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Abstract

InGaN based light emitting devices operating in the blue and near UV spectral re-

gions are commercialized and used in many applications. InGaN heterostructures

experience compositional inhomogeneity and thus potential fluctuations, such that

regions of higher indium composition are formed and correspond to lower poten-

tials. The indium rich regions form localization centers that save carriers from

non-radiative recombination at dislocations, thus despite the large defect density,

their quantum efficiency are surprisingly large. However, the conventional c-plane

InGaN QWs suffer from high internal piezoelectric and spontaneous fields. These

fields are detrimental for the performance of such structures as they lead to the

quantum confined stark effect causing red-shift of the emission as well as reduc-

ing the electrons and holes wavefunctions overlap, thereby reducing the radiative

recombination rate. However, growth of InGaN QWs on semipolar and nonpolar

planes greatly reduced the polarization fields. Semipolar and nonpolar QWs ex-

perience an outstanding property which is polarized luminescence, opening a new

frontier for applications for InGaN emitting devices. While nonpolar QWs have

larger degree of polarized emission than semipolar QWs, semipolar QWs can emit

in longer wavelengths due to their higher indium uptake.

In this thesis, semipolar 202̄1 and nonpolar m-plane InGaN/GaN QWs were in-

vestigated. Photoluminescence, spectral and polarization dynamics were all stud-

ied in order to form a whole picture of the carrier dynamics in the QWs. Time
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resolved photoluminescence measurements were conducted for following carriers

distribution between extended and localized states.

Both the semipolar and nonpolar samples showed efficient luminescence through

short radiative recombination times, as well as carrier localization in lower poten-

tial sites after thermal activation of excitons. Carrier localization was found to

be benign as it didn’t degrade the performance of the samples or decrease the

polarization ratio of their emission. However, the structures showed modest po-

tential variations with the absence of deep localization centers or quantum dots.

High polarization ratios were measured for both samples, which is well-known for

nonpolar QWs. The high polarization ratio for the semipolar sample is of great

importance, thus semipolar 202̄1 QWs should be considered for longer wavelength

emitters with highly polarized spontaneous emission.

Keywords: InGaN, piezoelectric fields, quantum confined stark effect, semipo-

lar planes, nonpolar planes, photoluminescence, carrier dynamics, carrier localiza-

tion and polarized emission.
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Chapter 1

Introduction

Light Emitting Diodes (LEDs) represent a very useful lighting source in our mod-

ern life. In contrast to the conventional light sources, semiconductor LEDs posses

various interesting features that make them preferable and desirable than the old

light systems. LEDs are used extensively in enormous number of applications, we

see LEDs in traffic lights, automobile lamps, architecture illumination, aviation

lighting and they are also used as polarized light source for backlighting of liquid

crystal displays (LCDs). Red LEDs were commercially available in the 1980s, their

material systems were based on AlGaAs and AlInGaP [1]. As the desire for pro-

ducing shorter wavelength LEDs emerged, extensive researches were done in order

to find the suitable material systems with wider band gaps that emit in shorter

wavelengths. The band gaps of Silicon (Si) and conventional III-V semiconductors

are not large enough for emission in the blue-UV region [2]. The wide band gap

II-VI semiconductors such as Zinc Selenide (ZnSe) emit in the blue region, but

however they were not very convenient since they are considered as soft materials,

i.e., their bonds were not strong, so such devices were inevitably degrading through

dislocation multiplication caused by the emitted photons [1]. Gallium Arsenide

(GaAs) was also considered but it is not suitable for using at high temperatures [2].
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2 CHAPTER 1. INTRODUCTION

However, III-Nitride based systems represented a promising candidate since

they have wide bandgaps, also suitable for operating under high temperature and

hostile environments since they have strong bonds and can be used as well for high

power devices since they have large breakdown voltages [2]. So, alloys of nitride

semiconductors such as Gallium Nitride (GaN), Indium Nitride(InN) and Alu-

minum Nitride (AlN) emerged as the promising and essential material systems for

LEDs technology in particular for the blue-UV wavelengths. The first high bright-

ness blue LED was produced in 1993 by Shuji Nakamura [3], where the base ma-

terial used was Indium Gallium Nitride (InGaN) multiple quantum wells (MQW).

Nitrides posses distinctive properties and features that attract both the re-

search fields and applications. Indium (In) incorporation in the active region

of the InGaN QWs leads to a great enhancement of the luminescence efficiency

[4]. The band gap of nitrides can be engineered by changing the molar frac-

tion of indium incorporation for nitride semiconductors InxGa1−xN . Due to the

large lattice mismatch between GaN and InN, it is difficult to grow perfect al-

loys of InGaN, so InGaN heterostructures experience compositional inhomogene-

ity that results in potential fluctuations and consequently potential minima [5, 6].

