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Chapter 1. Introduction 

1.1 Background 

For traditional information processing, semiconductor devices are 

generally performed by controlling electron charges, which can be 

positive or negative. However, as the size of the semiconductor devices 

decreases to several nanometer scales by using the advanced 

microfabrication process, it brings three main issues. First, the distance 

between the electron source and drain which called a channel in 

semiconductor devices becomes narrow. This short-channel effect results 

in the threshold-voltage reduction, a hot carrier effect, direct source-drain 

tunneling and so on [1, 2]. Especially, direct electron tunneling makes it 

difficult to control electric current in circuits. Second, the high 

integration density of transistor on a small chip generates heat. Finally, 

the smaller chip size makes the higher manufacturing cost because of 

increasing costs for designing chip and lithography systems [3]. 

Furthermore, it has been predicted that the limit of Moore’s law, 

regarding as a key index of semiconductor manufacturing, can be 

reached soon [4], or already it may be ended. Thus, development of new 

technology that exceeds the limit of these problems has strongly been 

required for future information processing systems.  

Semiconductor spintronics was introduced with superior device 

characteristics such as low power consumption, using both electron 

charges and spin angular momenta of electrons [5]. In addition, the 

limitation of Moore's Law is probably not a big problem for the 

spintronics because the electron spin itself has the polarization as an 

information carrier. Therefore, it is expected that the spintronics will 

contribute greatly to the development of memory application and 

information processing without enormous electric power consumption. 

The electrons have two spin directions (i.e., polarizations) of up- and 
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down state, which are defined as different momenta with the spin 

quantum number of +1/2 and −1/2, respectively. These two momenta of 

electron spin can be substituted to the binary number system of 1 and 0, 

for example. However, the electron-spin polarization is significantly 

randomized during transport by some interaction and scattering 

mechanisms in layered semiconductor device structures, particularly at 

room temperature (RT), and it is so-called spin relaxation. Therefore, to 

realize practical spintronic devices using semiconductor materials, the 

spin-polarized electron must be detected at RT with maintaining its spin-

state without the marked relaxation during transport [6]. 

Recently, opto-spintronics field is an innovative application of 

semiconductor spintronics because optical wiring technology can reduce 

power consumption and transmission losses. Semiconductor quantum 

dots (QDs) have been studied as a promising device material for optically 

active layers of opto-spintronic devices. Three-dimensional (3D) strong 

quantum confinements in the QDs lead to the suppressed spin relaxation 

as well as superior optical properties with discrete energy level 

separation.  

 

1.2 History of spintronics 

Spintronics began to attract attention with the development of thin film 

technology and fabrication of nanostructures. A flow of spin angular 

momentum, called as spin-current, markedly decreases with a spin-

diffusion length of ~1 μm, and this is not appropriate for traditional 

electric devices due to insufficient spin current manipulation. However, 

the spin current becomes play an important role for nanostructures as 

decreasing the size of chip, and then the spin current can be controlled in 

spintronic devices. Spintronics is largely divided into two fields: 

spintronics in metal and semiconductor. Figure 1-1 indicates a brief 
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history of these spintronics. Initial spintronics has been originated from 

a magnetoresistance (MR) effect, which is that an electric-resistance 

changes depending on the applied magnetic field in a metallic 

ferromagnetic (FM)/non-magnetic/FM stacking layer. A ratio of 

magnetic-field-induced resistance change to the basic resistance is called 

as MR ratio, which is essential for sensitivity of a magnetic-field sensor. 

The tunnel magnetoresistance (TMR) was found by reducing a thickness 

of non-magnetic tunneling layer in 1975 [7, 8], and this TMR is currently 

playing an important role to produce hard-disk drives. In 1988, the giant 

magnetoresistance (GMR) was discovered, and it led to the TMR effect 

at RT in 1995, which contributes to the development of ultrasensitive 

magnetic-field sensors for biomedical applications [9, 10, 11]. Figure1-

2 (a) and (b) show schematic plots of the GMR structure and their 

resistance changes depending on the magnetization. If the spin 

orientation of an injected electron is parallel to the magnetization of 

ferromagnetic material (Fig.1-2a), the resistance is small. However, in 

anti-parallel case (Fig.1-2b), high electrical resistance is obtained in the 

ferromagnet due to the strong spin-dependent scattering. The MR ratio 

Figure 1-1 History of spintronics: metal (left) and semiconductor (right) spintronics. 
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of the GMR is obtained with two resistances Rp and Rap, following an 

equation:  

 MR ratio =
(Rap − Rp)

Rp

× 100. (1-1) 

Here, Rp and Rap are resistances of the layers when spin orientation and 

magnetization is parallel and anti-parallel, respectively. In short, GMR is 

defined by the spin-dependent scattering, and it results in the difference 

of electrical conduction depending on the magnetization of 

ferromagnetic materials controlled by an external magnetic field. On the 

other hand, a spin-dependent tunneling is important for the TMR. Figure 

1-2 (c) and (d) show schematic plots of Julliere’s model accounting for a 

principle of the TMR [7]. It is assumed that the spin angular momentum 

Figure 1-2 Schematic plots of GMR and TMR effect and diagrams of their principles. F 

and N mean ferromagnetic and non-magnetic materials, respectively. The magnetization 

directions between the two ferromagnetic layers are parallel (a, c) or anti-parallel (b, d). 

If the spin orientation of a conduction electron is anti-parallel to the magnetization 

direction, a resistance of the layer is higher than the parallel case.   
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is conserved during tunneling. Similar to the above GMR, the tunneling 

current can flow easily from ferromagnet F1 to F2 due to its small 

resistance when the magnetization between two different ferromagnetic 

materials is parallel each other. The MR ratio of this TMR (~300 %) is 

normally bigger than that of the GMR (~65 %) at RT [12] and the ratio 

strongly depends on the electron-spin polarization P of the ferromagnetic 

materials with a following equation [7]:  

 MR＝
2P1P2

1 − P1P2

 (1-2) 

To increase this MR ratio, half-metal materials like CrO2 or LaxSr1-

xMNO3 have recently received attention due to the spin polarization of 

100 % at the Fermi energy (EF). Furthermore, a magnetic tunnel junction 

(MTJ) using a MgO tunneling barrier has been studied, and the giant 

TMR with large MR ratios up to 180 % at RT was observed in 2004 [13].  

 Metal-based spintronics is mainly applied for non-volatile memory 

devices or magnetic field sensors. A nonvolatile magnetic-random-

access-memory (MRAM) using the GMR or TMR effect has been 

studied from 1990s, and MRAM indicates faster data processing speed 

and lower power consumption than a flash memory or dynamic-RAM 

(DRAM) [14]. However, ‘high memory density’ is an important key for 

a progress of the memory device, but this requirement is difficult due to 

high coercivity and crosstalk in the MRAM. Current-induced 

magnetization switching (CIMS) via spin-transfer torque (STT) 

Figure 1-3 Schematic drawings for principles of (a) spin transfer torque (STT) and (b) spin 

hall effect (SHE). 
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discovered in 1996 has been researched to supplement those problems of 

MRAM, called STT-MRAM [15, 16, 17]. Figure 1-3 (a) shows schematic 

plots of the STT. The F2 ferromagnetic layer has a magnetization with 

an orientation tilted against that of F1. When a spin-polarized current is 

injected from the F1 into the F2, this electron-spin orientation becomes 

parallel to the magnetization of the F2. Continuously, a torque of this 

spin angular momentum is transferred to the magnetization by reaction, 

and it occurs a magnetization switching following the momentum 

conservation law. At this moment, the strength and the orientation of spin 

torque is determined by the spin-polarized current. 

On the other hand, a two current model accounting for spin-dependent 

electron transport was proposed by Neville Mott in 1936 [18], and 

theoretical concept of spin current was defined. This model is that the 

density of current flowing in conductor consists of two current densities 

𝐣↑ and 𝐣↓ induced by up- and down spins, respectively. The total current 

density is described by the sum of those two current densities 𝐣𝐜 = 𝐣↑ +

𝐣↓. Their difference is defined as the spin current 𝐣𝐬 = 𝐣↑ − 𝐣↓. The spin 

polarization of the spin-polarized current can be written as follows: 

 P =
|𝐣↑ − 𝐣↓|

|𝐣↑ + 𝐣↓|
=

𝐣𝐬
𝐣𝐜
. (1-3) 

It was proposed by D’yakonov and Perel’ in 1971 that the spin current 

can be changed by the electrical current in a non-magnetic material via 

spin-orbit coupling, called an extrinsic spin-hall effect (SHE) [19, 20]. It 

is originated from the accumulation of spin-polarized electrons at two 

edges of the non-magnetic conductor when the electrical current 𝐣𝐪 

flows through a conductor. The spin current 𝐣𝐬 flows perpendicular to 

𝐣𝐪 and is divided into up- and down-spin currents because of spin-orbit 
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interaction (SOI), as shown in Figure 1-3 (b). The strength of effective 

magnetic field in the SOI has different values depending on the spin 

direction, and this makes difference in probability of the scattering 

direction for the electron spin. It is well observed in heavy metals like Pb 

and Au with the strong spin-orbital interactions. The SHE has greatly 

contributed to the development of spintronics without a magnetic field. 

Meanwhile, direct electron-spin injection from the ferromagnet to 

semiconductor is difficult due to the conductivity mismatch or spin 

scattering at a junction or interface between them. To solve this problem, 

insulator tunnel barriers like ultrathin oxide films were introduced 

between the metal and semiconductor layers, or magnetic semiconductor 

layers were used instead of the ferromagnetic metal.  

Magnetic semiconductors have been studied from 1960s because of no 

conductivity mismatch between a semiconductor and a magnet. Injection 

efficiency of 90 % from the magnetic semiconductor to non-magnetic 

one was obtained in BeMnZnSe of a Ⅱ-Ⅵ compound diluted magnetic 

semiconductor (DMS), where magnetic elements of Mn replace a part of 

the non-magnetic ones in BeZnSe [21]. However, strong magnetic fields 

above several tesla and ultra-low temperatures are required to obtain the 

high injection efficiency. On the other hand, Ⅲ-Ⅴ compound magnetic 

semiconductors like GaMnAs and InMnAs have been proposed from 

1990s, but there were some problems such as short spin lifetimes by hole 

doping and lower Curie temperature (Tc ~110℃) than RT. To supplement 

these weaknesses of magnetic semiconductors, heterostructures with a 

ferromagnetic metal and non-magnetic semiconductor were introduced, 

e.g., ferromagnetic thin films such as Fe, Co deposited on semiconductor 

substrates or layers with sufficient high Tc and small coercivity.  

Since the introduction of molecular beam epitaxy (MBE) in 1970s, 

semiconductor spintronics has made remarkable development leading to 
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new hetero- and nanostructures with atom-scale structural control. 

Finally, using semiconductor materials, several spin-based devices have 

been proposed as follows:  

1) Spin field-effect-transistor (spin FET) is a device that can control 

electron-spin orientation using effective magnetic field induced by spin-

orbit interaction in a semiconductor. Compared to conventional FET 

based on an electron charge, the energy for switching from ‘OFF’ to ‘ON’ 

state is only ~30 meV for spin FET [22]. Datta and Das first suggested a 

prototypical spin FET structure with a 2D electron gas channel and 

ferromagnetic source and drain contacts in 1990 [23]. The semiconductor 

channel needs a material with strong spin orbital interaction to control 

the direction of electron spin. Figure 1-4(a) and (b) show schematic 

structures of the spin FET when transistor is ‘ON’ and ‘OFF’, 

respectively. When an electrical current flows into the source contact, 

spin-polarized electron moves to the semiconductor channel. The 

orientation of electron spin is changed by the gate bias voltage, which 

can change the precession of spins by spin-orbit interaction in the 

Figure 1-4 Schematic structures of spin FET when transistor is (a) ‘ON’ and (b) ‘OFF’. A 

simple spin LED structure (c) and process of recombination (d). 
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semiconductor. If the electron-spin orientation in the channel is parallel 

to the magnetization direction of the drain contact, the drain current can 

flow (ON) and be detected. On contrary, there is no drain current (OFF) 

when the orientation of electron spin becomes anti-parallel to that of the 

drain. Therefore, the drain of spin FET can act as a spin-filter system.  

