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Abstract

GaN quantum dots grown by molecular beam epitaxy are examined by micro-
photoluminescence. The exciton and biexciton emission are identified successfully  by power-
dependence measurement. With two different samples, it can be deduced that the linewidth of 
the peaks is narrower in the thicker deposited layer of GaN. The size of the GaN quantum 
dots is responsible for the binding energy of biexciton (EbXX); EbXX decreases with increasing 
size of GaN quantum dots. Under polarization studies, polar plot shows that emission is 
strongly linear polarized. In particular, the orientation of polarization vector is not related to 
any specific crystallography orientation. The polarization splitting of fine-structure is not able 
to resolve due to limited resolution of the system. The emission peaks can be detected up to 
80 K. The curves of transition energy with respect to temperature are S-shaped. Strain effect 
and screening of electric field account for  blueshift of transition energy, whereas Varshni 
equation stands for redshifting. Both blueshifting and redshifting are compensated at 
temperature ranging from 4 K to 40 K.
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Chapter 1

1.Introduction

Ⅲ-Nitride semiconductor has been a novel material in many technological devices. The most 
well-known application is in optoelectronic, which nowadays has improved the entire human 
life. For instance, the blue light emitting diode (LED), the laser diode (LD) with blue or ultra-
violate wavelength, and the blue-ray disc players, etc. Nitride-based material can generate a 
short wavelength range of light because of its high band gap. In particular, its intrinsic 
characteristic makes it a high luminescence efficiency  device. Ⅲ-Nitride semiconductor is 
believed to be the most important luminescence devices in the future life, and is going to 
become dominant in next generation. Gallium nitride (GaN) is a representative material 
among all Ⅲ-Nitride semiconductors (GaN, AlN, AlGaN, and InGaN etc). In addition to 
optoelectronic application, GaN also enables a high-power and a high-speed devices in 
electronics. Up to date, many other applications of GaN are still under research with great 
efforts.
 The development of Ⅲ-Nitride is progressing rapidly. More advanced properties has been 
discovered as the size of the semiconductor shrunk to nanometer scale. i.e. the so-called 
quantum structures including quantum wells (QWs), quantum wires (QWRs), and quantum 
dots (QDs). It has been reported that the threshold current of laser diode is effectively reduced 
in the QW1; the enhancing emission efficiency  takes place in QD2. Once the quantum 
structure is achieved, quantum mechanical effect will start to dominate, leading to many 
unique features in contrast to bulk solid-state materials. The interplay between environmental 
confinement and electric levels further induces more distinct  features. QDs corresponding to 
three dimensional confinement, are regarded as an atomic-like structure. By  atomic, it  means 
that the energy  levels are as discrete as one single atom. In this way, the carriers (electron and 
hole) can be well-confined and isolated in QDs, and the device operation can be maintained at 
higher temperature3. Aside from the optoelectronics, applications like: quantum computer 
gate4, quantum cryptography1,5, and electron spin memory6 based on photonics emission are 
promising as well. As a consequence, the understanding of quantum dots demands immediate 
attention.
 Optical spectroscopy of single quantum dots has been performed in GaAs7, InAs8, and 
CdSe9  materials. Many  optical properties, such as exciton and biexciton emission, 
polarization, and temperature-dependence of emission, are widely studied. In contrast to those 
systems, GaN quantum dots with intrinsic Ⅲ-nitride wurtzite structure is a new candidate in 
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optical spectroscopy, which has high efficiency and is convinced to enable all range of 
wavelength in luminescence. Wurtzite structure makes GaN with an inevitable polarization 
field, which plays a crucial role in photonics emission. GaN quantum dots are mostly 
fabricated by metal organic chemical vapour deposition10,11  (MOCVD). However, the 
knowledge is lacking in GaN quantum dots grown by molecular beam epitaxy12 (MBE).  
 The aim of this thesis work is to evidence the existence of single GaN quantum dots grown 
by MBE. Therefore, both exciton and biexciton emission are highly-concerned. The 
identification is followed by investigating spectra, such as binding energy of biexciton and the 
linewidth of peaks. Afterward, polarization and temperature studies are pursued for further 
understanding of GaN quantum dots.
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Chapter 2

2.Semiconductor Physics

2.1 Semiconductor Physics
Concerning about the electric conductivity, the material can be briefly classified into metal 
and insulator due to the ability of transporting electrons. However, there exists a kind of 
material, which becomes conductive under certain conditions, e.g. higher temperature, electric 
field, is regarded as semiconductor. The symmetry  and periodicity have given the 
semiconductors with interesting and useful electric and optical properties. Today, 
semiconductor has been widely utilized in both industry and academic.
 The reciprocal lattice space is rather utilized as researching semiconductor instead of real 
lattice space. The wave vector (k) is taken in reciprocal lattice while quantum mechanics and 
wave function propagation rule the semiconductor theory. 

Figure 2.1.  A simple scheme of energy band of intrinsic semiconductor 

material. Valence band is filled with electron whereas conduction band is 

empty. In between is the energy band gap (Eg), where electron is forbidden to 

exist. 

Eg Band gap

Energy

Vacant Conduction Band

Filled Valence Band
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2.2 Band Gap
As the single atoms with discrete energy  level are close together to form a lattice, the overlap 
of electronic orbitals from each atom will develop into bands, separated by the energy  gap in 
between. The band scheme shown in Figure 2.1 is classified into conduction and valence 
band, respectively. The lower energy band refers to valence band while the higher energy 
band refers to conduction band. The value of band gap starts from the top of valence band, 
and up  to the bottom of conduction band. In a pure material, there is no available energy level 
within the energy gap (as in Figure 2.1), hence, the electron cannot exist there. 
 Under thermal equilibrium condition, the electrons are filled up to the top of valence band, 
whereas there is no electron in conduction band. Once excitation takes place, The electron in 
the valence band can be excited to conduction band, leaving a lacking of electron called hole 
in valence band.

2.2.1 Direct Band Gap
Optical transition between valence band and conduction band differs with the geometry of the 
energy bands in k-space. As the lowest point of conduction band and the highest point of 
valence band meet at the same wave vector k (usually at k= 0) in Brillouin zone center. A 
direct band gap is formed. Semiconductor with direct band gap (as shown in Figure 2.2 (a)) 
can be found in GaAs, InAs, and GaN system.

2.2.2 Indirect Band Gap
In contrast to direct band gap, the highest point of valence band and the lowest point of 
conduction band may  be at  different k. Such semiconductor is notified as indirect band gap 
material (as shown in Figure 2.2 (b)), for instance, are GaP and AlSb etc.

Figure 2.2.  Simple illustration of direct band gap  (a) and indirect band gap (b) 

semiconductors. The edges of conduction and valence band of (a) are at the same position 

(k=0) whereas of (b) are at different position. Eg represents the energy gap.

kk
0

Conduction 

band edge

Valence band edge

! !