The indium rich regions form localization centers that save carriers from non-

radiative recombination at dislocations [7], thus despite the large defect density

in III-Nitrides, their quantum efficiency is surprisingly large [8]. Also, due to

that large lattice mismatch between the InN and GaN in the InGaN heterostruc-

tures, such structures suffer from a large internal strain causing huge internal

polarization fields namely piezoelectric (strain-induced) polarization. These fields

give rise to the Quantum Confined Stark Effect (QCSE) [9] which is considered

to have a negative impact on the operation of the InGaN QWs due to dimin-
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ishing the overlap of the electron and hole wave functions, reducing the carriers

recombination rate and prolonging the radiative recombination time [10]. Such

effects were pronounced for the structures grown on the polar c-plane orientation.

However, growth of InGaN QWs on nonpolar and semipolar planes greatly re-

duce the QCSE. InGaN QWs were grown on the nonpolar m-plane in 2003 [11].

The growth of the QWs on nonpolar planes eliminated the QCSE since the polar-

ization related electric field is zero in that case [4]. However, growth of such struc-

tures on nonpolar planes resulted in anisotropic strain on the QWs which modified

their electronic band structures, such that the emission of the heterostructures be-

came polarized [12], which made the InGaN QWs very useful for polarized illumi-

nation applications such as the backlighting for LCDs. The incorporation of more

Indium content in the active layer results in higher degree of polarization of the

spontaneous emission and longer emission wavelengths [13]. Despite the high po-

larization ratios achieved for the nonpolar m-plane devices, long wavelength emis-

sion was difficult to achieve due to the generation of defects in the QWs for high in-

dium incorporation ratios [13]. However, semipolar QWs were found to have larger

indium uptake than nonpolar QWs, making them promising for longer wavelength

emission although their polarization ratios are lower than the nonpolar QWs [13].

The project conducted in this thesis is focused on the characterization of

semipolar and nonpolar InGaN QW samples. Time resolved photoluminescence

(TRPL) experiments were performed to study different properties of such struc-

tures including carrier dynamics and their localization, the spectral evolution and

the shift of the emission peak with time, the polarized emission properties such as

the change of the degree of polarization with time and for different temperatures.
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1.1 Thesis Structure

The organization of the thesis is as follows: Chapter 1 is the introduction chapter

gives a brief overview of the field and the challenges for the InGaN QW LEDs,

Chapter 2 introduces the necessary theoretical background including the crys-

tal structure of nitrides and their properties, the induced polarization fields and

their effect on the emission properties, the different growth nonpolar and semipo-

lar orientations, the electronic band structures and their modification due to the

anisotropic strain on the QWs, Chapter 3 describes the experimental setup and

the used parameters for acquiring the data, Chapter 4 shows the achieved results

and their discussion and Chapter 5 concludes the work done for the thesis.



Chapter 2

Theoretical Background

This chapter introduces the basic and necessary background for understanding the

main concepts behind the work done in the thesis, from the III-Nitrides crystal

structure with their internal polarization fields and the resulting quantum confined

stark effect, to the different nonpolar and semipolar growth planes that assess in

reducing the detrimental polarization fields, the electronic band structure and the

optical properties of such heterostructures.

2.1 III-Nitride Semiconductors

III-nitride semiconductors are considered to be the second most important class

of semiconductors after silicon [14]. Huge variety of applications are based on

these heterostructures such as LEDs, polarized lighting for liquid crystal displays

(LCDs), mobile electronic devices, laser diodes and many other useful applica-

tions in our modern life. These heterostructures attracted the attention through

different advantages over other semiconductor structures as the conventional II-VI

semiconductors. III-nitrides have wide bandgaps, making them strong candidates

for the short wavelength applications, other interesting properties such as the abil-
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6 CHAPTER 2. THEORETICAL BACKGROUND

ity to operate under high temperatures due to their strong bondings and also their

large breakdown voltages made them useful for high power devices [2].

2.1.1 Crystal Structure and Material Properties

III-Nitrides crystallize in three forms: wurzite structure (WZ), zinc blende (ZB)

and the rock salt. However, the wurzite crystalline structure is the thermo-

dynamically stable crystallization form under ambient conditions [14] and most

of the nitride based emitting devices are based on the WZ structure, the in-

cluded work in this thesis is as well based on the WZ structure, so it will be

discussed further. The bonding arrangement for the III-nitrides takes the tetra-

hedral solid shape, where each atom species is bonded to three other atoms of

the different species at the corners to form a tetrahedron. Fig.2.1 shows the GaN

atomic arrangement in the wurzite crystal structure with the Ga and N polarities.

GaN here is a representative for other III-nitrides such as In, Al and their

alloys which basically have the same crystal structure. The WZ III-nitrides are

charecterized by crystal polarity, they do not possess an inversion plane of sym-

metry perpendicular to the c − (0001) axis making it possible for two different

stacking orders for the WZ structure, Ga-faced polarity where the Ga-N bond is

in the c − (0001) axis direction and the N-faced polarity where Ga-N bond is in

the (0001̄) direction as shown in fig.2.1. It was found empirically that the metalor-

ganic chemical vapor deposition typically results in high quality nitride films of

Ga-faced polarity while the molecular beam epitaxy (MBE) can result in both Ga

or N-faced polarities, however, the two polarities can be distinguished by different

methods, such as wet chemical etching, characterization of physical morphology,

and convergent beam electron diffraction [15].