2) Spin light-emitting-diode (spin LED) using p-type GaMnAs magnetic 

semiconductor was demonstrated by Y. Ohno et. al., based on spin 

injection and transport [24]. They achieved electron-spin injection into a 

semiconductor material with zero magnetic field and the hole spin 

transport over 200 nm. Recently, a non-magnetic semiconductor with a 

ferromagnetic thin film could be a key in the study of spin LED due to 

its long coherence time of electron spin. Figure 1-4 (c) and (d) indicate a 

simple schematic structure of the spin LED and a process of 

recombination between a spin-polarized electron and unpolarized hole. 

The spin-polarized electron via a ferromagnetic contact is injected into 

an optically active layer like quantum well (QW) or quantum dots (QDs) 

after transport through n-type semiconductor. After the recombination 

with a hole from p-type semiconductor, circularly polarized electro-

luminescence (EL) was emitted from the optically active layer, as shown 

in Fig.1-4(d). Circularly polarized EL emitted from the device directly 

reflects the polarization of electron spin via a spin-conserved optical 

selection rule in the photoelectric conversion.  

Spintronics is an ongoing technology, therefore it remains many 

assignments to realize practical spintronic devices. It is mainly 

considered with following three points to realize the spintronic devices 

[6]: (1) what is an efficient method for electron spin generation, (2) How 

long can the spin polarization be conserved during spin transport, (3) 

How to detect efficiently the spin-polarized electron without significant 

loss of spin information. In addition, it further needs new technology that 
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the orientation of electron spin, i.e., spin polarization, can be 

intentionally manipulated with an enough low power consumption 

before the spin detection. 

 

1.3 Electron spin 

After discovery of an electron using a cathode ray tube by J.J. 

Thomson in 1897, a concept of electron spin as an angular momentum, 

which is a fourth quantum number of the electron, was theoretically 

proposed by Wolfgang Pauli in 1925. At the same year, Uhlenbeck and 

Goudsmit who had studied the anomalous Zeeman effect discovered 

experimentally the electron spin [25]. In the Stern-Gerlach experiment, 

a silver-atom beam was split into two lines separated from each other 

when heterogenous magnetic field was applied, although the orbital 

magnetic moment of the silver atom is zero. They supposed that this was 

caused by the rotation of electron about its own axis, called as the spin 

magnetic moment. However, the electron spin is defined to the rotation 

of electron, but it differs from a classical concept of rotation. The electron 

spin has only a spin quantum number s = 1/2 . The intrinsic spin 

angular momentum of electron and its z-component along the quantum 

axis are given by 

 S = √s(s + 1)ℏ =
√3ℏ

2
 and (1-4) 

 Sz = msℏ = ±
ℏ

2
 , (1-5) 

as shown in Figure 1-5(a). Depending on the angular momentum, the 

electron spin has two directions with up- and down-spin, which has the 

z-projected spin quantum number ms of 1/2 and −1/2, respectively. 

By analogy with the depiction of the rotation of electron, an intrinsic 

magnetic dipole with a spin magnetic moment μs can be induced, as 
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follows:  

 μs = −
e

2m𝑒

g𝑠S = γS. (1-6) 

Here, m𝑒  is an effective mass of electron. g𝑠  indicates the spin g-

factor and is approximately 2 for an electron [26]. The spin magnetic 

moment is proportional to the angular momentum with gyromagnetic 

ratio γ. It is important to understand an intrinsic spin-orbit interaction 

(in section 1.3.4) and an additional interaction with an external magnetic 

field (Zeeman splitting). Figure 1-5(b) indicates a schematic illustration 

of a rotational orbital movement of an electron associated with the spin. 

The rotation of the electron around a nucleus of atom can induce an 

orbital angular momentum 𝓵. Therefore, a total angular momentum of 

rotating electron is defined by the sum of orbital and spin angular 

momenta, written as follows: 𝐣 = 𝓵 + 𝐬 . This should meet the 

conservation law of angular momentum. When applying an external 

magnetic field along the z-axis, the spin magnetic moment of electron is 

changed by generating a rotational force, called as a torque. This torque 

can be written with a magnitude of magnetic field 𝐁, as follows: 

 𝛕 =
d𝐣

dt
=

1

γ

d𝛍

dt
= 𝛍 × 𝐁. (1-7) 

This motion of magnetic moment under a magnetic field is called as spin 

precession or Larmor precession, and it rotates with Larmor frequency 

ω = −γB around the z-axis. In this process, the angular momentum is 

conserved therefore there is no change on spin states. On the other hand, 

the strength of the spin procession can be decayed as time goes on. This 

is originated from a loss of energy caused by lattice vibrations or some 

scattering processes, which results in electron spin orientation becomes 

parallel to the direction of applied magnetic field. This process is called 
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as spin damping, which is not a spin-conserving process. Therefore, the 

total torque during precession can be written from Landau-Lifshitz-

Gilbert (LLG) equation as follows: 

 
d𝛍

dt
= γ𝛍 × 𝐁 −

α

μ
(𝛍 ×

d𝛍

dt
), (1-8) 

where α is the Gilbert parameter associated with the precession rate of 

electron spin [27].  

 

1.4 Generation of spin-polarized electron 

Since an individual electron has essentially its spin direction with no 

external magnetic field, the generation of spin-polarized electrons 

indicates exactly that an imbalanced population between up- and down 

electron spins, which can be emerged by some methods. If the total 

number of up- and down spin is the same, there is no spin polarity 

because they cancel each other out. With the number of up- and down 

electron spin N↑,↓, a nonequilibrium condition can be expressed in N↑ ≠

N↓, as shown in Figure 1-6 (a). In the case with N↑ > N↓, the up spin is 

called “majority spin” while the other one is “minority spin”.  

A spin-polarized electron is commonly generated by electrical or 

optical ways: 1) An electric current is a flow of spin-unpolarized 

electrons, which means that an electron spin density is under the 

Figure 1-5 Schematic plots of (a) the angular momentum for electron spin, (b) some 

rotation movements associated with electron spin and (c) spin precession. 
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equilibrium state (N↑ = N↓). When this current flows into ferromagnetic 

materials, the number of up- and down spin is unbalanced. In other words, 

electrons passed through ferromagnetic materials can be polarized, 

originating from the unbalanced state density of electron spin at near the 

fermi energy EF in ferromagnetic metals, as shown in Figure 1-6 (b). The 

difference (N↑ − N↓) between the densities of state for up- and down spin 

in ferromagnets can contribute to the saturation magnetization of 

conduction electrons and the spin polarization P = (N↑ − N↓)/(N↑ +

N↓) [28, 29]. In a ferromagnet/semiconductor coupled structure, spin-

polarized electrons generated by the ferromagnet spreads into the 

semiconductor region, and it can induce spin diffusion within the spin-

diffusion length limited by spin scattering.  

2) Photoexcitation of spin-polarized electron was first experienced on 

silicon with optical pumping in 1968 [30]. Circularly polarized light 

makes an unbalanced number of spin-polarized electrons via the optical 

selection rule [31], as shown in Figure 1-6(c). The total angular 

momentum j has values as |ℓ − s| ≤ j ≤ ℓ + s, using the orbital angular 

momentum ℓ and spin angular momentum ‘s’, as shown in Fig. 1-5(b). 

Furthermore, the optical selection rule is also represented by the 

magnetic quantum number mj (−j,−j + 1,⋯ , j − 1,+j) , which is the 

total angular momentum projected on the z-axis as the quantum axis. In 

this model (ℓ = 0, 1 for s, p-orbital and s = 1/2), the electron and hole 

states have the angular momentum with j = 1/2  and j = 3/2  at the 

conduction (C.B.) and valence bands (V.B.), respectively. The mj 

values of electron are +1/2 and −1/2 for the up- and down spin, on 
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the other hand, the hole states are defined with mj = ±3/2 for a heavy 

hole (HH) and mj = ±1/2 for a light hole (LH) due to energy splitting 

of the valence band induced by their different effective masses [32]. 

Photons of circularly (left or right) polarized lights have momenta of +1 

and −1 . During absorption and emission of the circularly polarized 

lights, the total spin angular momentum of an electron-hole pair should 

be satisfied with ∆mj = ±1  according to the conservation law of 

angular momentum. The spin polarization is defined with a following 

equation: 

 P =
NP − NAP

NP + NAP

=
IP − IAP

IP + IAP

. (1-9) 

Here, IP  and IAP  are PL intensities of circularly polarized lights, 

reflecting electrons with the spin parallel (P) and anti-parallel (AP) to the 

majority and minority spin generated after photoexcitation, respectively. 

The initial electron spin polarization was reported to be about 50 % 

Fig.1-6 (a) Principle of spin polarization. The 𝐍↑, 𝐍↓ is the number of up- and down electron 

spin, respectively. (b) Band energy diagram of ferromagnetic metal. EF is Fermi energy and 

𝐃↑,↓ indicates a density of state for up- and down electron spin (c) Schematic plot of optical 

selection rules during the absorption of circularly polarized light. The total angular momentum 

j and its projection on the z-axis mj. 
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because the transition probability of the electron-HH pair is 3 times 

larger than that of electron-LH pair in a GaAs bulk [33].   

 

1.5 Relaxation of electron spin 

A nonequilibrium spin state returns to an equilibrium condition through 

some interaction and scattering mechanisms in conventional, i.e., non-

magnetic semiconductors, and it is called as spin relaxation. There are 

three principal spin relaxation mechanisms in the semiconductor [6]: 

D’yakonov-Perel’ (DP) [34, 35, 36], Elliott-Yafet (EY) [37, 38, 39] and 

Bir-Aronov-Pikus (BAP) [40, 41]. It is well-known that the BAP and DP 

mechanism is dominate at low and high temperatures in the semiconductor, 

respectively. Furthermore, the electron spin relaxes by the spin-orbit 

interaction (SOI), magnetostatic interaction, and hyperfine interaction and 

so on. The electron-spin relaxation time in bulk GaAs was observed with 

about tens of picoseconds at or above RT [42]. On the other hand, the 

relaxation time of the heavy-hole spin was reported to be ~110 fs due to 

the coupling of orbital-momentum with the angular momentum, so the 

hole spins, i.e., the spin polarization of hole, can be generally negligible in 

a bulk semiconductor [43].  

 

1.5.1 D’yakonov-Perel’ mechanism  

The D’yakonov-Perel’ (DP) spin relaxation mechanism arises from the 

Rashba or Dresselhaus spin-orbit interaction (SOI) leading to inversion 

asymmetry and spin splitting of a conduction band with the spin 

precession of electron. For example, the Rashba SOI is given by 

 HRSO~𝛔 ∙ 𝛀(𝐤) , (1-10) 

where 𝛔 is Pauli matrix and 𝛀(𝐤) is a vector of precession frequency. 

Due to the effective magnetic field, the spin-polarized electron undergoes 
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precession with a frequency Ω(𝐤)  for a given momentum operator 𝐤 . 

However, the direction of effective magnetic field is changed during 

electron diffusion by impurity or phonon scattering in a semiconductor, as 

shown in Figure 1-7. Therefore, the phase of spin precession is randomized 

after collisions with the momentum scattering time τp . This phase 

transition of spin precession as a function of time can be expressed  

 ϕ2(t) = (Ωavτp)
2

1

τp

t ,  

 ϕ2(t) = Ωav
2τpt . (1-11) 

Here, Ωav  is an average of the precession frequencies. Since a time 

satisfying ϕ(t)~1 corresponds to a spin-relaxation time τs, the equation 

(11) can be written as follows: 

 1~Ωav
2τpτs ,  

 
1

τs

~Ωav
2τp . (1-12) 

In short, the spin-relaxation time τs  is proportional to the inverse 

scattering time τp for this DP mechanism, as a following equation. 

 τs ∝
1

τp

 (1-13) 

Figure 1-7 Schematic illustration of the DP spin relaxation. The direction of effective 

magnetic field B is changed by impurity or phonon scattering after a momentum 

scattering time 𝛕𝐩. 
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If the electron mobility decreases, the spin relaxation time τs  will 

increases. 