0

Eg Eg

(a) (b)
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2.3 Effective Mass
In a band diagram, the energy changes with respect to different wave vector k. For free 
electron model, the energy-wave-vector relation can be expressed  as:

 

ε = 
2

2m
⎛
⎝⎜

⎞
⎠⎟
k2

                                                           
(2.1)

where m is the mass of free electron, and ħ is the Plank constant divided by 2π. Energy (ε) 
here is a function of k2, and the curvature of energy depends on reciprocal of mass (1/m). The 
free electron model has to be modified if one takes semiconductor into account because of the 
energy potential. Compared to free electron model, the presence of band gap  reduces effective 
mass. For an electron near lower edge of conduction band, the energy is written as:

 

ε k( ) = εc
0 +


2

2me

⎛
⎝⎜

⎞
⎠⎟
k2                                                   (2.2)

where εc0 is the energy at lower edge of conduction band, and me denotes the effective mass of 
electron. On the other hand, the energy for an electron near the top  of valence band are written 
as:

 

ε k( ) = εv
0 −


2

2mh

⎛
⎝⎜

⎞
⎠⎟
k2                                                  (2.3)

where εv0 is the energy  at the edge of valence band. It is noted that effective mass of electron 
(me) is replaced by effective mass of hole (mh) with a minus sign since hole has an opposite 
energy scheme to electron. With the concept of effective mass, the behavior of electron in the 
periodic potential can be described precisely. 
 For the semiconductor with direct band gap, The valence bands are existing threefold near 
the edge, with light hole (lh) and heavy  hole (hh) bands are degenerate at the center, and split-
off hole (soh) separated by Δ, noted as the energy difference due to spin-orbit splitting. Figure 
2.3 demonstrates the band diagram of a direct band gap semiconductor.

2.4 Donors and Acceptors
The semiconductor mentioned above is an intrinsic material, which means there is no other 
atoms added in material. To further control the electric and optical properties of 
semiconductor, one may add some impurity  atoms with different chemical structures from 
hosted material. These impurity  atoms will change the symmetry  of crystal, resulting in some 
impurity levels ranging within band gap. The atoms with more (less) valence electrons than 
host atom is called donor (acceptor). Donor level situates close to conduction band edge, and 
acceptor is near the valence band edge, as shown in Figure 2.4.
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hh

!

soh

lh

Eg

k

!

Conduction Band

Valence Band

Figure 2.3.  Simplified model of direct band gap semiconductor. Threefold of valence 

bands are identified as heavy hole (hh), light hole (lh), and split-off hole (soh) band, 

respectively. The soh band is split from band edge by ! due to spin-orbital splitting. 

Conduction Band

Valence Band

Donor Levels

Acceptor Levels

Figure 2.4.  Schematically illustration of donor and acceptor level in the band 

gap. Donor with more valence electrons situates close to conduction band edge 

while acceptor with less valence electrons situates near valence band edge. 

2.5 Optical Transitions
Semiconductor undergoing interband transition can emit photons. This characteristic 
nowadays has become one of the important applications in technology. Energy of photon is 
written as: ħω= εc(k) - εv(k), denoting the difference between conduction band (c) and valence 
band. Photon emission takes place as the total momentum (ħk) of electron and hole is 
conserved. Besides photon emission, the whole process can be reversed by energy absorption. 
The electron can absorb the energy of incoming photons, and will be excited up to conduction 
band, with a hole left in valence band. Following are the possible transitions of 
semiconductor, which are shown in Figure 2.5 as well. 
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Free-to-free Exciton Free-to-bound DAP

Conduction Band

Valence Band

Figure 2.5.  Possible optical transitions in semicondutor. 

2.5.1 Direct and Indirect Transition (free-to-free)
The transition occurs from conduction band to valence band is identified as free-to-free 
transition. Whether it is direct or indirect transition depends on the type of band gap (shown 
in Figure 2.6). Though both transitions need to conserve energy and momentum in whole 
process. Also the possibility  of transition relies on the overlap of wavefunctions. For direct 
transition, conduction band edge and valence band edge are nearly at the same wave vector k; 
momentum of electron and hole is therefore conserved. The transition energy  is equal to the 
band gap value. Indirect band gap, on the other hand, the electron and hole are in different k. 
The transition will take place with the assist of phonon (Ω) in order to compensate the 
different energy and momentum between electron and hole. As a matter of fact, indirect 
transition is not efficient, and is not favorable for the optical transition.

Figure 2.6.  (a) The band diagram of direct energy gap. The transition is vertical 

with an energy Eg = !"g, where "g is the frequency of excitation. (b) The band diagram 

of indirect energy gap. Since the electron and hole are at different k, the transition 

involves the assist of phonon, and the excitation energy will be !" = Eg + !#, where 

# is the frequency of phonon. 

k

!

0

"

#

k
0

Conduction 

band edge

Valence band edge

"g

!

(a) (b)

2.5.2 Exciton
Once an electron and a hole are generated by excitation, it  is possible that they are bound 
together by Coulomb interaction, forming an exciton. All excitons are unstable, therefore, 
they  will end up with rapid recombination process in which the electron drops into the hole. 
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The exciton transition is less than energy gap  because of the Coulomb attraction between 
electron and hole. Coulomb potential (VCoul) can be expressed as:

VCoul = −
e2

4πε re − rh                                                   
(2.4)

where ε is the permittivity, | re - rh | is the spatial distance between electron and hole.

2.5.3 Biexciton
Biexciton consists of two electrons and two holes. It can be considered as two combined 
excitons. Besides the attractive interaction between electron and hole, the repulsive 
interactions exist between electron and electron, hole and hole as well. Biexciton emission 
comes from the first excitonic recombination.

2.5.4 Free-to-bound
The transition involving a band and an impurity level is known as free-to-bound transition. 
Either it is donor-to-valence-band or conduction-band-to-acceptor, the transition is lower than 
the band gap energy. Such difference in energy indicates the ionization energy of impurity.

2.5.5 Bound-to-bound (DAP)
The bound-to-bound transition takes place between two impurity levels where an electron is 
bounded to donor level and a hole is bounded to acceptor level. Such electron-hole pair is 
called donor-acceptor-pair (DAP). The transition energy of bound-to-bound is smaller than 
band-to-band transition.

2.6 Nonradiative Process
The radiative recombination of electron and hole can generate photons with several channels 
as mentioned above. In contrast to radiative transition, recombination of electron-hole pairs 
can be non-radiative, in other words, the transition occurs without any photon emission. The 
nonradiative process includes i) multi-phonon emission (the transition energy is transfered to 
heat), ii) the recombination at the surface or defects (dangling bond states or defects levels 
trap  the electron or hole ), and iii) Auger recombination (transition energy  is transfered to 
other free carriers, exciting them to higher energy states). The nonradiative process is not 
favorable in optical transition. Elimination of defects is important  methods to enhance the 
efficiency of optical emission.
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Chapter 3

3.Semiconductor Quantum Structure

3.1 Quantum Structure
As the progressing technique of molecular beam epitaxy, the semiconductors nowadays can 
be fabricated with small sizes (~nm). According to Schrödinger Equation, when the crystal 
structure is shrunk down to a level comparable to de Broglie wave of carrier, it starts to 
interact with the wave functions of carriers, resulting in different sorts of quantum 
confinements. With confinement control, the quantum structure of semiconductor can have 
distinct electrical and optical characteristics compared to bulk semiconductor.