III-nitrides are direct band gap semiconductors where the maximum of the
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Figure 2.1: Ga and N polarities of the wurzite crystal structure (reproduced from
Ref.[14])

valence band and the minimum of the conduction band correspond to the same

Γ point of the Brillouin zone. The band gaps can be tuned for the alloys of

(Al, In, Ga with N) by varying the composition of the group III element in the

alloy such as changing the fraction of In according to InxGa1−xN . Fig.2.2 shows

the energy band gap tuning for the III-nitride alloys. However, achieving longer

wavelengths represents a challenge for InGaN, because in order to achieve the

longer wavelengths, higher indium incorporation is required, which leads to lower

quality of the heterostructures upon the formation of different types of defects due

to the large bond length mismatch, but growth on semipolar planes has proved to

be indeed one possible way to achieve higher indium incorporation ratios and thus

longer wavelengths [4].
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Figure 2.2: Energy band gap as a function of lattice parameter a for III-nitride
alloys (reproduced from Ref.[16])

2.1.2 Polarization Fields

One of the most peculiar properties of the WZ III-Nitrides is that they experience

huge internal polarization fields, these internal fields have great consequences on

the performance and emission properties of III-nitride based structures. These

fields that reach orders of MV/cm [8] are known as the spontaneous and piezo-

electric fields. The spontaneous and piezoelectric polarization fields greatly affect

and modify the band structure of the heterostructures [14].

Spontaneous Polarization

Spontaneous polarization arises from the nonideality of the bonding of the tetra-

hedral structure of the Ga-N bond, shown in fig.2.3, the electronegativity of the N

atom is higher than that of the Ga atom, thus the centers of positive and negative

charges are displaced from each other, thus there will be an electrostatic charge

associated with every N atom in the structure causing a dipole polarization field

from the N atom to the Ga atom shown as a green arrow in fig.2.3. Obviously, for
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Figure 2.3: Bond distribution and dipole moments around Ga in the wurzite,
Ga-face GaN (reproduced from Ref.[16])

an ideal bonding in the wurzite structure, the involved fields would cancel each

others resulting in a zero net field. But, for the growth of a structure rather than

one tetrahedral structure, there will be an electrostatic interaction between every

non-bonded anion-cation pairs along the c-axis resulting in compression of the the

tetrahedral structure, that compression results in that the fields will not add up

to zero, but instead, every c-plane of the lattice will constitute an electrostatic

charge. That charge separation causes the spontaneous polarization [16].

Piezoelectric Polarization

Due to the large lattice mismatch between the InN and GaN in the InGaN het-

erostructures, the structures suffer from a large internal strain which is the origin

of the piezoelectric polarization. Both for the InGaN and AlGaN, the natural

lattice constant of the QW material is larger than that of the barrier material,

so the QW will be under biaxial compressive strain resulting in large strain in-

duced fields (piezoelectric fields)[8]. Also, it was assumed that the different types

of dislocations may contribute to such fields, however, Shi, Asbeck and Yu [17]

indicated that there is minimal piezoelectric scattering of electrons and holes due
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to the dislocations within the bulk material.

The piezoelectric field can be expressed as [16] :

Ppz,z = 2a− a0

a0

(
e31 − e33

C13

C33

)
, (2.1)

where a and a0 are the strained and the unstrained lattice constants, e31 and e33

are the piezoelectric coefficients, C13 and C13 are the elastic constants. Then, the

total polarization vector P is the sum of the piezoelectric (Ppz) and spontaneous

polarization (Psp):

P = Psp + Ppz, (2.2)

Such spontaneous and piezoelectric fields would be ineffective for homogeneous ma-

terials, as carriers will start to shift within the crystal to neutralize such fields and

also ions from the atmosphere may adhere to neutralize the polarization charges,

but for heterostructures, there will be polarization-charge discontinuities at the

interfaces and net polarization charges induce internal electric fields [1].