 

1.5.2 Elliott-Yafet mechanism  

In small band-gap semiconductors, spin up and down states in a 

conduction band can be mixed, originating from their large spin orbit 

coupling. Thus, the Bloch function of mixed states using 𝐤 ∙ 𝐩 

perturbation theory can be written as follows: 

 Ψ𝐤n↑(𝐫) = [a𝐤n(𝐫)|↑⟩ + b𝐤n(𝐫)|↓⟩]e
i𝐤∙𝐫 

(1-14) 
 Ψ𝐤n↓(𝐫) = [a∗

−𝐤n(𝐫)|↓⟩ − b∗
−𝐤n(𝐫)|↑⟩]e

i𝐤∙𝐫, 

where |↑⟩, |↓⟩ are two spin states with angular momenta of ±
1

2
, and a𝐤, 

b𝐤  indicate components of the lattice symmetry matrix. Note, 𝐤  is a 

vector of the lattice momentum and ‘n’ means band index. If there is 

momentum scattering with impurity or phonon, spin flip transition 𝐤 →

𝐤′ occurs probabilistically, as shown in Figure 1-8. The spin relaxation 

rate of this EY mechanism can be calculated from the probability of spin-

flip transition. In Ⅲ-Ⅴ semiconductors, spin relaxation rate at energy E𝐤 

is given by [6, 39] 

 
1

τs(E𝐤)
~AΥ2 (

E𝐤

Eg

)

2
1

τp(E𝐤)
 . (1-15) 

Here, the numerical factor A is approximately 1. Eg , ΔSO  indicate the 

energy bandgap and spin-orbit splitting in a valance band, respectively. 

The Υ involves the Lande g-factor with a function of Δ Eg⁄ . The EY spin 

relaxation mechanism strongly depends on temperature through E𝐤 , 

which is an energy considering momentum scattering in Eq. (1-15). The 
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main difference with the above DP mechanism is that a spin-relaxation 

time τs is proportional to scattering time τp for this EY effect. 

 

1.5.3 Bir-Aronov-Pikus mechanism  

The Bir-Aronov-Pikus (BAP) mechanism is originated by the exchange 

interaction between an electron and hole. Therefore, it occurs strongly in 

heavily doped, especially p-doped semiconductors. The Hamiltonian of 

exchange interaction can be written as follows: 

 H = D𝐉𝛔δ(𝐫)δ(𝐩, 𝐩′). (1-16) 

Note, ‘D’ is a constant of the exchange interaction, and 𝐉 indicates the 

operator of angular momentum for a hole, and 𝛔 is the Pauli matrix for 

an electron. 𝐫 is the difference of position between the electron and hole 

with 𝐫 = 𝐫e − 𝐫h , and p is their total angular momentum. The spin 

relaxation probability depends on the states of hole such as the presence 

of degeneracy. When there is the exchange interaction between an electron 

and nondegenerate holes, the spin relaxation rate is given by 

 
1

2τs

=
1

τ0

ve

vB

|ψ(0)|4(NaB
3), (1-17) 

where τ0 is an exchange splitting parameter, ve and vB is electron and 

Figure 1-8. A schematic plot of EY spin relaxation mechanism. The spin flip occurs 

probabilistically by momentum scattering.  
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Bohr velocities with vB = ℏ εeaB⁄ , where aB is the exciton Bohr radius. 

‘N’ indicates an acceptor density, and |ψ(0)|2 is a Sommerfeld’s factor. 

If hole state is degenerated and electron velocity is faster than the Fermi 

velocity of hole, the Eq. (1-17) changes as follows: 

 
1

2τs

=
3

2

1

τ0

ve

vB

T

εF

|ψ(0)|4(NaB
3). (1-18) 

Here, εF is a hole energy at the Fermi level. In this BAP mechanism, a 

spin-relaxation time consequentially depends on the number of holes, 

carrier velocity and temperature. 

 

1.5.4 Spin-orbit interaction 

It is generally thought that the spin-polarized electron moves around the 

nucleus of an atom. However, from an electron’s point of view, the atomic 

nucleus seems to be revolving around this spin-polarized electron. This 

orbital motion of nucleus with a positive electric charge makes virtually 

an orbital current (electric field) and then it generates an effective 

magnetic field HSO at the location of the electron, resulting from the Biot-

Sarvart law. Therefore, the spin magnetic moment of this electron interacts 

with this HSO, and it is called as the spin-orbit interaction (SOI) [34]. That 

is, the SOI is a relativistic quantum mechanical effect. Figure 1-9(a) shows 

a schematic illustration of an orbital motion of a nucleus against for a spin-

polarized electron with some vectors. The magnetic flux density B⃗⃗  for the 

spin-polarized electron is depending on a velocity of the nucleus υ⃗  and 

the induced electric field E⃗⃗  [44], so it is given by 

 B⃗⃗ = −
1

c2
υ⃗ × E⃗⃗ . (1-19) 

Note, c is a velocity of light. From the equation (1-19) with E⃗⃗  which is 
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induced by the orbital motion of a nucleus, 

 E⃗⃗ =
Ze

4πε0

r 

r3
 (1-20) 

The magnetic flux density B⃗⃗  can be written by 

 B⃗⃗ =
Ze

4πε0

r × v⃗ 

c2r3
. (ℓ⃗ = r × mv⃗ ) 

 B⃗⃗ =
1

4πε0

Ze

c2mr3
ℓ⃗ . (1-21) 

Here, ε0 is vacuum permittivity and ‘m’ is a mass of an atom. ‘r’ is a 

radius when a nucleus does a circular movement around the electron. The 

B⃗⃗  is perpendicular to E⃗⃗  and parallel to the orbital angular momentum ℓ⃗ . 

The effective magnetic field HSO applied to the spin-polarized electron 

by SOI is defined from eq. (1-6) and (1-21), and therefore, 

 HSO = −μs⃗⃗  ⃗ ∙ B⃗⃗ ,  

 HSO =
1

4πε0

Ze2

c2m2r3
ℓ⃗ ∙ s . (1-22) 

This is derived from the Dirac equation for relativistic case [45]. The 

strength of SOI is proportional to the atomic number.  

In a system with time-reversal and inversion symmetries, each energy 

Figure 1-9 (a) A schematic illustration of the orbital motion of a nucleus. (b) Band splitting 

induced by SOI. 
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eigenstate is at least doubly degenerate for an odd number of spins. This 

is so-called Kramers degeneracy, and it can be written as follows: 

E(𝐤, ↑) = E(𝐤, ↓) , where 𝐤  is a wavevector. However, if inversion 

symmetry in a system is broken with SOI, a conduction band splitting can 

be introduced for the p-orbital with the breaking of Kramers degeneracy, 

as shown in Figure 1-9(b). At this moment, the energy splitting is given by 

[35] 

 ℏΩ = 2ακ(8mc
3Eg)

−1/2, (1-23) 

where κ is the spin components along the direction of a vector 𝛋. Note, 

α is a certain coefficient indicating the strength of SOI, and mc is a mass 

of electron in a conduction band, Eg  is a band-gap energy, Ω  is a 

precession frequency in a specific magnetic field along 𝛋. The SOI also 

results in spin-orbit splitting in a valence band with energy Δ, depending 

on the magnitude of SOI.  

In Ⅲ-Ⅴ compound semiconductors, there are Dresselhaus and Rashba 

SOIs built by bulk inversion asymmetry (BIA) and surface inversion 

asymmetry (SIA), respectively [46-48]. The lack of the inversion 

symmetry creates an internal electric field perpendicular to the in-plane 

direction, leading to an effective magnetic field in Eq. (1-19). As a result, 

the spin degeneracy can be lifted. For reference with Eq. (1-23), different 

functions of κ are given for Dresselhaus (1-24a) and Rashba SOI (1-24b), 

as follows:  

 κ = {kx(ky
2  − kz

2), ky(kz
2  − kx

2), kz(kx
2  − ky

2)} (1-24a) 

 κ = (ky, −kx) (1-24b) 

Finally, electron-spin manipulations without external magnetic fields 

can be possible by controlling the strength of SOI, and it may lead to 
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realize a spin FET. The control of SOI strength using an electric field effect 

is achieved by Y. Kanai et al. in 2011 [49]. They reported that the energy 

of SOI with a wide range of 50~150 μeV can be controlled by a side-gate 

bias voltage in a single InAs self-assembled quantum dot. However, SOI 

also contributes to the spin relaxation with the enhanced DP mechanism, 

so the electrically precise tuning of SOI is requested for device 

applications. 

 

1.6 Semiconductor quantum dot 

A semiconductor quantum dot (QD) is a zero-dimensional 

nanostructure with several or tens of nm in diameter. Since a wave 

function of a microscopic particle is confined in this nano-space, the QD 

has a specific de Broglie wavelength and discrete energy level by its strong 

3D quantum confinements. Figure 1-10 indicates schematic drawings of 

the density of the state (DOS) in (a) a bulk, (b) a quantum well (QW) and 

(c) a QD. An eigenvalue of an energy for electron in a bulk is given by  

Ek =
ℏ2

2m
(kx

2 + ky
2 + kz

2), 

and the DOS in a bulk 𝜌(𝐸)𝑏𝑢𝑙𝑘  is written by 

ρ(E)bulk =
1

2π2
(
2m∗

ℏ2
)
3
2√E. 

That is, the bulk DOS is proportional to √E. In the case of 2D-QW, the 

energy of an electron trapped in z-direction has discrete quantum levels 

ε𝐳𝐧 (𝑛 = 1, 2, 3 ⋯), as follows: 

E𝐳𝐧(kx, ky) =
ℏ2

2m∗
(
2π

L
)
2

(nx
2 + ny

2) + ε𝐳𝐧 ≡ Exy + ε𝐳𝐧. 

The DOS for a QW with surface area S (the square of the length L of one 

side in a QW) is written by  
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ρ(E)well =
m∗S

πℏ2
, 

and this DOS has a constant value regardless of the energy within the same 

ε𝐳𝐧. On the other hand, the DOS in a 0D-QD is written by a following 

equation:  

ρ(E)dot = 2δ(E − ε𝐱𝐲𝐳𝐧). 

Therefore, this DOS has an infinite value against a quantum level ε𝐱𝐲𝐳𝐧, 

Figure 1-10 Schematic drawings of (a) a bulk, (b) QWs and (c) QDs indicating with 

each density of the states (DOS). 

Figure 1-11 Thermal distribution of electrons in QDs with lower and higher 

temperatures. 
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which determines levels for each direction. That is, the DOS of the QD 

can be expressed by a delta function, as illustrated in Figure 1-11. This 

means that the thermal distribution of electrons is less sensitive to external 

environmental temperatures, so it is possible to develop a temperature 

insensitive QD laser with an ultralow-threshold current [50, 51]. Figure 1-

12 shows (a) a schematic drawing of the quantum confinement in a QD, 

(b) a typical high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) image of a cross-sectional InGaAs QD 

structure. This semiconductor QD is grown on a wetting layer (WL) with 

the Stranski-Krastanow (SK) growth mode by molecular beam epitaxy 

(MBE). Electronic and optical properties of the QD depend on its size and 

shape, which are controlled by growth conditions such as a growth 

temperature and As partial pressure [52, 53]. Figure 1-12(c) indicates a 

schematic band structure of the QD and the corresponding luminescent 

process. After spin-polarized electrons and holes are simultaneously 

injected from the excited state (ES) into the ground state (GS) by energy 

relaxation, circularly polarized photoluminescence (PL) can be emitted 

from the QD-GS via recombination between a pair of electrons and holes. 

Figure 1-12. (a) A schematic drawing of the quantum confinement in QD. (b) A typical 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

image of a cross-sectional QD structure. (c) Schematic band structure of QD and the 

corresponding luminescent process. 



28 

 

At this moment, spin polarization degree of electrons is reflected in 

circularly polarization degree of emitted PL according to the optical 

selection rules.  

In conventional bulk semiconductors, spin-polarized electrons interact 

frequently with impurities or other carriers during their movements, easily 

leading to spin depolarization. On the contrary, electron-spin relaxation, 

especially DP spin relaxation mechanism, can be significantly suppressed 

in QDs because the movement of electrons is rather restricted by their 

strong quantum confinements. For example, a spin lifetime was reported 

to be up to 1 ms for a single electron in self-assembled Ga(In)As QDs [54]. 