3.1.1 Quantum Wells (QWs)
Quantum well (QW) is a two-dimensional structure, which means that QW is confined by 
energy barrier in one direction in space. It is a heterostructure which is fabricated as a thin 
layer sandwiched between two other layers (barrier). The material of QW has lower band gap 
energy compared to the other layers. Therefore, the electrons (or holes) can relax into the 
energy well and be confined by energy barriers on each side.

3.1.2 Quantum Wires (QWRs)
Further confinement in two directions leads to quantum wires (QWRs). The lower band gap 
material is created as a long strip  surrounded by a material with larger band gap. When 
electrons (or holes) relaxe into QWR, they can only move freely in one dimension, leading to 
different electrical and optical properties from quantum well due to higher spatial 
confinement.

3.1.3 Quantum Dots (QDs)
Quantum dots (QDs) are formed as a three-dimensional confinement structure. The motion of 
electrons (or holes) are limited in all three directions (x, y, and z) and therefore be localized 
within QDs. The corresponding Schrödinger Equation in spherical polar coordinates follows 
as:

 

−

2

2me

2
r
∂
∂r

+
∂2

∂r2
⎛
⎝⎜

⎞
⎠⎟
ψ r( ) +V r( )ψ r( ) = Erψ r( )

                              
(3.1)
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 The energy levels in QDs are discrete, which is similar to a single atom. Therefore, 
quantum dots are also called “large artificial atoms”, by large atom, it means a quantum dot 
contains as many as 1014 atoms13 to have quantization energy.

3.2 Density of States
Density of states (DOS) is defined as the number of available electron states (N) per unit 
volume per unit energy of real space, which can be expressed as:

ρ E( ) = dN
dE

                                                        (3.2)

The electronic properties of quantum structure semiconductor are easily understood by  DOS. 
Due to different confinement, each quantum structure has its special DOS. Table 3.1 indicates 
the DOS regarding to different dimensional structure.

Table 3.1 Density of States related to different dimension of quantum structures.

Dimension DOS

3D Bulk
dN

dE
!

d

dE
E
3
2

2D Well
dN

dE
!

d

dE
E " #

i( )
#i <E

$

1D Wire
dN

dE
!

d

dE
E " #

i( )
#i <E

$
1
2

0D Dot
dN

dE
!

d

dE
" E # $

i( )
$i <E

%
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Figure 3.1. Schematically illustration of DOS regarding 

to bulk, QW, QWR, and QD, respectively.

E
0

DOS 3D Bulk

E
0

DOS 2D QW

E
0

DOS
1D QWR

E
0

DOS
0D QD

 Figure 3.1 illustrates the energy states with respect to different dimension quantum 
structures, including 3D bulk, 2D quantum well, 1D quantum wire, and 0D quantum dot. 
Obviously the QD shows a discrete scheme which is calculated from equation (3.1) and DOS 
of quantum dots.

3.3 Type Ⅰ and Type Ⅱ quantum structures
In a heterostructure, the band alignment can be different according to the band gap alignment 
in materials. Generally, there are two systems which called Type Ⅰ and Type Ⅱ quantum 
structure, respectively. In Type Ⅰ system, the band gap of one material is embraced entirely 
within that of wide-band gap material, shown in Figure 3.2. The consequence is that  any 
electron and hole fall into the quantum structure are within the same material. Hence, the 
electron and hole are in the same space, resulting in an effective recombination due to more 
overlapping of electron and hole wavefunctions. On the other hand, the band gap of one 
material which the conduction band and valence band are in different materials, the type Ⅱ 
structure is then formed, showing in Figure 3.2. In this work, GaN/Al(Ga)N quantum dot is 
studied and it belongs to type Ⅰ band alignment.

Figure 3.2. A scheme of type ! and type " heterostructures. In type ! 

the band edges of conduction and valence band are in the same material, 

whereas type " has a contrary arrangement. 

CB

VB

Type ! Type " 
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3.4 Self-Assembled Quantum Dots
Quantum dots are formed by self-assembly epitaxy. The common methods are metal organic 
chemical vapour deposition (MOCVD) and molecular beam epitaxy (MBE). In this diploma 
work, GaN quantum dots are fabricated in Stranski-Krastanov growth mode by MBE, 
showing in Figure 3.3). Due to misfit lattice constants between coming atoms and substrate, 
the first  layer, which formed over the substrate, contains strain inside. The layer is so-called 
wetting layer. After several grown layers, the critical thickness is achieved, which is 
dependent on chemical and physical properties. The growth mode then becomes island 
growth, forming the desired quantum dots.

Wetting 
layer

Quantum dots

Figure 3.3.  Stranski-Krastanov growth mode of self-assembly quantum dots. 

Layer growth first takes place above the substrate, followed by the island growth 

in which quantum dots are formed. 

substrate substrate substrate
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Chapter 4

4.GaN Quantum Dots

4.1 Introduction
GaN is an advancing material in optical application. Not only  its large energy gap but its high 
efficient luminescence makes GaN an attractive option for laser or light emitting diode (LED) 
devices, etc. Basic understanding about GaN QDs is required to understand the characteristics  
of luminescence. In this work, GaN QDs are deposited on AlN barrier layer, followed with 
AlGaN layer capping above, forming a heterostructure.

4.2 Spontaneous and Piezoelectric Polarization
Spontaneous polarization relates to the bonding nature of material in which the neighboring 
bonds around the atoms are not equivalent, i.e. one of the bonds is more (or less) ionic 
compared to the others. Such bond, which is identified as so-called pyroelectric axis, existing 
commonly in the wurtzite structure, showing in Figure 4.1. Pyroelectric axis is oriented along 
[0001] direction in hexagonal structures. Wurtzite structure with spontaneous polarization 
shows a great contrary  to zinc blende structure (i.e. Si, Ge) in which the bonds around the 
neighboring atoms are equivalent. 
 Polarization of wurtzite can also be created mechanically, i.e. polarization occurs by strain-
induced piezoelectric polarization. There are three nonvanishing independent components in 
piezoelectric tensor14 of wurtzite structure including e33 , e13, and e15, respectively. The strain 
field of QDs is established by the matrix material. In this case, the GaN QDs are strained by 
AlN barrier layer and/or AlGaN capping layer. 
 To sum up, the total polarization for GaN arises from spontaneous and piezoelectric 
polarization. Indeed, the total polarization in GaN QDs is huge, and it will establish the large 
internal electric field along [0001] direction10,15, which further induces Quantum Confined 
Stark Effect (QCSE) discussed in the following. 
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Ga

N
c

a

Figure 4.1. Wurtzite structure with lattice constant a and c. The structure 
consists of two intertwined hexagonal lattice, Ga and N atoms, for instance.

