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Abstract

Optical spin injection in InAs/GaAs quantum dots (QDs) structures under cryogenic temperature 
has  been  investigated  in  this  work  using  continuous-wave  optical  orientation  spectroscopy. 
Circularly polarized luminescence from trions in the QDs was used as a measure for the degree of 
spin polarization of the carriers in the QD ground states1. The efficiency of spin conservation of the 
carriers during the injection process into the QDs and also the influence of the nuclear spins in the 
QDs were studied both under zero and external magnetic field. It was shown in zero magnetic field 
that the spin states were less conserved during the injection process for correlated excitons and hot 
free  carriers.  While  under  the  external  magnetic  field,  measurements  were  done  in  Faraday 
configuration.  Confined  electron  motion  yielding  the  quantized  Landau  levels  in  the  InGaAs 
wetting layer (WL)2 and lifting of the Landau level spin degeneracy was observed. Also possible 
spin thermalization in the InGaAs WL during spin injection process was found. Finally, the quench 
of  hyperfine  induced  spin  relaxation  by  dynamic  nuclear  polarization  (DNP)  in  the  QDs  was 
discovered and believed to be a stronger effect under weak/zero magnetic field3.   

1 Under external longitudinal magnetic field, it is also possible to detect the circularly polarized photoluminescence 
from the neutral excitons due to the quench of anisotropic exchange interaction by the magnetic field.

2 Wetting  layer  (WL)  is  a  strained  two dimensional  layer  formed  during  the  Stranski-Krastanow growth  of  the 
InAs/GaAs QDs structures. 

3 Under stronger magnetic field, the DNP is believed not being important, the reason will be discussed in the result 
section. Also, the hyperfine induced spin relaxation will not take place under strong magnetic field due to the large 
electron level Zeeman splitting. 
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Introduction

The use of  the  spin properties  in  semiconductors  is  a  promising  route  towards  new functional 
electronic  and photonic  devices.  Electrons  have a  charge and a  spin,  however  these have been 
considered separately until recently. The quantum dots (QDs) structures are one of the promising 
candidates for adding spin degree of freedom into conventional charge-based devices as they offer 
confined carriers with defined spin states. The quantum confinement in the QDs results in atomic-
like, discrete electronic eigenstates. The motion of the carriers in all three directions is restricted in 
the QDs which prolongs their spin lifetime comparing to bulk (three dimensional) and quantum well 
(two dimensional) structures, because of the strong quenching of spin relaxation via spin-orbit or 
exchange interactions [1]. Such ability of preserving spin states in the QDs may enable to realize 
quantum information processing [2,  3]. Moreover, the spin lifetime of  the exciton in the QDs (in 
the  order  of  few  ns)  can  be  tens  of  times  longer  than  its  radiative  lifetime  under  cryogenic 
temperatures [1], providing an opportunity for highly polarized spin/light sources [4]. 

In order to incorporate spin into real world applications mentioned above, key prerequisites such as 
generation, injection, and detection of spin polarized currents should be resolved [5]. To achieve 
spin polarized carriers inside the QDs structures, carriers with non-equilibrium spins are supplied 
from the surrounding layer and then relax in energy into the QDs, such process is often referred to 
the spin injection. There are two possible methods to generate non-equilibrium spin carriers inside 
the  semiconductors,  either  optically  or  electrically  [6].  The  former  was  used  in  this  work  by 
circularly polarized light continuous-wave (cw) excitation. To detect the spin states in the QDs, 
optical orientation spectroscopy was performed, in which the spin polarization of the QDs ground 
states is directly reflected by the photoluminescence circular polarization.

The work presented in this thesis mainly focuses on the magneto-optical studies of optical spin 
injection in the InAs/GaAs QDs structures. The contents is organized as follows. In the first chapter, 
a brief introduction of the semiconductor physics concerning electrical band structures in the bulk 
and two dimensional materials as well as the excitonic structure in the InAs/GaAs QDs is given. 
The second chapter provides basic concepts about spin physics, including optical orientation, spin 
polarization, spin relaxation mechanisms, spin states of exciton in the QDs, and dynamic nuclear 
polarization (DNP) process. In chapter three, the principle of Photoluminescence spectroscopy (PL), 
Photoluminescence Excitation (PLE) spectroscopy, and optical orientation measurements are given, 
also  includes  a  description  of  the  experimental  set-up  as  well  as  the  samples.  In  the  end, 
experimental results and discussions are presented in chapter four. 
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1   Semiconductor physics

1.1   Bulk semiconductor materials

When two individual atoms are put together to form a molecule, the discrete atomic energy levels 
for electrons split into two, refer to binding (the one with lower energy) and anti-binding. The atoms 
in a crystal which are arranged in periodic lattice make atomic energy levels split and form energy 
bands,  Fig.  1.1(a).  The  shaded  regions  of  Fig.  1.1(a)  represent  the  allowed  energy  levels  for 
electrons in the crystal. The allowed states bands of electrons are separated by forbidden regions 
which are referred to as the energy band gaps Eg of the material. 

The energy band that is completely filled with electrons at 0 K in a material is called the valence 
band (VB), while the next energy band is called the conduction band (CB). A metal refers to the 
material with partially filled conduction band. An insulator or a semiconductor however, at 0 K the 
CB is empty which results in large resistivity.  The main difference between an insulator and a 
semiconductor is that  an insulator has much larger band gap than a semiconductor. At elevated 
temperature,  thermally  generated  carriers  in  the  CB  contribute  to  a  limited  conductivity  in  a 
semiconductor. This is not going to happen for an insulator, since its band gap energy is much 
larger.  By applying  voltage  or  impurity  doping,  the  conductivity  of  an  semiconductor  can  be 
enhance and modulated. 
  
In analogy to the atoms case, an electron can be excited from the VB to the CB by absorbing a 
photon. The empty state remaining in the VB is referred to as a hole, which acts as a positively 
charged particle and can be described using particle properties like mass and momentum. Electrons 
and holes are called charge carriers.

Fig.1.1. (a) Electron energy levels (diamond structure) as 
the  function  of  the  distance  between  atomic  nuclei 
(carbon atoms). The CB originates from the anti-binging 
states  (upper  branch  of  the  split  2s  and  2p  levels)  of 
atomic s and p-orbitals. While the VB originates from the 
binding states (lower branch of the split 2s and 2p levels) 
of atomic s and p-orbitals. (b) Illustration of s-type and p-
type atomic orbitals. Form  [7], with kind permission of 
Springer Science+Business Media.

(a) (b)
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1.1.1   Crystal structure of GaAs

Gallium Arsenide (GaAs) is a material which has been researched for several years and most of its 
electrical properties have been unveiled. It is a III/V semiconductor with direct band gap, the lattice 
constant and band gap energy are list at Table 1.1. The semiconductors investigated in this work, i.e. 
GaAs ,InAs, and the ternary GaInAs, are all crystallized in the  zincblende structure, Fig. 1.2(a), 
which is in the FCC lattice group with Ga (In) at (0,0,0) position and As at a

4 (1,1,1,) position, 
where a stands for lattice constant. 

Table 1.1: Crystal structure, lattice constant, band gap energy, and split-off energy, Δso, at the Γ- 
point for GaAs, and InAs. [8]

Crystal 
Structure

Lattice 
constant (Å)

Eg 
Γ(eV)  Δso (eV)

GaAs Zincblende 5.653 1.519 (0 K); 1.420-1.435 (300 K) 0.39 eV
InAs Zincblende 6.058 0.417 (0 K) 0.314

         

Fig. 1.2. (a) Zincblende structures (black spheres, Ga (In); white spheres, As. (b) Brillouin zone 
for a zincblende crystal. From [7], with kind permission of Springer Science+Business Media.

1.1.2   Band structure and Bloch Theorem

The band structure of the materials describes how electron energy disperses in  k-space and the 
energy bands separated by band gaps. Such band structure originates from crystal periodicity and is 
nicely illustrated using time-independent Schrödinger equation introducing periodic potential: [7, 9]

  (Eq. 1.1) 

The wave function of electron Ψ (x) in a periodic potential is written in the form that: 

  (Eq. 1.2)

where Ψnk (x) is the Bloch function, in which unk (r) accounts for the crystal periodicity. The bottom 
of the conduction band (CB) possesses s-type atomic periodicity as it  originates from the anti-

(a) (b)

H r  = −ħ2

2m
∇ 2U  r  r  = E r 

n k  r  = un k r  e i k · r

file:///C:/Documents and Settings/Po-Hsiang Wang/??/


3

binding s-orbital. On the other hand, the top of the valence band (VB) possesses p-type atomic 
periodicity as it originates from the binging p-orbital, Fig. 1.1(b).

To start  with,  the  nearly free electron model  is  introduced.  The  periodic  potential  U(r) can  be 
represented as a Fourier series with the reciprocal lattice vector G:

  (Eq. 1.3)

And the wave function is expressed as a Fourier series over all allowed Bloch wave vector K.

  (Eq. 1.4)

Inserting Eq. 1.3 and Eq. 1.4 into Eq. 1.1, the following equation Eq. 1.5 is obtained,

  (Eq. 1.5)

where λK = ħ2K2/2m. By solving Eq. 1.5, the energy dispersion near the zone center (where the band 
gaps exist in k-space) is obtained, Eq. 1.6. The effective mass of the carrier m* is then introduced, 
Eq. 1.7. 

  (Eq. 1.6)

  (Eq. 1.7)

where K is the wave vector near zone center. 

The energy dispersion near the zone center approximates to a parabolic function similar to free 
electron energy dispersion but with the effective mass m* instead of m. This hold only for the case 
|U| « λ, which is the so-called effective mass approximation.

1.1.3   Effective mass approximation

Considering the fact that for the materials treated in this work, GaAs, and InAs are the direct band 
gap materials. The CB minimum and the VB maximum happen to meet at  Γ-point,  Fig. 1.4(b), 
where most of the optical transitions take place. The effective mass approximation is then used. 
That is, the dispersion relation around Γ-point is simplified to be a parabolic curve: [1]

  
  for the conduction band,       (Eq. 1.8)

  for the valence band.                 (Eq. 1.9) 

U r  =∑
G

U G ei G · r

 r  =∑
K

C K e i K · r

K − E  C K ∑
G

U G C K − G = 0

E±  K  = E ± 
ħ2 K 2

2 m
1 ± 2

U


m* = m 1
1± 2/U

≈ m U
2

E c =
ħ2 k 2

2me
*

E v =− ħ2 k 2

2mh
*



4

Here, me* and mh* are the effective mass of electrons and holes respectively, Table 1.2. 

Table 1.2: Effective masses and exciton binding energy (EB) at the Γ- 
point for GaAs, and InAs. m0 = 9.11·10 -31 kg is the electron rest mass. 
[10]

 

me
* ( Γ) m

hh
* ( Γ) m

lh
* ( Γ) EB (eV)

GaAs 0.067 m0 0.45 m0 0.082 m0 4.2 meV
InAs 0.023 m0 0.41 m0 0.025 m0 1.3 meV

1.1.4   Conduction band and valence band structures

Because of  the  p-type  orbital  possesses orbital  angular  momentum l  = 1,  the  VB is  three-fold 
degenerate  with the projection of  angular  momentum  ml = 0,  and  ±  1.  When taking spin-orbit 
interaction into account, which means, l and s are no longer considered separately, the total angular 
momentum j = l+s,  where s = 1/2 is the spin of the electron. The VB is resulting in three bands, 
named heavy hole (hh) band, light hole (lh) band, and split-off (so) band, Fig. 1.3(a). Heavy hole 
and  light  hole  band  are  degenerate  at  Γ  in  zincblende  material.  The  former  has  total  angular 
momentum j = 3/2, and the z-projection of the total angular momentum jz =  ± 3/2; the later has total 
angular momentum j = 3/2, and jz =  ± 1/2. The split-off band with j = 1/2, jz  =  ± 1/2 is separated 
from hh and lh band by ∆, so called the spin-orbit splitting.  

Electrons in the CB consist of s-type orbital, with orbital angular momentum l = 0. The spin-orbit 
interaction leads to the total angular momentum j = 1/2, and jz =  ± 1/2. 

Fig.  1.3.  (a)  Simplified  band  structure  utilizing  effective  mass  approximation,  with  the 
conduction band and three valence band. (b) The band diagram of GaAs (direct band gap). From 
[7][11], with kind permission of Springer Science+Business Media.

(a) (b)
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1.1.5   Complete band diagram

The complete band diagram of GaAs is shown in Fig. 1.3(b), basing on the combination of both 
theoretical and experimental results. The number of states in an allowed band (2N) is twice the 
number of elementary cells (N) in the crystal due to spin. 