Furthermore, in QDs, the spin orientation (polarity) of carriers is 

potentially able to be manipulated because of a small number of carriers 

in this QDs. Therefore, QDs are a one of the most promising materials to 

realize new opto-spintronic devices such as a spin LED or spin transistor.  
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Chapter 2. Research purpose 

2.1 Background 

2.1.1 Spin injection in QW/QD tunnel-coupled nanostructures 

Efficient spin injection into QDs is one of the most important subjects 

for optical spin devices. It is not suitable for generation of spin-polarized 

electrons directly in the QDs, leading to a spin-state filling effect that 

makes the electron-spin polarization significantly lower. In addition, 

electron-spin polarization can relax during transport particularly at RT 

before the injection into the QD. Therefore, one needs additional layers to 

suppress the spin relaxation of electrons and smoothly and effectively 

inject them into the QDs. QW/QD tunnel-coupled nanostructures were 

introduced to suppress the electron-spin relaxation during spin transport 

and injection processes. This QW/QD coupled nanostructures can be a 

source of ultrafast spin injection via quantum tunneling basically without 

spin relaxation originated from an overlap of electron wavefunctions 

between the QW and QD [1-3]. The efficiency of the electron-spin 

conservation during the injection from the QW into the QDs was higher 

than 90 %. In this structure, a self-assembled QD layer is coupled with a 

QW layer by ultrathin tunneling barrier, and the QW layer acts as a 

reservoir of spin-polarized electrons photoexcited. Since the energy state 

Figure 2-1 (a) A schematic plot of energy band and (b) the PL spectrum as a function of 

photon energy in QW-QD coupled structure. 
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of an electron initially excited at the QW is slightly higher than the energy 

of one of excited states (ESs) at the QD, spin-polarized electrons can be 

immediately injected into the QD via energy relaxation via the 

longitudinal optical (LO)-phonon scattering during tunneling, i.e., LO-

assisted quasi-resonant tunneling [13]. This fast energy relaxation 

contributes to high spin polarizations due to the suppressed spin relaxation. 

Figure 2-1 (a) indicates a schematic plot of calculated energy band along 

the growth direction (QW→QD; z-direction) in the QW-QD coupled 

nanostructure. This potential diagram of the energy band was calculated 

using the Nextnano simulator [4]. Exited electron and hole spins are 

injected from the QW into the QD ES via spin conserved tunneling, and 

then they simultaneously relaxed to the ground state (GS) of the QD by 

emitting phonons. During this process, circularly polarized PL is observed 

at RT in this QW-QD nanostructure, as shown in Figure 2-1(b). Here, 𝜎+ 

and 𝜎− indicate co- and cross circularly polarized PL (luminescence with 

parallel and antiparallel spins to the initial spin generated just after 

photoexcitation) under 𝜎+ -polarized excitation, respectively. Two PL 

peaks at 1.17 and 1.38 eV correspond to energy-band gaps between the 

electron and hole spins at the GS of the QD and the QW in Fig. 2-1(a). 

Due to the different density of the states between the QW and QD, the PL 

intensities of the energy region arise from the QW are higher than those of 

QD.  

Spin injection efficiency between the QW and the QDs depends on the 

exciton energy [2], the thickness of tunneling barrier as well as the QW [5, 

6]. This spin-injection efficiency determines the initial spin polarization at 

the QD when spin-polarized electrons are just injected into the QD-ES. It 

is reported that ultrafast (5-20 ps) spin injection with different barrier 

thicknesses (2-8 nm) is demonstrated in an InGaAs QW/QD coupled 
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nanostructures [5]. Furthermore, as a tunneling barrier thickness was 

thinner, spin injection time is faster leading to high spin polarizations 

induced by the suppressed spin relaxation during the injection.   

 

2.1.2 Spin manipulation using electric field 

An electric-field effect on an electron-spin polarization has been studied 

as a new attempt for the purpose of spin manipulation [9, 10, 12]. For 

QW/QD coupled nanostructures, applying an external electric field induce 

potential modifications. Optical spin devices using InGaAs QW/QD 

coupled nanostructures were fabricated, and the band energy with varied 

bias voltages was calculated, typically as shown in Figure 2-2. The 

external electric field is applied along the growth direction (QW→QD; z-

direction). A band potential is close to flat at around 0 V, where both spin-

polarized electrons and holes can be injected efficiently into the QDs. 

However, spin-polarized electrons start to localize in the QW due to the 

potential tilted towards the QW side when a positive voltage is applied like 

Figure 2-2 Calculated 1D potential of energy band in a QW/QD nanostructure at external 

biases of −1.8, 0 and 1.8 V.  
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+1.8 V, while the injection of the holes into the QD can be accelerated. At 

negative bias voltage of −1.8 V, the band energy of the QD decreases 

inducing the enhanced electron-spin injection toward the QD side. Figure 

2-3 shows 3D calculated electron wavefunctions of the QW/QD coupled 

structures with bias voltages of (a) −1 and (b) 1 V. The blue and green 

areas in Fig. 2-3 indicate the existence probabilities of an electron. In the 

case of 0 V, the wavefunction at the first excited state (ES) of the QD is 

coupled with the GS of the QW. At a negative bias of −1 V, electrons are 

localized in the QD as stated above, therefore the existence probability of 

electron is very high at the QD-GS. However, the wavefunction of electron 

is observed faintly at the ES of QD with a bias voltage of +1 V. This is 

because the potential slightly tilts toward the QD side in this sample. 

Figure 2-4 indicates the bias dependence of the PL intensity obtained 

from the QD-GS at 4 K in InGaAs QW/QD coupled nanostructures. The 

PL intensity peak is observed in the range of 0 ~ 1 V, where both electrons 

and holes are efficiently injected into the QDs with their number ratio of 

1:1, approximately. Below 0 V, the PL intensity decreases due to the lack 

of holes in the QDs whereas the injection of electrons can be enhanced, 

where the conduction-band potential tilts toward the QD side. On the other 

hand, the number of electrons in the QDs becomes insufficient above 1 V, 

resulting in the decreased PL intensity. These results show that electric 

Figure 2-3 3D calculated electron wavefunctions in the QW/QD coupled nanostructure with 

(a) −1 and (b) 1 V. The blue and green areas indicate the existence probability of an electron. 
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field can control the injection dynamics of carriers from the QW into the 

QDs. 

  

2.1.3 Spin flip scattering 

One can assume that there is one electron with the majority (up state) 

spin at the GS of the QD when a hole is absent in a valence band, as shown 

in Figure 2-5(1). This spin-polarized electron remained at the QD-GS is 

called a residual electron, and one assumes that its spin is parallel to the 

majority spin initially excited at the QW. A spin-polarized electron with 

parallel to that of the initial majority spin is continuously injected into the 

QD [Fig. 2-5(2)], however the injected electron cannot relax to the QD-

GS via the Pauli’s exclusion principle as far as the residual electron exists, 

as shown in Fig. 2-5(3). Continually, hole with slow injection time 

compared to that of electron is injected into the QD-ES. At this time, if 

spin-polarized hole exists at the same excited state with the same spin 

orientation of the injected electron, spin states of an electron-hole pair can 

simultaneously be reversed, i.e., flipped, originating from the enhanced 

electron-hole exchange interaction confined in the QD space [Fig.2-5(4)], 
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Figure 2-4 Bias dependence of the PL intensity at the QD-GS in InGaAs QW/QD 

coupled nanostructures at 4 K.  
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and then they can relax into the GS with anti-parallel spin direction against 

the spin state of the residual electron as well as the initial spins [Fig.2-

5(5)]. This series of process is named spin flip scattering [7, 8] The number 

ratio of the electron to hole is 2:1 at the QD-GS in this model illustrated 

in Fig. 2-5(6). For this process to occur, electron-hole exchange scattering 

must occur at the instant before the spin-polarized hole relaxes its energy 

to the QD-GS. If such spin-flip scattering is dominant, the PL polarization 

observed in the QD will be negative as in equation (1-9).  

According to the previous studies [9, 10, 12], this spin-flip scattering 

was observed at specific bias conditions, where the electron-spin injection 

into the QDs was enhanced. Figure 2-6 (a) and (b) show circularly 

polarized QD-PL spectra and the corresponding the spin polarization 

degree with a bias voltage of 0.2 V and the bias dependence of the spin 

polarization degree at the QD-GS at 4 K in a QW/QD coupled 

nanostructure, respectively. Here, 𝜎±  indicates 𝜎± -circularly polarized 

Figure 2-5 Schematic illustrations for the mechanism of the spin-flip scattering in the QD. 
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PL under 𝜎+-polarized excitation. The PL intensity peak in Fig. 2-6(a) 

appears at 1.26 eV, mainly originated from the QD-GS emission. The PL 

intensity of 𝜎− is higher than that of 𝜎+ in this plotted range of photon 

energy. The spin polarization degree indicates the maximum negative 

value of −10 % calculated with the equation (1-9). This result is originated 

from the abovementioned spin-flip scattering at the QD-ES1. The spin 

polarization degree also largely depends on applied bias voltage, as shown 

in Fig. 2-6(b). The spin-flip scattering is dominant at around 0 V, where 

the residual electron remains at the QD-GS. Below − V, the spin 

polarization degree becomes almost zero owing to the suppressed hole-

spin injection into the QDs, whereas spin-polarized electrons start to 

escape from the QD to the QW. The bias-voltage condition, where the 

spin-flip scattering occurs, varies significantly with hole concentration 

[10], supporting this spin-flip mechanism depending on the existence of 

the residual electron in the QD-GS, the device structure, and others.  

 

2.2 Research purpose 

Electron-spin manipulation using an external electric field in 

conventional non-magnetic semiconductor materials has been studied so 

Figure 2-6 (a) Circularly polarized QD-PL spectra and the corresponding spin polarization 

degree with a bias voltage of 0.2 V and (b) bias dependence of spin polarization at low 

temperature in the QW/QD coupled nanostructure. 
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far only at low temperatures, for instance, in the above electric-field-

effect optical spin devices using QW/QD coupled nanostructures [9, 10]. 

It was reported that the electron spin polarization and polarity can be 

controlled by bias voltages, which change the relative number of injected 

spin-polarized electron and hole depending on the strength and direction 

of the applied electric field. However, it is necessary to understand 

electron-spin dynamics at high temperatures for the purpose of practical 

RT operation of this kind of opto-spintronic device. Figure 2-7 shows a 

schematic mechanism for thermal escape of a spin-polarized electron 

from a QD. As temperature increases, the spin-polarized electron at the 

QD-GS can be excited to the higher ESs or escape thermally from the 

QD. As a result, PL intensity emitted from the QD decreases and the 

value of the spin polarization degree also drops owing to the re-injection 

of a spin-depolarized electron after thermal escape and subsequent 

migration in barriers [11]. Therefore, new attempts are strongly 

demanded for maintaining high spin polarization and controlling spin 

polarity by means of an external electric field at high temperatures 

including RT.  

In this study, I have investigated temperature dependences of the spin 

polarization and electric-field effect on the electron spin dynamics at RT 

in InGaAs QW/QD coupled nanostructures [12]. Furthermore, I have 

also focused on the bias dependences of the electron-spin polarization 

and resulting circularly polarized PL emissions in newly developed InAs 

Figure 2-7 A schematic mechanism for thermal escape of electron spin from a QD. 
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QD tunnel-coupled nanostructures with employing a GaNAs QW as well 

as an InGaAs QW at different temperatures up to RT, respectively.  
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Chapter 3. Experimental Procedures 

3.1 Device fabrication 

Semiconductor-based optically active layers were grown on surfaces 

of GaAs wafer substrates by molecular beam epitaxy (MBE), and these 

sample growth and structures are described in the latter sections 

depending on the types of semiconductor nanostructure. After those 

sample growth, electric-field-effect optical spin devices were fabricated 

by following processes, as shown in Figure 3-1.  

 

1) The semiconductor sample layers on GaAs substrates were cleaned 

using organic solvent such as acetone and isopropyl alcohol (IPA) to 

remove impurities and contaminations on the substrate.  

2) Titanium (Ti) or Iron (Fe) base layer was deposited by electron-

beam (EB) evaporation on the above semiconductor surface. On a Fe 

base layer, gold (Au) cover layer was formed to prevent oxidation of the 

Fe layer via resistive thermal evaporation. 

3) Photoresists (PRs) were coated with a rotational speed of 5000 rpm 

using a spin coater machine, and then the sample was baked on a hot 

plate. The used PRs were LOR-1A and OFPR 800LR 34cp. 

4) The PRs in response to light passing through the mask were 

removed via photolithography and development using NMD3.  

5) Ti/Au electrodes were deposited by EB and resistive thermal 

evaporation, respectively. And then it removes all remaining PRs through 

lift-off with N, N-Dimethylaminoethyl methacrylate.  

6) To etch a vertical trench, 2nd PR spin coating and photolithography 

were performed with different mask for etching.  

7) Vertical trenches were formed by dry or wet etching. The Ti base 

layer was etched by reactive ion etching with Argon plasma, whereas the 

Fe base and Au cover layer were etched by wet etching using etchent 
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AURUM-304 and hydrochloric acid. 

