs coupled nanostruc-

tures

Improving the spin injection efficiency into the QD-based spin-LED is a subject of

intense research. Therefore, a spin injection process with the spatial transfer from

a QW into QDs has introduced to improve the spin-injection efficiency. For this

purpose, a QW/QDs tunnel-coupled nanostructure was proposed [106–110]. In this

QW/QDs coupled nanostructure, a QD layer was coupled with an adjoining QW

through a thin tunneling barrier (figure 2.2).

In   Ga   As0.5 0.5

(a) (b)

In  Ga   As 0.1 0.9

GaAs 

zQD(c)

QW

Figure 2.2: (a) Cross-sectional HAADF-STEM lattice image of QD in the QW/QD
coupled nanostructure, where the degree of brightness indicates the In concentration.
(b) Cross-sectional TEM image of the QW/QD coupled nanostructure with a 6-nm-
thick GaAs barrier and 20-nm-thick In0.1Ga0.9As QW. (c) Schematic drawing of the
QW/QD coupled nanostructure [110].

This tunnel-coupled QW/QDs nanostructure is expected to efficiently capture

electron spins prior to spin relaxation, while electrons with lighter effective masses

can be usually injected into QDs by Auger scattering or using electron blocking layers

in layered device structures [111]. Our previous studies of QW/QDs nanostructures

revealed an efficient and ultrafast spin injection with injection time constants ranging

from 5 to 20 ps that maintain high degrees of spin polarization (> 90%) during tunnel-

ing from the QW to QD. Coupled states and the resultant spin injection from the 2D

QW into 0D QDs are of interest due to the spin-conserving tunneling nature between
19



these different dimensionalities [110–113]. With increasing temperature up to 200 K,

this spin-transfer dynamics was not affected; thus, the QW/QDs coupled nanostruc-

tures will promote the development of room-temperature device operation [110,114].

Figure 2.2 (a) shows a high-angle annular-dark-field (HAADF) scanning trans-

mission electron microscopy (STEM) image of a cross-sectional QD structure in the

QW/QDs coupled nanostructures. The thickness of barrier and QW are 6 nm and

20 nm, respectively. The typical QD diameter and height are 20 nm and 4 nm, re-

spectively. Figure 2.2 (b) shows a cross-sectional TEM image of the layered QW/QDs

coupled nanostructure, where clear interface among the QD layer, barrier, and QW

are seen. Figure 2.2 (c) shows a schematic drawing of the QW/QD coupled nanos-

tructure.

As shown in Fig. 2.3, the optical spin injection from the 2D-QW in to 0D-QDs

shows three advantages in this subject [111]: First, more than 50% initial spin po-

larization of excitons can be generated in the QW; Second, spin injection from the

QW into QDs via barrier can be ultrafast when the barrier is sufficiently thin; Last,

the spin relaxation can be suppressed due to strong 3D quantum confinements in the

QDs after the injection.

To apply this interesting QW/QDs coupled nanostructure to spin functional op-

tical devices, effects of electric field on the spin dynamics should be investigated in

detail. The tunnel-coupled QD-QW potentials can be precisely tuned by applying

external electric fields along the growth direction. Therefore, the tunneling spin in-

jection dynamics can be controlled by the electric field. Electric field control of the

spin injection dynamics and the resultant spin states in high-density QDs will provide

an effective approach exploring efficient spin injection through highly spin conserving

resonant spin tunneling, which is potentially applied to semiconductor spintronics

such as spin-polarized optical devices. Besides, we have observed both positive and

negative trion formations with opposite electron spin directions in the QD ground
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Figure 2.3: Schematic drawing of the band-structure and possible capture process of
electron spins in the QW/QD coupled nanostructure.

states. This negative trion formation can significantly suppress the degree of circular

polarization as a result of those spectra overlapping with opposite circular polariza-

tions depending on the spin directions [115]. Therefore, the selective formation of

positive and negative trions utilizing electric-field applications is also of great inter-

est. This has a potential to enhance injected spin polarizations where the ratio of

the number of electron and hole injections from a QW-based spin reservoir can be

controlled by an electric field modification of the coupled QD-QW potential.
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Chapter 3

Experimental Procedures

3.1 Layered QD-based sample and device struc-

tures

In this study, optical active layers composed of coupled QW/QDs coupled nanos-

tructures of InGaAs were grown by molecular beam epitaxy. Figure 3.1 (a) shows

a sample structure with the coupled QD-QW optical active layer. Non-doped GaAs

layers with a 100-nm-thick Al0.1Ga0.9As barrier were grown at 580◦C on a p-doped

GaAs (001) substrate. An In0.1Ga0.9As QW with a thickness of 20 nm and a GaAs

tunneling barrier with a thickness of dB were then grown at 520◦C. The substrate

temperature was subsequently decreased to 500◦C and a self-assembled In0.5Ga0.5As

QD layer was grown. This QD layer was capped with a 10-nm-thick GaAs. Be-

sides, a p-doped QD sample was prepared with Be in this capping layer, which will

be described later. These QD-QW optical active layers were covered at 580◦C by

a top 60-nm-thick Al0.2Ga0.8As barrier capped with a 10-nm-thick GaAs. The top

and bottom AlGaAs barriers ensure that carriers are condensed in proximity to the

QD-QW active layer, in addition to suppressing a current flow. A Ti/Au electrode

was deposited on the top of this semiconductor layered structure and a 10-µm-square
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GaAsAl0.2Ga0.8AsGaAsGaAsIn0.1Ga0.9AsGaAsAl0.1Ga0.9AsGaAs(001) p-GaAs substrate200 nm buffer100 nm100 nm20 nm QWdB barrierIn0.5Ga0.5As QD10 nm60 nm barrier10 nm barrier12 nm Ti10 nm Ti50 nm AuCopper plateoptical windowelectrode(a)electrodeoptical windowdevice100��m(b) (c)5.5   10   cm× 10 �2
Figure 3.1: (a) Schematic drawing of the electric-field-effect optical device structure
with an optically active layer of the non-doped QW/QDs coupled nanostructure. (b)
Optical image of the surface of the device structure. (c) SEM image of the QD surface
of the reference sample with identical growth conditions.

optical window was fabricated enabling optical spin excitations and PL observations,

as shown in Fig. 3.1 (b). The average base diameter and height of the QDs were 20

and 5 nm, respectively, with a high areal density of 5.5 × 1010 cm−2 as shown in

Fig. 3.1 (c).