2.1.3 Quantum Confined Stark Effect

The large polarization fields in the heterostructures give rise to the Quantum Con-

fined Stark Effect (QCSE) [18], the quantum confined energy levels interact with

the existing fields and shift to lower energies, causing a red-shift in the emission

of the quantum well [18]. Fig.2.4 shows that the electron and hole wavefunctions

are localized to opposite corners of the QW structure due to the existing fields, di-

minishing their wavefunctions overlapping, thereby reducing the oscillator strength

[10], reducing the recombination rate and increasing the radiative decay time of the

emission. The QCSE is considered to be detrimental to the performance of the III-

nitride heterostructures.
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Figure 2.4: Schematic view of a quantum well with built-in field. Electrons and
holes are localized at opposite corners, leading to a red-shift of the lowest transition
(reproduced from Ref.[8])

However, growth of the heterostructures on crystal planes other than the con-

ventional c-plane showed the possibility to greatly reduce the QCSE. Another

possible way to reduce the QCSE is the usage of excitation power densities large

enough such that the photogenerated carriers screen the existing internal fields

causing a blue-shift in the emission wavelength [9], in fact this screening effect is

necessary for achieving lasing conditions for nitride laser structures, the screening

effect will oppose the oscillator strength reduction and will increase the optical

gain [19]. As long as the well width is increased, the QCSE becomes more severe

[8].

2.1.4 Different Growth Planes

III-Nitrides grown along the c-axis experience high polarization fields that give

rise to the QCSE as discussed in the previous sections, these fields dramatically

reduce the efficiency of the nitride structures, so the quantum well widths of the

nitride light emmitting devices were limited to only 3nm as the QCSE would be



12 CHAPTER 2. THEORETICAL BACKGROUND

more severe for wider QWs [8]. But, for such narrow QWs, the band gap gets wider

due to quantum confinement which results in reducing the carrier confinement and

increasing of the leakage current [16]. However, There exist other growth planes

so that the QW structures would not experience those polarization fields. The

QCSE would be inevitable for the strained QWs in the polar orientation, but if

other nonpolar orientations are anticipated, then the polarization vectors will lie

in the plane, i.e, in the device direction, so there will be no strain induced fields

[1]. These planes are called nonpolar planes as opposed to the conventional polar

c-plane. Fig.2.5 show the different growth planes of the wurzite structure, the

polar (0001) (c) plane and the nonpolar (112̄0) (a) and (11̄00) (m) planes.

Figure 2.5: Polar c-plane and nonpolar a- and m-planes of a wurzite structure
(reproduced from Ref.[16])

However, computation showed that there exist other planes with different in-

clinations with the c-axis called the semipolar planes that can also have effects

of reducing the strain induced fields [1], fig.2.6 shows the computed polarization

charge (spontaneous and piezoelectric) density in InGaN/GaN QWs as a function

of tilt angle of the growth plane with respect to the c-plane.
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Figure 2.6: Computed polarization charge (spontaneous and piezoelectric) density
in InGaN/GaN QWs as a function of tilt angle of the growth plane with respect
to the c-plane (reproduced from Ref.[1])

Semipolar planes proved to exhibit higher incorporation of indium than the

nonpolar planes due to the reduction of the strained-induced repulsive interaction

between incorporated indium atoms [4]. This gives the semipolar planes the advan-

tage of reaching longer wavelengths that were difficult to reach with the nonpolar

planes. In fact high performance green and yellow LEDs could be reached through

the utilization of the semipolar planes. Fig.2.7 shows the different semipolar planes

used for the InGaN QWs.

2.1.5 Electronic Band Structure

Unstrained nitride semiconductors with wurzite structures have the three upper-

most valence bands at the Brillouin zone center with symmetries Γ9, Γupper
7 and

Γlower
7 [20]. Also conventionally known as the heavy hole (HH), light hole (LH)

and the split-off hole (CH) bands. The split-off hole band consists of the pz atomic

orbital with the | Z > like wave function is located below the heavy hole (HH) and

the light hole (LH) bands, which are both an equal mixture of px and py like states
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Figure 2.7: The schematic views for the different crystal planes of (202̄1̄), (202̄1),
and m-plane in wurzite crystal structure (reproduced from Ref.[13])

(| X > and | Y >) [12], with a wavefunction of the character | X∓Y >. However,

when the InGaN QWs are grown on the c-axis (+z direction), the biaxial compres-

sive strain becomes isotropic in the x and y directions, this isotropic strain has no

effect on the crystal symmetry or the energy line-up of the valence bands or their

polarization properties, fig.2.8(a). However, when the InGaN QWs are grown on

nonpolar planes, the strain becomes anisotropic as the x and y directions are no

longer equivalent, thereby the original valence bands are strongly modified. The

original | X ∓ Y > HH and LH states become | X > and | Y >-like. The in-plane

compression along the x axis induces expansion along the y axis, as a result, the

| Y >-like band is shifted in energy below the | Z >-like band. Optical transitions

between the conduction band and the three valence bands become polarized.

For an InGaN layer grown on m-plane GaN, the uppermost transition is pre-

dominantly x polarized while the second one is z polarized. The splitting between

the two highest hole bands increases with strain, thus, increasing the InN molar

fraction in an m-plane InGaN layer results in a larger valence band separation.
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Figure 2.8: Energy level line-up at the Γ point of compressively strained InGaN
on: (a) the c plane and (b) the m plane (reproduced from Ref.[12])

Then, assuming thermal hole distribution between the valence bands, optical tran-

sitions at cryogenic temperatures would be more x-like band related and have larger

degree of linear polarization. Quantum confinement further modifies the valence

band states, however, the two upper-most levels are considered to originate from

the x like and z like bands, respectively.