8) After lift-off, the device and pitch conversion board (PCB) were 

attached on copper plate. Finally, they were connected by wire bonding. 

 

3.2 Circularly polarized photoluminescence measurement 

A schematic illustration of circularly polarized PL measurement is 

shown in Figure 3-2. Circularly polarized PL was detected by a cooled 

InGaAs detector through a spectrometer. A wavelength tunable pulsed 

laser with a repetition rate of 80 MHz and a pulse width of less than 120 

fs was used as the excitation source, and it is passed through a 

combination of the 𝜆 4⁄  plate with a linear polarizer to convert into the 

circularly polarized light. The photon energy of the laser was tuned to 

1.55 eV (800 nm) corresponding to the band gap of the GaAs barrier. 

Spin-polarized carriers generated at the GaAs barrier are entered into 

QW and then they are rapidly injected via spin-conserving tunneling into 

Figure 3-1 Schematic drawing of fabrication processes for electric-field-effect optical spin 

devices using semiconductor-based optically active layers.  



43 

 

the QDs. Circularly polarized PL emission from the QDs is condensed 

using an objective lens having 0.35 aperture and 20x magnification. A 

spectroscope and a CCD detector using a diffraction grating are used for 

detecting PL spectra. The degree of circular polarization of the PL is 

defined as circular polarization degree (CPD), as follows: 

 CPD [%] =
(IP − IAP)

(IP + IAP)
× 100. (3-1) 

Here, IP and IAP indicate PL intensities including spin-parallel (P) and 

anti-parallel (AP) electrons, respectively. In other words, they are 

defined as co- and cross circularly polarized PL against the orientation 

of excitation light. This CPD value reflects the electron spin polarization 

according to the equation (1-9).  

To measure the time-resolved circularly polarized PL (TRPL), a mode-

locked Ti:Sapphire pulsed laser with a repetition frequency of 80 MHz 

and a temporal width of less than 100 fs was used as the excitation source 

with a streak camera combined with a spectrometer. The full width at 

half maximum of the laser-pulse time response curve was 10 ps.    

Furthermore, helium gas is supplied into a cryostat to which the 

sample is attached for measurement at low temperatures. Bias 

dependence is measured by applying a voltage with various ranges along 

the growth direction of the sample.  
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Figure 3-2 Schematic illustration of circularly polarized PL measurement using an 

optical microscope set-up. 
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Chapter 4. Temperature dependence of spin polarization 

with electric field in InGaAs QW/QD coupled structures 

4.1 Background 

I have fabricated electric-field-effect optical spin devices using 

InGaAs QW/QD coupled nanostructures and investigated the device 

performances at low temperatures [1, 2]. As a result, polarity and 

polarization degree of electron spin clearly depend on an external electric 

field since the number ratio of spin-polarized electron to hole injected 

into the QDs can be controlled by the applied bias voltage. However, the 

room temperature (RT) operation of the device is indispensable for 

practical applications. In this study, I investigate the temperature 

dependences of QD-PL and the corresponding CPD as a function of bias 

using the temperature-dependent circularly polarized PL measurements. 

I also conducted circularly polarized time-resolved PL measurements to 

figure out electron-spin dynamics up to RT [3].  

 

4.2 Experimental procedures 

Figure 4-1(a) shows a schematic drawing of the electric-field-effect 

optical spin device structure. The sample growth was conducted on p-

doped GaAs (100) substrate along the z-direction by molecular beam 

epitaxy. A 20-nm-thick In0.1Ga0.9As QW and In0.4Ga0.6As QD layers as 

optically active layers were tunnel-coupled with an 8-nm thick GaAs 

tunneling barrier. The QD layer had relatively low surface density of 

1.9 × 1010 cm−2. To apply an electric field, the sample was attached on 

a Cu plate, and a Ti/Au electrode was fabricated at a top of optical device. 

One side of the optical window provided on the electrode is about 20 μm. 

Two Al1-xGaxAs barrier layers were grown on the top and bottom of 

optically active layer to prevent external carrier injection from an 
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electrode. The High-angle annular dark-field scanning transmission 

electron microscopy (HAADF STEM) image and quantitative elemental 

maps of In, Ga and As obtained by energy-dispersive x-ray (EDX) 

analysis are shown in Figure 4-1 (b)~(e), respectively. The observed QD 

has a diameter and a height of 25 and 4 nm. The In and Ga distribution 

are found by quantitative difference of atoms, however, As is not 

confirmed as shown in Fig. 4-1(e). The optically spin-polarized electrons 

are generated at 100 nm GaAs barrier under σ−-excitation laser with 800 

nm wavelength. Excitation power of 0.2 mW was selected to suppress 

state-filling effect in the QDs. Electric field was applied along the z-

direction and a range of applied bias voltages was −0.5~1.5 V, where the 

sufficient PL intensity can be obtained from the QD. 

 

Figure 4-1 (a) Schematic illustration of a QW-QD tunnel coupled nanostructures-based 

optical device using electric field effect. (b) Cross-sectional HAADF STEM images and 

quantitative elemental maps of (c) In, (d) Ga and (e) As in the QW-QD coupled 

nanostructure by EDX. 
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4.3 Bias dependence of electron-spin polarization at 4 K 

At 4 K, QD-PL spectra and the corresponding CPD with bias voltages 

of 0.3 and 0.6 V are shown in Figure 4-2, respectively. The PL intensity 

peak at 1.26 eV corresponds to the energy-band gap between conduction 

and valence bands at the QD-GS, taking quantum confinement into 

account. The PL intensity is nearly constant at both 0.3 and 0.6 V. 

However, PL polarity and circular polarization show obvious differences 

between two bias conditions. At 0.3 V, a high negative CPD of about −20 % 

is observed at the QD-GS, as shown in Fig. 4-2 (a). In this condition, the 

coupled QW/QD potential tilts slightly toward the QD side, where excess 

spin-polarized electrons are injected into the QDs. Therefore, the spin-

flip scattering at the QD-ES is enhanced due to the residual electron at 

the QD-GS, leading to the increased cross-circular PL against for the 

Figure 4-2 Circularly polarized PL spectra and the corresponding CPD with bias voltages 

of (a) 0.3 and (b) 0.6 V at 4 K. Schematic illustrations of each potential and the possible 

dynamics of spin-polarized carries are shown below.  
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initial polarization of excitation. By contrast, the negative CPD 

disappears and positive CPD of about 8 % is observed at the QD-GS at 

0.6 V. This is because the QW-QD potential is close to flat around 0.5 V, 

and then the hole injection is enhanced leading to the co-circular PL 

increases. As a result, it is found that CPD polarity can be changed by 

electric field even though the number of carriers emitted from the QDs 

is almost same. 

Figure 4-3 shows a bias dependence of PL intensity and CPD at the 

QD-GS. Here, the QD-GS is defined as an energy range of 1.24~1.28 eV 

taking the inhomogeneous distribution of the QD size into account. The 

PL intensity peak is observed at 0.4 V, which is the best condition for the 

efficient tunnel injection of electron and hole into the QDs. However, the 

CPD at this bias condition is almost zero. It is guessed that the PL decay 

time is quite long (1.22 ns) in proportional to PL intensity, as following 

equation [3, 4]: 

 Pe =
P0

(1 + τPL τs⁄ )
. (4-1) 

Here, Pe and P0 mean the electron-spin polarization degree and initial 

polarization in the QDs. τPL  and τs  denote the PL decay time and 

electron-spin relaxation time, respectively. But it is difficult to apply this 

equation to the calculation of negative spin polarization. Below 0 V, CPD 

value is nearly zero due to the suppressed hole injection into the QDs. 

The QW-QD potential considerably tilts toward the QW side, therefore, 

holes are localized in the QW leading to significant decrease in PL 

intensity. In this case, the spin polarization of electron in the QD can be 

depolarized while waiting for the injection of holes with parallel spin 

polarization, resulting in zero initial spin polarization in the QD-PL time 

profiles. Negative CPD is observed around 0.3 V, where the spin-flip 

scattering is enhanced due to the accelerated electron spin injection. In 
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these bias conditions, PL intensity with the negative CPD starts to drop. 

Since the effective mass of hole is heavier than that of electron [5], the 

hole tunneling rate from the QW to the QDs can be significantly affected 

by the shape and size distributions of the QD ensemble. Therefore, the 

number of QD satisfying a specific condition that the number ratio of 

electron to hole is 2:1 at the QD-GS is limited. Above 0.5 V, hole 

injection into the QD is accelerated, therefore, the negative CPD is 

disappeared. However, the potential tilted toward QW causes the 

reduction of electron injection into the QD, thus PL intensity starts to 

decrease as positive bias increases. As a result, the numbers of electron 

and hole injected into the QD can be precisely controlled by electric field 

at 4 K, as in the previous study [2]. 

Figure 4-4 shows time dependences of circularly polarized PL and the 

Figure 4-3 Bias dependence of PL intensity (above) and CPD (below) at the QD-GS. 
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corresponding CPD with bias voltages of (a) 0.3 and (b) 0.6 V at the QD-

GS. The CPD decaying properties at the QD-ES indicate the spin-flip 

dynamics via electron-hole scattering. At 0.3 V, the negative CPD of the 

QD-ES is observed at 200 ps. The spin-flip dynamics become dominant 

at even the ES, and it is suggested that spin-flip scattering occurs at a 

higher state than the ES. The spin-flipped electron at the ES is rapidly 

energy-relaxed into the GS, therefore it starts to show the negative CPD 

of the GS at 60 ps. The significant CPD polarity change from 6 % to 

maximum degree of −12 % after 800 ps is observed at the QD-GS. In 

constant, initial positive CPDs up to 35 % at the GS decrease shapely 

down to 10 % at 800 ps owing to the spin relaxation, not involving the 

spin-flip scattering at 0.6 V.  

Figure 4-4 Circularly polarized time-resolved PL and the resultant CPD (upper panels) 

with a bias voltage of (a) 0.3 and (b) 0.6 V at the QD-GS (left panels) and ES1 (right 

panels) for 4 K. 
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4.4 Temperature dependence of electron-spin polarization 

To find a temperature at which the negative CPD disappears, I study 

the temperature dependence of electron spin polarization. Figure 4-5 

indicates circularly polarized PL spectra and the corresponding CPD 

with a bias voltage of 0.3 V at 40, 100, 180 and 250 K. The photon energy 

of the PL spectral peak corresponds to the PL emission from the QD-GS. 

Several weak PL peaks above the energy of the QD-GS is equivalent to 

the energy of some ESs. With increasing temperature, the peak energy of 

the QD-PL emission at both the GS and ES becomes lower due to the 

decreased number of carriers within the QD. The QD-GS transition 

energy of 1.26 eV at 40 K transfers to 1.19 eV at 250 K. This is due to 

the decreased band gap of QDs with temperature, following Varshni’ law 

[7]. 

Figure 4-5 Circularly polarized PL spectra and the corresponding CPD with bias voltages 

of 0.3 V at (a) 40, (b) 100, (c) 180 and (d) 250 K. 
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 E(T) = E(0) −
αT2

T + β
 (4-2) 

Here, E(T) is the band gap at T ℃, and α and β are constants. At 40 

K, a negative CPD value of −8 % is observed at the QD-GS. The PL with 

negative CPD values originating from the spin-flipped electrons in the 

QD ensemble is still dominant at 40 K. However, this negative CPD 

value decreases compared to that at 4 K due to the enhanced spin 

relaxation originated from the acoustic phonon emission in the QD [6]. 

Despite the similar PL intensity, the negative CPD polarity is disappeared 

above 100 K because of the dissipation of residual electron by thermal 

escape from the QD-GS. At 180 and 250 K, The PL intensity decreases 

significantly by a factor of 5 or 20, respectively. In these temperatures, 

carriers start to escape out of the QDs. Rejection of spin-polarized 

electrons after thermal escaped does not cause significant change in CPD 

value. Figure 4-6 indicates the bias dependence of normalized PL 

intensity at 40, 100, 180 and 250 K. The PL line width as a function of 

Figure 4-6 Bias dependences of normalized PL intensity with temperatures of 40, 

100, 180 and 250 K. 
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bias voltages decreases above 100 K. This means that carriers tend to 

thermally escape out of the QDs owing to the potential modification by 

an electric field. In other words, it is suggested that the thermal escape 

rate of carriers strongly depends on applied bias voltage as increasing 

temperature.  