Figure 3.2 (a) shows a schematic drawing of the concept device using an optically

active layer of the coupled QW/QDs nanostructure. The coupled potentials as a
23



function of the electric field were calculated by the NEXTNANO simulator [116,117].

Spin-polarized carriers were initially excited in the QW selectively by irradiating

circularly polarized lights with a specific energy slightly above the QW bandgap.

Subsequently, the injected spin states via tunneling can be detected as a function

of electric field by observing circularly polarized PL from the QDs, which obeys the

optical selection rule [58], as shown in Fig. 3.2 (b). The effect of p-doping in the QDs

was also examined to investigate trion formation in the spin injection process.
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V. B.

QW QD

(b)(a)

Figure 3.2: (a) A schematic drawing of optical spin generation and detection in the
non-doped coupled nanostructure controlled by an electric field. (b) An example of
the 3D-calculated potential of the C. B. and V. B. with a barrier thickness of dB =
8 nm at a bias voltage of 0 V along the growth direction (z-axis) of the coupled In-
GaAs QW/QDs nanostructure grown on a p-doped GaAs substrate and the resultant
electron-spin injection process.

3.2 Optical measurement

Figure 3.3 (a) shows a conventional micro-PL (µ-PL) measurement setup used in

this study [118]. The samples were set at 4 K on a cold-finger of the cryostat. The

excitation was made using σ− circularly polarized lights selectively for the QW at
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1.459 eV. This energy was above the QW bandgap while sufficiently below a GaAs-

barrier bandgap of 1.519 eV, as shown in Fig. 3.3 (b). A mode-locked Ti:Sapphire

pulsed laser with a repetition rate of 80 MHz and a temporal width of 150 fs was

also used as the excitation source for time-resolved µ-PL measurements. The CPD of

excited electrons in the QW is expected to be 50–100% depending on the degree of

hole mixing with the optical selection rule, where heavy and light holes can be excited

by the above femtosecond laser with a relatively broad spectral width of 22 meV, as

shown in Fig. 3.3 (b).
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Figure 3.3: (a) Schematic drawing of a µ-PL setup. (b) The excitation laser spectra
with σ− circularly polarization with the degree of circular polarization (CPD) of 99%.

A focused laser beam is irradiated on the sample surface, which was set onto a

cold-finger of a liquid-He flow type cryostat. The QD-PL emission from the sample

was collected through an objective lens (× 20) with a numerical aperture of 0.35. A

combination of circular polarization filter with a linear polarization one and some pass

filters were used for the detection of circular polarization property of PL. The sample

surface in the device was observed using a conventional charged-coupled device (CCD)

camera. In order to measure the µ-PL spectra, the QD-PL emission is corrected and

introduced to a monochromator using a bundled optical fiber and then detected by

a highly sensitive CCD cooled by liquid-nitrogen. An external bias along the growth
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direction [z-direction in Fig. 3.2 (a)] of the semiconductor layers was applied, ranging

between −3 and +3 V.

Time-resolved PL (TRPL) [119–121] was also measured at 4 K by using time-

correlated single-photon counting (TCSPC) with a time resolution of 40 ps.

Additionally, I-V curves were measured after device fabrication under room tem-

perature. Figure 3.4 shows a typical I-V characteristic curve. For the bias voltage

increase from −5.0 to +5.0 V, the leak current through the device was sufficiently

suppressed less than 2 mA. I measured optical properties in the devices under bias

application ranging from −3 to +3 V without a significant leak current.

3

2

1

0

C
u

rr
e
n

t 
(m

A
)

-4 -2 0 2 4
Voltage (V)

dB = 8 nm

measurement

0.6 mA

@RT

Figure 3.4: A typical I-V curve of the device with a GaAs tunneling barrier thickness
of 8 nm.
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Chapter 4

Efficient electron-spin injection

into QD by electric field

application

4.1 Excitation light power dependence

4.1.1 QD-PL behavior

Here, I measured PL spectra from the QDs as a function of bias voltage. Figure 4.1

(a) shows a typical contour plot of the QD-PL intensity as functions of photon energy

and bias voltage, in a device sample with a QW/QDs coupled active layer without

p-doping and with a tunneling barrier thickness (dB) of 8 nm. The PL energies

exhibiting intense PL, ranging from 1.24 to 1.32 eV, correspond to the QD ground

states (GSs) of the QD ensemble. Above 1.32 eV, the PL from the excited states (ESs)

is observed; however, its intensity is rather weak under this relatively low excitation

power.

Figures 4.1 (b)-(d) show calculated potentials around the QW/QDs coupled

nanostructure along the growth direction with external biases of −1.5 V, 0.5 V, and
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Figure 4.1: (a)A contour plot of PL intensity at 4 K from un-doped QDs with dB =
8 nm as functions of photon energy and bias voltage under an excitation laser power
of 320 µW. 3D-calculated potentials of the C. B. and V. B. as a function of growth
direction (z-axis) in the coupled QW/QDs nanostructure with bias voltages of −1.5 V
(b), 0.5 V (c), and 2.0 V (d). The carrier dynamics after photo-excitation in the QW
are schematically illustrated.
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+2.0 V, respectively. As shown in Fig. 4.1 (a), the contour plot of un-doped QD-PL

intensity can be divided into 3 areas: (i), (ii), and (iii), as shown in the figure.

These three bias areas are characterized as follows: (i) The PL intensity decreases

with increasing negative bias toward −2.0 V. This result can be attributed to hole

localization opposite from the QD side in the QW, as shown in Fig. 4.1 (b). This

localization of hole in the QW apart from the QD side weakens the QD-PL intensity.

(ii) The PL intensity increases significantly above 0 V and shows a maximum around

1 V, indicating efficient carrier injection from the QW into the QDs by tunneling,

as shown in Fig. 4.1 (c). (iii) Above 1 V, the PL intensity decreases again, where

electrons can be likely confined to one side of QW opposite from the neighboring QD

layer, as shown in Fig. 4.1(d). These changes can be caused by electric-field-induced

band bending.

Figure 4.2: QD-PL spectra with 1.0 V under excitation powers of 320 µW (a dark
blue solid line) and 10 µW (a light blue dotted line) in the sample with dB = 8 nm.

The QD-PL spectrum with an excitation power of 320 µW at the bias voltage

of 1.0 V is shown in Fig. 4.2, compared to that with a sufficiently lower excitation

power of 10 µW (a light blue dotted line). The QD-PL spectrum with the latter

10 µW excitation indicates the inhomogeneous GS distribution in this high-density
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QD ensemble sample. The peak energy of the QD-PL spectrum with an excitation

power of 320 µW shifts to the higher-energy side due to a state filling effect [122] in

this QD ensemble.