2.1.6 Growth Issues of Nitrides

Commercial Nitride based devices use foreign substrates for the epitaxial growth,

the most extensively used foreign substrates are Silicon (Si), Silicon Carbide (SiC)

and sapphire substrates. But there exists several issues related to the use of

these substrates including large lattice mismatch, thermal coefficient mismatch

and chemical incompatibility [21], these issues result in a large number of defects

in the III-Nitride epilayers [2]. Another problem for the foreign substrates is the

requirement of expensive and complicated designs due to their low electrical and

thermal conductivity. Several methods were conducted to reduce the structural

defects associated with the foreign substrates including low temperature buffer

technologies and epitaxial lateral overgrowth (ELOG) techniques, but however,
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this complicates the growth process [21].

Native GaN represent the suitable substrate for epitaxial growth of nitride

based devices due to the absence of lattice mismatch and thermal coefficient mis-

match, thereby growing high quality heterostructures with lower density of defects.

Also eliminating the need for low temperature buffer layers simplifies the growth

process and makes it more cost effective. But, in contrast to Silicon (Si) and

Gallium Arsenide (GaAs), bulk GaN grows in poor quality [2]. Continuous de-

velopments proceeded in order to produce high quality GaN substrates. Such

developments included Hydride Vapor Phase Epitaxy (HVPE) and Ammonother-

mal Growth [21]. Bulk GaN crystals synthesized by the hydride vapor phase

epitaxy resulted in great improvements in material quality and optical output

power [11, 22]. However, molecular beam epitaxy (MBE) and and metal organic

chemical vapor deposition (MOCVD) are the most extensively used techniques for

growth of III-Nitride epitaxial layers nowadays.



Chapter 3

Experimental Technique

This chapter presents the experimental technique used for characterization of the

InGaN QWs, the setup along with all the different parameters, the same exper-

iment setup was used for both the semipolar and nonpolar samples. The carrier

dynamics and temporal properties of the InGaN/GaN QWs were investigated by

the time resolved photoluminescence (TRPL) technique.

3.1 Characterized Semipolar and Nonpolar

Structures

Single InGaN/GaN QW structures were grown by metal organic chemical vapor

deposition (MOCVD) on low defect density bulk 202̄1 and m-plane GaN sub-

strates, for the semipolar and nonpolar samples, respectively, provided by Mit-

subishi Chemical Corporation.

The semipolar 202̄1 structure consisted of a 1µm undoped GaN tempelate layer,

12nm InGaN SQW and a thin 10nm GaN cap layer.

The nonpolar m-plane structure consisted of a 1.9µm undoped GaN tempelate

layer, 10nm InGaN SQW with an indium content of approximately 15% and a thin

17
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10nm GaN cap layer. Details of the growth processes can be found in Ref[23].

3.2 Experiment Setup

The experimental setup is shown in fig.3.2, where the used excitation laser source

is a modelocked titanium-doped sapphire (Ti:sapphire) laser, the emission wave-

length of the Ti:sapphire is in the near infra-red (NIR) region in the range of

700-980 nm, with a repetition rate of 76 MHz and 150 fs pulse width.

The NIR laser is split using a beam splitter (BS) into two beams: the main

beam that is the excitation beam and a weaker beam that is used to trigger

the photodiode which is connected to the streak camera for synchronization in

order to measure the photoluminescence signal. The main NIR beam passes

through a non-linear second harmonic crystal (SHG) which generates a doubled

frequency beam in the blue region of central wavelength of 400 nm, a blue col-

ored filter (F1) is used to filter out the NIR component and then a natural den-

sity filter (F2) is used to control the excitation power density, the transmitted

beam is incident on the sample under investigation. Filter (F3) is used to fil-

ter out the reflected component of the laser beam, and then the polarizer (P1)

is used to select the desired emission polarization from the sample to study.

A first optimization experiment was carried out in order to optimize the polar-

izer rotation angle, where the maximum and minimum transmitted signals through

the polarizer correspond to the E⊥c and the E‖c polarizations respectively as

shown in fig.3.1.

The natural density filter (F2) is used to change the laser beam power, thereby

studying the carrier dynamics with the excitation power density. All data were

collected for four different optical power densities as shown in the following table,
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Figure 3.1: Polarizer rotation angle optimization to get the maximum and mini-
mum output signals corresponding to the E⊥c and the E‖c polarizations respec-
tively.

obviously, the optical density OD = 0 corresponds to no filter used. The transmit-

ted intensity can be calculated by knowing the incident intensity and the optical

density of the filter:

I = I010−O.D., (3.1)

where I is the transmitted intensity, I0 is the incident intensity and O.D. is the

optical density. In order to understand the influence of temperature, the temper-

ature was controlled by a means of a cryostat, where the sample under investi-

gation was put inside a closed chamber attached to the vacuum pump and the

cryostat, where the pressure was reduced and the chamber temperature could be

controlled, the data for both samples were taken for six different temperatures:

T = 4, 60, 120, 180, 240, 300K.