ΔECB

CB

ΔEVB

VB

Giant Internal Electric Field [0001]

GaN 
QDs

AlGaN Capping LayerAlN Barrier Layer

Figure 4.2.  Schematically 2D illustration of heterogeneous conduction and 
valence band edge of GaN QDs. QCSE induced by  giant internal electric field 
tilts the energy band as well as shifts the energy levels (ΔECB and ΔEVB). 

4.3 Quantum Confined Stark Effect (QCSE)
Quantum confined Stark effect (QCSE) is responsible for the energy levels shift  under the 
presence of internal electric field10,15,16. The electric field oriented in [0001] direction tilts the 
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energy band as well as shifts the energy levels, as illustrated in Figure 4.2. QCSE can induce 
the reduction of transition energy (ΔECB and ΔEVB), and it further separates the wavefunctions 
of electron and hole, resulting in longer recombination time.
 
4.4 Exciton and Biexciton in Quantum Dots
Optical emission of exciton in semiconductor is discussed in Chapter 2, where the exciton is 
formed due to Coulomb interaction. In the µ-PL process (see section 5.2) of QDs, the 
electron-hole pairs are excited to higher discrete levels by  laser. Then these pairs relax 
nonradiatively to the ground level, forming excitonic complex (exciton, biexciton, or charged 
exciton etc). Eventually the electron and hole recombine together with a photon emission.
 As an electron and a hole recombine radiatively, the transition energy  will couple with a 
photon, resulting in a single exciton emission. Total angular spin momentum of transition 
must be conserved. Since the angular momentum of electron is Se,z = ± 1/2 ħ, and hole is Jh,z = 
± 3/2 ħ, the angular momentum of exciton is the sum of electron and hole, i.e. M  = ± 1 ħ, and 
± 2 ħ. On the other hand, the spin angular momentum of photon is ± 1 ħ from the theory of 
relativity. Consequently, only the total angular momentum ± 1 ħ leads to exciton emission, as 
shown in Figure 4.3. Exciton with such spin configuration is called “bright exciton”, 
otherwise, it will be a “dark exciton” with angular momentum ± 2 ħ, which cannot be detected 
so far.  

Figure 4.3.  Schematically illustration of spin configurations within optical 
transition. The angular momentum M = ±1 ħ of bright exciton (left), whereas 
angular momentum M = ± 2 ħ of dark exciton (right). 

Se,z= ± 1/2 ħ

Jh,z= ∓ 3/2 ħ

M = ± 1 ħ

Bright Exciton

Se,z= ± 1/2 ħ

Jh,z= ± 3/2 ħ

M = ± 2 ħ

Dark Exciton

4.5 Optical Dependence on Excitation Power
To distinguish between exciton and biexciton emission in the spectra, one can apply the 
power variation to excite QDs, in which exciton has a linear dependence and biexciton has a 
quadratic dependence with increasing excitation power. Brunner et al.17 has demonstrated the 
simple model of power dependence with respect to exciton and biexciton. Consider a QD with  
wetting layers aside (shown in Figure 4.4). The electron-hole pairs are first generated in 
wetting layers forming as excitons with an effective occupation N0 ∝ Pexc, where Pexc is the 
excitation power. Excitons then relax to the two degenerate ground levels because of the Pauli 
principle, i.e. N=N↑=N↓, symbolizing the time-averaged occupation probabilities of the two 
bright excitons M = ± 1 ħ , respectively. The relaxation rate is 1/τ, and the recombination rate 
is 1/τr. Both rates are assumed to be independent of the spin. Nonradiative recombination is 
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not taken into account. Therefore, the net change of occupation probability  of one degenerate 
level in time dt can be written as:

dN = N0
dt
τ
(1− N ) − N dt

τ r                                                    
(4.1)

The first term represents the relaxing excitons from wetting layers to ground level, and the 
second term represents the decreasing excitons due to recombination. At steady state,

dN
dt

= 0
                                                             

(4.2)

and the occupation probability N can be expressed in (4.3):

N =

N0

τ
N0

τ
+ 1
τ r                                                            

(4.3)

 The intensity  of exciton (IX) and biexciton emission (IXX) depending on the excitation 
power are written as:

IX ∝
1
τ r
N 1− N( )

                                                    
(4.4)

IXX ∝
1
τ r
N 2

                                                        
(4.5)

Under low excitation power in (4.4), N is so small that 1-N ≈ 1, indicating IX is a linear 
dependence on excitation power (IX ∝ N); IXX on the other hand, shows a quadratic dependence 
(IXX ∝ N2) according to (4.5). 

1/τ

1/τr

N0 ~ Pexc

Figure 4.4.  Schematically illustration of relaxation and recombination in QDs.

4.6 Binding Energy of Biexciton
As two excitons are generated in QDs, the interaction between them depends on the spatial 
confinement, i.e. either attractive or repulsive interaction occurs within two excitons. Binding 
energy of biexciton (EbXX) is defined as the 2ESX-ESXX, where ESX and ESXX are the state energy of 
exciton and biexciton, respectively. Furthermore, EbXX is also expressed as EX-EXX, meaning that 
the difference in emission energy between exciton and biexciton in the spectra. Positive EbXX 
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refers to the attractive interaction of two excitons, and negative EbXX, on the contrary, refers to 
the repulsive interaction. A scheme of energy transition is presented in Figure 4.5.

ESXX

ESX

0

EXX

EX

Figure 4.5.  Schematically illustration of energy  transitions. E is the emission 
energy, and ES is the energy state with respect to the ground level (E = 0).  
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Chapter 5

5.Experimental Setup

5.1 Photoluminescence Spectroscopy
Photoluminescence measurement has been widely utilized as a technique to characterize 
electrical or optical properties of bulk semiconductors and quantum structure semiconductors. 
The principle is to excite carriers in material, and then record the light emitted from material 
by a spectrum. The relevant information can then be deduced from the spectrum, such as the 
size of energy gap, excitonic state, and impurity contents, etc. The incident light is generated 
by a laser. With an appropriate energy of photons, carriers within material can be excited into 
electron-hole pairs, forming into excitons. Such an excited state is non-equilibrium, therefore, 
in order to reach back to equilibrium state, the electron and hole will recombine. The 
recombination process can be radiative, which means that the released energy from 
recombination will couple a photon. Eventually the emission of photons are collected by a 
monochromator and detected by a charge-coupled device (CCD). There is no specific 
preparation for sample prior the measurement, and all measurements are non-destructive to 
sample because of a pure optical process.

5.2 micro-Photoluminescence Spectroscopy (µ-PL)
Photoluminescence measurement is a conventional technique for optoelectronics 
investigation. The exciting laser is focused by ordinary lenses, which can have a light spot on 
sample for about 50 µm in diameter. However for this technique, the position of the sample or 
the size of the focus spot are less concerned. As the quantum structures, such as QWR and 
QDs, are on demand, higher spatial resolution becomes critical to the measurement due to 
smaller size of the objects. 
 micro-Photoluminescence measurement (also known as µ-PL) is a more advanced 
technique compared to conventional photoluminescence. The whole system setup is presented 
in Figure 5.1. Incident luminescence spot can be further focused down with a spatial 
resolution about 1 µm by objective lenses of higher numerical aperture.
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Figure 5.1.  Schematically illustration of µ-PL measurement setup.