Excitation
GS
ESC. B.

V. B.

Excitation
GS
ES

Ground-state filling

C. B.

V. B.

(a) (b)

(c) (d)

Figure 4.3: Contour plots of the QD–PL intensity with dB = 8 nm as a function
of excitation power: (a) Pexc = 10 µW and (b) the corresponding schematic carrier
states, (c) Pexc = 320 µW and (d) the schematic illustration of the state filling effect
at the QD-GS in the latter case of higher Pexc = 320 µW.

Figure 4.3 (a) and (c) show contour plots of the QD–PL intensity for the above two

cases. High PL intensities are observed, ranging from −0.5 V to +2.0 V independent

of the excitation power (Pexc) owing to the electron or hole depletion. GS-PL is

dominant with energy less than 1.32 eV [Fig. 4.3 (b)], which was known from the PL

spectrum at the low excitation power of 10 µW in Fig. 4.2. PL intensities from QD–

ESs above 1.32 eV become stronger than those of the GSs and more dominant with
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increasing power. Figure 4.3 (d) explains this situation of GS-state filling with higher

Pexc = 320 µW.

4.1.2 Circularly polarized QD-PL spectra

Figure 4.4 shows circularly polarized PL spectra for the un-doped QD sample with

dB = 8 nm, under an excitation power of 320 µW and a bias voltage of 1.0 V. A

QD-PL spectrum at a sufficiently lower excitation power of 10 µW is also shown by

a black dotted line. A co-circular (σ−) spectrum for the excitation polarization is

plotted using a blue line, while cross-circular (σ+) one is shown by a red line.
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Figure 4.4: Circularly polarized PL spectra (co-circular σ−; a blue line, cross-circular
σ+; a red line, and the corresponding CPD value; a green line) under σ− excitation
at 4 K with 1.0 V in the un-doped QD sample (dB = 8 nm). A black dotted line
indicates the un-polarized PL spectrum under an excitation power of 10 µW. Purple
closed-circle marks indicate CPD values corresponding to the GS and ES energy peaks
in the QD-PL, respectively.
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This circularly polarized PL was detected from the QDs after the carrier (spin)

injection from the QW. The circular polarization degree (CPD) reflecting the electron

spin polarization at emissive states is expressed by:

CPD = (Iσ− − Iσ+)/(Iσ− + Iσ+), (4.1)

where Iσ∓ is left- or right-handed (σ∓) circularly polarized QD–PL intensities after σ−

excitation for the QW. The corresponding QD-CPD value obtained from the QD-PL

spectra is also plotted as a function of photon energy, as a green line in Fig. 4.4.

A positive CPD property (co-circular; parallel spin to the initial QW spin) is

dominant even at GSs with 1.0 V in Fig. 4.4. With an increase of photon energy, the

value of CPD increases from 13% at GS (1.28 eV) up to 37% at ES (1.32 eV).

4.1.3 CPD value of QD-PL

Figure 4.5 shows contour plots of the CPD value in the un-doped QD-PL, under

excitation powers of 10 µW and 320 µW. These contour plots of CPD are composed

of a series of QD-CPD value as functions of photon energy and bias. The circularly

polarized PL reflecting carrier spin states shows the following properties.

Positive CPD values ranging from 10% to 30% are observed above 0.2 V around

the PL-intensity peak, indicating a parallel spin state to the initial spin direction in

the QW. A higher energy side corresponding to the QD-ESs exhibits higher CPD

values. These co-circular PL characteristics clearly show efficient spin injection from

the 2D-QW to 0D-QDs in this coupled nanostructure [110,113,114]. As can be seen in

Fig. 4.5 (b), high positive (CPD) values greater than 60%, indicating highly efficient

injection, are observed ranging from 0 to 2.5 V under 320 µW.

32



(a) (b) 10 �W  320 �W

Figure 4.5: Contour plots of a CPD value at 4 K as functions of photon energy and
bias voltage under excitation powers of 10 µW (a) and 320 µW (b), for the un-doped
QD sample with dB = 8 nm.

In contrast, I find a clear bias region from −0.7 to 0.1 V exhibiting negative CPD

values in Fig. 4.5 (b). This phenomenon of negative CPD will be discussed in the

next chapter.

4.1.4 Circularly polarized time-resolved QD-PL

Circularly polarized transient PL and the corresponding CPD from the QD-GS as a

function of excitation power are shown in Fig. 4.6, with the same bias voltage of 1.0 V.

Marked initial positive polarization up to 30% appears at this 1.0 V for all powers.

The CPD values decrease steeply within 0.2 ns for the high power case in Fig. 4.6

(c), while it decreases slowly longer than 2 ns for the lower power in Fig. 4.6 (a). The

initial positive CPD can reflect an initial spin polarization just after tunneling from

the QW, indicating the spin-injection efficiency.

In Fig. 4.6 (c), the positive polarization about 10% remains beyond 0.2 ns. This

time persistent positive CPD suggests that the parallel spins are continuously in-

jected from the QW after the tunneling [123]. The spin-relaxation time was about

1 ns in a single layer QD sample without the QW grown under identical conditions.
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Figure 4.6: Circularly polarized time-resolved QD-PL (co-circular σ−: a blue line,
cross-circular σ+: a red line, and the corresponding CPD value: a green line) for
the GS with 1.0 V at 4 K, under the σ− excitations of 10 (a), 80 (b), and 320 µW
(c). Rate-equation calculations are shown taking the state-filling effect at the GS into
account (solid black lines). The time-dependent CPD calculated without this filling
is also shown by a broken line for the (c).
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An electron spin relaxation in the QW before the spin injection can be suppressed

by hole separation from the electron within the QW owing to the band bending,

where a dominant Bir-Aronov-Pikus spin relaxation mechanism in the QW at low

temperatures becomes inactive [124, 125].