Table 3.1: Optical densities used and their corresponding transmittance.
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Ti: sapphire laser

F1
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Sample

SHG

F2

Streak Camera 
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Figure 3.2: Schematic diagram of the experimental setup.
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3.3 Time-resolved photoluminescence

Ultrafast spectroscopic techniques are generally used to study the time resolved

carrier dynamics in semiconductors, where a short laser pulse, typically in the fem-

tosecond range is used to excite the semiconductor sample, while the photon energy

should be equal to or larger than the bandgap of the semiconductor under investi-

gation.

When the photon energy of the excitation source is equal to or larger than the

band gap of the semiconductor, electron-hole pairs are created due to the absorp-

tion of the photons, however, the electron-hole pairs may recombine radiatively

through the emission of a photon thereby (photoluminescence) or non-radiatively

through different processes such as the emission of the energy as heat in the

form of a phonon or transferring the energy into impurities or defects (traps)[24].

Time resolved photoluminescence TRPL enables the following up of the car-

rier dynamics recombination and transfer with time, thereby resolving the physical

processes of the carriers with time, so the luminescence intensity and the emission

spectrum can be measured with the evolution of time. In this way, the instanta-

neous (total energy-integrated) intensity I(t) is proportional to the instantaneous

electron and hole densities, n(t) and p(t) respectively [25]:

I(t)αn(t)p(t) (3.2)

The time resolved photoluminescence measurements were carried out using a

streak camera, the streak camera is a device which measures ultrafast light phe-

nomena and gives the intensity of the signal with time and wavelength, it is a

two-dimensional device that can detect different light channels simultaneously [26].
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Figure 3.3: Operating principle of the streak camera (reproduced from Ref.[16])

The PL emission from the sample is first spectrally resolved by a means of

a spectrograph, then time resolved by the streak camera. The operating prin-

ciple of the streak camera is shown in fig.3.3, the spectrally resolved PL passes

through the entrance slit where its horizontal dimension represents the differ-

ent wavelengths as diffracted by the spectrograph, thereby different energies. A

lens system focuses the PL onto a photocathode that converts the incident pho-

tons into electrons. The photo-generated electrons from the photocathode are

accelerated by an accelerating electrode, then the electrons pass between two

parallel sweep electrodes that are activated by the trigger unit, the sweep elec-

trodes create a linear voltage in order to alter the path of the electrons through

the chamber, such that electrons arriving at different times, fall at different ver-

tical positions on the image plane, thus converting the time dimension of the

PL signal into space dimension in the image plane. The electrons are multi-
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Figure 3.4: Example of an acquired streak image (reproduced from Ref.[16])

plied by a micro-channel plate (MCP), so weak signals can be detected. Then

the electrons fall on a phosphor screen then converts the electrons back into

photons so they can be imaged by a charge coupled device (CCD)camera [16].

The weak time resolved photoluminescence (TRPL) signals can not be mea-

sured for only one exposure, the intensity would be very low and the noise level

would be very high, so in our measurements, accumulation of the same PL emis-

sion was carried out by using a number of 5,000 or 10,000 exposures for the

same measurement according to the suitable intensity for detection. The syn-

chroscan mode was enabled for such measurements, where the trigger unit (pho-

todiode) detects a portion of the laser pulse from the mode-locked laser as shown

in fig.3.2 and generates the synchroscan signal at the same frequency as the

laser repetition rate. The acquired image of the PL measurement represents

the PL intensity with time and with the photon energy. Fig.3.4 shows an ex-
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ample for the PL decay in InGaN QW. Integration of the acquired image gives

the PL spectrum at a desired delay time from the excitation laser shot and

the PL decay for a certain energy of the PL spectrum. Th temporal resolu-

tion of the streak camera working in synchroscan mode depends on many fac-

tors such as fluctuations of the laser power, the noise of the accelerating volt-

age and the dispersion of electron initial velocity [16]. Thus, the results were

obtained using the mentioned setup including the spectrograph along with the

streak camera for spectral and time resolved measurements of the PL emission.



Chapter 4

Results And Discussion

In order to characterize the processes involved in the samipolar and nonpolar

InGaN/GaN QW structures, the results are divided into three parts; photolumi-

nescence dynamics, spectral dynamics and polarization dynamics.

4.1 InGaN/GaN Semipolar 202̄1 SQW

The semipolar QWs experience reduced polarization fields compared to the polar

QWs. These polarization fields have effects on the recombination process, spectral

and polarization properties. The semipolar orientation plane 202̄1 is shown in

fig.2.7.