1.1.6   Heterostructure

Layering different semiconductor materials with different band gaps will end up with a so called 
heterostructure, in which the band offset of both CB and VB occurs at the interfaces of the material. 
Quantum confinement can be achieved in this  case.  For example,  in this  work,  InAs QDs was 
grown on the GaAs substrate using Stranski-Krastanow growth (refer to section 1.2.2), wetting 
layer (WL) appears in between due to the lattice mismatch, a thick GaAs capping layer was put on 
the QDs. Since the size of the QDs are typically few nanometers, a zero dimensional structure was 
obtained.

In the InAs/GaAs QDs structures, the CB and the VB are lower in energy at the QDs comparing 
with the bulk GaAs and the InGaAs WL. Because of carriers are more likely to stay at the low 
energy states,  the optically/electrically generated carries will  diffuse and relax, and with certain 
probability, be trapped in the QDs.

1.1.7   Density of states (DOS)

The number of allowed states in a given energy band between E and E + δE is given by D(E)· δE, 
assuming the effective mass approximation. The DOS of bulk material, denoted as D3D (E) [7] is:
                                                        

  (Eq. 1.10)

The electrons are free to move in all three dimension in the bulk material, the density of state in this 
case is proportional to the square root of the energy, given by Eq. 1.10, where V is the volume. Here 
and also the equations shown later in section 1.2, the spin degeneracy is not discussed and included 
in the calculation.   

1.1.8   Kramers degeneracy

The combination of time-reversal symmetry (Kramers degeneracy) [7] and  inversion symmetry of 
the crystal lead to the two fold spin degeneracy within the conduction band of the semiconductor. 
The Kramers degeneracy implies that both wave vector and spin component of state change sign,   

  (Eq. 1.11)

where the arrows refer to two spin states  jz =  ±1/2. The crystal with symmetric under inversion 
changes the sign of the wave vector but leaves the spin state unaffected,    

En  k = En  −k 

D3DE  = V
22  2m*

ħ2 
3 /2

E
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  (Eq. 1.12)

For the crystal with both Kramers degeneracy and inversion symmetry, the band structure fulfills,   

  (Eq. 1.13)

which implies the two fold spin degeneracy.

In the InAs/GaAs system, which possesses no inversion symmetry, En  k ≠ En  k  , this spin 
degeneracy of the band structures is lifted.  

1.1.9   Exciton
 
An  exciton is an electrically neutral quasi-particle, with an electron in the CB and a hole in the VB. 
This bound state can be excited due to the electrostatic Coulomb interaction between an electron-
hole  pair.  In  semiconductors,  the  dielectric  constant  is  large  in  general,  so  the  electric  field 
screening reduces the strength of the Coulomb interaction, so called weakly bound (Mott-Wannier) 
[9] exciton is introduced as analogous to hydrogen atom apart from the electron mass m is replaced 
by the reduced mass μ, and the dielectric constant of vacuum ε is replaced by the dielectric constant 
of the material εr. The binding energy EB and Bohr radius of exciton aexc are given as follows:

  (Eq. 1.14)

  

  (Eq. 1.15)

where Ry is the Rydberg energy which equals 13.6 eV, aB = 0.053 nm is the Bohr radius for hydrogen 
atom, and the reduced mass μ is expressed as:

  

  (Eq. 1.16)

The energy of the excitonic state is lower than the CB by EB at  k = 0.  Theoretically, the binding 
energy EB  of the GaAs bulk exciton is around 4.2 meV at 300 K, Table 2. 

1.1.10 Landau levels of the bulk material

When a longitudinal magnetic field is applied (B = [0, 0, Bz] ), the electrons will revolve around the 
z-direction, yielding to a reduction of the degree of freedom. In a 3D electron gas (for electrons in 
bulk materials), the magnetic field has no influence on the carriers motion along the z-direction. 
The energy levels in this case or the so called Landau levels are given as [7]: 

  (Eq. 1.17)

En  k = En  −k 

En  k = En  k 

E B =

r

2 R y

aexc =
aB r

mr

1

= 1

me
 1

mh

En k z
= n1

2
ħc 

ħ2

2m
k z

2
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where the quantum number n = 0, 1, 2, 3 …

and the cyclotron frequency ωc is:

  (Eq. 1.18)

The allowed states are concentric cylinders in k-space, the DOS is similar to 1D quantum structure 
(refers to Fig. 1.5) and shown in Fig. 1.4.

      

Fig. 1.4. 3D electron gas in the external magnetic field. (a) Allowed states in k-space for applied 
field in z direction. (b) Density of state (ρ) versus energy (in units of ħωc ), dashed line refers to 
the DOS in 3D electron gas without magnetic field. From [7], with kind permission of Springer 
Science+Business Media.

1.2   Quantum confinement -lower dimensional systems

For the case of quantum confinement which will be discussed later in this chapter, the electron is no 
longer free to move in all dimensions. Due to reduction of the degree of freedom, the DOS of each 
subband is given assuming the effective mass approximation by [7]: 

  (Eq. 1.19)

  (Eq. 1.20)

  (Eq. 1.21)

The quantum well structure, where the electron motion is confine in one direction and free in the 
plane, has two dimensional DOS, denoted as  D2D  (E),  Eq. 1.19, A is the area of the layer.  On the 
other hand, the quantum wire in which the electron motion is confine in two dimensions and only 
free in one direction, has the one dimensional DOS, denoted as  D1D (E),  Eq. 1.20, where L is the 

(a) (b)

c =∣ eB z

m* ∣

D2D E = A


m*

ħ2

D1DE  = L
2  2m*

ħ2 
1 /2 1

E

D0DE  = E−E n
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length of the wire. One should sum over each subband and include the spin degeneracy for more 
complete expression in both 2D and 1D case.

The quantum dot (QD) structure which is mainly interested in this work confines electrons in all 
three dimensions. That is, electrons in this structure have zero degree of freedom. DOS is  δ-like 
function  at  each  quantized  level,  denoted  as  D0D  (E),  Eq.  1.21,  where  En are  the  quantization 
energies. The  Fig 1.5(a)-(d)  provides schematic geometries and the DOS of all type of quantum 
confinement structures.      
        
For GaAs, the CB energy dispersion around Γ-point is isotropic, which implies the constant energy 
ellipsoid at Γ-point in the vicinity of CB band edge is a sphere. The DOS of GaAs is simply given 
in  above  equations  without  further  calculations  taking  the  degeneracy  of  band  extremum into 
account.

Fig. 1.5. Schematic illustration and the DOS versus energy of (a) a bulk material, (b) a quantum 
well,  (c) a quantum wire, and  (d) a quantum dot. From [7], with kind permission of Springer 
Science+Business Media.
   

1.2.1   Landau levels of the 2D electron gas

In 2D electron gas (electrons in the quantum well for example), a freedom along the z-direction is 
not allowed. When a longitudinal magnetic field Bz  is applied, electrons will revolve around z-axis 
in the x-y plane. The radius of quantize orbitals, rn [12]

  (Eq. 1.22)

where the quantum number n = 0, 1, 2, 3 …

Since the orbits are quantized, the discrete electron energy levels  En  are a sequence of Landau 
levels:

  (Eq. 1.23)

(a) (b) (c) (d)

r n = [ 2ħ
eB

n1
2
]

1/2

En = n1
2
 ħc
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The DOS is δ-like, and the number of allowed states per unit area per Landau level S (without spin 
degeneracy and degeneracy of band extremum) is restricted by Pauli's exclusion principle and given 
by: 

  (Eq. 1.24)

In reality, the localized states due to the defects, impurities or inhomogeneities of the confining 
potential broaden the peak of the Landau levels, Fig. 1.6.

Fig.  1.6.  2D electron gas in the external magnetic field.  (a)  Allowed states in  k-space with 
applied field in z direction. (b) Density of state (ρ) versus energy (in units of ħωc  ), thick lines 
refer  to the Landau levels separate by  ħωc in energy; dashed lines refer  to the DOS in 2D 
electron  gas  without  magnetic  field.  From  [7],  with  kind  permission  of  Springer 
Science+Business Media.

1.2.2   Stranski-Krastanow (S-K) growth

Stranski-Krastanow growth, also known as layer plus island growth, is one of the mode of layer 
epitaxial growth on the crystal surface [13]. For the samples studied in this work, InAs was grown 
on the GaAs substrate. Initially, thin film of InAs adapts on the GaAs substrate. Due to the lattice 
mismatch between two materials which is around 7%, the InAs layer is compressive strained, which 
is referred as the wetting layer (WL), Fig. 1.7(b). Beyond the critical thickness, second stage of 
growth starts, where three-dimensional islands are formed in order to reduce the energy, Fig. 1.7(c). 
These islands are refer to QDs.

Spontaneously grown QDs fabricated by S-K growth is called the self-assemble QDs.  Typically, 
after the QDs are formed, an additional GaAs capping layer is grown in order to protect the QDs. 
It's reported that the QDs may undergo shape changes and shift of emission energies during such 
step [14, 15], and might contribute to the change of the spin dependent properties as well [16].

(a) (b)

S = eB
h
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Fig. 1.7. Illustration of Stranski-Krastanow growth of QDs structures.  (a) Two materials with 
different lattice constant are grown on top of each other which resulting in  (b) a strained WL 
and (c) the formation of the QDs structure.

1.2.3   Strain-induced valence band splitting 

A mechanical strain causes changes in bond length, thus the band structure is affected. At the  Γ-
point, the degeneracy of the VB is lifted when the material is subjected to compressive or tensile 
stress. The reduced symmetry leads to the shift and spitting of hh and lh, Fig. 1.8.   
        
During the Stranski-Krastanow growth of the InAs/GaAs QDs structure, the collapsed InGaAs layer 
is a two dimensional structure with the DOS given by Eq. 1.19, however, owing to the biaxial strain 
(compressive strain in InAs/GaAs QDs growth), hh band lies above the lh band. 

Fig. 1.8. Fundamental semiconductor 
band structures of unstrained (center), 
under  compressive  biaxial  strain 
(left),  tensile  biaxial  strain  (right) 
GaAs. Here, mj = 3/2 refers to the hh 
band,  and  mj  =1/2   refers  to  the  lh 
band.From [7],  with kind permission 
of Springer Science+Business Media.

1.3   InAs quantum dot

Quantum dots  (QDs),  which  are  ofter  referred  to  the  artificial  atoms,  have  zero  dimension  of 
freedom for carriers due to the confinement at growth axis and the layer plane. The energy states 
inside QDs are discrete levels for both electrons and holes. Further more, because of the strong 
Coulomb interaction between electrons and holes resulting from large wave function overlapping, 

(a) (b) (c)



11

excitonic states are always existed in QDs.

1.3.1   Electronic structure modeling of the InAs/GaAs quantum dots 
structures

The sophisticated calculation of the electrical structure of the InAs/GaAs self-assembled QDs with 
lens-shape geometry (25×28×2.5 nm3) have been performed [17, 18]. The lack of spatial symmetry 
of the QDs, which have preference crystallographic orientation along [110] and [110] directions, or 
the C2v atomic symmetry, is common in this system. Also the strain field should also be taken into 
account since there exist  7% lattice  mismatch between GaAs and InAs. Assuming the flat-lens 
shaped quantum dots with C2v atomic symmetry and strained potential, the energy levels of single-
particle is achieved by solving one-electron Schrödinger equation:

  (Eq. 1.25)

where Hkp8, the 8 band k·p Hamiltonian, describes the band structure of the bulk material.  H strain , 
the  strain  Hamiltonian,  includes  the  biaxial  strain  deformation  of  the  QDs.  V and  E  are  the 
confining potential and quantized energy respectively. The envelope functions χ (r) of the electronic 
states inside the QDs are derived by solving Eq. 1.25.

For the electron states, the envelope function part of the ground state is s-like symmetry,  and the 
first two excited states are p-like ( px and py), Fig. 1.9. The small energy splitting between two p-like 
excited stated originates from the  C2v atomic symmetry of the QDs, because of one of the two 
preferred orientation has larger confinement than another. The third z band of p-like state has much 
higher confinement and pushed up into the WL. The next three excited states are d-like states, the 
other two d- like states lie above the WL energy for the same reason.  

For the hole states, a more complex electronic structure appear. For example, the ground state is the 
mixture of dominate s-like with small p-like character. In general, for InAs, the hole effective mass 
is larger than electron, resulting in the smaller barrier height and larger number of confined states. 

Fig.  1.9. Electronic  structure  of 
the  InAs/GaAs  self-assembled 
quantum dots  by solving the  one-
electron Schrödinger equation with 
a 8 band k·p Hamiltonian. S, P, and 
D refer to the orbital characters of 
the electron/hole envelope function. 
Where e0 (h0) refers to the ground 
state of the electron (hole),  and e1 

(e2 …)  refers  to  the  first  (second 
…) excited state.  

H kp8  H starin V   r  = E r 
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1.3.2   Intralevel  transitions
 
Allowed optical  transitions should take wave function symmetry into account.  That is,  the first 
allowed transition (ground state transition) happens between the ground state of electron (e0) and 
the ground state of hole (h0), which is mainly focused in this work. The first two dominate excited 
state transitions happen between e1 to h1 and e2 to h2 respectively, Fig. 1.9.  