Liquid He 
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MIcroscope Objective Lens
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 Figure 5.2 demonstrates how the laser light is focused on sample by optical lens. 
Consequently, the luminesced area is limited, and high spatial resolution can be achieved in 
order to investigate single QDs.

Laser Beam

Microscopic Objective 
Lens

GaN QDs

Figure 5.2.  Schematically illustration of laser light is focused on 

single quantum dots.
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5.2.1 Cryostat
Heat fluctuation within several kT can have an impact on intensity  and bandwidth of PL 
signals. Such fluctuation results in phonon scattering and other background noises. To avoid 
the fluctuation, the sample is placed inside a cryostat which can maintain a low-temperature 
environment. The sample is cooled down to 4 K by  continuous liquid helium flow. To further 
preserve low temperature environment, cryostat will be pumped to vacuum condition around 
10-4 to 10-5 mbar, as a result, heat can hardly be transfered into cryostat. 

5.2.2 Laser
Laser light is suitable to be an excitation source since it  provides a well-defined energy of  
photons and coherent luminescence. The ultra-violate (UV) laser with wavelength 266 nm is 
utilized in this work. It is suitable for high-energy-gap GaN material.

5.2.3 Monochromator and Charge-Coupled Device (CCD) Detector
The light emitted from the recombination process will be collected by detector system which 
includes a monochromator and a charge-coupled device (CCD) detector. A monochromator 
disperses the light with different wavelength, since the emitted light originates from not only 
the desired object, but also from other object nearby or the substrate of the sample. The light 
will firstly  pass through the entrance slit into the monochromator, then the plane grating 
disperse the light and reflect them to exit slit, which connects with CCD. Grating with higher 
groovy density  can have higher spectral resolution. In this work, the groovy density is 
adjusted to 2400 mm-1 for the purpose to investigate single GaN QDs with high spectral 
resolution. 
 CCD is able to detect the intensity  of emission light from sample. It contains a 2-
dimensional matrix of 2000*800 pixels, where each pixel is fabricated of a silicon-based 
photodiode. The incoming photons will, due to photoelectric effect, release bound charges 
that are captured by the nearest pixel. Then the signal of charges will be transfered and 
amplified to the readout register and further recorded by  the computer. All processes depend 
on light exposure upon CCD, a shutter located at the entrance of monochromator determines 
the level of exposure. However, there exists some noises that may disturb the detecting 
signals. Heat fluctuation results in dark current, which thereby leads to dark noises. To avoid 
dark current, the CCD will be cooled down to 150 K by liquid nitrogen (LN2). Other noises 
may be stemmed from the sun, cosmic rays, or other light sources in the laboratory, which 
inevitably happen and disturb the signals. By controlling the opening of slit it is possible to 
eliminate such noises effectively. 

5.4 Polarization Measurement Setup
When performing polarization measurement, a half-wave retardation plate and a fixed 
polarizer is utilized. Figure 5.3 shows the setup of the measurement. The polarizer fixed to 
90° is placed in front of the entrance slit of monochromator. The emission coming from GaN 
QDs will firstly pass the half-wave plate. Then the light is filtered by the polarizer in order to 
analyze orientation of polarization before it finally reaches the monochromator. 
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Figure 5.3. Schematically illustration of polarization measurement. A half-wave 
retardation plate rotates the orientation of incoming light. A polarizer is fixed to 90° to 
analyze the polarization. 
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5.5 Sample Preparation
GaN quantum dots are grown on AlN heterostructures by MBE technique. Figure 5.4 shows 
each layer of the samples schematically. The substrate is prepared with [0001]-oriented 
sapphire wafer covered by Ti on the back side. Subsequently, a 4~5 nm AlN buffer layer 
grows on top  of substrate with 30-minute nitridation process. GaN layer with 45~50 nm 
grows immediately after AlN buffer layer, and then is covered by a ~50 nm AlN layer. 
Following are GaN quantum dots formed with Stranski-Krastanov growth mode for a very 
short time (10~20 seconds). Eventually, GaN quantum dots are embedded by AlGaN capping 
layer. 
 Two parameters are adjusted in the sample preparation, including the height of quantum 
dots and the thickness of GaN and AlN buffer layer. Two samples (A and B) are investigated 
in this work.

 • Sample A: The same structure as figure including 15-second growth of GaN QDs, which 
corresponding to 4.5 monolayers (MLs) of GaN (shown in Figure 5.4 (a)).

 • Sample B: The same structure as sample A, except the thickness of AlN and GaN layers 
are twice thicker than sample A. AlN layer is ~90 nm and GaN is 90~95 nm thick. Also, the 
GaN QDs are grown for 20 seconds, which corresponding to 6 MLs of GaN (shown in Figure 
5.4 (b)).
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AlXGa1-XN Layer (X=40%~50%)
10 nm ~ 15 nm

AlN Layer (~ 45 nm)

GaN Layer 
(45 nm ~ 50 nm)

AlN Buffer Layer 
(4 nm ~ 5 nm)

Sapphire Substrate

GaN QDs 
(4.5 MLs)

Figure 5.4.  (a) Structure of Sample A with 4.5 MLs of GaN deposited layer. 

AlXGa1-XN Layer (X=40%~50%)
10 nm ~ 15 nm

AlN Layer (~ 45 nm)

GaN Layer 
(45 nm ~ 50 nm)

AlN Buffer Layer 
(4 nm ~ 5 nm)

Sapphire Substrate

GaN QDs 
(4.5 MLs)

Figure 5.4.  (a) Structure of Sample A with 4.5 MLs of GaN deposited layer. 
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Chapter 6

6.Results and Discussions

Two different samples (A and B) are investigated by micro-Photoluminescence (µ-PL) 
spectroscopy. To prove the existence of GaN QDs from different MBE procedures, single 
QDs luminescence has to be evidenced unambiguously, i.e. both exciton and biexciton 
emissions should be identified in the spectra. Power dependence experiment will be 
conducted to discriminate exciton and biexciton emission. Once the proper single QDs are 
determined, polarization states and temperature dependence of emission will be further 
studied.
 Temperature of all measurements are controlled below 5 K (except for temperature 
dependence measurement). The wavelength of ultra-violate laser light  is 266 nm with a 
maximum power about 10 mW.