Temperature dependences of PL intensity and CPD at the QD-GS is 

shown in Figure 4-7, and the inset in Fig. 4-7(a) indicates the PL decay 

time as a function of temperature at 0.3 V. The PL intensity is constant to 

140 K since carriers excited to the ES with relatively small thermal 

energy can be rapidly relaxed into the GS. However, it starts to decrease 

sharply from 180 K due to thermal escape of carriers from the QDs. The 

Figure 4-7 Temperature dependence of (a) PL intensity and (b) CPD at the QD-GS. 

The inset in (a) indicates the PL decay time as a function of temperature at 0.3 V.  
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temperature dependence of PL decay time shows the same trend as that 

of the PL intensity. It is observed that the PL decay time decreases from 

700 ps below 100 K to 300 ps at 295 K. The temperature dependence of 

the CPD indicates a different trend depending on bias voltages, as shown 

in Fig. 4-7(b). First, positive CPD decreases from 4 to 100 K with bias 

voltages of 0.6~1 V. This can be attributed to the reduced spin relaxation 

time τs  whereas PL decay time τPL  is not changed remarkably, 

following the above equation (4-1). The electron-spin relaxation in the 

QDs is enhanced by emissions of acoustic phonons, corresponding to the 

thermal energy. From 120 K, the positive CPD increases gradually, 

owing to the significant reduction of PL decay time as the inset of Fig.4-

7(a). Second, the negative CPD starts to decrease from 20 K, and it 

reaches to zero at 120 K. In these temperature conditions, the spin-flip 

mechanism of hole at the QD-ES can be enhanced by thermal energy 

when hole spin is energy-relaxed to the GS [8]. That is, the hole-spin 

state at the QD-GS can be flipped once again after this spin-flip scattering 

of electron-hole at the ES. As a result, co-circularly polarized PL 

increases in the QD ensemble, leading to the decline of negative CPD. 

Above 140 K, residual electrons at the QD-GS in the QD ensemble tend 

to be eliminated by thermal escape, and positive CPD increases due to 

the decreased PL decay time. Finally, it is found that CPD values at even 

295 K is changed from 5 to 15 % by electric field. This result is discussed 

in more detail in the section 4.5.  

The activation energy, responsible for the negative CPD, which can be 

calculated from the absolute value of CPD as a function of inverse of 

temperature is shown in Figure 4-8. As a result, the activation energy of 

23 ± 5 meV is deduced, corresponding to the energy for the dissipation 

of negative PL polarization. This is similar with 22 meV of calculated 

energy difference between the QD-GS and the first excited state (ES1).  
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4.5 Electric-field control of electron-spin polarization at RT  

Figure 4-9 (a) and (b) show PL intensity and the corresponding CPD 

at 1.1 and −0.1 V, respectively. These bias conditions were selected to 

compare the electric-field-effect on the electron-spin dynamics between 

the GS and ES with similar PL characteristics. The QD-GS and ES were 

defined with photon energy ranges of 1.16 ~ 1.20 eV and 1.22~ 1.26 eV, 

considering the QD size nonuniformity, respectively. The PL emission 

Figure 4-9 Spectra of PL intensity and the corresponding CPD with bias voltages of (a) 

1.1 and (b) −0.1 V. The QD-GS and ES are defined with photon energy ranges of 1.16 ~ 

1.20 eV and 1.22 ~ 1.26 eV, respectively. 

Figure 4-8 Activation energy calculated from the absolute value of PL polarization 

as a function of the reciprocal of temperature.  
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above 1.26 eV is originated from a wetting layer (WL) of QD or QW. In 

the case of 1.1 V, a CPD value of 15 % is observed at the QD-GS, 

whereas it decreases to 5 % with bias voltage of −0.1 V. One can guess 

that this is because the spin-flip scattering remains with −0.1 V at even 

RT. In this bias condition, electron-spin injection is accelerated by tilted 

potential toward the QD side, and then a residual electron remains at the 

QD-GS. Therefore, the positive CPD value in the QD ensemble will 

decrease due to the spin-flip scattering, which resulted in emitting cross-

circularly polarized PL. However, negative CPD is not observed at RT. 

It is suggested that the residual electron escapes from the QD-GS 

affecting by the thermal excitation, so emission of co-circularly polarized 

PL is still dominant in the QD ensemble. This is explored in more detail 

later in this chapter. 

Figure 4-10 (a) shows PL-CPD of the QD-GS as a function of bias 

voltages, with various excitation conditions using different polarization 

Figure 4-10 (a) CPD of the QD-GS as a function of bias voltage with different excitation 

polarization lights. (b) The ratio of initial CPD at the ES (see inset) and PL-CPD of the GS 

as a function of bias voltage.  
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lights. The CPD value is changed from minimum value of 3 % to 

maximum value of 15 % by applied bias voltages. This result shows that 

the spin polarization degree depends on the bias voltage at RT. There is 

no significant difference in CPD values regardless of co (σ−)- and cross 

(σ+) -circularly polarized excitation light. The linear excitation exhibits 

no polarization at all ranges of bias voltage. At low temperatures, CPD 

values can be switched more than 30 % in the section 4-3, in contrast, 

the control of spin polarization degree by electric field is weakened by 

thermal excitation at RT. The ratio of the degrees of PL polarization at 

the QD-GS to the initial spin polarization immediately after the spin-

polarized electrons are injected into the QD-ES is shown in Fig. 4-10(b). 

This ratio is defined as Prel
QD

 which value demonstrates spin-relaxation 

of electrons after injection from the QW into the QDs. The Prel
QD

  is 

modified from 12 to 60 % by an electric field. The photo-excited 

electron-spin polarization in a GaAs bulk (barriers) is usually known to 

be 50 % according to the optical selection rule [9]. However, this 

polarization degree decreases in GaAs barriers or a QW before injection 

into the QDs owing to the DP mechanism, which is dominant at RT [10]. 

In fact, initial CPD values are not dependent on bias with 25-30 %, as 

shown in the inset of Fig. 4-10(b). This means that the degree of electron-

spin relaxation before the injection into QDs does not change by the bias 

voltage. In addition, it implies that the QD-PL polarization is determined 

by electron-spin dynamics within the QD solely.  

Transient PL and the corresponding CPD at the QD-GS and ES at 1.1 

and −0.1 V are shown in Figure 4-11, respectively. The black solid line 

is the best fitted calculation of the CPD decay using a single-exponential 

decay fitting. The CPD decay time of a reference In0.4Ga0.6As QD is 162 

ps at the QD-GS. The obtained time constant of 146 ps at 1.1 V is close 
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to this value. However, 78 ps of the CPD decay time at −0.1 V is 2 times 

faster than that of 1.1 V. At low temperatures as described above, the 

negative PL polarization is observed at specific bias conditions, 

originating from the residual electron generated by the accelerated 

electron-spin injection into the QDs. This disappears due to the thermal 

escape of the residual electron with increasing temperature. However, 

large number of spin-polarized electrons injected into the QDs still 

occupy the QD-GS even at RT according to the Boltzmann distribution. 

That is, the residual electron may exist at the QD-GS when electron-spin 

injection is accelerated with specific bias condition. Here, I assume that 

low CPD and fast τs  obtained below −0.1 V are originated from the 

spin-flip scattering remained even at RT.  

To support my assumption, rate equation analysis for time-resolved PL 

is performed, which has been used to estimate spin-flip time based on a 

previous study [11]. Figure 4-12(a) shows the simulation results of 

transient PL polarization by difference in the spin-flip time τsf = τs1 −

Figure 4-11 Time resolved PL spectra with bias voltages of (a) 1.1 and (b) -0.1 V at the QD 

ES (up) and GS (down). The black solid line is the best fitted calculation of CPD decay 

using rate equations. 
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τs2 with the fixed value of τs2=214 ps, which is deduced from a CPD 

decay time of the QD-ES for a reference In0.4Ga0.6As QD. A schematic 

model of this asymmetric spin-flip with electron-spin relaxation time 

τs1 and τs2 is presented in the inset of Fig.4-12(e). In this model, blue 

up- and red down-spin indicate the majority and minority electron spins 

in the QDs, respectively. When τs1  of the relaxation time from the 

majority into minority spins is faster than τs2 , those difference is 

negative, as shown in Fig.4-12(a). According to these simulation results, 

high negative CPD with steep PL polarization decays are obtained as the 

negative value of τsf increases. It means that the spin-flip dynamics is 

dominant in the QD ensemble, resulting from the residual electron 

formed by the enhanced electron-spin injection into the QDs. In other 

words, the existence probability of the minority spins in the QD increases 

by faster switching time τs1, as a result, the PL emission with cross-

circularly polarization also increases from the QDs. With the rate 

equation analysis, circularly polarized PL time profiles and the 

corresponding CPD of the QD-ES are shown at bias voltages of (b) 1.1, 

(c) 0.1, and (d) −0.1 V. The black solid lines indicate the best fitted results 

calculated by τs1 − τs2 . In the normal case without the spin-flip 

scattering, the fitted line decreases almost linearly like 1.1 and 0.1 V, 

showing the usual spin relaxation. In contrast, the curve of the fitted CPD 

graph falls rapidly into negative value at −0.1 V. This can be induced by 

faster τs1 indicated the abovementioned spin-flip scattering. The τs1 −

τs2 has the bias dependence following the red broken line, as shown in 

Fig.4-12(e). Below 0.1 V, the spin-flip time decreases gradually and is 
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obtained with the value of −30 ps at −0.1 V. However, the spin-flip 

scattering for RT is suggested to be suppressed when compared to −65 

ps obtained at low temperature. With increasing temperature, residual 

electron-spins at the QD-GS are likely excited thermally. As a result, the 

number of QDs in the ensemble, where the spin-flip scattering occurs, is 

limited, and then the PL emission intensity with cross-circular 

polarization decreases.  

The PL decay time (τPL) and twice the CPD decay time (2τCPD) as a 

function of bias voltage are shown in Figure 4-13(a) and (b), respectively. 

The bias dependence of τPL shows the same trend as that of the QD-PL 

intensity, and the peak of τPL with 264 ps is also observed at 0.3 V. This 

Figure 4-12. (a) Simulation results of transient CPD at the ES with various spin-flip time τsf=τs1-

τs2 and fixed value of τs2 = 246 ps. Circularly polarized PL time profiles and corresponding 

CPD of the ES at bias voltages of (b) 1.1, (c) 0.1, and (d) −0.1 V. The black solid lines indicate 

the best fitted results. (e) Bias dependence of τsf at the ES. The red broken line is a guide for the 

eyes. The inset shows a schematic model of asymmetric spin-flip dynamics with electron-spin 

relaxation times of τs1 and τs2. In this model, blue up-spin and red down-spin mean the majority 

and minority electron spins in QDs, respectively. 
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voltage is the best condition that electrons and holes are efficiently 

injected into the QDs, where it satisfies their number ratio of 1:1 within 

the QDs. However, it should be noted that this condition is not suitable 

for the efficient spin-photon conversion due to the similar value between 

τPL and 2τCPD, as shown in Fig.4-13(a). When the τPL is less than 50 

ps, the PL emission from the QD is very weak due to the strong potential 

modification that interrupts the injection of electrons or holes into the 

QD. The value of 2τCPD also depends on the applied bias voltage with 

the red broken guideline. Below 0.3 V, the 2τCPD  starts to decrease 

gradually, and it indicates the similar trend as that of τsf . 2τCPD  is 

defined by a function of electron-spin relaxation and spin-flip times. 

However, electron-spin relaxation time has no bias dependence in the 

Figure 4-13 (a) Bias dependence of PL decay time τPL (open black squares) and 

twice the CPD decay time: 2τCPD (green circles). The broken red line is a guideline 

for 2τCPD. (b) The photon/electron-spin conversion parameter 𝛈𝐐𝐃 as a function of 

bias voltage, which is calculated by τPL and 2τCPD. 
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QD. Therefore, this decline in the 2τCPD  with bias voltages can be 

related to the enhanced spin-flip scattering, as described above. The 

photon/electron-spin conversion parameter ηQD  as a function of bias 

voltage is shown as Fig. 4-13(b), based on equation calculated by τPL 

and 2τCPD, as follows [4]: 

 ηQD =
1

1 +
τPL

2τCPD

 (4-3) 

This parameter indicates the efficiency from electron-spin polarization 

into circular polarization of photon. The ηQD also strongly depends on 

bias voltage at RT, showing a similar trend as the bias dependence of 

Prel
QD

. The 2τCPD (323 ps) at 1.1 V is 3 times longer than τPL (58 ps), 

therefore high ηQD of more than 0.8 is obtained. That is, the high PL 

polarization of 15 % at 1.1 V is mainly originated from this high ηQD. 