1.3.3   Bloch part of the quantum dots eigenstate

The realistic wave function of the carriers in this model consist of two components, the envelope 
functions  χ (r)  which have been derived in the above section and the Bloch function  unk (r). The 
Bloch part  of the electron and the hole  state  mimic the Bloch function of the CB and the VB 
respectively.  Implying  that  the  electrons  in  the  QDs  ground  state  have  s-type  atomic  orbit 
periodicity, and the holes in the QDs ground state have p-type atomic orbit periodicity. Since the 
compressive strain exists in the InAs/GaAs QDs, the hole ground states exhibit the hh character due 
the splitting between the hh and the lh band.     
  

1.3.4   Exciton in quantum dot

Depending on the number of carriers inside the QD, different excitonic states will be formed. For 
simplification, the neutral exciton and the charged exciton in the idealized lens-shaped QDs with 
cylindrical symmetry are discussed in the following section.   

1.3.5   Neutral exciton – bright and dark exciton

Taking spin degeneracy into account, the ground state of electron can be occupied by two carriers, 
with total angular momentum j = 1/2, and the z-projection of the total angular momentum jz = ± 1/2 
(z is specified as the growth axis). While the hole ground state has hh character due to the strain 
induced hh and lh energy splitting, with j = 3/2, and jz = ± 3/2. If only one electron-hole pair is there 
in a QD at their ground state respectively, the neutral exciton X0, is formed in a QD. 

Owning to the lift of the spin degeneracy, X0  ground state transition split into four states, denoted as 
|M 〉 =|jz

e  + jz
hh 〉 (jz

e(hh)  refers to the jz  of an electron (a hole) ground state), equals to |-1 〉, |+1 〉, |-2 〉, 
|+2 〉, Fig. 1.10(a). |-1 〉 and |+1 〉, so called bright excitons, consist of an electron and a hole with 
opposite spin direction. On the other hand, |-2 〉 and |+2 〉, are referred to the dark excitons. Because 
that the photons of circularly polarized light have projection of angular momentum on the propagate 
direction equal to +1 or -1 (refer to section 2.2), extra momentum should be included while the dark 
excitons recombine, leading to their lifetime about two order of magnitude longer than the bright 
excitons [19]. That is, |-1 〉 or |+1  state〉  which satisfies the optical selection rule, couples with light 
and emits accordingly, so they are referred to the “bright” excitons.     
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Fig. 1.10.  A schematic illustration of (a) the bright exciton states and the dark exciton states (b) 
the positively charged excitons (c) the bi-exciton.

1.3.6   Charged exciton
 
Another type of exciton in the QDs is the charged exciton,  which is formed when there exists 
unequal number of electrons and holes in a QD. Two electrons with a hole form an exciton complex 
called  negatively charged exciton  X-.  By contrary,  two holes  with  an  electron  form a  positive 
charged exciton X+, Fig. 1.10(b).

The shallow donors (acceptors)  in the material  due to un-intentional or intentional doping may 
contribute to extra electrons (holes) in the QDs without the need of optical/electrical generation, 
resulting in the condition of unequal number of carries. By moderating the excitation energy, the 
mobility of the photon-generated carriers are controlled, and the different diffusivity of the electrons 
and holes may determine the charged states of the QDs [20]. Charging control of the QDs can also 
be obtained in the presence of the external magnetic field parallel to the growth axis [21].

1.3.7   Bi-exciton 

When the capture rate of the carriers into the QDs increases, which in principle can be achieved by 
increasing the power of the optical excitation, two excitons might appear in a QD simultaneously, 
and the bi-exciton 2X is formed, Fig. 1.10(c). Due to the additional Coulomb interactions in the 2X, 
the released photon energy while one of the two exciton recombines is different from that of the X0 

emission.   

(a) (b) (c)
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2   Spin physics

2.1   Electromagnetic waves and type of polarization
    
Conventionally, the polarization of a traveling electromagnetic wave is specified according to the 
orientation of its electric field at a point in space during one period of oscillation. Electromagnetic 
waves have transverse wave characteristic, which means the electric field is perpendicular to the 
direction of traveling. In principle, when referring to polarization of light, only the electric field 
vector is stressed since the magnetic filed is perpendicular to it. The electric field vector of a plane 
wave can arbitrarily divided into two perpendicular components. Depending on the amplitude and 
phase difference of these two components, a light beam can be linearly polarized (denoted as σx), 
which has two components in phase, or circularly polarized (denoted as σ+ and σ-), which has two 
components with the same amplitude but ninety degree out of phase. Another case is elliptically 
polarized  light,  where  either  the  two components  are  not  in  phase  and  do  not  have  the  same 
amplitude.  

Here in this work,  σ+ is defined as follows: when a given light beam propagates toward us, the 
evolution with time of the electric field vector's tip traces out clockwise in the plane, which is also 
called right-handed polarized light. Vice versa, σ- is defined as: when a given light beam propagate 
toward us, the evolution with time of the electric field vector's tip traces out counter-clockwise in 
the plane, which is also called left-handed polarized light. Linear polarization σx  can be obtained as 
a superposition of σ+ and  σ-, whose amplitudes are identical.

2.2   Optical orientation and spin polarization

Energy  and  angular  momentum  conservation  are  fundamental  laws  of  physics.  In  the  optical 
transition, photons of circularly polarized light  σ+ and σ-  have projection of angular momentum on 
the  propagate  direction k equals  to  +1  or  -1  respectively,  which  is  transferred  to  the  photon-
generated carriers in the semiconductor. That is, the z-projection of the total angular momentum jz of 
the photo-generated electron-hole pair must be equal to that of the absorbed photon (note, the hole 
remain in the VB has the angular momentum opposite in sign to the VB electron).

Strength of optical transitions involving the hh and lh band to the CB obtain the ratio of 3:1 in the 
zincblende semiconductor material when excited along the z-direction, Fig. 2.1(a), according to the 
optical selection rule. To start with, a transition matrix element is introduced [22]: 

  (Eq. 2.1)
 

where D is the dipole moment operator and |i, f 〉 refers to the initial and final state, respectively. 
Initial states are hh and lh in the VB with p-type Bloch function, whereas the final state is the CB 
with s-type Bloch function. Eq. 2.2 and Eq. 2.3 give the hh and lh Bloch functions in the zincblende 

Dif = 〈 f ∣ D∣i〉 ,
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structure respectively [7]:

  (Eq. 2.2)

  (Eq. 2.3) 
      

where |X, Y, Z 〉 refers to the p-type coordinate part of the Bloch amplitudes. Due to the symmetry 
properties of the initial p- type and final s-type states, the non-zero matrix elements of Dif   are:

                                                  

  (Eq. 2.4)

|S  refers to the S symmetric CB state. Ac〉 cording to the Eq. 2.2 and Eq. 2.3, lh is mainly formed by 
the z-orbit, which as the result, mainly polarized along z-direction. On the other hand, hh is mainly 
formed by the x and y-orbits, and mainly polarized in x-y plane. Matrix elements of hh to CB band 
transition and lh to CB are summarized elsewhere [7].

According to the calculation, the circularly polarized light propagate in the z-direction with the 
electric field vectors in the x-y plane, couples stronger with the hh than the lh and gives three times 
probability of transition of the hh comparing with the lh, Fig. 2.1(b).

In this work,  σx, σ+ or σ-   excitation light propagating along z-direction excite the spin states in the 
bulk  GaAs  or  the  InGaAs  WL.  Optical  absorption  of  perfectly  circularly  polarized  light  will 
generate - 50 % of electron spin polarization in the CB (for such case that both hh and lh participate 
the transition). The minus sign indicates that the electron spin orientation is opposite to the angular 
momentum of the incident photons. The electron polarization Pe in the CB is defined as:

  (Eq. 2.5)

where n↑ and n↓ are the number of spin up (jz = 1/2) and spin down (jz = -1/2) electrons respectively. 

Note that if the photon energy is sufficient (Eg + ∆) to excite the split-off band, which is not typical 
in this work. Both electron spin states in the CB will be equally occupied, and Pe will be 0 %.

The polarized electrons will further relax in energy and inject into the QDs for the structures studied 
in this work. Spin relaxation (refer to section 2.3) happens during the injection. The electron spin 
polarization in the final state (QD ground state) before recombination, which is of main interest, 
also defined using Eq. 2.5. Note that here in the QD ground state, spin up (jz = 1/2) electron will 
recombine with spin down hole (jz = -3/2), and emit σ– light, and vice versa, spin down (jz = -1/2) 
electron will recombine with spin up hole (jz = 3/2), and emit σ+ light.    

hh = 1
2

∣X 〉 ± i ∣Y 〉

lh = ±1
6

∣X 〉 ± i ∣Y 〉 −  2
3
∣Z 〉

〈S∣ D x∣X 〉 = 〈 S∣ D y∣Y 〉 = 〈S∣ D z∣Z 〉 ,

P e =
n − n
n  n
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Fig. 2.1. Optical transition between levels during the circularly polarized light excitation in (a) 
the unstrained bulk GaAs and (b) the strained WL continuum.

2.3   Spin relaxation mechanisms 

Spin relaxation is a phenomenon of disappearing of the initial non-equilibrium spin polarizations as 
the result of the presence of a randomly fluctuating magnetic field. These are not necessarily real 
magnetic fields but may as well be effective magnetic fields which originate from the spin-orbit, or 
exchange interactions.    

The spin makes  precession around the effective magnetic  field  with frequency  ω and during a 
correlation time τc. After  τc the amplitude and the direction of the field change randomly, and the 
spin starts its precession around the new field, after certain number of such steps, the initial spin is 
completely forgotten. In the most frequent case, where ω τc « 1, the spin relaxation time is defined 
as the time which the squared precession angle summed over all steps becomes the order of 1, that 
is, when  τc

2 t /τc = 1  , where t = τs , the spin relaxation time, and therefore, 

  (Eq. 2.6)

Five of the possible and most well known spin relaxation mechanisms of conduction band (CB) 
electrons in a semiconductor, namely, Dyakonov-Perel,  Elliot-Yafet, Bir-Aronov-Pikus, hyperfine 
interaction,  and  exciton  spin  relaxation  due  to  electron-hole  exchange  are  introduced  in  the 
following sections.

2.3.1   Dyakonov-Perel (D-P) Mechanism

In the non-magnetic bulk  zincblende  semiconductors,  Dyakonov-Perel is the most important spin 
relaxation mechanism comparing with the Elliot-Yafet and  Bir-Aronov-Pikus mechanism [1]. The 
driving force of the D-P mechanism is the spin-orbit splitting of the conduction band in the material 
without inversion symmetry as discussed in the previous section. 

1
τ s

~2 τ c

(a) (b)
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Electron spins precess around the momentum-dependent Larmor vector Ω (p), which is considered 
as an effective magnetic field with its magnitude determined by the conduction band spin-splitting, 
between the scattering events. For a given momentum p, Ω (p) has three components respect to the 
crystal axis (x,y,z), that is,

  (Eq. 2.7)

The spin precession frequency in this field is given by  Ω (p)  and proportion to  p  3  ~  E  3/2.  An 
electron experiences different effective magnetic field in time between collisions because of the 
direction of p varies, thus the correlation time is regarded as the momentum relaxation time τp, and 
if Ω (p)τp  is small, which is normally the case, spin relaxation time is given by analogy to Eq. 2.6,
 

  (Eq. 2.8)

2.3.2   Elliot-Yafet (E-Y) Mechanism 

Opposite to the D-P mechanism, Elliot-Yafet mechanism [1] describes spin relaxation during (not 
between) the collision events. The lattice vibration and charged impurities result in electric field 
which  is  transformed  to  effective  magnetic  field  through  the  spin-orbit  interaction.  Thus, 
momentum  relaxation is accompanied with spin relaxation. It is believed that the spin relaxation by 
phonon  is  normally  rather  weak,  especially  at  low  temperature  range  [1].  For  scattering  by 
impurities  however,  the  value  of  random  magnetic  field  depends  on  the  impact  parameter  of 
individual collision, and only exists during collision but remains zero between collisions. Similar 
formula  is  obtained  considering  the  root  mean  squared  of  spin  rotation  angle  〈2〉  of  every 
uncorrelated collision, during a given time t, the number of collisions is t /τ p , which gives

  (Eq. 2.9)

Accordingly, the relaxation rate is proportion to the impurity concentration.  
  

2.3.3   Bir-Aronov-Pikus (B-A-P) Mechanism

Bir-Aronov-Pikus  mechanism  [1] describes  the  spin  relaxation  of  electrons  in  p-type 
semiconductors. Spins of electrons in the CB relax via electron-hole exchange interaction (refers to 
section 2.4), and the relaxation rate is thus, proportional to the number of holes in the VB. Implying 
that B-A-P mechanism may become the dominant one in heavily p-doped semiconductors.