To analyze circularly polarized time-resolved QD-PL, I used a rate-equation

model [87], given as follows:

dNQW (t)

dt
= −η

Ds −Nσ−
2 (t)

Ds

NQW (t)

τinj
− (1− η)

Ds −Nσ+
2 (t)

Ds

NQW (t)

τinj
, (4.2)

dNσ−
2 (t)

dt
= η

Ds −Nσ−
2 (t)

Ds

NQW (t)

τinj
− Nσ−

2 (t)

τr
− Nσ−

2 (t)

τs
+

Nσ+
2 (t)

τs
, (4.3)

dNσ+
2 (t)

dt
= (1− η)

Ds −Nσ+
2 (t)

Ds

NQW (t)

τinj
− Nσ+

2 (t)

τr
− Nσ+

2 (t)

τs
+

Nσ−
2 (t)

τs
. (4.4)

The initial number of exciton in the QW is expressed by NQW with the σ−-

polarization. Co-polarization excitons ηNQW (t) and cross-polarization excitons

(1−η)NQW (t) are injected into the GS of a QD, where spin conservation in the spin-

injection process is expressed by a parameter of η. τinj and τr are a time constant

of the exciton injection from the QW to the QD-GS and that of the relaxation from

the GS state, respectively. τs is a time constant of spin relaxation between these

spin-polarized states in the QD-GS. Nσ∓
2 (t) denote the numbers of spin-polarized

exciton at the GSs with σ∓. The parameter τr can be expressed as follows:

1

τr
=

1

τrad
+

1

τnr
, (4.5)

where τrad and τnr are time constants of radiative and non-radiative decay processes.

Ds is the density of the states at this GS in the QD. The factor f(t) ≡ NQW (t)

Ds
indicates

the degree of time-resolved state filling due to the Pauli exclusion principle in the QD,

against for the initial population in the QW, where larger f expresses more significant

filling.
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By using this rate-equation model [87,88,110,113,126], I can fit the time-resolved

QD-PL as shown in Fig. 4.6 (a)-(c). Solid black lines show the best-fit calculations

with the state filling factors of 0, 1.3, and 2.5, for (a)-(c), respectively. A significant

state filling effect is observed under the highest excitation power, which is quite

natural. As shown in Fig. 4.6 (c), the steep CPD decrease can be well explained by

this QD-GS state filling effect (a solid line) compared to that without this filling (a

broken black line) after the subsequent electron tunneling. By contrast, the states of

the QDs are rarely occupied at low excitation powers. Thus, the state filling effect

plays a little role [Fig. 4.6 (a)].

EExciton

Spin blocking

Density of the spin-split states

Minority Majority

GS

ES

NN

Figure 4.7: Schematic illustration of spin-dependent injection of electrons into the
QD states, taking the spin-dependent state filling and the resultant spin blocking
into account [88].

At the lowest excitation power of 10 µW, the maximum CPD value at time t = 0

indicates the initial CPD value in the QD after the spin injection. The subsequent

decrease of CPD reflects spin relaxation inside the QD with a spin relaxation time

(τs) of 2.9 ns. When the excitation power is sufficiently strong to induce the filling,

the fast decay of the CPD less than 0.4 ns can be quantitatively explained by this

spin-dependent filling in the QDs, as illustrated in Fig. 4.7 [87, 114]. The majority

spin-up electrons generated by σ−-polarized light pulses immediately occupies the

same σ−-polarized GS and ESs in the QDs after the spin injection, and additional
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spin injection can be blocked by this spin-state filling. However, spin-down minority

electrons can be injected into the GS in the QDs, continuously. Therefore, the CPD

value at GS decreases rapidly because of the low density of the GS.

4.2 Effect of tunneling barrier thickness

Figures 4.8 (a)–(c) show contour plots of the QD–PL intensity with an excitation

power of 40 µW, for various tunneling barrier thicknesses (dB). PL from GSs of

the QD ensemble is dominant with the emission energies less than 1.32 eV, which

was known from the PL spectrum observed with the previous lowest excitation case

of 10 µW. The PL intensity decreases at a bias voltage of approximately +2 V,

independent of dB. This can be observed by increasing the electron barrier height from

the QW toward the QD, preventing electron injection into the QDs. The maximum

PL intensity depends on dB, where the intensity ratio becomes more systematic at

high excitation powers; i.e., 4:3:2 at 640 µW with dB = 8 nm, 10 nm, and 20 nm,

respectively. Electron wave-function calculations show that the tunneling probability

can be suppressed to some extent with dB = 20 nm under flat band conditions.

(a) (b) (c)dB = 8 nm dB = 10 nm dB = 20 nm

Figure 4.8: Contour plots of the QD–PL intensity as functions of photon energy and
bias voltage at 4 K under an excitation power of 40 µW in the QW/QDs samples
with (a) dB = 8 nm, (b) dB = 10 nm, and (c) dB = 20 nm, respectively.
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Direct carrier excitation inside the QDs seems to contribute the PL intensity ob-

tained with dB = 20 nm; in contrast, the volume ratio of the single QD layer is less

than 5% for the 20-nm-thick QW. Besides, one can also take into account the energy

transfer of excitons due to an electric dipole-dipole interaction, where the transfer rate

is known to be strongly dependent on the distance, such as d−4
B [127,128]. A theoret-

ical model and experimental results in semiconductor quantum structures including

localized exciton states showed the so-called photon exchange energy transfer, with

the transfer rate rather slowly varying as a function of distance [123,129]. The start-

ing bias of the PL intensity decrease shifts toward the more negative bias side with

increasing dB. Hole injection starts to be inactive below 0 V, as shown in Fig. 4.1.

(d), which agrees well with the case of dB = 8 nm in Fig. 4.8 (a). Therefore, the shift

of the starting bias of PL decrease with larger dB suggests that a hole escape from

the QDs to the QW is responsible for the PL intensity decrease, where the thicker

tunneling barrier reduces the hole-escape rate. An oscillation behavior of the PL

intensity as a function of bias is clearly seen with dB = 10 nm in Fig. 4.8 (b). This

oscillation is repeatable and is discussed later.

Next, we show the circular polarization property of the QD–PL as a function of

dB in Fig. 4.9 (a)–(c).