With decreased bias voltage, the value of ηQD drops greatly to 0.5 due 

to the increase in τPL with respect to almost constant τs. Below 0.1 V, 

PL emission is suppressed by slow hole injection into the QDs, and then 

it induces shorten τPL, resulting in the enhanced ηQD. 

 

4.6 Conclusion  

I have studied the temperature dependence of electric-field effect on 

the PL-CPD reflecting spin polarizations of photo-excited carriers using 

a conventional III-V compound semiconductor InGaAs-based QW-QD 

tunnel-coupled nanostructure. The CPD values are manipulated in the 

range of 3-15 % by an external bias application, corresponding to the 12-

60 % change in the internal spin-polarization change: Prel
QD

. Despite RT, 
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I find that one can control the PL-CPD, i.e., spin polarization, by using 

electric field only.  

In addition, spin-flip dynamics within the QDs is observed even at RT 

and can also be controlled by the electric field. This can greatly facilitate 

practical applications of semiconductor spintronics with the electric field 

manipulation of spin information. 

The next task is, it is necessary to suppress the thermal escape of spin-

polarized electrons from the QDs to improve room-temperature 

performances.  
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Chapter 5. Electric-field-effect on spin polarization in 

InGaAs QW/InAs QD coupled structures 

5.1 Background 

I have studied bias and temperature dependences of electron-spin 

polarization for InGaAs QW/QD tunnel-coupled nanostructures, as 

described in the previous chapter. At RT, the PL polarization decreases, 

which can be affected by the thermally spin-depolarized electrons in the 

QDs. Therefore, it is necessary to suppress the thermal distribution of 

spin-polarized carriers for practical optical applications at RT. 

In this study, I fabricated electric-field-effect optical spin device using 

InAs QDs coupled with InGaAs QWs. The InAs QD has an advantage 

that the energy difference between the QD-ES and GaAs barrier is 

significantly larger than the thermal energy. Therefore, I have 

investigated the bias and temperature dependences of the PL polarization 

in the InGaAs QW/InAs QD tunnel-coupled nanostructures. 

 

5.2 Experimental procedures 

Figure 5-1(a) shows a schematic drawing of the electric-field-effect 

optical spin device structure. The sample growth was conducted on a p-

doped GaAs (100) substrate along the z-direction by molecular beam 

epitaxy. 20-nm-thick In0.1Ga0.9As QW and p-doped InAs QD layers were 

tunnel-coupled with an 8-nm thick GaAs tunneling barrier. The QD layer 

had relatively low surface density of 2 × 1010 cm−2 . Based on the 

previous study [1], the QD was doped with Be using remote doping for 

4 holes/QD. To apply electric field, the sample was attached on a Cu plate, 

and a Fe/Au/Ti/Au electrode was fabricated at a top of optical device. To 

prevent the effects of iron on the PL properties, MgO barrier was 

deposited under the electrode. One side of the optical window provided 
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on the electrode is about 20 μm. Two Al1-xGaxAs barrier layers were 

grown on the top and bottom of optical active layer to prevent an external 

carrier injection from an electrode. A schematic potential of this structure 

is shown in Fig.5-1(b). The circularly polarized laser was set to 800 nm 

(1.55 eV) for the excitation in GaAs, and the laser power of 200 μW was 

selected to prevent the state-filling-effect in the QDs [5]. Spin-polarized 

electron and hole pairs are generated in GaAs barriers under 𝜎+ -

excitation, and then they are injected from the QW into the QDs via spin-

conserved tunneling. The doped holes compensate for the absence of 

slow hole injection from the QW to the QDs. Finally, the electron-hole 

pairs recombine and disappear in the QDs, emitting circularly polarized 

PL depending on the spin states.   

 

5.3 Bias dependence of electron-spin polarization at 4 K 

Figure 5-2 indicates PL spectra and the corresponding CPD with bias 

voltages of (a) −2, (b) 0.4 and (c) 2.4 V, respectively. The QD-PL intensity 

Figure 5-1 Schematic drawings of (a) electric-field-effect optical spin device using InGaAs 

QW/p-doped InAs QD coupled nanostructures and (b) the band potentials with a 

luminescent process reflecting the spin-polarized carrier dynamics in the coupled 

nanostructure.  
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peaks at 1.08 eV, which corresponds to the light emission from the QD-

GS. This peak energy of the QD-GS account for a characteristic of InAs 

QD as compared to 1.26 eV of the InGaAs QD in the section 4.3. The 

weak PL peak above 1.15 eV originates from the QD-ES. Lower PL 

intensity is obtained at −2 and 2.4 V, as compared to that at 0.4 V. The 

injection of hole and electron into the QDs can be suppressed by the 

potentials tilted toward the QD or QW side depending on bias, 

respectively. Negative CPD of −10 % at the QD-GS is obtained by the 

enhanced electron spin injection into the QDs at −2 V, as described above. 

This negative PL polarization disappears according to the elimination of 

residual electron at 0.4 V, indicating positive CPD of 5 %. At 2.4 V, no 

polarization of 0.5 % is observed whereas PL intensity is constant with 

that of −2 V.   

The bias dependence of PL intensity and CPD at the QD-GS is shown 

in Figure 5-3(a) and (b). PL intensity profile as a function of bias voltage 

indicates the oscillation behaviors. This can be originated from 

longitudinal optical (LO)-phonon mediated resonant tunneling [2]. In the 

2D-QW and 0D-QD coupled structure, it is known that electron wave 

function between the QW initial state and the QD-ES is strongly coupled 

via the wetting layer [3, 4], as shown in Fig.5-3(c). This electron 

wavefunction penetration becomes weaker or stronger depending on 

Figure 5-2 Circularly polarized PL spectra and the corresponding CPD with bias voltages of 

(a) −2, (b) 0.4 and (c) 2.4 V, respectively. 
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electric-field conditions. If the energy difference between the initial state 

of the QW and one of the QD-ESs is equivalent to the resonant phonon 

energies ELO  with several LO-phonons, ultra-fast energy relaxation 

emitting LO-phonons can be induced as Fig.5-3(d). The 1LO phonon 

energy is about 36 meV in GaAs. At bias with the higher PL intensity as 

−3, −1 and 1 V, the energy difference between the QW and the QD-ES is 

equivalent to the energies of several LO-phonons. Due to LO-phonon-

induced resonant tunneling, electrons with the majority spin state are 

efficiently injected into the QDs, therefore, negative CPD becomes 

weaken and positive CPD enhances. The negative CPD disappears when 

spin-flip scattering is suppressed above −1 V. Almost no polarization 

above 1 V can be attributed to the hole-state filling effect at the QD-GS. 

 

Figure 5-3 Bias dependence of (a) PL intensity and (b) CPD at the QD-GS. A schematic drawing 

of the electron wave function in the QW-QD coupled potential. 
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5.4 Temperature dependence of electron-spin polarization  

Figure 5-4 shows contour plots of the QD-PL intensity at (a) 4, (b) 60, 

(c) 160 and (d) 225 K. The photon energy with the highest PL peak is 

shifted to the lower side with increasing temperatures, following Varshni’ 

law in equation (4-2). The strong PL intensity oscillation by LO-phonon 

mediated resonant tunneling is observed at both 4 and 60 K. On the other 

hand, the oscillation behavior is vanished at 160 and 225 K. The PL peak 

is only observed around −1 V, which is the best condition for the efficient 

tunnel injection of electrons and doped holes into the QDs. One can guess 

that the concubine of PL intensity oscillation is originated from the 

weaken wavefunction penetration of electrons due to thermal energy. 

Carriers can be thermally escaped from the QDs as well as the QW at 

high temperatures. This thermal escape probability of carriers from the 

Figure 5-4 Contour plots of the QD-PL intensity at (a) 4, (b) 60, (c) 160 and (d) 225 K. The 

peak of PL intensity is observed at −1 V.  
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QDs strongly depends on electric field due to the strong potential 

modification, as described above. In addition, with increasing 

temperatures, the voltage range at which PL intensity is observed is 

limited, as shown in Fig.5-4(d).  

Temperature dependences of PL intensity and CPD with a bias voltage 

of −2 V at the QD-GS is shown in Figure 5-5. The PL intensity is constant 

up to 180 K, and this indicates the suppressed thermal escape of carriers, 

as compared to 140 K in InGaAs QW/QD [Fig.4-7]. Owing to the deep 

energy levels of the InAs QD, the escaped carriers to the QD-ES are 

rapidly energy-relaxed at the middle temperature range, leading to the 

high PL intensity. Above 180 K, the PL intensity starts to drop shapely 

Figure 5-5 Temperature dependence of PL intensity (upper panel) and CPD (lower 

panel) with a bias voltage of −2 V at the QD-GS. 
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because of higher thermal energy. On the other hand, negative CPD of 

−10 % decreases gradually with increasing temperature, and it disappears 

at 160 K. This temperature, where negative PL polarization is dissipated, 

is higher than that in InGaAs QD (in the section 4.4). Therefore, the 

thermal escape of residual electron at the QD-GS is relatively suppressed 

in this sample. The increase of positive CPD above 180 K is originated 

from the fast PL decay times which corresponds to PL intensity, 

according to equation (4-1). However, entirely low CPD value is 

observed when compared to that in InGaAs QD. It is guessed that longer 

PL decay time than spin relaxation time lowers PL polarization. 

 

5.5 Bias dependence of electron-spin polarization at RT 

Figure 5-6 shows bias dependence of (a) PL intensity, (b) CPD, (c) PL 

decay time and (d) CPD decay time at the QD-ES for RT. The PL peak 

is observed on the negative voltage side due to the compensated hole 

Figure 5-6 Bias dependences of (a) PL intensity, (b) CPD, (c) PL decay time and (d) 

CPD decay time at the QD-ES under RT. 
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injection by p-doping effect. The constant PL intensity above 0 V is 

originated by MgO. Below −1 V, PL intensity starts to decrease because 

of the absence of hole within the QDs. The PL decay time shows the 

same trend as that of the PL intensity. τPL = 412 ps at −1 V decreases 

two times to τPL = 247 ps at −2 V, leading to the decreased PL intensity. 

On the other hand, CPD value is markedly lower in the wide bias range. 

Faster CPD decay times than PL decay times in all bias range are 

responsible for the lower CPDs, while the initial CPD indicates no bias 

dependence with 60-67 %. The decrease of PL decay time results in 

slightly the enhanced CPD below −1 V.  

 

5.6 Conclusion 

I have studied the temperature dependence of the PL polarization in an 

electric-field-effect optical spin device using InGaAs QW-InAs QD 

coupled nanostructure. The oscillation of PL intensity by LO-phonon 

mediated resonant tunneling is observed at low temperatures. This 

promotes efficient injection of majority (parallel) spins into the QDs. 

This oscillation behavior disappears with increasing temperature, 

because of the thermal re-distribution of carriers.  

The negative CPDs with anti-parallel spin polarization for the initially 

excited one disappears at 160 K. This result demonstrates the suppressed 

thermal escape of carriers from InAs QD, compared to the above case 

employing InGaAs QDs. The high PL intensity is obtained in the former 

InAs QDs at RT compared to the latter InGaAs ones, however, the PL-

CPD values at RT is lower due to the longer PL decay time and faster 

spin relaxation time.  
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Chapter 6. Electric-field-effect on spin polarization in GaNAs 

QW/InAs QD  

6.1 Background 

To realize fiber-optic communication systems, the wavelength of the 

emitted light should be between 1.3 to 1.55 μm. However, III-V 

semiconductor In(Ga)As QDs have an emission wavelength of 1.3 μm or 

less [1]. To overcome this limitation, InAs QD structures coupled with 

GaNAs strain-compensating layers (SCLs) are introduced. The band gap 

energy of InAs QD is reduced because the GaNAs SCLs alleviate the 

compressive strain in InAs QD. This causes the PL peak shift toward 

longer wavelength [2]. Furthermore, it is recently reported that high 

electron spin polarization of 90 % can be achieved in InAs QD-diluted 

nitride GaNAs coupled structure at RT [3]. The spin-filtering effect is 

responsible for this extremely high value of spin polarization at RT, 

where the minority electron spins can be selectively trapped by deep 

level defects within the GaNAs with small contents of N such as 1 %. In 

Ga-based compound semiconductors, Ga self-interstitials form spin-

polarized defects acting as spin filtering sources [4-6]. The energy levels 

of the defects in the GaNAs are located deeper than thermal activation 

energy at RT, that spin filtering effect for the conduction electrons can 

work efficiently before spin injection into the QDs against for the thermal 

effect at RT.  