2.3.4   Relaxation via hyperfine interaction with nuclear spins

The  electron  spin  interacts  with  the  spins  of  the  lattice  nuclei  which  are  normally  randomly 
oriented. The random effective magnetic fields provided by the nuclei account for such electron 
spin relaxation process, which is mediated by the hyperfine interaction between the electrons and 
the nuclei (refer to section 2.7) [1].

x ~ px  py
2 − pz

2 , y ~ py  pz
2 − px

2 ,  z ~ pz  px
2 − p y

2.

1
τ s

~2  p τ p

1
τ s

~
〈2〉
τ p
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2.4   Exchange interaction 
 
When the wave function of two indistinguishable particles overlap, or in other words, subjected to 
the exchange symmetry, the wave function describing the ensemble should be either symmetric or 
anti-symmetric, Eq. 2.10 and Eq. 2.11. That is, if this two particles change their labels, the wave 
function is either unchanged or inverted in sign.

  (Eq. 2.10)

  (Eq. 2.11)

According to the Pauli exclusion principle, that  no two identical fermions may occupy the same 
quantum state simultaneously, the wave function of the two indistinguishable fermions (electron is 
one of them) should be antisymmetric. That is, if  n = m, only |  ψa  |2 = 0, satisfies Pauli exclusion 
principle. As the result, for the two electrons with their wave function overlapped, if their spins are 
parallel,  the  coordinate  part  of  the  wave  function  should  be  anti-symmetric: 
  r2 , r1 =−  r 1 , r 2 , which implies the probability of two electrons are more likely to be 

separated in space. On the other hand, when two electrons have anti-parallel spin, the coordinate 
part of the wave function is symmetric:   r2 , r1 =   r1 , r 2 , which means they are close in 
space and with the higher energy of the electrostatic Coulomb interaction [1]. Thus the energy level 
of two carriers with the same spin orientation will be different from the energy level of the same 
two carriers  having opposite spin orientation.  The energy difference is the exchange interaction 
energy.    

2.4.1   Electron-hole exchange interaction  

An exciton may consist of an electron and a hole with their spins either parallel or anti-parallel, 
coupled by the exchange interaction. As the result, the four-fold degenerate ground states of the 
neutral exciton in the QD are lifted, with the two bright excitonic states separated by the short-range 
electron-hole exchange, Δ0, from two dark excitonic states [1], Fig. 2.2, with several hundreds µeV 
[17].

In the lens-shaped QDs with cylindrical symmetry along the growth axis, the ground state bright 
exciton with an eigenstate |+1  or〉  |-1 〉 couples with σ+ or σ- circular light respectively.  

Fig.  2.2.  Schematic  diagram  of  the  excitonic 
ground state energy levels in neutral QD. Δ0  refers 
to  the  short-range  electron-hole  exchange;  τe,  τh, 
and  τexc represent  the  electron,  hole,  and  exciton 
spin relaxation time respectively.     

s =
1
2

[nr 1m r2  n r2mr 1]

a =
1
2

[nr 1m r2 − n r2mr1]
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2.4.2   Exciton spin relaxation due to electron-hole exchange

The exciton spin relaxes via the electron-hole exchange Coulomb interaction, the theory of which 
has been developed by Maialle, de Andrada e Silva, and Sham [23]. The process may be described 
as the result of a fluctuating effective magnetic field in which the magnitude and direction depend 
on the exciton center of mass momentum K, and vanishing for K = 0 states. The scattering events 
make the effective magnetic field fluctuating. In this process, long range electron-hole exchange 
dominates, and the relaxation rate is give by, 

  (Eq. 2.12)

where τexc is the longitudinal exciton spin relaxation time, corresponding to the relaxation between 
|-1 〉 and  |+1 〉 exciton states, Fig. 2.2. The precession frequency ΩLT is characterized by the long 
range exchange splitting, which gives   ΔLT (K) =  ħΩLT (K), where  τp  is the momentum relaxation 
time. 

2.4.3   Anisotropic exchange interaction (AEI)

For InAs/GaAs QDs system treated in this work, instead of perfect rotational symmetry around the 
growth axis z, C2v symmetry is present. The resulting anisotropic electron-hole exchange interaction 
(AEI) split the two bright X0 state, |±1 , 〉 into two linearly polarized states: [24] 

  
  (Eq. 2.13) 
  

 

  (Eq. 2.14)

which  are  polarized  along  [110]  and  [110]  crystallographic  directions  respectively. The 
corresponding energy splitting between |X  and〉  |Y , 〉 δ1, amounts to a few tens of µeV [24], which 
can be expressed in terms of an effective magnetic field BAEI in the QD plane acting on the exciton 
spin.  

2.5   Trion states in the positive charge exciton  

Except for neutral exciton X0, singly positively charge exciton X+ is another type of exciton that 
exists in the QDs studied in this work. They arise form the unintentional doping (refer to section 
3.7) during the growth. An X+ consists of one electron with either spin up or spin down and two 
holes with opposite spin directions, denoted as |⇑⇓, ↑  and |〉 ⇑⇓, ↓ .〉  In this charged exciton complex, 
the electron-hole exchange is canceled out  [25], which implies that  BAEI = 0, and the two exciton 
ground eigenstates return to circularly polarized. 

1
τexc

~ 〈L T
2 〉 τ p

∣X 〉 = 1
2

∣1 〉 ∣−1 〉,

∣Y 〉 = 1
i 2

∣1 〉 −∣−1 〉 
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Energy difference between the two trion states |⇑⇓, ↑  and |〉 ⇑⇓, ↓〉 in the external magnetic field is 
determined by the Zeeman splitting ħΩe = ge  μB Bz, where ge  is the electron g factor, μB is the Bohr 
magneton, Bz stands for the applied longitudinal magnetic field (along z direction).

2.6    Exciton  spin  dynamics  of  neutral  exciton  in  external  
longitudinal magnetic fields

AEI splitting in the  C2v symmetry QDs is also expected to be less dominant comparing with the 
Zeeman splitting of  |-1 〉 and  |+1 〉 when the longitudinal magnetic field is applied (for Bz  ≥ 0.4 T, 
the Zeeman splitting dominates over the AEI splitting [26]). The external magnetic field makes the 
wave  function  of  electron  and  hole  regain  rotationally  symmetry  along  the  field  direction. 
Eigenstates of X0  in sufficiently large longitudinal magnetic fields returns to circularly polarized 
states, to be more specific, |-1 〉, |+1 〉 as described in previous section.

The exciton spin eigenstates evolution as the function of applied longitudinal magnetic field can be 
studied by observing the spin quantum beats, described in detail elsewhere [1,  26]. Simple model 
has been given that the effect of AEI splitting can be visualized as an effective magnetic field acting 
in the quantum dot plane (x-y plane) for two exciton bright states |-1 〉 and  |+1 〉. When the external 
magnetic filed Bz is applied, the total effective magnetic field Ω felt by the carriers will be the vector 
sum of BAEI and Bz, which determines the direction of the spin precession vector. This will result in 
the periodic oscillation of the spin polarization projection on the  z axis or the  the [110] ([110]) 
crystallographic direction, Fig. 2.3.     

Fig.  2.3.  Schematic  illustration  of  the  Pseudo-spin 
formalism in the longitudinal external magnetic field [1] 
with  ħωAEI =  δ1,  the AEI splitting;  ħ Ωz  =  ge  μB  Bz,  the 
Zeeman splitting. Magnetic field is along the z-axis. X(Y) 
refers to the [110]([110]) crystallographic direction.

2.7   Dynamic nuclear polarization (DNP) via hyperfine interaction

The lattice nuclei in the semiconductor material which contain non-zero total spin, Table. 2.1, may 
be polarized by the spin polarized electrons through hyperfine interaction. Such process is called 
dynamic  nuclear  polarization  (DNP).  The  resulting  effective  nuclear  magnetic  field  Bn is  often 
referred to the Overhauser field. And the magnetic field resulting from the spin polarized electrons 
is called the Knight field, Be.

The hyperfine interaction could be expressed in the form A ( I S ) [1], where I is the nuclear spin, S 
is the electron spin. The hyperfine constant A is proportional to | ψ (0) |2, the square of the electron 
wave function at the location of the nucleus. The electron with s-type atomic orbital state may have 
a certain probability to be at the center of the atom, where the nucleus is located. However for p-
type atomic orbital states, the hyperfine interaction can not take place, since ψ (0) = 0. 
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In  InAs/GaAs  QDs  system  for  example,  the  electron  in  the  ground  state  which  has  s-type 
characteristic can  transfer its spin polarization to the nucleus; on the other hand, ground state hole 
which has the p-type characteristic can not be coupled to the nucleus via hyperfine interaction. The 
electron spin splitting due to the Overhauser field Bn, is called Overhauser shift, δn  = ge  μB Bn. The 
magnitude of δn is similar to the isotropic exchange splitting δ1 [24]. It should be pointed out that the 
nuclear polarization by electrons is more effective when the electrons are localized [27], electrons in 
the QDs would be one of these case. Also, it is reported that Bn can be constant over few ms in the 
self-assembled InAs/GaAs QDs [28], which is much more longer than the carrier recombination life 
time. Spin of the electron in the QDs might be more conserved due to existing Bn, which stabilizes it 
in a similar manner as an external longitudinal magnetic field would. The electron Knight field Be 

also act as an external field to the nuclear and inhibit the depolarization of the aligned nuclear spin 
[29]. 

Electron-nuclear spin flip-flops, which builds up Bn, is considered possible only for  the X+ [24, 29]. 
In the X0, electron spin flip would be too costly in energy, since the bright states and the dark states 
(for example, a spin up electron with a spin down hole and a spin down electron with a spin down 
hole) are separated with electron-hole exchange, Δ0, which is too much comparing with the energy 
needed to perform electron-nuclear spin flip-flops. As the result, the possibility of DNP is relatively 
low. In the X+ on the other hand, the energy difference between the two trion states (|⇑⇓, ↑  and |〉 ⇑⇓, 
↓〉), is mainly determined by the electron Zeeman splitting, which is zero under zero magnetic field 
and it is thus possible to perform DNP. It is also suggested in other works that even for dominant X0 

occupation of the QDs, DNP can be achieved resulting from the unequal capture rate of electrons 
and holes. That is, a lone electron might transfer its spin to the nucleus before the injection of a hole 
to the same QD to build up Bn [30].  

Table 2.1.  Nuclear spin, I, of In, Ga, As atoms.

In Ga As
9/2 3/2 3/2
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3   Experimental

3.1   Photoluminescence spectroscopy (PL) 

Photoluminescence spectroscopy (PL) is a nondestructive process, which is widely used for probing 
optical properties of semiconductor materials. The basic principle of the PL spectroscopy is that 
when a photon of well defined energy is absorbed by a material, this energy transfers to an electron 
in the valence band (VB), and lifts it  to the conduction band (CB), while a hole is left behind. 
Photo-generated electrons and holes can move freely in the CB and VB respectively and contribute 
to electrical conductivity. These so called hot carriers return to the lower energy states by energy 
relaxation via phonon creation processes. After a period of time (recombination time could be in the 
order of nanoseconds for InAs/GaAs quantum dot [31]), an electron-hole pair in low energy states 
recombines and the excess energy is released via photon emission,  Fig. 3.1(a). These re-radiated 
photons are spectrally analyzed by a monochromator and detected by suitable detector.

By varying  experimental  parameter  such  as  excitation  wavelength  and  power,  one  can  derive 
information such as band gap energy, electrical band structure, defect characterization and excitonic 
states of a given material. 

For  example,  in  a  hetero-structure  such  as  InAs/GaAs  quantum  dots,  one  can  use  different 
excitation wavelengths,  which correspond to GaAs and WL band edge energies respectively.  In 
some  of   the  samples,  one  can  even  perform  quasi-resonant  excitation  using  even  longer 
wavelengths,  Fig. 3.1, which means the carriers are excited and relax directly within the quantum 
dot.  The  intrinsic  properties  of  quantum dot  luminescence  and the  injection  mechanism of  the 
carriers from GaAs and WL, also the defect backgrounds can be investigated comparing the result 
of these measurements. Another application is by varying the excitation energy, which is related to 
the carrier mobility [20] and the excitation power, or in another words, number of photo-generate 
carriers, different excitonic charge states in the quantum dots can be achieved and the respective 
photon emission energies can be characterized.

Based on the fact that carriers are more likely to relax into the lower energy states before radiative 
recombination, in the PL spectroscopy only ground state and few excited states are measured. The 
higher energy states in QDs can be discovered due to state filling by increasing excitation power. 