(a) (b) (c)dB = 8 nm dB = 10 nm dB = 20 nm

Figure 4.9: Contour plots of the CPD value of the QD–PL with (a) dB = 8 nm, (b)
dB = 10 nm, and (c) dB = 20 nm. White and black crosses in (b) indicate the PL
intensity peak position of the oscillation behavior, as shown in Fig. 4.8 (b).
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As can be seen in Fig. 4.9 (b), high positive CPD values (co-circular polariza-

tion, thus the parallel spin state to the initial direction in the QW) greater than 40%

(indicating highly efficient spin injection) are observed at a bias voltage of approx-

imately +1.5 V with dB = 10 nm. The PL energies exhibiting intense PL, ranging

from 1.24 to 1.32 eV, correspond to the QD–GSs. Above 1.32 eV, the PL from the

ESs is observed; however, its intensity is rather weak at this relatively low excitation

power. The sharp bias dependence of positive CPD is also seen at the ESs with dB =

8 nm. The background positive CPD of 20%−30% is seen for all samples with positive

biases, indicating the usual spin-injection phenomenon. Negative CPD regions are

also obtained at a bias voltage of less than 0 V (negative bias region), depending on

dB. This can be attributed to negative trion formation [130–135]; the detailed bias

dependence is discussed later. A negative trion can be formed in QDs with excess

electrons compared to the number of holes. Therefore, the appearance of this negative

CPD region coincides well with the bias region corresponding to the excess electron

injection or hole escape, which is known from the bias dependence of the PL intensity

as discussed above. It is noted that the positive CPD value is enhanced (becomes

more positive) or the negative CPD value is weakened around the biases, indicating

stronger PL intensities, as shown by a cross in Fig. 4.9 (b). This suggests efficient

parallel spin injection at specific bias applications, which is also discussed later.
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4.3 Resonant tunneling and oscillation behaviors

of the PL intensity

4.3.1 Resonant tunneling induced by wetting layer and LO-

phonon emission

Excitation power dependence of the PL intensity and the CPD value in the QD–QW

sample with dB = 10 nm are shown in Fig. 4.10. High PL intensities are observed,

ranging from −2 V to +2 V for the whole powers. PL intensities from QD–ESs above

1.32 eV become stronger than those of the GSs and more dominant with increasing

power as well as the previous dB = 8 nm sample. The intensity maximum increases

with increasing power, where an oscillation of the intensity as a function of bias is

observed at high powers, as shown in Fig. 4.10 (b) and (c), and is also discussed later.

(a) (b) (c) 20 �W  160 �W  640 �W

Figure 4.10: Contour plots of the QD–PL intensity with dB = 10 nm as a function of
excitation power: (a) 20 µW, (b) 160 µW, and (c) 640 µW, respectively.

The bias dependence of the CPD, as shown in Fig. 4.11, shows the following

trends. Significantly high values of positive (parallel spin to the initial direction in

the QW) CPD of 40% or higher is observed at +1.0∼1.6 V in the GSs, as well as

ESs with 20 µW, as shown in Fig. 4.11 (a). This trend is also seen at +1.2∼2.2 V

in ESs with 160 µW, as shown in Fig. 4.11 (b). The excitation power of 40 µW

shows an intermediate trend, as observed in Fig. 4.9 (b). The CPD values at GSs

degrade at higher excitation powers, as shown in Fig. 4.11 (c) with 640 µW. This
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power dependence of spin injection degradation at the GSs can be explained by a

spin state filling effect [87, 88].

(a) (b) (c)20 �W 160 �W 640 �W

Figure 4.11: Contour plots of CPD values with dB = 10 nm as a function of excitation
power: (a) 20 µW, (b) 160 µW, and (c) 640 µW, respectively. White and black crosses
in (b) and (c) indicate the PL intensity peak position of the oscillation behavior, as
shown in Fig. 4.10 (b) and (c), respectively.

In the spin injection process into QDs, the majority spin states of electrons at

the GSs can be easily filled because of those limited densities; therefore, the further

injection can be blocked by the Pauli exclusion principle. In contrast, minority spins

can be continuously injected and reduce the spin polarization at the GSs, particularly

at high excitation powers. The bias region showing negative CPDs (anti-parallel spin

to the initial spin direction) becomes broader at high powers, as shown in Fig. 4.11

(b) and (c), than that at the lowest power, as shown in Fig. 4.11 (a). The negative

CPD value indicates the maximum of −40% at 160 µW, as shown in Fig. 4.11 (b).

As pointed out earlier in Fig. 4.9 (b), the negative CPD values weakened around the

biases indicate stronger PL intensities, which were and are depicted by cross marks

in Fig. 4.11 (b) and (c) and is also discussed later.

The most important finding of this study is the existence of specific biases showing

high positive CPD values sufficiently identifiable from the background positive CPDs;

thus, the existence of bias conditions enabling highly efficient spin injection, as shown

in Fig. 4.9 (a)–(c) and Fig. 4.11 (a)–(c). To verify this enhanced spin-injection chan-

41



nel, coupled electron wavefunctions spreading over this QD–QW tunneling structures

were calculated [116]. The calculation model was created based on our structural

observations using a cross-sectional TEM and scanning AFM [110,136]. The In con-

centration distribution inside the QD was also taken into account [137]. I found the

existence of strong coupling of the electron wavefunction between ESs of the QW

and QD across the tunneling barrier at a bias voltage of +1.2 V, typically as shown

in Fig. 4.12 (a). This strong coupling originates from a resonant state between the

2D-QW and 0D-QD via a 2D wetting layer (WL), as shown in Fig. 4.12 (b); the WL

has the same dimensionality as the QW and can enhance the penetration of 2D-QW

wave function, as well as the close distance to the QD. Owing to the existence of the

WL in self-assembled QDs, the deep penetration of the electron wave function into

QD ESs can open an efficient spin injection path, because of the faster injection than

spin relaxation inside the 2D-QW.

QW barrier
QD

1.2 V

C. B.

E

V
0.7 V 1.2 V 1.7 V

Resonant

QW
barrier

QD

wetting layer

x

y
z

(b)(a)

Figure 4.12: (a) 3D-calculation result of the electron wavefunction of the coupled
nanostructure with dB = 10 nm as a function of bias voltage around +1.2 V (resonant
condition). Energy relations (vertical axis) among each wavefunction are schemati-
cally expressed, where the off-resonant states at 0.7 and 1.7 V show anti-bonding. (b)
Electron-wavefunction calculation along the growth direction of the coupled nanos-
tructure with a bias voltage of +1.20 V. A red solid line indicates the strongly coupled
state, blue solid lines show the GS of QD, respectively. Broken lines show the corre-
sponding eigenvalues.

After tunneling, the spin-polarized electron can immediately relax to the lower

energy states in the QDs, such as the GS and several ESs just above the GS, depending
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on the degree of the state filling. Recently, a clear effect of the phonon bottleneck

has been reported in a similar coupled InGaAs QD–QW nanosystem [138]. Energy

relaxation involving longitudinal optical (LO)-phonon scattering of a zone holding

mode as well as a Γ-point mode was observed to enhance the PL intensity from

emissive states transitioned by energy relaxation [139–142].