6.1 µ-PL Spectroscopy (low resolution)
µ-PL studies with low resolution (low grating density) is very useful for acquiring the general 
spectra of structures. Here the groove density of grating is 600 mm-1, and chosen spectra 
range starts from 3300 meV to 4100 meV. Figure 6.1 shows the general scan of each sample. 
There exists several sharp  emission peaks which have energy ranging from 3600 meV to 3900 
meV in sample A and B. It is believed that these peaks are resulted from the GaN QDs. 
Except several peaks of QDs, there are two relatively  broad peaks, which locates around 3450 
meV and 4000 meV, respectively. The former one results from the GaN templete, and the 
latter from the AlGaN capping layer. 
 Generally, there are two main factors that affect the transition of excitons. One is the 
confinement potential, which can lift up the ground state of exciton, resulting in blueshift of 
transition energy  from GaN band gap  edges. The other one is the built-in electric field of 
wurtzite GaN, redshifting the transition energy by quantum confined Stark effect (QCSE). 
The size of the QDs determines the influences between confinement and internal electric 
field10. Since the transition energy of exciton in GaN QDs is higher than bulk GaN bandgap, it 
can be concluded that  the confinement factor is stronger than built-in electric field in this 
case.
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Sample A

Sample B

GaN

T= 4 K QDs emissions

AlGaN 

Figure 6.1. Typical µ-PL spectra of sample A and B, ranging from 
3300 meV to 4100 meV. Grating density is 600 mm-1. The emission of 
excitons blueshift above bulk GaN bandgap.  

Table 6.1  Structure Parameters of sample A and B

Sample Deposited GaN 
QDs Layer (MLs)

AlN Barrier Layer 
Thickness (nm)

GaN Layer 
Thickness (nm)

A 4.5 ~ 45 ~ 90

B 6 45 ~ 50 90 ~ 95

 The spectra in Figure 6.1 helps to visualize possible emission from sample A and B.  
Nevertheless, to get more detailed information about GaN single QDs, high resolution µ-PL is 
needed. Table 6.1 classifies the different structure parameters of sample A and B, which may 
have an impact on the emission properties.

6.2 µ-PL Spectrum (high resolution) and Power Dependence Measurement
According to the spectra shown in Figure 6.1, QDs exciton emissions may be found in the 
range 3600 ~ 3900 meV for both samples. For more detailed investigation, a grating of 2400 
mm-1 will be used resolving in higher spectral resolution. Excitation power variation will also 
be applied to discriminate different exciton complexes.

26



6.2.1 Sample A:
As the possible emission of exciton are obtained, neutral density  filter is utilized to investigate 
the behavior of power dependence. Under 100 % incoming excitation power (P0= 10 mW), 
there are mainly two peaks shown in Figure 6.2 (a), which labeled XX and X in each. At 
lower excitation power, both peaks have decreasing tendencies in different rate, implying that 
different optical response with respect to excitation power. When integrating intensity  as a 
function of excitation power in Figure 6.2 (b), X peak exhibits linear power dependence and 
therefore is ascribed as exciton emission. XX peak, on the other hand, is derived as a 
quadratic dependence, which suggests a transition from biexciton state to exciton state with 
binding energy  EbXX (EX-EXX) around 13 meV. In Figure 6.2 (b) there are four data points 
enclosed by a dash circle. They are excluded from the fit due to saturation effect at  high 
excitation power. Full Width at Half Maximum (FWHM) of XX and X are measured as 2.24 
meV and 1.59 meV at 45% of incoming excitation power, respectively. Apart from the main 
peaks in the feature, the minor peaks may stem from other QDs nearby.

T= 3.5 K(a) Sample A

Figure 6.2. (a) µ-PL spectra of sample A at T= 3.5 K under power 
variation (100%, 45%, 14%, 8%, and 3.6%). Incoming power is 10 mW for 
100%. 
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Figure 6.2. (b) Dependence of intensity-integrated µ-PL of the peaks 
labeled X (exciton) and XX (biexciton) as a function of excitation power 
in logarithmic scale. The dash line corresponds to linear and the solid line 
corresponds to quadratic dependence. Four data points enclosed by  dash 
circle are excluded from the fit due to saturation effect.

!P0.9441

!P1.972

(b) Sample A

6.2.2 Sample B:
Typical µ-PL spectra of sample B under power variation are presented in Figure 6.3 (a). The 
left peak located around 3809 meV is labeled X, while the right one around 3811 meV is 
labeled XX. Integrated µ-PL intensity as a function of excitation power is shown in Figure 6.3 
(b). X has a linear while XX has a quadratic dependence on power. Accordingly the excitonic 
emissions are confirmed. Dash circles enclose the data points which are saturated at  high 
excitation power. X has a FWHM around 0.63 meV and XX has 1.24 meV at 44.4% of total 
power. Binding energy EbXX of exciton and biexciton is measured -1.58 meV approximately.
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Figure 6.3.  (a) µ-PL spectra of sample A at T= 4 K under power variation (97.2%, 

44.4%, 13.6%, 7.59%, and 3.89%). Incoming power is 10 mW for 100%. (b) 

Dependence of intensity-integrated µ-PL of the peaks labeled X (exciton) and XX 

(biexciton) as a function of excitation power in logarithmic scale. The dash line 

corresponds to linear and the solid line corresponds to quadratic dependence. Two 

data points enclosed by dash circle are excluded from the fit due to saturation effect.

(b) Dot 1 

sample B

!P1.089

!P2.002

T= 4 K(a)
Dot 1 

sample B
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6.3 Comparison between sample A and B:
Emission of exciton and biexciton are discovered in both sample A and B, implying that it is 
possible to get single QDs emission. Following is the comparison regarding to binding 
energy, FWHM between sample A and B. 

6.3.1 Binding Energy of Biexciton (EbXX)
As previously  shown in Figure 6.2 (a) and Figure 6.3 (a), the relative position of exciton and 
biexciton is different, i.e. in Figure 6.2 (a) exciton emission has higher energy than biexciton, 
whereas there is a contrary  results in Figure 6.3 (a). It  is evident that binding energy is 
different between sample A (EbXX = 13 meV) and B (EbXX = -1.58 meV). The reason might 
stem from the size of QDs (it is assumed that thicker GaN layer leads to large QDs) since 
either attractive or repulsive interaction18 between electron-hole pairs depends on the spatial 
confinement in QDs. Figure 6.4 presents different binding energy from three different QDs in 
sample A and B. A positive EbXX can be discovered in sample A (shown in Figure 6.4 (a)), but 
in sample B there exists both positive and negative values (shown in Figure 6.4 (b) and (c)). It 
is worth noting that the spectra collected in sample B locate in a lighter color region, which is 
indicated by red circle in Figure 6.5. Probably there is temperature inhomogeneity near the 
edge of the sample during the growth process, and the edge temperature is favorable for QD-
formation. 

Eb
XX= 

13 meV

Eb
XX= 

1.75 meV
Eb

XX= 
-1.58 meV

T= 3.5 K

sample A

T= 4 K

sample B

T= 4 K

sample B

Dot 1Dot 2

(a) (b) (c)

Photon energy (meV)

Figure 6.4.  Comparison of µ-PL power-dependent emission with respect to different size 

of GaN QDs, including 4.5 and 6 monolayers. (a) Spectra of sample A with Eb
XX = 13 meV. 

(b) Dot 2 of sample B with Eb
XX = 1.75 meV. (c) Dot 1 of sample B with Eb

XX = -1.58 meV.
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QDs Region of 
Sample B

Figure 6.5.  Picture of sample B with 6 MLs GaN deposited layer. The arrow 

indicates the lighter color region where the exciton emission is measured.