In  the  conventional  PL spectroscopy,  laser  is  focused  via  a  focusing  lens  on  the  sample.  The 
diameter of the excitation spot is several hundred µm. The QD density of our samples is around 1010 

cm-2 [32]. So in principle, millions of QDs with slightly different sizes were investigated at the same 
time. The PL spectra of the QD states consists therefore of Gaussian-peaks [32] instead of discrete 
lines. Additionally due to varying growth conditions over the samples, the detailed characteristics of 
these peaks may vary with detection position on the sample. To be consistent and reproducible, 
paper  or  metal  masks  were  fabricated  with  hole  diameters  in  the  order  of  the  excitation  spot 
diameter on the samples. This enables reliable repeated investigation of the same sample spot.
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3.2   Photoluminescence Excitation (PLE) spectroscopy 

As mentioned before,  PL spectroscopy originates from the recombination from the lowest states. To 
map  the  higher  energy  states,  one  can  either  increase  the  excitation  power  or  the  sample 
temperature.  The former however,  introduces changes of Coulomb- and exchange-interaction of 
carriers [1]. The latter is associated with spectral line broadening. Both will shift the luminescence 
energy. In such case, Photoluminescence excitation (PLE) spectroscopy is a more elegant method to 
probe the excited states.

In  contrast  to  PL,  PLE  scans  the  excitation  wavelength  of  the  photon  while  the  detection 
wavelength is fixed at the luminescence energy which is of interest, Fig. 3.1(b). When the excitation 
energy correspond  to  the  energy  of  certain  transition,  the  number  of  photon-generated  carries 
increases.  After  energy  relaxation  process,  the  carriers  relax  into  the  states  of  detected 
recombination energy, and thus enhance the detected luminescence intensity. Simplified, the density 
of states (DOS) of the material is tracked using PLE technique.   

To  study  the  carrier  injection  mechanism  and  efficiency  of  the  hetero-structure,  for  example, 
InAs/GaAs  quantum  dots  structure,  PLE  is  performed.  The  excitation  wavelength  is  scanned 
continuously from GaAs band  edge  to  the  edge  of  WL while  detecting  the  QDs ground state 
luminescence. 

Since  the  excitation  wavelength  is  tuned  in  PLE,  a  tunable  light  source  such  as  dye  laser  or 
Titanium:sapphire laser is required.         

Fig. 3.1. Illustration of (a) PL and (b) PLE on a QD structure. Processes denoted as (1) and (2) 
in (b) refer to the free carrier and correlated exciton injection to the QD, when the respective 
states are excited, which will  be described in more detail  in  Chap.4. Inset of (a) shows the 
principle of PL spectroscopy (upper panel), in which the excitation energy is fixed while the 
detection wavelength is  scanned.  The principle of  quasi-resonant  excitation is  shown in the 
lower panel which performed below the band edge of WL. Inset of (b) shows the principle of 
PLE spectroscopy, in which the excitation energy is scanned while the detection wavelength is 
fixed.     

(a) (b)



25

3.3   Polarization Optics

In a beam of unpolarized light, the electric field vector of its constituent light is polarized in random 
directions. To create and measure a well defined polarized light beam in the excitation side and the 
detection side, linear polarizers, half-wave plates, quarter-wave plates, and a photoelastic modulator 
(PEM) will be introduced.

3.3.1   Linear polarizer

After passing through a linear polarizer, the unpolarized light source becomes linearly polarized at 
certain direction according to the transmitting axis of the linear polarizer. In principle the lasers are 
already linearly polarized. An additional linear polarizer could be used to correct for potential losses 
during reflections on various mirrors.

3.3.2   Half-wave plate and quarter-wave plate

A birefringent crystal  has anisotropic refraction index at  two orthogonal polarization directions, 
which are referred to the fast axis and slow axis. The wave plate which is designed based on this 
property has such two principle axes, introducing retardation to the incoming light beam. When a 
linearly polarized light propagates through an appropriately oriented wave plate, the light is divided 
into two equal electric field components, one polarized along the fast axis and the other polarized 
along the  slow axis.  Each component  propagates  with different  refraction  index,  and  therefore 
different wave velocity. The retardance is the phase shift between the two components. A half-wave 
plate makes the retardance corresponds to half a wavelength of the light. And a quarter-wave plate 
makes the retardance correspond to a quarter of the wavelength of the light.

For a half-wave plate, the angle between the out-coming  linear polarization and the incoming linear 
polarization would be twice the angle between the incoming polarization and the fast axis, as shown 
in  Fig.  3.2(a).  Circularly  polarized  light  (σ+)  transforms  to  circular  polarized  light  (σ-)  after 
propagating through the  half-wave plate and vice versa.  For the quarter-wave plate, light with a 
linear polarization at 45° to the fast axis is transformed into circularly polarized light. Circularly 
polarized light transforms into linear polarized light as well, Fig. 3.2(b).    

(a) (c)
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Fig. 3.2. (a) A half-wave plate rotates the linear polarized light by 90°  (b) A quarter-wave plate 
transform the  linear  polarized  light  into  circularly  polarized.  (c)  A Photoelastic  modulator 
(PEM).  

3.3.3   Photoelastic modulator (PEM)

A photoelastic modulator (PEM) consists of an optical element (now most commonly a fused silica) 
and a piezoelectric transducer,  Fig. 3.2(c). The optical  element exhibits  birefringence properties 
while vibrating (stretching and compressing) with a certain resonant frequency, which is sustained 
by the piezoelectric transducer. The optical axis of the PEM is the vibrating direction of the optical 
element,  which is  tuned to be along its  long dimension.  The magnitude of the birefringence is 
controlled electrically by the amplitude of the vibration via the controller, that is, the PEM acts as a 
tunable wave plate. In this work, PEM was used as a quarter-wave plate which alternatingly retards 
and  advances  the  component  of  light  parallel  to  the  optical  axis  a  quarter  of  the  wavelength 
compared to  the other  component.  Which means,  linearly polarized light incident  at  45°  to  the 
optical axis transforms to σ+  and σ–  alternatingly. Combining with the lock-in technique, PEM can 
be  used either  as  a  modulator  (at  excitation  side)  or  as  a  analyzer  (at  detection  side)  to  study 
polarization degree of the PL.

3.4   Optical orientation measurements
       
In this work, circular polarization degree  Pc  of the out-coming PL from the QDs was utilized to 
investigate  the  spin  dependent  properties  of  the  InAs/GaAs  quantum  dots  structures.  In  the 
continuous- wave (cw) methods, the sample was excited with circularly or linearly polarized light ( 
σ+,σ–, or σx) along the growth axis z. Due to angular momentum conservation in optical transitions, 
absorption of the photons took place only for certain spin-allowed states when specific circular 
polarization light was used. Because a population of carriers with oriented spins are created in this 
optical process, this is called optical orientation spectroscopy. The spin polarized carriers with their 
spin oriented along the excitation beam then relaxed in energy and injected into the QDs. The QD 
PL was detected in the reflection geometry,  along the axis  of incident beam, Fig.  3.3.  Circular 
polarization degree of QD PL Pc Eq. 3.1 was also measured and defined as

  (Eq. 3.1)P c =
 I− I−
 I I− 

(b)
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I+ and I-  are  the  intensity  of   σ+   and  σ–  PL emission  respectively.  The  cw  σx  excitation  which 
generates non-polarized carriers was expected to give zero Pc.   

As the fact that the PL polarization Pc  simply reflects the spin polarization degree (refer to Eq. 2.5) 
of the recombined electron and hole pairs in the QDs. In certain condition −Pe =

n − n
n  n

= Pc . 
Thus, by monitoring the Pc , spin polarization degree of the electrons Pe inside the QDs is deduced.

To summarize, in this work, conventional PL spectroscopy was combined with polarization optics 
to perform optical orientation measurement to study the spin injection in quantum structures.

Fig. 3.3. Measurement geometry of the optical orientation spectroscopy. Where I+ (I–)  refers to 
the PL intensity of  σ+(σ–) emission. In Faraday configuration, longitudinal external field  Bz is 
applied along the z-direction.  

3.5   Magnetic field scan measurements

Optical orientation measurements in magnetic field were done in Faraday configuration, Fig. 3.3, in 
which the direction of the external field is longitudinal, i.e.  parallel to the normal vector of the 
sample (along the QD growth axis z). A single scan range from -10 T to +10 T was performed, with 
the maximum speed 0.9 T/min.  

Landau levels instead of the constant DOS in the 2D WL were shown, which is one of the central 
issue in this work.  Spin conversion efficiency of the carriers in the quantized Landau level states 
during the spin injection process was investigated comparing with that of the non-magnetic field 
condition.

3.6   Experimental set-up

A typical PL or PLE spectroscopy set-up consists of three parts: excitation side, cryostat, detection 
side. On both sides of the set-up, different combinations of the polarization optics were used for 
different purposes of optical orientation measurements. A sketch of the set-up used in this work is 
shown  in  Fig.  3.4(a). Specifications  of  the  main  constituent  components  and  technical 
considerations are given in the following sections.
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Fig.  3.4.  (a) Photoluminescence  set-up  for  optical  orientation 
measurements;  polarization  optics  are  put  at  excitation  side 
(denoted  Exc),  and  detection  side  (denoted,  Det)  for  circularly 
polarized  excitation/detection.  (b) The  schema  of  the  PEM 
excitation measurements, in which the PEM produces periodically 
σ+ and  σ-  light (laser is linear polarized in the beginning); at the 
detection side, specific circular polarized is selected (for example, 
only  I+ (σ+)  and  I+ (σ-)  may pass),  the  lock-in  then  detects  the 
change  of  this  intensity  under  the  two  alternating  excitation 
conditions. The real  Pc can be calculated afterwards.  λ/2, and  λ/4 
refer  to  the  half/quarter-wave plate  respectively;  PEM  is  the 
Photoelastic  modulator;  lin.  is  the  linear  polarizer;  I+ (σ-)  refers 
to σ+ PL when excited using σ-, and vice versa.  
    

3.6.1   Laser

The main excitation source in this work is a tunable Ti:Sapphire laser pumped by a solid state green 
laser. The output wavelength of the Ti:Sapphire laser ranges from approximately 700 nm to 1000 
nm. A focusing lens which focuses the laser beam to the size of several hundred µm is placed before 
the beam enters the cryostat. 

3.6.2   Polarization optics and filters

Different combinations of the polarization optics were used in the optical path. In the  continuous 
-wave (cw) excitation measurements, a linear polarizer which selected only one direction of the 
polarization (in this work, since the laser is horizontally polarized, the transmitting axis of linear 
polarizer was set at 90º ) was placed in front of a quarter-wave plate which transformed the linearly 

(a)

(b)
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polarized laser light into circularly polarized. By changing the degree of its fast axis between 135º, 
90º, and 45º, the polarization of the laser can be tuned between σ+, σx, and σ-  respectively. A PEM 
which was used as an alternating quarter-wave plus a linear polarizer at the detection side were used 
as an analyzer of the circular polarization degree of the out-coming photoluminescence. For PEM 
excitation measurements, a  half-wave plate and a linear polarizer transformed the incoming laser 
beam from horizontally polarized to 45º linearly polarized, which then passed through the PEM 
(which was used as an alternating quarter-wave plate). A periodically alternating σ+ and σ– excitation 
light was generated. At the detection side, a quarter-wave plate and a linear polarizer were used. To 
determine which was the polarization analyzed, the fast axis of the  quarter-wave plate changed 
between 90º  and  180º  while  the  transmitting  axis  of  the  linear  polarizer  was  fixed  at  45º for 
detecting  σ+  and  σ- respectively. The working principle of PEM excitation set-up is given in Fig. 
3.4(b). Since  optical  orientation  measurement  is  a  sophisticated  and  sensitive  technique,  the 
principle axis of the polarization optics should be checked and calibrated before all measurements. 

A neutral density filter wheel was put at the excitation side and used to modify the excitation laser 
power.  To  investigate  the  power  dependence  of  luminescence  intensity  and  polarization, 
measurement can be done by selecting several excitation power by rotating the neutral density filter 
wheel while recording the corresponding PL intensity and PL polarization Pc.  

Specific filters were put in front of the entrance of the monochromator to filter out the stray laser 
which might make the detector overloaded and contribute to unwanted spectral lines.

3.6.3   Cryostat

Luminescence spectroscopy is  usually performed at  cryogenic temperatures for several  reasons. 
First, the luminescence intensity is lower at high temperature in general, due to the fact that carriers 
have high enough energy to overcome the barrier and escape from the QDs leading to quench of the 
luminescence. For our DQD sample for example (refer to section 3.7), the luminescence intensity 
remains constant below 100 K, and drops around two order of magnitude from 100 K to room 
temperature [33]. Second, at elevated temperature, phonon scattering would give rise to spectral line 
broadening. Third, the level spacing of the InAs QDs is typically several tens of meV [17], which is 
the same order as thermal energy (kB‧T) at room temperature (kB is the Boltzmann constant and T is 
temperature,  kB‧T = 25.9 meV at T = 273 K). Therefore, cooling is required to prevent thermally 
assisted  inter-level  transitions  of  the  QDs.  Moreover,  excitons  in  both  GaAs  and  WL might 
dissociate at elevated temperature owing to the exciton binding energy being merely several meV 
[17].