From the above consideration taking resonant tunneling into account, I discuss

characteristic oscillation behaviors of the PL intensity as a function of bias, as shown

in Fig. 4.8 (b) and 4.10 (b)–(c). The bias dependence of the CPD as indicated by

cross symbols in Fig. 4.9 (b) and 4.11 (a)–(c) is also discussed.

2 LO

1 LO

37 meV

79 meV

Figure 4.13: Energy difference between the coupled ES in the QW and that in the
QD side (red open circles), and the PL intensity (a grey region), as a function of bias
with Pexc = 40 µW, where 1 or 2 LO-phonon energy difference from the resonant
coupling energy at the 1.2 V is expressed by a narrow black arrow.
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As noted above, around the bias voltage of +1.2 V, the efficient tunneling paths

open, and spin-polarized electrons can be efficiently injected. One can consider LO-

phonon mediated resonant tunneling when a more negative voltage is applied. The

coupled excited states of the QD involving the WL shifts toward the lower energy

side compared to the coupled ES energy in the QW side under the application of

more negative bias. This energy difference was also calculated as a function of bias,

as shown in Fig. 4.13. I find that the PL-intensity oscillation peak agrees well with

the situation at which the bias application makes the energy difference between the

above QW and QD coupled ESs just 1 or 2 LO-phonon energy (Fig. 4.13). This

means that an efficient quasi-resonant tunneling path involving LO-phonon scattering

can be formed, when the energy difference between the coupled states of the QD–

WL, and QW becomes 1 or 2 LO-phonon energy [138]. Therefore, I conclude that

parallel spins can be efficiently injected at those biases, which significantly enhance

the positive CPD values and also weaken the negative CPD values indicated by the

cross symbols in Fig. 4.8 (b) and 4.10 (b)–(c).

4.4 Summary

In summary of this chapter, electric-field effects on the QD-PL intensity and CPD

after spin injection from the QW have been observed using high-density un-doped

InGaAs QDs tunnel-coupled with a 2D QW. The electric field is applied along the

QD-QW growth direction in combination with varying the tunneling barrier thick-

ness. Characteristic resonant coupling between the 2D-QW and 0D-QD ESs can be

formed through a 2D WL at a specific bias condition, resulting in efficient parallel

spin injection without a significant loss of the spin polarization. Effects of LO-phonon

scattering during the spin injection process into the QDs are newly observed. The

PL-intensity oscillation [Fig. 4.14 (a)] can be explained taking LO-phonon emissions
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into account. As a result, highly efficient spin injection with the degree of circular

polarization (photon spin) higher than 36% is achieved, even at GSs of the QD en-

semble after the injection [below Fig. 4.14 (b)]. This condition is sensitive to both the

electric field strength and the tunneling barrier thickness, as well as the excitation

spin density. These experimental findings realizing such a highly efficient optical spin

injection into QDs will motivate to design coupled quantum structures suitable for

optical devices and photo-electric information processing based on the spin polariza-

tion.

36

Figure 4.14: (a) QD-PL intensity and (b) the corresponding CPD values at the photon
energy of 1.28 eV as a function of bias for the sample with dB = 10 nm under an
excitation power of 40 µW. VRT indicates a bias voltage to realize a resonant tunneling
phenomenon between the 2D-QW and 0D-QD ESs via a 2D-WL. A narrow green line
is guide for the eyes.
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Chapter 5

Electric-field effects on

spin-injection polarity and the

spin-polarization degree in QD

5.1 Electric-field effects on electron-spin polarity

during spin injection

Figures 5.1(a, b) show contour plots of the QD-PL intensity and the corresponding

CPD values as functions of photon energy and bias voltage under σ− excitation.

Figure 5.1 (c, d) shows circularly polarized PL spectra for the un-doped QD

sample with an excitation power of 320 µW under bias voltages of 0 (c) and 1.0 V (d).

The ground states (GSs) of this high-density QD ensemble can be identified from a

sufficiently lower excitation power of 10 µW. Significant negative CPD (cross-circular,

anti-parallel spin to the initial QW spin) values down to −29% are observed only at

the GSs with 0 V, as shown in Fig. 5.1 (c), while excited states (ESs) above 1.33 eV

show positive CPDs (co-circular, parallel spin resulting from efficient spin injection).
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Pexc = 320��W, dB = 8 nm(a) (b)

(c) (d)

0 V

�29%

�� �� 1.0 V
�13%

GS GS

Figure 5.1: Contour plots of the QD-PL intensity (a) and the corresponding CPD
values (b) as functions of photon energy and bias voltage under σ− excitation in the
un-doped QD sample with dB = 8 nm. Circularly polarized PL spectra (co-circular
σ−: a blue line, cross-circular σ+: a red line, and the corresponding CPD value: a
green line) at 4 K under σ− excitation for the QW with 0 V (c) and 1.0 V (d).

In contrast, a positive CPD property (co-circular, parallel spin) is dominant even at

the GS with 1.0 V, as shown in Fig. 5.1 (d).

A clear bias region from −0.7 to 0.1 V exhibiting negative CPD values can be

observed, which was mentioned in the previous chapter. This indicates an anti-parallel

spin state in the QDs against for the initial QW-spin direction. These negative CPDs

disappear at the higher energy side corresponding to the ESs.

Circularly polarized transient PL and the corresponding CPD from the QD-GS

are shown with a bias voltage of 0 V [Fig. 5.2 (a)] and 1.0 V [Fig. 5.2 (b)]. A drastic

change in the time-dependent CPD property is observed at this bias condition, where
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significant negative CPD values gradually develop from almost 0 at the beginning

to −40% after 2.0 ns. In contrast, marked initial positive polarizations up to 30%

appear at 1.0 V and then decrease steeply within 0.2 ns. �� �� 1.0 V
(a) (b)Pexc = 320��W, dB = 8 nm

0 V����
Figure 5.2: Circularly polarized time-resolved PL responses at the GS (1.28 eV) in the
un-doped QD sample, at 4 K with 0 V (a) and 1.0 V (b) under the QW-σ− excitation
of 320 µW.

Negative CPD (cross-circular polarization) properties were previously observed by

formation of negatively charged excitons (trions) with excess electrons in QDs [115,

130–133, 135, 143], while positively charged trions with excess holes can show co-

circular polarization. Several mechanisms based on the negative trion formation have

been proposed to explain the negative PL polarization. A spin flip-flop transition via

electron-hole scattering at ESs in QDs was discussed [131]. The relatively slow devel-

opment of the negative CPD as shown in Fig. 5.2 was also observed in the negative

trion formation phenomenon [131, 135]. An effect of dark exciton accumulation was

also observed [132]. Spin-polarized light excitation in a QW produced a mixture of

bright and dark excitons depending on the degree of hole-spin relaxation. Negative

trions were able to be formed in QD-like wider QW parts with lower energies and

residual electrons by capturing the dark excitons. Effects of excitation power density

and p-doping were studied, where higher excitation powers enhanced a negative CPD
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value and that enhancement correlated with increasing emission intensity from the

ESs [133, 135].