In this study, for high PL polarization reflecting electron spin 

polarization at RT, I have fabricated electric-field-effect optical spin 

devices using 5 nm-thick GaNAs QW/InAs QD tunnel-coupled 

nanostructures and demonstrate bias dependence of the PL polarization 

at 4 and 295 K. 
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6.2 Experimental procedures 

Figure 6-1(a) shows a schematic drawing of electric-field-effect 

optical spin device using GaNAs QW-InAs QD coupled nanostructure. 

A 5 nm-thick-GaNAs QW and a single InAs QD layer was coupled with 

3 nm-thick-GaAs tunneling barrier. They were grown on a Zn doped 

GaAs (100) substrate via molecular beam epitaxy (MBE). The nitrogen 

composition of GaNAs QW is set to 0.9 %. A QW/QD coupled optically 

active layer was capped 10 nm-thick-GaAs. Two Al0.2Ga0.8As act as 

block layers to prevent external carrier injection from a top electrode and 

it also make thermally escaped carriers reinject into an optically active 

layer. A Fe/Au/Ti/Au electrode was deposited on the device surface to 

apply an electric field. The circularly polarized laser was set to 850 nm 

for the excitation in GaAs, and the laser power of 5 mW was selected for 

the efficient PL intensity at RT. A spin-polarized electron and hole pair is 

generated at GaAs barrier under 𝜎+ -excitation, and then they are 

injected from the GaNAs QW into the QDs via spin-conserved tunneling, 

as shown in Fig.6-1(b). In this sample, the electron wave function of 

GaNAs is penetrated into the QD-ES. Some of spin-polarized electrons 

Figure 6-1. Schematic drawings of (a) electric-field-effect optical spin device using GaNAs 

QW-InAs QD coupled nanostructure and (b) band potentials with a luminescent process 

reflecting the spin-polarized carrier dynamics in the coupled nanostructure. 



75 

 

can be trapped in deep-level defects formed below the conduction band 

of GaNAs. The valence band was drawn flat because the sub-band of 

hole in valence band increases with nitrogen contents [7]. Therefore, 

spin-polarized holes are injected directly from the GaAs barrier to the 

QDs.  

 

6.3 Bias dependence of electron-spin polarization at RT 

Figure 6-2 shows circularly polarized PL spectra and the 

corresponding CPD with bias voltages of (a) −2 and (b) 0 V, respectively. 

The QD-PL intensity peak is observed at 1.01 eV, which corresponds to 

the PL emission from the QD-GS. The several PL peak above 1.05 eV 

indicated emissions from the QD-ESs. The PL emissions of the GS and 

Figure 6-2. Circularly polarized PL spectra and corresponding CPD with bias voltages of 

(a) −2 and (b) 0 V, respectively. Schematic illustrations of each potential and the possible 

dynamics of spin-polarized carries are shown below. 
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ES in the QD ensemble were defined with photon energy ranges of 1 ~ 

1.04 eV and 1.06~ 1.11 eV, respectively. At −2 V, PL intensity is rather 

weak originating from the absence of hole in the QDs owing to the tilted 

potential of QW-QD coupled structure toward the QD side. In addition, 

the re-injection of thermally escaped electrons into the QDs is hampered 

by strong potential modification. The CPD value shows no significant 

change at both the GS and ES. On the other hand, the CPD changes from 

17 % at the QD-GS to 30 % at the QD-ES with a bias voltage of 0 V. This 

CPD enhancement can be attributed to the remote spin-filtering effect in 

a GaNAs QW [3]. In the case of 0 V, electrons with majority parallel spin 

are rapidly trapped by the deep-level defects, and then continuative 

parallel spin injection into the defects is restricted by Pauli blocking. 

However, it is possible to inject electrons with minority anti-parallel spin 

into those defects, therefore only parallel ones are injected into the QDs 

via spin-conserving tunneling. As a result, parallel PL polarization 

increases at the QD-ES. At −2 V, the tunneling from the QW to the QD 

occurs first before spin trapping into the defects due to the potential tilted 

toward the QDs, therefore spin-filtering effect can be suppressed. In 

addition, because of the escape of holes from the QDs and the decreased 

reinjection of thermally escaped electrons into the QDs, PL-CPD values 

at both the GS and ES decreases.  

Bias dependence of the CPD at the QD-GS and ES is shown in Figure 

6-3. The CPD at the ES is higher than that at the GS. This result 

demonstrates the obvious spin-filtering effect by a GaNAs QW. One can 

guess that the effect of spin filtering is significantly effective at specific 

bias voltage conditions, such as around 0 V where the potential band 

becomes flat. Furthermore, it is should be noted that the degree of CPD 

enhancement depends on the electric field. The CPD value is enhanced 

two times from 17 % at the QD-GS to 30 % at the ES with a bias voltage 
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of 0 V. Furthermore, the CPD at the QD-ES is changed from 13 to 30 % 

by varying bias voltage. This room-temperature voltage control of CPD 

is corresponding to a 26-60 % change in relative spin polarization, taking 

the initial spin polarization is 50 % according to the optical selection rule 

into account. However, the CPD difference between the GS and ES 

becomes smaller at high and low bias conditions where the potential 

modification induces the degraded spin filtering effect and the 

suppressed carrier injection into the QDs.  

To elucidate the mechanism of the bias-voltage-dependent 

amplification effect of the spin-polarized electron at the QD-ES, I 

performed circularly polarized time-resolved analysis of the QD-PL 

emission, by varying the bias voltage. Figure 6-4(a) indicates circularly 

polarized PL time profiles and the corresponding CPD at the QD-ES with 

−2 and 0 V, respectively. The drastic rise of CPD is observed at 0 V, as 

compared to that at −2 V. The initial CPD of 20 % increases up to 60 % 

after 75 ps at 0 V, whereas the maximum CPD of 40 % is obtained at −2 

V. This means that the degree of CPD enhancement by the spin filtering 

Figure 6-3. Bias dependence of CPD at the QD-GS and ES. 
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effect depends on bias, as described above. The minority electrons with 

anti-parallel spin can be trapped directly by deep-level-defects in GaNAs 

QW via the Pauli blockade after those states are occupied by the majority 

spins. Therefore, the lifetime of PL emission originating from the 

minority-spin electrons is shorter than that of majority electrons with 

parallel spin state within the QD, i.e., τσ− < τσ+  [3]. That is, the 

difference of PL decay time between the majority and minority spin leads 

to the CPD amplification, and the number of spin-polarized electrons 

injected into the QDs is related to the lifetime of PL emission. The degree 

of CPD amplification is defined as τσ+ τσ−⁄  . Here, τσ+  and τσ− 

denote the decay time of PL including parallel and anti-parallel electron-

spins, respectively. The spin filtering effect becomes stronger when 

τσ+ τσ−⁄ > 1. Bias dependences of PL decay time and τσ+ τσ−⁄  at the 

QD-ES is shown in Fig.6-4 (b) and (c). The degree of CPD amplification 

is different depending on bias, however, the spin filtering effect is found 

Figure 6-4 (a) Circularly polarized PL time profiles and the corresponding CPD of the QD-

GS at -2 and 0 V, respectively. Bias dependences of (c) PL decay time and (c) 𝝉𝝈+ 𝝉𝝈−⁄ . 
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at all measured voltages, indicating τσ+ τσ−⁄ > 1. High τσ+ τσ−⁄  of 1.4 

is obtained around 0 V, and it starts to decrease gradually as increasing 

or decreasing bias voltages.  

Finally, bias dependences of initial and maximum CPD obtained from 

the time-resolved PL analysis are shown in Figure 6-5. The initial CPD 

does not notably depends on the bias with values of 12-22 %, but the 

obvious bias dependence is observed for the maximum CPD. The 

maximum CPD as a function of bias voltage demonstrates that spin-

filtering dynamics strongly relies on electric-field-effect in this GaNAs 

QW-InAs QD coupled nanostructure. The difference between initial and 

maximum CPDs is the highest around 0 V, and it exhibits a similar trend 

as the bias voltage dependence of τσ+ τσ−⁄  ratio, as indicated in Fig.6-

4 (c). A decrease in the maximum CPD is related to the decrease of τσ+ 

under negative bias conditions. At 0 V, the majority spins are selectively 

injected into the QDs due to Pauli spin blockade, and thus τσ+ becomes 

longer than τσ−. On the other hand, τσ+ is approximately the same as 

Figure 6-5. Bias dependences of the initial and maximum CPD. 
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τσ− when the number of spin-polarized electrons reinjected into the QDs 

decreases by the strong potential modification at −2 V. Therefore, the 

maximum CPD decreases to down 30 % owing to thermal escape of spin-

polarized electrons from the QDs. 

 

6.4 Conclusion 

I have studied the bias dependences of the PL-CPD reflecting electron-

spin polarization in the electric-field-effect optical spin devices using 

GaNAs QW-InAs QD tunnel-coupled nanostructures newly developed. 

The remote spin-filtering effect within the GaNAs QW induces the CPD 

increase owing to amplification of the electron-spin polarization at the 

QD-ES as well as QD-ES. The room-temperature voltage control of CPD 

obtained at the QD-ES is corresponding to a 26-60 % change in relative 

spin polarization. I find that the degree of CPD amplification strongly 

depends on external electric field, and the electric-field-induced potential 

modification degrades spin-filtering-effect. The maximum value of CPD 

up to 60 % is obtained around 0 V. 
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Chapter 7. Conclusion 

I fabricated electric-field-effect optical spin devices using QW/QD tunnel-

coupled nanostructures and investigated the temperature dependences of the 

electron-spin polarization and the resultant PL circular polarization property.  

 

1. I have studied an electric-field effect on the degree of the circular 

polarization degree (CPD) reflecting electron-spin polarization as a 

function of temperature, using InGaAs QW-QD tunnel-coupled 

nanostructures. The CPD changes in the range of 3-15 % at room 

temperature (RT) by an external bias application, corresponding to a 

12-60 % change in the internal electron-spin polarization Prel
QD

 in the 

QDs after spin injection from the QW. Despite RT, I find to control the 

CPD by using an external electric field only. In addition, the spin-flip 

dynamics within the QDs is observed even at RT, and it can be also 

controlled by the electric field. This can greatly facilitate the practical 

applications of optically functional semiconductor spintronics by 

means of electric-field manipulation, which is one the most traditional 

and effective techniques of the modern electronics. 

 

2. I studied the temperature dependence of the PL-CPD reflecting the spin 

polarization in electric-field-effect optical spin devices using InGaAs 

QW-InAs QD coupled nanostructures instead of employing InGaAs 

QDs. A significant energy-dependent oscillation of the PL intensity is 

observed at low temperatures, originating from LO-phonon mediated 

resonant tunneling between the ground state (GS) of QW and QD 

excited states (ESs). This can promote efficient, i.e., ultrafast and spin-

conserved, injection of spin-polarized electrons from the QW as a spin 

reservoir into the QDs as an optically active medium. The negative PL 

polarization, which indicates anti-parallel spins in the QDs against for 
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those initially excited in the QW, disappears at 160 K, suggesting the 

thermal escape of residual electrons with parallel spin polarization from 

the GS of the InAs QD. 

 

3. I have studied the electron-spin polarization and the resultant PL 

circular polarization in electric-field-effect optical spin devices using 

GaNAs QW-InAs QD coupled nanostructures newly developed. The 

remote spin-filtering effect within the GaNAs QW can induce 

significant amplification of the electron-spin polarization, i.e., the CPD 

value of the PL, at the QD-GS as well as QD-ES. I find that the value 

of CPD can be significantly enhanced at RT, owing to the spin 

amplification in the GaNAs before the spin injection, and also strongly 

depends on a strength of external electric field.  

 

As a result, I have achieved electric-field control of the electron-spin 

polarization and the resultant circular polarization in the InAs QDs after 

the spin injection from the GaNAs QW, even at RT, in the range of 10 %, 

i.e., 13-30 % of the PL-CPD at the QD-ES with the bias application 

from −1.5 to 1.5 V. This room-temperature voltage control of CPD is 

corresponding to a 26-60 % change in relative spin polarization, 

because the initial spin polarization excited on GaAs barriers is 50 % 

according to the optical selection rule. 
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