A cryostat usually consists of four chambers. A vacuum chamber which is pumped down to 10-7  ~ 
10-6   mbar is used to isolate other chambers from the environment. A nitrogen chamber containing 
liquid nitrogen precools the sample chamber down to around 160 K and act as a heat radiation 
shield for the following inner chambers. The helium chamber is connected with the sample chamber 
via a needle valve. As soon as the liquid helium passes through the needle valve, liquid helium 
evaporates and such flow of helium gas cools the sample. This process helps to cool the sample 
chamber down to 4.22 K which is the boiling point of the helium, the gas flow of helium can be 
controlled by a mechanical pump and the needle valve. To achieve even lower temperature, stronger 
pumping of the sample chamber is needed. The lowest temperature reached is determined by the 
equilibrium pressure above liquid helium in the chamber. In our work, low temperature PL and PLE 
measurements are usually performed at a temperature around 10 K,  to elevate the temperature up to 
room temperature, a heater on the sample holder is used.  
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The measurements under external magnetic field in this work were done using the Oxford SM4000-
10 T magnet cryostat, in which a superconducting magnetic is inside the helium chamber. Magnetic 
field scans from -10 T to +10 T with maximum speed 1T/min can be performed with this cryostat.

3.6.4   Monochromator and Grating 
         
The monochromator selects the detection wavelength of the PL. By constructive and destructive 
interference, the different wavelengths of the reflected light from the grating are spatially separated 
(angular resolved). Only a very small wavelength region of the dispersed light passes through the 
exit slit of the monochromator and is detected by the detector. 

The SPEX 1404 double grating monochrometor with two 600 grooves/mm grating was used in this 
work. The 600 grating is blazed for optimum efficiency at 1500 nm with the upper reflection limit 
around 3000 nm and lower reflection limit around 1000 nm.      

3.6.5   Germanium  detector

A liquid nitrogen cooled Germanium (Ge)  diode is  sensitive to wavelengths in  the range from 
around 750 nm to 1750 nm, which corresponds to the spectral region of the PL spectra taken in this 
work.

3.6.6   Lock-in technique

To enhance the signal-to-noise ratio of the spectrum, lock-in technique was utilized. The incident 
laser propagated through a mechanical chopper which periodically blocked the laser beam. Only the 
PL signal at the chopper frequency was amplified by the lock-in amplifier,  whereas continuous 
background light and noise at other frequencies would be filtered out in contrast.      

3.7   Description of the samples

Self-assembled  InAs/GaAs  QDs  structures  grown  in  Stranski-Krastanow  growth  mode  by 
molecular beam epitaxy (MBE) have been studied in this work. The QDs in each sample possess 
different shapes and arrangements, named single quantum dot (SQD), double quantum dots (DQD), 
and quantum dots ring (QDR) in the following discussion.

All samples were grown starting from a 300 nm thick GaAs buffer layer grown on an (001) GaAs 
substrate. For the SQD sample, 1.8 ML InAs was than deposited at 500 °C, resulting in S-K growth 
of the QDs, after this, the structure was capped by a 150 nm thick GaAs layer. The same process 
was repeated on the top of the structure for AFM measurements, Fig. 3.5(a). The embedded QDs in 
the GaAs matrix are for the PL measurements. For the DQD and QDR, QD structures were grown 
by partial-capping- and regrowth process [32, 33, 34], in which after the grown of 1.8 ML InAs, an 
additional 6 ML GaAs partially capping layer followed by another 0.6 ML InAs were deposited at 
470°C and 490 °C  for DQD and QDR structure respectively, Fig. 3.5(b), (c). The DQD structure 
was  formed,  with  two  QDs  separate  in  space  ~  22  nm  and  oriented  along  the  [1  1 0] 
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crystallographic direction. On the other hand, in the QDR sample, structures with five to seven dots 
per ring were formed. Fig. 3.6(a)-(c) shows the AFM images of all three QDs structures.

The QD density of the sample is around  1.1 × 1010 cm-2. The QDs are lens-shaped, the average 
height is around 4 nm for DQD and around 10 ~ 12 nm for SQD. Due to the unintentional doping 
during  the  MBE  process,  carbon  atoms  which  serve  as  acceptors  generally  exist  in  our  QD 
structures.       

Fig. 3.5. Schematic illustration of the structures of (a) the SQD sample (b) the DQD sample (c) 
the QDR sample. 

Fig. 3.6. AFM images of all sample structures studied in this work. (a) The SQD sample (b) The 
DQD sample (c) The QDR sample.

(b)

(a) (b) (c)

(a)

(c)
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4   Experimental Results

Optical  spin  injection  in  InAs/GaAs  QDs  structures  was  investigated  in  this  work,  and  the 
experimental  results and discussion are presented in this section which is organized as follows. 
First, a brief introduction of the spin injection process and the principle of the spin detection is 
given. Second, results of the PL/PLE spectroscopy are shown along with several interpretations of 
the findings under zero magnetic field.  In the end,  experimental  results  and explanations under 
external magnetic field concerning the spin injection from spin-split Landau levels and the possible 
spin thermalization in the WL, also the quench of hyperfine induced spin relaxation by dynamic 
nuclear polarization (DNP) in the QDs are given. 

4.1   Spin injection in self-assembled InAs quantum dot -in zero  
magnetic  field  

Continuous-wave (cw) optical  orientation spectroscopy was performed at  cryogenic temperature 
(around 15 K) to study the spin polarization injection efficiency in the self-assembled InAs/GaAs 
QDs structures as a function of excitation energy. The laser beam was directed along the growth 
axis  z,  while  recombination  radiation  was detected  in  reflection  geometry.  A tunable  laser  and 
polarization optics were used at the excitation side, and circularly polarized light  σ+ and  σ– were 
used to produce polarized carriers in the bulk GaAs and InGaAs WL, where the carriers then relax 
in energy until reaching the QD ground state. On the detection side, circular polarization degree Pc 

of PL was monitored in order to study the spin  polarization degree  Pe of the carriers in the QD 
ground state. Several candidates account for the loss of spin polarization both during injection and 
in the QD will be introduced in the following section. 

4.1.1   PL and PLE spectroscopy

Fig. 4.1 shows the PL spectra of the three samples with different structures. The Gaussian-shaped 
ground state  PL band dominates  and is  of  main  interest  for  our  discussion.  At  15 K,  there  is 
typically no thermalization between the population of the ground state and the excited states [35]. 
Only when the ground state are completely filled with carriers, the excited states emissions will 
emerge, which is refer to the state filling. By increasing the excitation power, state filling condition 
could be achieved,  Fig. 4.1 the first excited state might appear, and the relative intensity between 
the ground state and the excited state changed as further increase the power (which is not shown in 
the figure).  

The ground state emission of the SQD, DQD, and QDR sample is shown in Fig. 4.1. The quantum 
confinement energy is largest in SQD, which implies the lowest emission energy, since they have 
the largest dot size comparing with the DQD and QDR sample [32,  33,  34]. The long tail at the 
lower energy side of the DQD PL might originates from a group of large QDs, where two of the 
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double dots merged together and give higher energy emissions.    

In the PLE measurements, the excitation wavelength was scanned continuously using a Ti:Sapphire 
laser, starting from the InGaAs WL heavy hole exciton XH to the GaAs band edge. The spectra 
were detected at  the wavelength where the QD ground state PL emission reaches its  maximum 
intensity (1143 nm, 1006 nm, and 1060 nm for SQD, DQD, and QDR respectively).    

Fig. 4.1. PL spectra (a.u.) of the SQD, DQD, and QDR sample.

4.1.2    General  introduction  of  the  spin  injection  process  and  the 
principle of spin detection 

Fig. 4.2 interprets the schema of optical excitation and carrier injection process at different PLE 
spectral  regions.  The  upper  panel  of  Fig.  4.2 represents  a  sketch  of  polarized  photo-excited 
electrons which inject into InAs QDs. The middle panel is the PLE spectrum combined with the 
measured PL polarization degree Pc. The lower panel describes the band structures and the optical 
transition. Free exciton absorption, denoted as XH, XL, and XGaAs  , represent the heavy hole (hh), 
light  hole  (lh),  and  bulk  GaAs  exciton  transitions  respectively.  Such  free  exciton  transition 
contributes a sharp peak in the PLE spectrum. The step-like components comes from the band to 
band free carrier absorption in the 2D InGaAs WL and the bulk GaAs. Starting from the low energy 
side of  Fig. 4.2, where the excitation energy is only sufficient to excite the hh band continuum, 
taking σ+ excitation for example, all the photo-excited electrons in the WL are spin down.

When the laser energy gets high enough, both hh and lh band participate in the optical transitions 
with the 3:1 ratio, which corresponds to their oscillation strength  [7]. This will result in also 3:1 
ratio of the spin down to spin photo-electrons. Above the GaAs band edge, it is in general the same 
as previous case, except for in bulk GaAs there is no strain-induced energy splitting between hh and 
lh band. In the spectra position marked XH, XL, and XGaAs, the correlated electron and hole pairs, 
excitons, are formed. These will inject directly into the InAs QDs. 

When the carriers  recombine in the QDs,  circularly polarized light  with intensity  I+ and  I–  are 
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detected, Fig. 4.3. The observed polarization Pc directly reflects the spin polarization Pe  in the QDs. 
However,  in  the epitaxial  QDs systems,  it  is  possible  that  the  charged exciton and the neutral 
exciton  occupy  the  dot  alternatingly  at  the  low  temperature  [36].  The  former  has  circularly 
polarized ground states which are what was monitored in this measurement; the latter has linearly 
polarized ground states which gives fast damped circular polarization quantum beats while excited 
circularly,  resulting  in  unpolarized  PL in  the  continuous-wave  (cw)  measurements.  Therefore, 
charged excitons contribute mainly to the PL polarization under zero applied field observed in this 
work. However, linearly polarized ground states in the neutral dots may recover to the circularly 
polarized states as soon as there is magnetic field of sufficient strength along the growth axis, which 
reduces the effect of AEI. Although without the external field, nuclear magnetic (Overhauser) field 
created via hyperfine interaction by charged exciton can be one of the candidates. Since Overhauser 
field Bn lasts rather long in time compared with the carrier recombination time, it is possible that the 
electrons and holes in the neutral dots experience Bn [24] and emit circularly polarized light. Due to 
unintentional doping during MBE growth, most charged dots discussed in this work are positively 
charged with an acceptor hole which are considered existing in the QDs before carrier injection. 
After carriers inject and relax to the ground state, depending on their spin states, they will emit I+

 or 
I- light, Fig. 4.3. 

Fig. 4.2. Schematic illustration of the optical excitation (using  σ+  light) and carrier injection 
process (upper panel) at three different PLE spectral region. (a) Exciting above the GaAs Eg.  (b) 
Excitation energy scans from the XL to the GaAs Eg. (c) Excitation energy scans from around 
XH to XL. The middle panel refers to the the PLE spectrum and the PL polarization  Pc.  The 
lower panel explains the optical transitions occurring in each spectral region. 

(a) (b) (c)
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Fig. 4.3. Charged exciton X+ recombines in the QD which emit (a)  σ- light (b) σ+ light, denoted 
as  I- and  I+ respectively.  The measured PL polarization  Pc  directly reflect  the electrons  spin 
polarization Pe in the QD.

4.1.3   PL spectroscopy and polarization

Fig. 4.4(a)-(f) shows the PLE and PL spectra including polarization degree Pc without any applied 
magnetic field of all samples study in this work. PL spectra presented in Fig 4.4(b), (d), (f) represent 
the QD ground state emission and PL circular polarization Pc. For SQD and QDR, Fig. 4.4(b) and 
(d), the higher energy dots (dots with less confinement energy) has some degree (1~2%) higher 
polarization than the lower energy dots, probably due to the redistribution of carriers via tunneling 
which leads to the loss of spin during such process and even fills the opposite spin state in the low 
energy dots, leading to reduced polarization. However, the unpolarized PL background and life time 
difference within the dots make it hard to conclude what is the origin of this phenomenon. In fact, 
the general character of the spin injection efficiency as a function of excitation energy depends little 
on which size of the dot were examined, the most important conclusions are valid for all samples 
investigated although their structures are different. For SQD sample, the polarization Pc  is around 
7.5 %, and 4.3 %, 10 % for DQD and QDR respectively at  the maximum intensity of the PL 
emission when exciting above GaAs band edge. 