The observation of the negative CPD (cross-circular polarization) values in the

present QW/QD nanostructure can be discussed based on the trion formation in

QDs [115]. Puttisong et al. have reported positive trion (X+) and negative trion

(X−) formations with co- and cross-circular polarizations of QD-PL emissions.

They showed a fitting model assuming overlapped X+ and X− PL emission bands

for the QD-PL spectra of the QD ensemble [115]. Two PL emission bands originating

from the trion formation with a similar spectral lineshape were assumed. The exper-

imental results of QD-PL can be understood by a sum of these two PL bands with

splitting energy of 9 meV.

The electric field effect on the reversal of spin polarity in our spin-injection process

can be interpreted based on the above trion formation. Electrons and holes can be

smoothly injected from the QW into the QDs around 1 V, which is indicated by the

bright PL as shown in Fig. 5.1 (a). However, around 0 V, the calculated valence band

potentials of the QW, as well as a barrier between the QW and QD, prevent the

smooth injection of hole. The holes are likely to localize in the QW region opposite

from the QD side. On the other hand, electrons localize in the QW close to the

QD side and then can efficiently tunnel to the QDs. Besides, the electron has a

lower effective mass than that of the hole. As a result, negative trions can be formed

in the QDs. Therefore, the spin polarity of electrons injected from the QW can

be switched by application of external electric fields. The abovementioned negative

trion formation through the electric field can be controlled by potential modifications

between these characteristic 2D QW and 0D QD.

This trion picture and the resultant spin polarity in the spin injection process

from the QW to QDs are supported by the p-doping effect. The p-doping effect will

be discussed later.
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Here, I briefly explain how the negative PL-CPD arises in our QW/QD samples,

depending on the electric field [131, 144].

QW QD

ES
GS �

�

Spin-flip

(a) (b)

(c) (d) PL emission

Figure 5.3: A schematic drawing of the spin-flip process to explain the circularly
polarized PL with negative CPDs, observed in the present QW/QDs coupled nanos-
tructure.

For simplicity, I assume that one QD is occupied by one spin-polarized residual

electron at the GS. An electron-hole pair in the QW can then be transferred into

the QD-ES after the QW excitation via tunneling. The subsequent relaxation to the

GS inside the QD can be blocked by the residual electron due to Pauli blocking if

this residual electron has a parallel-spin orientation to the latter injected electron.

Therefore, the electron-hole pair occupies the ES and the electron spin in this ES

induces a simultaneous spin-flip transition [131]. After this spin-flip transition, the
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anti-parallel electron spin for the first residual electron can relax to the GS. The

electron-hole pair at the GS can recombine and the cross-circular polarization PL

(σ+) emitted. As a result, the CPD with negative CPD (anti-parallel spin for the

initial one in the QW) appears.

5.1.1 Excitation-power dependence of CPD property

Figure 5.4 shows an averaged CPD value in the un-doped GS-PL as a function of

excitation light power (Pexc).
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Figure 5.4: Averaged CPD value in the QD-GSs (1.27–1.29 eV) as a function of
excitation light power under σ− excitation at 4 K with bias voltages of 0 V (a red
closed square) and 1.0 V (a blue closed circle).

At 1.0 V, high values of positive CPD are observed in a low Pexc region less than

160 µW and then gradually decrease toward to 0 with increasing Pexc. In contrast,

a negative CPD significantly develops at 0 V with increasing Pexc in this low Pexc

region, reaching the minimum at Pexc = 160 µW. Beyond 160 µW, the CPD tends to

gradually approach 0 with increasing Pexc. The former Pexc dependence of the posi-

tive CPD at 1.0 V can be well explained by a state filling effect at the discrete density
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of the spin-split states in the QD. Spin-polarized electrons can be injected from the

QW into the QDs and show co-circular polarization for the initial spin state in the

QW under relatively low excitation-power conditions. By increasing the number of

excitation spins, the majority (co-circular) spin states in the QD ensemble are fully

occupied and further spin injection ceases due to Pauli spin blocking [89, 90]. How-

ever, the minority spins can be continuously injected causing the spin polarization in

the QD ensemble to decrease by increasing the number of excitation spins [87, 88].

On the other hand, scattering at ESs causes the abovementioned electron-spin flip,

thus explaining the excitation-power dependence of the positive CPD at 1.0 V. Ac-

cording to this spin-flip scenario, the initial development of the negative CPD with

increasing Pexc at 0 V can be reasonably explained by increasing the residual electron

occupation at GSs in the QD ensemble. Further suppression of this negative CPD

as Pexc increases beyond 160 µW can also be understood by multiple electron-spin

scattering among several ESs in the QDs. This may induce complicated scattering

and thus randomizes the total spin polarization through the multiple spin-flip pro-

cesses. The previous dark exciton model indicated a monotonic increase only in the

negative CPD with increasing excitation power, and further electron doping reduced

the negative CPD [132]. We have observed the existence of optimum excitation power

for achieving the maximum value of negative CPD, as shown in Fig. 5.4. The degree

of spin polarization for both spin polarities depending on the bias is maximized by

the existence of this optimized excitation-spin density at 160 µW. Therefore, spin

switching efficiency can be optimized by the combination of excitation-spin density

and external bias application. Time-resolved PL in the QDs indicates that the CPD

decay time of ESs becomes faster at 0 V [Fig. 5.5 (b)], at which negative CPD at the

GS [Fig. 5.5 (a)] is markedly observed. On the other hand, the CPD decay is slower

in ESs at 1 V [Fig. 5.5 (c)], at which bias the positive CPD is observed at the GS.

Spin scattering accompanying spin flip can enhance the spin relaxation rate at the
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ESs when excess electrons exist at ESs, while the PL decay times are identical. This

acceleration of spin relaxation at the ESs under 0 V suggests an important role of

QD excited spin states for this reversal of spin polarity at the GS, after spin injection

from the QW.

(a) (b) (c)160 �W, 0 V, GS 0 V, ES 1 V, ES

Figure 5.5: Circularly polarized time-resolved PL responses at 4 K in the un-doped
QD sample, at the GS (1.28 eV) with 0 V (a), at the ES (1.34 eV) with 0 V (b), and
the ES with 1 V (c), under the QW-σ− excitation of 160 µW.