4.1.1 Photoluminescence dynamics

Carriers may recombine radiatively such that an excited electron in the conduction

band recombines with a hole in the valence band emitting a photon of energy

equals to the difference of energy between their respective levels. Alternative

carrier recombination is the nonradiative recombination, where the electron may

lose its energy as heat by the emission of phonons or transfer its energy to lattice

25
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defects or impurities (traps) [24]. The efficiency of luminescence is described by

the quantum efficiency η:

η = 1
1 + τr/τnr

, (4.1)

where τr is the radiative time and τnr is the nonradiative time. For efficient

luminescence, η should approach unity, so τr should be much shorter than τnr [24].

Polar c-plane InGaN/GaN QWs experience long radiative recombination times

specially for wider QWs due to the separation of the electrons and holes wave

functions by the internal fields. However, such fields are greatly reduced and

eliminated for semipolar and nonpolar QWs respectively. But also, semipolar

and nonpolar QWs may still experience prolonged radiative times due to carrier

localization at potential fluctuations [27]. The localization of carriers at different

sites or in deep quantum-dot like potential minima may prolong the radiative

recombination time because carriers need to be thermally activated before they

recombine and the electrons and holes wave functions may be separated by the

electric field in the QW plane [27].

Figs.4.1 and 4.2 show the spectrally integrated photoluminescence temporal

profiles of the E⊥c and E‖c polarizations respectively for the semipolar 202̄1 QW

sample measured at different temperatures and for different excitation powers.

Obviously, the photoluminescence intensity increases for lower temperatures, this

can be explained by the reduction of non-radiative recombination as temperature

decreases [28], leading to stronger radiative recombination rate. Also the pho-

toluminescence intensity increases for higher excitation power due to the higher

photoexcited carrier densities contributing to the radiative recombination process.

The photoluminescence decay time is characterized by a single exponential

decay both for the E⊥c and the E‖c polarizations. However, we are interested in

the E⊥c polarization, as it is the dominating polarization for the semipolar and

also the nonpolar QW structures.
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(a) (b)

Figure 4.1: PL spectra for E⊥c polarization at different temperatures and for
different excitation powers of (a)30mW, (b)3mW .

(a) (b)

Figure 4.2: PL spectra for E‖c polarization at different temperatures and for
different excitation powers of (a)30mW, (b)3mW .
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The radiative τr and nonradiative τnr recombination times are calculated based

on the following equations [29, 30]:

1
τpl

= 1
τr

+ 1
τnr

(4.2)

η = τpl

τr

(4.3)

η = I4K

IT

(4.4)

where τpl is the photoluminescence decay time obtained by fitting the PL tem-

poral profiles in fig.4.1, η is the quantum efficiency, where the nonradiative decay

time is neglected at the lowest temperature at which the radiative decay is domi-

nant, so at T = 4K, τr = τpl and η = 1. For higher temperatures, η is calculated

as the ratio between the PL intensity at 4K to the PL intensity at the desired

temperature T , working out the equations, τr and τnr can be calculated, it should

be noted here that the assumption of neglecting the nonradiative recombination

at low temperatures is valid only if the PL intensity does not significantly decrease

within the first few tens of ps [27].

Fig.4.3 shows the PL, radiative and nonradiative decay times for the E⊥c po-

larization as a function of temperature and for different excitation powers. For low

temperatures, the radiative decay time is short and dominates the PL decay time.

As temperature increases, the radiative decay time increases and the nonradiative

decay time decreases and dominates the PL at high temperatures, this is due to

the excess thermal energy of carriers that lead them to traps, localization centers

and losing their energies through interaction with phonons.

As the lifetime is independent on temperature for localized excitons [31], then

for the slowly increasing radiative lifetime in the temperature range T = (4 −

180)K, the radiative lifetime is associated to the recombination of localized exci-

tons. However, for higher temperatures at which the radiative lifetime increases
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(a) (b)

(c) (d)

Figure 4.3: PL, radiative and nonradiative decay times for the E⊥c po-
larization as a function of temperature, for different excitation powers of
(a)30mW, (b)9mW, (c)3mW, (d)0.9mW .

with temperature, the lifetime is attributed to recombination of free excitons for

the range of T = (180 − 240)K, it should be noted that free excitons do exist

for such high temperatures because their binding energy are increased due to the

quantum confinement. Furthermore for higher temperatures T = (240 − 300)K,

the lifetime is mainly due to recombination of free carriers[27].

Shorter radiative decay times and thus efficient luminescence are pronounced

at lower excitation powers for the same temperature, fig.4.4. At higher excitation
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Figure 4.4: Radiative recombination times as a function of temperature for differ-
ent excitation powers.

powers, the increased population of localized excitons results in increasing the

radiative lifetime [32]. However, the semipolar QW still experiences polarization

fields (reduced compared to polar QWs), such fields result in spatial separation

of electrons and holes diminishing their wavefunctions overlap, this effect is more

obvious for high localized excitons populations, i.e high excitation power densities.