Excitation power which determines the number of carriers excited is one of the important parameter 
that should be taken care of during the all measurements. As long as the power is high enough, 
excess carriers inject into the dots, forming the bi-exciton (2X), in which both spin up and  spin 
down  states  are  filled,  and  as  the  result,  the  polarization  degree  Pc reduces.  During  the  PLE 
measurements,  since the power was fixed,  it  is  important to stay always at  the reasonably low 
injection level through the whole spectral region. This will in turn make the discussion more clear. 

Besides circularly polarized light σ+ and σ– , σx excitation was also used. As σx is the superposition of 
σ+ and σ–, no polarized carriers are generated, which results in zero spin polarization Fig. 4.4(a)-(f). 

(a) (b)
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Fig. 4.4. PLE spectra and PL polarization Pc at around 18 K detected at the peak position of the 
QD ground state for the (a) SQD (c) DQD, and (e) QDR sample. PL spectra of the (b) SQD (d) 
DQD, and (f) QDR sample exciting above the GaAs  Eg. Polarization of the excitation light ( 
σ+ ,σ– ,and  σx) is given beside the curves. 

(c) (d)

(a)

(e) (f)

(b)
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4.1.4   PLE spectroscopy and PL polarization

Fig. 4.4 (a), (c), (e) show the PLE spectra and the circular polarization degree Pc of the SQD, DQD, 
and QDR sample respectively. Generally speaking, the overall feature and trend of the polarization 
degree versus excitation wavelength of all samples are fairly similar.  Important conclusions are 
deduced which apply for all the structures under investigated, even though comparing the absolute 
value of polarization among different samples might be difficult. The polarization degree reaches its 
maximum approximately around 10 %, 6 %, and 14 % for  the SQD, DQD, and QDR sample 
respectively when exciting only the hh band continuum to the CB.

The difference of PL polarizations degree  Pc  through the whole spectrum region may reflect the 
initial spin polarization  Pe  of the optical generate carriers. Return to  Fig. 4.2, for example, in the 
spectral region between XL and XH, only electrons from hh band in the WL get excited, which 
according to the optical selection rule, should possess two times more polarization degree Pe right 
after the generation process comparing with that of the above GaAs band edge transition. In Fig. 4.4 
(a), (c), (e), higher Pc in the spectral region between XL and XH was observed accordingly. 

The polarization degree  Pc  drops when excitation energy is resonant to the exciton transition for 
both XH and XL transitions as compared with the  Pc  of exciting within the free carrier continua 
region. This suggests that the free electrons conserve their spin better than the exciton during the 
carrier injection process into the InAs QDs  [37]. Such observation might result from the exciton 
spin  relaxation  mechanism via  electron-hole  exchange  interaction  [23], which  implies  the  spin 
states  of  excitons  are  less  conserved than  the  single  electron  or  hole.  According  to  the  theory 
developed by Maialle, de Andrada e Silva, and Sham [23], this type of exciton spin relaxation can 
be described as the result of a fluctuating effective magnetic field which magnitude and direction 
depend on the exciton center of mass momentum K, and vanishing for K = 0 states. Although at the 
resonant excitation conditions (XH and XL), one would expect the  K is within the homogeneous 
width of excitation which is around zero. However, even at low temperature (around 15 K in this 
work), the thermal energy kT could be larger than the excitation line width. That is, as the photo-
excited  cold  excitons  thermalize,  the  distribution  becomes  wider  to  the  K≠ 0  states  [38,  39]. 
Furthermore, scattering processes involving the impurities at the interface might also populate the 
K≠ 0 states. Both phonon and impurities scattering facilitate the excitons spin relaxation. To be sure 
that the drop of polarization degree  Pc  is not due to the fact that at XL and XH more carriers get 
excited. As discussed above, this also might lead to the reduced polarization since both spin ground 
states in QDs are filled after the carriers injection. The excitation power was then elevated to make 
the PL level at the free carrier continua (between XL and XH) higher and roughly the same as 
compared with that of XH taken before. The polarization was observed to be lower at XH than free 
carrier continua even though the PL intensities of them were manually adjusted to be the same by 
adjusting the excitation power.  Such result holds the conclusion that the polarization drop around 
XH  (and  XL)  originates  from the  faster  exciton  spin  relaxation  than  free  carriers  during  the 
injection process, and the possibility of injection level (power) dependence is excluded. Moreover, 
it can be deduced that the photo-excited carriers inject into the InAs QDs  right after the generation 
without relax to the XH or XL states. Otherwise, correlated excitons form before  inject into the 
QDs, and the polarization degree Pc  should be even lower than XH. Since not only spin relaxation 
of exciton occurred, but also spin relaxation accompanying by momentum relaxation  take place, 
which contradicts with the experimental results.

Second,  the  polarization  degree  Pc  decreases  for  hot  carrier  injection.  Energy of  photo-excited 
carriers within the free carrier continua depends on the excitation energy, the hot carriers are those 
which get excited away from the VB minimum. These carriers with high momentum indicate that, 
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according to  the Dyakonov-Perel  (D-P)  Mechanism [1],  which dominates  over other  relaxation 
mechanisms in the two dimensional structures without inversion symmetry, losing their spin states 
faster. In Fig. 4.4 a gradual decrease of polarization Pc is found when excitation only involves the 
hh  band  continuum.  When  the  photon  energy is  high  enough  to  excite  both  hh  and  lh  band 
continuum, take σ+  excitation for example, three times more spin down carriers than spin up ones 
are  generated.  However,  the  spin  down  carriers  originating  from  the  hh band  possess  higher 
momentum comparing with spin up ones due to the strain induced hh and lh splitting in the InGaAs 
WL. The resulting polarization at this region is approximately zero, because the spin of hot carriers 
are less conserved, even though with three times more in number. After energy relaxation, they 
become unpolarized. For QDR sample, the polarization even reverse in sign in this region.

In Fig. 4.4(a), at the excitation region above the GaAs band edge (Eg), the polarization  Pc  shows 
strong wavy dependence of the excitation energy. The relative PL intensity to the local minimum of 
the Pc value, marked Eg  + LO* and Eg  + 2 LO* in Fig. 4.4(a), exhibit a small bump. The excitation 
energy difference between these positions is about 42 meV, corresponding to  ħωLO (1+me

*/mhh
*), 

where ħωLO = 36 meV is the GaAs longitudinal optical phonon (LO) energy, me
*  = 0.067 m0  is the 

electron effective mass, and mhh
*  = 0.067  m0 is the heavy hole effective mass,  Table 1.2. When 

exciting above  Eg, excess energy is distributed to the photo-generated electron and hole with the 
ratio mhh

*/me
*, assuming the effective mass approximation. The positions marked Eg  + LO* and Eg  + 

2 LO* in  Fig. 4.4(a)  correspond to the positions where the excess energy of the electron part is 
exactly an integer (one and two) times ħωLO. There the electron quickly releases its energy to the LO 
phonon and as the consequence,  relax into the QDs much faster  comparing with the relaxation 
process by the LA phonon emission,  which is slower and occurs (in between) when the excess 
energy of the electron does not fit to integer number of the LO phonon energy [20]. That is, at the 
marked position, more electrons per dot are available. Implying in positively charged QD samples, 
the number of neutral dots, containing X0 or 2X, increases. The former gives almost no contribution 
to Pc; the latter reduces the Pc, and as the result,  Pc possesses a local minimum at these two marked 
positions.
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4.2   Spin injection in self-assembled InAs quantum dots – under 
external magnetic field

Spin injection in magnetic field was studied in Faraday geometry. The experimental set up was in 
principle the same except for the presence of the magnetic field field along the growth axis. PL and 
PLE spectroscopy were performed. For the magnetic field scans, the excitation energy (above XH 
or below the WL band edge) and the detection energy (QD ground state) were fixed, while the 
applied magnetic field was scanned (for example, from -10 T to +10 T). The confined electron 
motion  in  the  WL under  magnetic  field  results  in  the  quantized  Landau  levels,  and  the  PL 
polarization Pc  was monitored to study the difference of injection mechanism comparing with that 
under zero applied field. Dynamic nuclear polarization (DNP) which enhances the Pc  in zero field 
was also observed. 

 
 

4.2.1   PL spectroscopy in longitudinal magnetic field

Fig. 4.5 shows the PL spectra of the SQD sample under different magnitude of the longitudinal 
magnetic fields. The emission wavelength of the PL intensity maximum (which is 1143 nm for SQD 
sample)  remained  the  same  under  Bz.  The  PLE  spectra  under Bz were  detected  at  the  same 
wavelength as the zero field ones.  

Fig. 4.5. PL spectra of the SQD sample taken under 
0  T,  +4  T and  +6 T external  field  at  16 K.  The 
maximum of the QD ground state emission and the 
shape  of  the  peak  are  similar  among  them.  In 
principle,  there  should exists  Zeeman splitting  of 
the X+  trion states,  |⇑⇓,  ↑  and |〉 ⇑⇓,  ↓ , also the X〉 0 

|+1   and   |-1   bright  states  under  the  external〉 〉  
magnetic field. This will  shift the emission energy 
of I+ and I- by several µeV. However, this is beyond 
the  experimental  resolution,  and  for  the  PLE 
spectra, the same detection wavelength was used  as 
for the zero field ones.   
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4.2.2   PLE spectroscopy in longitudinal magnetic field– Landau levels

When a longitudinal magnetic field is applied to the sample, the carriers start to revolve around the 
field direction which is along the growth axis z. Both in the bulk GaAs and the 2D InGaAs WL, the 
freedom of the electron motion is restricted. Instead of  the DOS D3D (E) and D2D (E) given by Eq. 
1.10 and Eq. 1.19, the quantized Landau levels lead to the discrete DOS, refer to Fig. 1.4(b) and Fig. 
1.6(b). As the result, the PLE spectra, which reflect the DOS, in the longitudinal magnetic field are 
different from the one under zero applied field,  Fig.  4.6.  The spectra were taken under several 
different magnitudes of the magnetic field at 16 K.    

        

Fig.  4.6.  PLE spectra of  the SQD sample  taken under  +5 T,  +7 T,  and +10 T longitudinal 
magnetic field at 16 K. The lower panel shows the PLE spectrum at 0 T as a comparison. Labels 
1-1, 2-2 refer to the first  (second) free hole to the first  (second) free electron Landau level 
transition. 

As seen in Fig. 4.6, Landau levels were found within the hh band. The labels 1-1 (2-2) given in the 
spectra refer to the optical transitions occurring from first (second) free hole Landau level to the 
first  (second)  free electron Landau level  [40].  According to  Eq.  1.18 and  Eq.  1.23,  the energy 
needed for the inter-level Landau level transitions is given as

                                                                                  

  

  (Eq. 4.1)

where the index n = 1, 2, 3, … refers to the first, second, third, …. Landau level respectively, Bz is 
the longitudinal magnetic field. µ* is the reduced effective mass which is expressed as
  

En−n = E g  n1
2
 ħ

eB z

*
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  (Eq. 4.2)

Here  the  hh effective  mass  mhh*  is  used  because  only  hh  Landau  levels  are  discussed  in  the 
following section. The lh Landau level transitions were not observed in this work, probably due to 
their lower oscillation strength and the lower DOS compared with hh. Thus they are masked by the 
hh Landau level transitions.     

In Fig. 4.6, it is clearly shown that as Bz increases from +5 T to +10 T, the 1-1 transition shifts to the 
higher energy which satisfies the Eq. 4.1. The energy difference between the neighboring Landau 
level transitions (E n+1- n+1 and E n- n ) is given by 

    

  (Eq. 4.3)

In Fig. 4.6, at 5 T, the 2-2 transition appears within the region between XH and XL, on the other 
hand, at 10 T, the energy separation of the Landau levels is larger and the 2-2 transition lies above 
the XL energy region. The heavy hole and light hole excitons still  exist under the condition of 
applying longitudinal magnetic field, see Fig. 4.6, labeled XH and XL respectively. Their transition 
energy also shifts to the higher energy as seen from comparing XH (XL) at 0 T and at +10 T. 
However the exciton energy exhibits a different dependence on magnetic field from the Landau 
level states. The fan diagram, see Fig. 4.7 is drawn to demonstrate such difference.

Fig.  4.7.  Inter-Landau  level  transition 
energies  of  the  SQD  sample  under 
external  field.  The energy of  1-1,  2-2, 
and 3-3 transition under +3 T, +5 T, +7 
T, and +10 T are plotted and fitted by 
linear line, missed data points are due to 
the  overlapping  with  the  excitonic 
transition  peak;  also  the  XH  and  XL 
excitonic  transition  are  plotted,  and 
fitted using a quadratic dependence on 
magnetic field.    

The energy of the 1-1, 2-2, and 3-3 Landau level transitions show a linear dependence in magnetic 
field and follow Eq. 4.1 well. For the two excitonic transitions, XH and XL, a quadratic dependence 
is  observed  [35]  with  a  much  smaller  shift  of  energy  comparing  to  that  of  the  Landau  level 
transitions.     