5.2 Effects of p-doping in QDs

5.2.1 Effects of p-doping on QD-PL intensity

P -doped QD samples were prepared with Be concentrations of 1 × 1017 cm−3 and

3× 1017 cm−3 in the GaAs capping layer, respectively.

(a) (b) (c) un-doped Be: 3   10   cmBe: 1   10   cm17 �3 17 �3

Figure 5.6: Contour plots of PL intensity at 4 K as functions of photon energy and
bias voltage with the QW excitation power of 320 µW, in (a) un-doped QDs, p-doped
QD samples with a lower (b) and higher (c) doping concentrations, respectively. The
barrier thickness is 8 nm.
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Figures 5.6 (a)-(c) show contour plots of QD-PL intensity as functions of photon

energy and bias voltage in (a) un-doped QDs, low p-doped, and high p-doped QD

samples. High PL intensities are observed ranging from +2.0 V to −0.5 V for the

un-doped sample. This bias region gives a nearly flat-band potential condition based

on potential calculations. This strong PL intensity region is extended ranging from

+2.0 to −1.5 V and +2.0 to −2.5 V for the lower and higher p-doping conditions,

respectively. This extended bias region toward the negative bias direction can be

explained by compensation for the absence of hole injection with biases less than

−1.0 V. The Be doping can produce the desired number of residual hole into the QDs

[Fig. 5.7 (a)]. However, the QD-PL decreases with further increasing of negative bias

from −2.5 V, due to the hole escape from the QDs to the QW [Fig. 5.7 (b)].

Figure 5.7: 3D-calculated energy-band structures and the schematic drawing of hole
dynamics at (a) −1.5 V and (b) −2.5 V.

5.2.2 Effect of p-doping on circular polarization property of

PL

Figures 5.8 (a)-(c) show effects of the p-doping on contour plots of the correspond-

ing CPD value of the QD-PL. Positive CPD values ranging from 20% to 30% were
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observed with positive bias application for all samples, indicating a parallel spin in-

jection from the QW.

(a) (b) (c) un-doped Be: 3   10   cmBe: 1   10   cm17 �3 17 �3

Figure 5.8: Contour plots of a CPD value of the QD-PL at 4 K as functions of photon
energy and bias voltage in (a) the un-doped QD, (b) low p-doped QD, and (c) high
p-doped samples. A black narrow solid line expresses CPD = 0%. A red hatched area
corresponds to the region with positive CPD ≥ 60%.

The strong negative CPD region around 0 V is observed in the un-doped and

p-doped sample with a lower Be concentration as shown in Fig. 5.8 (a) and (b). This

bias region with negative CPDs is largely affected by heavy p-doping in QDs, as

shown in Fig. 5.8 (c). The biases exhibiting the negative CPD properties shift to the

more negative bias side and this bias region becomes significantly broader. Excess

holes provided by p-doping can prevent to form negative trions. Therefore, stronger

negative bias application is necessary to induce the negative trion formation with

the negative CPD. This condition can be accomplished through the higher tunneling

probabilities of an electron resulting from the potential modifications. The broad bias

region indicating this negative CPD can be explained by inhomogeneous distribution

of the number of doped hole in the QD ensemble.

5.3 Summary

In summary of this chapter, electric-field effects of optical spin injection into un-

doped and p-doped InGaAs QDs in tunnel-coupled InGaAs QW/QDs nanosystems
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have been studied by modifying the tunnel-coupled potential, as shown in Fig. 5.9.

The spin polarity can be switched between parallel and anti-parallel to the initial

spin direction in the QW by simply applying an external bias, as shown in Fig. 5.9

(b). The switching bias for the spin polarity shifts to a more negative bias side and

the bias region becomes broader by higher concentration p-doping in QDs, as shown

in Fig. 5.9 (d). The bias dependence of the spin polarity can be explained in terms

of bias induced selective formation of negatively or positively charged trions during

the spin-injection process from the QW into the QDs in these QW/QDs coupled

nanostructures. I show that the efficiency of this spin switching can be maximized

and thus optimized by the excitation-spin density. Electric-field control of the spin

injection dynamics and the resultant spin states in high-density QDs will contribute

to semiconductor spintronics such as an optical device and photoelectric information

processing based on the spin polarization.
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(c) (d)

GS
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 un-doped

Be: 3   10   cm17 -3

Pexc = 320 �W

Figure 5.9: QD-PL intensity at the photon energy of 1.28 eV as a function of bias
under an excitation power of 320 µW in un-doped (a) and high p-doped QD samples
(c) with dB = 10 nm. The corresponding CPD values in the un-doped sample (b)
and high p-doped QD samples (d).
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Chapter 6

Conclusion

Based on my research work, electric-field effects on optical electron-spin injection in

quantum well (QW)/quantum dots (QDs)-coupled nanostructures have been eluci-

dated as follows:

1: Efficient electron-spin injection from the QW to the ground state (GS) of the

QD was found by changing the electric field strength, which can be sustained by

resonant tunneling via a wetting layer and LO-phonon scattering.

After the spin injection, parallel spin states to the initial spin direction in the

QW were observed in QDs with wide bias range as a result of the efficient spin injec-

tion. The most important finding is the existence of specific bias (+1.2 V) showing

the highest positive CPD values (>39%) sufficiently identifiable from the background

positive CPDs (∼20%) corresponding to normal spin injection. The existence of this

bias condition enabling highly efficient spin injection can be interpreted by char-

acteristic resonant tunneling between the 2D QW and 0D QDs via a 2D wetting

layer. Moreover, the QD-PL intensity and the corresponding positive CPD values are

markedly enhanced, when the bias application made an energy difference between the

coupled ES in the QW and that in the QD just 1 to 3 LO-phonon energy.
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2: The spin-injection polarity can be controlled by applying an external bias.

Significant electric-field effects on the reversal of spin polarity were observed at

the QD-GS (CPD ∼ −40%) in the spin-injection process from the QW. The tunneling

rate of an electron is different from that of a hole and largely depends on the electric

field strength, owing to electric-field induced modifications of the coupled QD-QW

potential. This results in negative trions in the QDs with anti-parallel electron spins

to the initial electrons in the QW, which is supported by a significant effect of p-doping

into the QDs. The CPD of both spin polarities can be optimized by excitation-spin

density, in addition to the electric field strength.
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