 There is a clear trend in Figure 6.6, featuring the relation between binding energy and the 
size of QDs. The trend approximately shows that binding energy decreases with increasing 
size of GaN QDs. As positive binding energy is developed (sample A), it implies that two 
excitons are formed as a bound state of biexciton. This result can be obtained in less-confined 
system such as bulk GaN19 or quantum wells where Coulomb attraction dominates. However, 
in the case of sample B, an anti-binding of biexciton can possibly  exist, inducing repulsive 
interaction (negative EbXX) between exciton pairs. This can be deduced from the giant internal 
electric field of polar GaN QDs, which leads to QCSE. The value of electric field has been 
theoretically calculated as several MV/cm20  based on spontaneous and piezoelectric 
polarization14. Once the electron and hole are trapped into QDs, they would be separated 
along the growth direction because of strong internal electric field21. Consequently, the 
Coulomb attraction becomes less pronounced, and the repulsive interaction takes place 
instead, resulting in negative binding energy of biexciton for larger QDs. 
 Repulsion of excitons are also indicated in several papers19,22. Simeonov et al.16 further 
conclude that EbXX will decrease with increasing height of dots, which will lead to large 
negative values in the end. Although data is not sufficient to have a good statistic conclusion 
(effective exciton emission could hardly  be found in sample A), the results presented in 
Figure 6.6 agrees well with several works16,23. Deposited layer thickness of 6 MLs could be a 
turning point where the sign of binding energy changes from positive to negative value. Yet, 
more experiments of different height should be conducted. Moreover, it should be noted that 
conventional QD systems, for instance, GaAs or InAs, or the cubic structure GaN23, have 
different results of spectra to GaN systems due to its ignorable QCSE.
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4.5 MLs 

sample A

6 MLs 

sample B

Figure 6.6.  Dependence of binding energy Eb
XX with respect to 

different size of QDs. Error bars correspond to subset of each data 

points (squares).

6.3.2 Full Width at Half Maximum (FWHM):
Table 6.2 describes FWHM  from each µ-PL peak with excitation power about 45%, 
approximately. Both exciton and biexciton emission of sample B are narrower than of sample 
A. Broadening of peak can be attributed to spectral diffusion effect24, which means that 
emission in sample A experiences more interference stemmed from charges trapped by defects 
24,25in the QD vicinity. This assumption can further deduced from structure difference between 
two samples. From Table 6.1, both AlN barrier layer and GaN layer of sample B are twice 
thicker that sample A. In that way, the strain potential induced by misfit of lattice parameter 
could relax more, leading to reduction of unwanted defects and better crystal quality. The 
linewidth can be influenced by the environment fluctuation, i.e. spectral diffusion effect. The 
value of FWHM  of each µ-PL changing from dot-to-dot indicates the the inhomogeneous 
growth of QDs. 
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Table 6.2. FWHM of exciton (X) and biexciton (XX) regarding to different size of QDs (One 
dot in sample A and two dots in sample B). Dot 2 in sample B has a narrower FWHM of 
biexciton than of exciton.

 Sample Excitation Power 
(P0=10 mW)

FWHM of X 
(meV)

FWHM of XX 
(meV)

A (4.5 MLs) 45% 1.59 2.24

B (Dot 1) (6 MLs) 44.40% 0.63 1.24

B (Dot 2) (6 MLs) 44.40% 0.77 0.41

6.4 Polarization and Temperature Studies (Sample B)
In practice, effective µ-PL emission is discovered more easily in sample B. Moreover, the 
FWHM  of sample B is narrower due to less disturbance factors. More properties of GaN QDs, 
such as polarized emission and temperature-dependence will be studied for sample B in 
following.

6.4.1 Polarization State Studies:
Two dots of sample B are chosen for polarization measurement. Both exciton and biexciton 
are examined individually. The polarization of the light emitted is converted by  a λ/2 wave 
plate, which rotates in step of 5° till 180° is reached. Then in the following an analyzer is 
fixed at 90° in order to filter out the polarized light. 
 Polarization dependence spectra of single QDs are presented in Figure 6.7 and 6.8. The 
intensity of exciton complexes emission varies with different polarization angles (θ= 0°, 40°, 
and 90°), indicating the evidence of polarized emission from QDs.
 Polar plots of Figure 6.9 and 6.10 correspond to Figure 6.7 and 6.8, respectively. The 
polarized angle of each emission are clearly  demonstrated. Emissions are strong linear-
polarized with 0° in Figure 6.9 and 43.2° in Figure 6.10. Exciton and biexciton of the same 
QDs have the same polarization angle. Polarization angle of emission differs from dot to dot 
(some data not shown).
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Figure 6.7.  µ-PL spectra of dot 1 (sample B) corresponds to 

polarization angles (!= 0°, 40°, 90°). 

X

XX

Dot 1

!=0°

!=40°

!=90°

X
XX

Figure 6.8.  µ-PL spectra of dot 2 (sample B) corresponds to 

polarization angles (!= 0°, 40°, 90°). 

Dot 2 !=0°

!=40°

!=90°
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Figure 6.9.  The polarization state of exciton (X) and biexciton (XX) from dot  1, 

sample B. The solid line is a guide for the eyes indicating the polarization state. The 

emission exhibits in strong linear polarization, with an angle 0°. Polarization degree 

(P) is calculated for exciton (P! 0.90) and biexciton (P! 0.92), respectively.

X XXDot 1, sample B

P!0.90 P!0.92

Figure 6.10.  The polarization state of exciton (X) and biexciton (XX) from dot 2, 

sample B. The solid line is a guide for the eyes indicating the polarization state. The 

emission exhibits in strong linear polarization, with an angle 43.2°. Polarization 

degree (P) is calculated for exciton (P! 0.88) and biexciton (P! 0.88), respectively.

X XXDot 2, sample B

P!0.88 P!0.88
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 Strongly-polarized emission implies the evidence of valence band mixing induced by the 
in-plane anisotropy  of strain and/or the shape of QDs. The angle of the polarization vector is 
not associated with any specific crystallographic orientation. This result agrees with Bardoux 
et al.26  and Winkelnkemper et al.27  indicate in-plane elongation of QDs would affect the 
polarization properties. In both Figure 6.9 and 6.10, some data points are scattered from the 
guide line. It may originate from the spatial fluctuation during the measurement. Since it takes 
time to measure from 0° to 180°, the cooling liquid, i.e. helium flow, will become unstable 
and turbulent. The position of QDs may therefore be shifted, leading to fluctuation of 
effective excitation power on the QDs. This phenomena is more profound in the case of 
biexciton (XX in Figure 6.9 and 6.10). The quadratic dependence on excitation power makes 
biexciton more sensitive to the fluctuation compared to exciton (linear-dependent on 
excitation power). 
 The degree of linear polarization P in Figure 6.9 and 6.10 are calculated by:

P =
Imax − Imin
Imax + Imin                                                           

(6.1)

where Imax and Imin are the detected intensity along maximum and minimun intensity. P≃ 
0.90 (exciton) and P≃ 0.92 (biexciton) are calculated in dot 1. And in dot 2, P≃ 0.88 (exciton) 
and P≃ 0.88 (biexciton) are derived. The values represent larger polarization anisotropy in 
GaN than InAs system in which P ~ 0.8 presented by Favero et al.28 and Troncale et al.29 
 For comparison, InAs QDs features some distinct polarization properties. Especially  the 
doublet splitting of emission due to different  angular momentum (± 1 ħ) of bright excitons. 
The doublets, separated by about 100 µeV with orthogonal polarization, have been reported 
by Stevenson et al.30  However, such fine-structure splitting is not observed in GaN QDs 
studied here. It is supposed that resolution of system might not be able to distinguish the 
splitting. Besides, the Imax/Imin ratio is too large that the orthogonal emission can hardly be 
resolved in the spectra. In contrast to the GaN QDs, the orientation of InAs QDs polarized 
light follows either [1-10] or [110]28,30 crystallographic direction of the sample. 

6.4.2 Temperature Dependence Studies
Figure 6.11 (a) and (b) exhibit the temperature dependence of µ-PL spectra from 4 K to 80 K. 
The intensity  of the emission decreases with increasing temperature. Up to 50 K, µ-PL peaks 
can remain its shape up in both QDs in sample B. Redshifting of peak starts to take place 
from 50 K. Further above 50 K, the peak becomes broader, and the intensity  decreases 
remarkably. As a consequence, it can be deduced that the carriers are well-confined inside 
QDs as temperature is maintained below 50 K. Once temperature raises up to 60 K, the carrier 
will gain sufficient energy to escape from QDs, and broadening of peaks becomes dominent.
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Figure 6.11.  (a) (b) Temperature-dependent µ-PL spectra of two QDs (Dot 1 in (a) 
and Dot 2 in (b)). Temperature ranging from 4 K to 80 K are recorded. The shape of 
peak does not evolve below 50 K. Above 60 K, the linewidth of peak starts to 
broaden significantly. 

(a) (b)

Dot 1 Dot 2

Spectral Resolution

Figure 6.12. Temperature dependence of FWHM from dot 1 (solid line) and 

dot 2 (dash line) of sample B. The spectral resolution is 0.37 meV.

 Figure 6.12 shows the temperature dependence of FWHM as extracted from Figure 6.11. 
Every  data point within measurement is above the limit of spectral resolution, which is about 
0.37 meV indicated in the Figure 6.12. The linewidth of peaks changes slightly below 40 K, 
followed by a significant increasing after 50 K, especially  the case for dot 1 (solid line). The 
broadening of peaks can be ascribed to the electron-acoustic phonon25,31 interaction, spectral 
diffusion effect24, or the thermal escape of electrons in QDs.
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Figure 6.13. Temperature dependent of transition energy shift. The thinner line 

at lower part of the figure represents Varshni equation of bulk GaN33.

 Figure 6.13 summarizes the temperature dependence of transition energy  shifts for dot 1 
and dot 2. The transition energy of both dots first slightly  redshift at 10 K, then blueshift a 
little from 10 K to 40 K, followed by  a rapid decreasing from 50 K. The curves are accounted 
for S-shaped. A thinner line in lower part of the figure represents for bulk GaN32  which 
follows with Varshni empirical equation33. Varshni equation is expressed as a function of 
temperature, T: 

E T( ) = E 0( ) − αT 2

β + T                                                       
(6.2)

where α and β represent Varshni coefficients. Two curve lines are well above the thin line of 
Varshni shift (bulk GaN33). 
 To further investigate the phenomena, it  is necessary  to understand how transition energy is 
affected by temperature. The redshift of transition energy with increasing temperature, i.e. 
bulk GaN of Varshni fitting in Figure 6.13, indicates that µ-PL emission is influenced by band 
gap shrinkage. On the other hand, the opposite phenomenon, blueshifting, has been 
discovered in GaN/AlN multiple quantum well34, in which the strain effect induces the 
compressive strain in GaN, leading to increasing transition energy below 40 K in the work of 
Lin et al34. Another explanation of blueshift  is claimed to be screening of electric field. Since 
the carriers bound to impurities or defect  are released as the temperature increases, the 
amount of carriers inside the QDs becomes enough to screening internal electric field35, 
causing blueshift of transition energy.
 In this current work, neither pronounced redshift nor blueshift of transition energy can be 
found in Figure 6.13. It is supposed that redshift and blueshift effect of emission are balanced 
in 4 to 40 K of GaN QDs, i.e. band gap  shrinkage, strain effect, and/or screening of internal 
electric field equally affect the transition energy of GaN QDs with increasing temperature 
ranging from 4 to 40 K. 
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Chapter 7

7.Conclusion

Based on a series of experiments, sample B has the better condition for µ-PL measurement. 
Both exciton and biexciton emission are identified by power-dependence measurement. The 
height of QDs has an impact on the confinement, resulting in different binding energy  EbXX. 
With Figure 6.6, the tendency shows that larger size of QDs leads to decreasing binding 
energy. Narrow linewidth of µ-PL peaks is observed from sample B, which has double 
thickness of AlN and GaN layers compared to sample A. Difference in thicknesses is believed 
to eliminate defects in the sample. The orientation of linear-polarized emission differs from 
dot to dot, implying that it does not follow with specific crystallographic orientation. Fine 
structure splitting of exciton emission in polarization polar plot can possibly  be found with 
higher spectral resolution. During temperature-dependence measurement, the carriers can 
remain confined below 40 K. Above 50 K, the shape of peaks is no longer maintained, and 
corresponding FWHM  increases significantly. Two factors including strain effect and Varshni 
band gap shrinkage, are compensated when describing the transition energy with respect to 
increasing temperature. Eventually, the existence of GaN QDs is identified with the series of 
measurements.
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Chapter 8

8.Future Work

Basic properties including the excitonic emission, polarization states, and temperature-
dependence have already been discussed in this work. These discussion shows the potential of 
GaN quantum dots been utilised for next generation of optical devices. Several suggestions 
for the future work are listed in the following:

• Surface topography of sample B: In Figure 6.5 it is shown that there exists a uncertain 
region where possible QDs emission can be found. Surface topography  studies enables to 
justify the conjecture of inhomogeneous growth.

• Size-dependent binding energy studies: to increase the data points from different size of 
QDs in order to have a better prediction of binding energy of biexciton.

• Photoluminescence Excitation (PLE) measurement studies: to apply PLE measurement in 
order to study the excited energy levels of GaN QDs.

• Fine-structure polarization studies: to increase the resolution of µ-PL system in order to 
resolve the splitting of bright exciton emission. Applying polarized excitation could also help 
to discover splitting.

• Magnetic field dependence studies: to apply external magnetic field in order to induce 
Zeeman effect, which enlarges the splitting of energy level. The splitting of bright exciton 
emission can be more pronounced and easier to resolve. 
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