1
* =

1
me

*  1
mhh

*

 E= ħ
eBz

*
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4.2.3   Effective reduced mass of the heavy hole Landau levels

The effective reduced mass of the heavy hole Landau levels can be calculated from the fan diagram, 
Fig. 4.7, using Eq. 4.1. For bulk GaAs, the reduced mass is around 0.0583 m0, and around 0.0217 
m0 for InAs, which are calculated using the values given in Table 1.2. And it is reported that the 
electron effective mass me* of the Ga0.47In0.53As ternary alloy is 0.041 m0  [8].   

Based on the experimental results, the reduced mass of the 1-1 Landau level is 0.0552  m0  . The 
increase of effective mass from that of the GaInAs ternary alloy might due to the increasing of the 
quantum confinement resulting from both WL 2D structure [41] and quantized Landau level states.
  

4.2.4    Lifting  of  the  Landau  level  spin  degeneracy  in  longitudinal 
magnetic field

Besides  the  changes  in  intensity  of  the  PLE spectra  under  applied  magnetic  field,  the  circular 
polarization  degree  Pc  also  shows  surprising  results.  Fig.  4.8(a) shows  the  PLE  intensity  and 
polarization spectrum of the DQD sample taken under +10 T longitudinal magnetic filed at 16 K. 
Linearly polarized excitation σx  excitation was used, however the polarization was found to be not 
perfectly around zero but shifted and also showing wavy features. The reason of the polarization 
shift from zero will be discussed later. 

To start with, at the higher energy side of each Landau level, an enhancement of the polarization is 
seen; at the low energy side, there is a reduction of polarization from the average level (around -4 
%). Since the σx  light is a superposition of σ+  and σ-, there should be equal number of spin up and 
spin down  photo-excited carriers generated if the DOS for spin up and spin down states is identical. 
Only if the spin degeneracy of the states is lifted under longitudinal magnetic field, the states split in 
energy into spin up and spin down states and such wavy features of Pc would be discovered. The 
two states are populated by certain circularly polarized light (σ+ or σ-) at different excitation energies 
respectively.  This  leads to  optical  generation of  a  polarized carrier  population (spin up or  spin 
down) in the WL even under linearly polarized excitation. The polarized carriers then inject into the 
QD and result in non zero PL polarization Pc.   

The variation of Pc  from the average level around the Landau level under σx  excitation provides an 
evidence of the Landau level spin splitting under longitudinal magnetic field. An interpretation of 
the Pc behavior in Fig. 4.8(a) would be that the Landau level spin down states are excited only by 
the σ+, and the polarized spin down electrons inject into the QD, which results in a more positive Pc 

comparing with that of when the spin up states are excited,and vice versa.  Since PLE intensity 
spectra reflect the DOS, we suggest that at each Landau level there are actually two close separated 
levels because of the influence of Bz. Both of them can be excited under σx excitation, and observed 
by studying the  Pc  at respective excitation energies, see Fig. 4.8(b). According to  Fig. 4.8(a), for 
example, the spin down Landau level states shift to the higher energy side from the spin up states 
under  +10  T.  In  Fig.  4.8(b), a  simple  simulation  shows  the  behavior  of  PL intensity  and  the 
polarization when the Landau level spin splitting takes place. However it is not possible to resolve 
the  splitting  energy  between  these  two  states  in  this  work  due  to  the  large  inhomogeneous 
broadening of the Landau level.

When using σ+ or σ- excitation, both spin up and spin down Landau level states were still observed 
from the variation of Pc, Fig. 4.8(c). In principle, taking σ+ excitation for example, there should be 
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only spin down states getting excited, and experience nothing when the excitation energy scans 
through the spin up states. This should result in a completely flat polarization curve without any 
features. However, comparing the Pc of σ+ and σ– excitation to that of σx excitation, all of them show 
similar shape of  Pc,  which indicates that both spin up and spin down Landau level states can be 
populated by σ+(σ- ) excitation. This result might be attributed to the state itself being not purely spin 
up or spin down but the mixing of these two, or to the excitation inside the material being not pure 
σ+  or  σ-. The  reason of  the impure  spin up and spin  down states  in  the  WL might  due  to  the 
imperfection of the symmetry along growth axis z. The well defined spin up and spin down states is 
based on a perfect 2D QW structure where the symmetry axis is along the growth axis z. In real 
WL, thickness variation and uniaxial  strain in  the WL plane will  change the orientation of the 
symmetry axis. With this, spin up and spin down eigenstates will be defined along this axis, which 
is no longer z. So when exciting along the z-axis using σ+(σ-) excitation, the mixture of these two 
local eigenstates will be possible to get excited. 

Fig. 4.8. (a) PLE spectrum of the DQD sample using σx excitation at 
16 K, both under 0 T and +10 T are shown.  (b) Illustration of the 
lifting  of  the  Landau  level  spin  degeneracy  under  longitudinal 
external magnetic field. At the lower panel, assuming ↓ is the spin 
down  state  and  ↑  is  the  spin  up  state,  both  are  simulated  by 
Gaussian-like peak. The upper panel shows the difference between 
the two states, which reflects the polarization degree of the photo-
excited carries. (c) PLE spectrum of the 2-2 Landau level transition 
and the PL polarization Pc. σ+,σ–  and σx excitation are shown, where 
Pc exhibits similar wavy features.       

(b)

(c)

(a)
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4.2.5   Spin thermalization in WL in longitudinal magnetic field  

To understand the reason of PL polarization  Pc  shift  from zero while  σx  excitation is used, Fig. 
4.8(a), longitudinal magnetic field scan starting from -10 T to +10 T was performed. The excitation 
wavelength was fixed at 760 nm, which is above the GaAs band gap; the detection wavelength was 
fixed at 1006 nm, which is the wavelength of the DQD sample ground state emission. Results under 
σ+,σ–  and σx excitation are shown in Fig. 4.9(a).  

Fig. 4.9. (a) Magnetic field scan of the DQD sample, the excitation wavelength was fixed at 760 
nm while the detection wavelength was fixed at 1006 nm. The PL polarization Pc is shown. (b) 
Magnetic field scan where the excitation energy was below the WL band gap energy (at 906 
nm).

In Fig. 4.9(a), it is clearly shown that the PL polarization Pc of the σ+,σ–  and σx excitation have the 
tendency towards negative values under positive field (which is consistent with  Fig. 4.8(a)), and 
towards positive values under negative field. The polarization drop around zero might be attributed 
to  the  weakening  of  dynamic  nuclear  polarization (DNP) and the  effect  of  AEI which will  be 
described in detail at the next section.

The spin thermalization of the carriers in the WL which gets stronger in the magnetic field would 
account for this phenomenon. First, as already described in the previous section, the eigenstates in 
the real WL are not perfectly spin up and spin down defined along the z-axis. In the presence of 
external magnetic field, the z symmetry and the corresponding eigenstates are restored in the WL. 
These two states are separated in energy and the carriers will relax towards the one with lower 
energy. Such process is called thermalization as the fact that carriers are more likely to stay at the 
thermally favored low energy states. At stronger external field, the purer eigenstates get excited by 
σ+(σ–) and the larger energy splitting indicates stronger thermalization among the two eigenstates. 
As  the  result,  the  gradually  increasing/lowering  of  the  PL polarization  Pc  when  increase  the 
magnitude of the negative/positive field was observed.      

Fig.  4.9(b),  the excitation wavelength was fixed at  906 nm, at  which below the WL band gap 
energy.  The  carriers  are  directly  excited  in  the  QDs  under  this  excitation  condition.  The  PL 
polarization Pc then reflects only the intrinsic properties of the QDs, without the information about 

(b)(a)
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the spin injection. The result from the  Fig. 4.9(b) shows no such shift of the Pc  and thus supports 
the  interpretation as  a  spin  thermalization  process  in  the  WL.  In  QDs,  due  to  the  quantum 
confinement  in all  three directions,  the discrete  energy levels  inhibit  the energy/spin relaxation 
processes. Even under external magnetic field, the thermalization of the two excitonic eigenstates 
separating by Zeeman splitting was not observed, according to Fig. 4.9(b).            

4.3 Dynamic nuclear polarization (DNP) and the enhancement of PL 
polarization in longitudinal magnetic field

Dynamic  nuclear  polarization  (DNP)  was  observed  and  confirmed  by  comparing  the  PL 
polarization Pc between the continuous-wave (cw) excitation and the PEM excitation, in which the 
periodically alternating σ+ and σ– excitation light is supplied. In Fig. 4.10(a), a magnetic field scan of 
the SQD sample is shown. 

As already mentioned in the previous section, positively charged excitons (X+) and neutral excitons 
(X0) may occupy the QDs alternatingly. When the longitudinal magnetic field is applied, the wave 
function of the X0 electron and hole regain the rotational symmetry, and the Zeeman splitting begins 
to dominate over the AEI, yielding the recovery of circularly polarized ground states, |-1  and |+1 .〉 〉  
This is believed to be one of the reasons of the enhancement of the Pc under external magnetic field.

Under cw excitation, the polarized carries inject into the QDs and polarize the nuclear spins, the 
Overhauser field  Bn is built up which suppresses the hyperfine induced spin relaxation caused by 
randomly orientated nuclear spins in the QDs. Under PEM excitation however,  the  Bn  does not 
occur due to the alternating spin up and spin down injection. As a result, at zero field, Bn stabilizes 
the spin and the Pc under cw excitation will be larger than that under the PEM excitation. 

A dip of the PL polarization Pc was observed in the cw excitation magnetic field scan measurement, 
Fig. 4.10(a). This dip is believed to be due to the reduction of Bn under small external field, which 
agrees with others work [29]. The position of the dip is shifted from zero to a positive or negative 
magnetic field depending on the sign of the excitation polarization (σ+ or σ–). The origin of the dip is 
discussed  as  follow.  The  photo-generated  spin  polarized  electron  (or  Knight  field)  inhibits  the 
depolarization of the nuclear spin. However, in one of the field directions, the external field  Bz is 
anti-parallel to Be. And when -Be = Bz, the nuclear spin is less conserved, which reduced Bn, yielding 
more spin relaxation of the electrons via hyperfine interaction in the QDs. Thus the PL polarization 
is dropping.

At stronger external fields, the polarization value Pc of the cw excitation and the PEM excitation are 
similar to each other, Fig. 4.10(a). This would indicate that beyond certain strength of the external 
magnetic field, the nuclei polarization state is no longer important for the QD carrier spins. The 
stronger interaction of the QD carrier spins with the strong external field will make the hyperfine 
induced spin relaxation less important. The expression of the electron-induced relaxation time of the 
nuclear spin is given elsewhere  [29], which suggests that the Overhauser field  Bn build-up rate is 
anti-related to the Zeeman splitting of the trion states, |⇑⇓, ↑  and |〉 ⇑⇓, ↓ , 〉  ħ Ωe = ge μB (Bz+ Bn ), Fig. 
4.10(b). That is, the larger the Zeeman splitting of the trion states, the harder for an electron to 
transfer  its  spin  to  the  nucleus  and build  up  Bn.  This  also  reflects  the  fact  that  almost  no 
enhancement of Pc due to DNP was observed at higher external field region.  
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Fig. 4.10. (a) Magnetic field scan measurement of the SQD sample with both continuous- wave 
(cw) excitation and PEM excitation. The excitation wavelength was fixed at 760 nm while the 
detection wavelength was fixed at 1143 nm. The PL polarization  Pc  was shown. (b) Optical 
transition including the final state (single hole) and the initial state (trion states) in X+ under the 
longitudinal external field  Bz. The Zeeman splitting of the trion states,  ħ Ωe =  ge  μB (Bz+ Bn  ), 
determines the rate of the electron-nuclear spin flip-flops (or DNP). 

(a) (b)
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Summary

In conclusion, optical spin injection in the InAs/GaAs QDs structures was studied using continuous- 
wave (cw) optical orientation spectroscopy at cryogenic temperature. Magnetic field measurements 
were also employed using Faraday configuration. The spin injection was found to be less efficient 
for correlated excitons and hot free carriers. While under longitudinal magnetic field, lifting of the 
Landau  level  spin  degeneracy  was  observed  resulting  in  a  wavy  feature  of  the  PLE  circular 
polarization degree Pc of the QDs. The spin thermalization process in the WL during spin injection 
is suggested to be responsible for the gradually change of the  Pc with the magnitude of external 
magnetic field. Dynamic nuclear polarization (DNP) process was found and shows a stronger effect 
at weak external magnetic field. At stronger external fields, DNP was found not being important 
anymore either because of build-up rate of the Overhauser field  Bn  getting lower or because the 
stronger interaction of QD carrier spins with the strong external magnetic field. Our results provide 
experimental studies of the spin injection an detection process in the InAs/GaAs QDs structures that 
pave a way towards new functional electronic and photonic semiconductor devices. However, to 
achieve real world practical applications, further intense studies at room-temperature and without 
the requirement of extremely strong magnetic field are needed.           
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