Thus, large radiative recombination rates and efficient luminescence are achieved

for low temperatures and for low excitation powers. The radiative lifetime expe-

riences a single exponential decay indicating that the polarization fields do not

modify the recombination process. The radiative lifetime at room temperature

2ns is short compared to previous reports 11ns on semipolar QWs[33]. The im-

proved performance of the semipolar 202̄1 QW is mainly due to the more uniform

potential profile and the absence of small and deep localization sites in which the

in-plane electric field causes spatial separation of electrons and holes reducing their

wavefunctions overlap [27], thereby decreasing the radiative recombination rate.
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4.1.2 Spectral Dynamics

The time resolved photoluminescence measurements enables following carrier re-

distribution between extended and localized states. The central wavelength and

the FWHM variations with time and temperatures reveals carriers localization and

the associated effects on the emission properties.

The time integrated PL spectra for both the E⊥c and E‖c polarizations at

different temperatures are shown in fig.4.5. For the lowest temperature (T = 4K),

the spectra for both polarizations have the same central wavelength and shape, this

is because the emission is entirely E⊥c polarized, which corresponds to transition

to the first hole level shown in fig.2.8. The E‖c is the scattered component of

the E⊥c polarization since there is no thermal population for the second hole

level at such low temperatures[28, 34]. However, with increasing temperature, the

second hole level becomes thermally populated resulting in increased intensity for

the E‖c polarization and the spectra experience an increasing difference between

their central wavelengths.

The time resolved PL spectra integrated with time windows of 100ps for the

E⊥c polarization at T = 120K are shown in fig.4.6. The spectra show a red-shift

with the delay time, this may be understood as localization of carriers. However,

the origin of such red-shift is discussed by the aid of fig.4.7. The spectral red-shift

does not show a clear dependence on temperature, suggesting that the red-shift

is not a result of carrier localization only, otherwise the spectral red-shift would

increase significantly with temperature due to increased population of localized

carriers, as previously reported for m-plane InGaN/GaN QW [34]. However, for

our semipolar sample, besides carriers localization, the red-shift can be related

to the partial screening of the polarization fields by the photogenerated carriers.

Polarization fields in semipolar QWs are significantly reduced compared to those

for polar QWs, so they can be easily screened. These polarization fields result in
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Figure 4.5: Time integrated PL spectra for E⊥ and E‖c polarizations at different
temperatures at excitation power of 30mW .

the QCSE, i.e, red-shift of the emission peak. Immediately after the excitation,

the photogenerated carriers screen such fields resulting in an initial blue-shift of

the emission, then with the delay time as carriers recombine, the density of carriers

decreases and the screening induced blue-shift decreases, so the spectra gradually

red-shift with time fig.4.7. Nevertheless, carrier localization is mostly pronounced

within 150ps after the excitation, since the spectra show considerable red-shift for

that time range.

Since the FWHM broadens due to carrier localization [27], then efficient car-

rier localization is mostly pronounced within a delay time of 150ps, as the FWHM

slightly broadens for that time range fig.4.8. However, as temperature increases,

FWHM increases considerably fig.4.9, indicating increased carrier localization at

high temperatures. Nevertheless, the large FWHM value (160meV ) at T = 300K

clearly confirms the localization of carriers because other factors such as thermal

population of the second hole state and homogeneous broadening would not ac-
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Figure 4.6: PL spectra time integrated within 100ps windows around indicated
central times for E⊥c polarization for excitation power density of 30mW at T =
120K.

(a) (b)

Figure 4.7: Temporal change of the PL peak position at various temperatures for
E⊥ polarization at (a)P = 30mW, (b)P = 3mW .
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(a) (b)

Figure 4.8: FWHM of the PL peak with the time delay at various temperatures
for E⊥ polarization at (a)P = 30mW, (b)P = 3mW .

count for more than 100meV at T = 300K [34]. The FWHM starts to increase

significantly above the temperature of 120K indicating that carriers diffusion from

the main QW area into lower potential localized states requires thermal activation

of carriers to overcome the barriers between the main and lower potential areas.

The low FWHM values at lower temperatures indicate that the spectral red-shift

for low temperatures can be more related to the unscreening of the QCSE. As

temperature increases, the population of the localized carriers increases which is

justified by the broadened FWHM. It should be noted that the E‖c polariza-

tion also experiences a broadened FWHM at high temperatures indicating that

localized states do not only contribute to the E⊥c polarized emission.

4.1.3 Polarization Dynamics

Studying the polarization properties using a time resolved technique instead of

steady state measurements enables the understanding of the carrier dynamics in

the QW structure leading to different degrees of polarized emission. The polar-
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(a) (b)

Figure 4.9: Time integrated FWHM of the PL peak with temperature for (a)P =
30mW, (b)P = 3mW .

ization degree is investigated with effect of temperature, excitation power and

localization of carriers.

The degree of polarization or the polarization ratio of the emission is deter-

mined by the hole distribution in the valence band states, the first hole level is

E⊥c polarized, while the second hole level is E‖c polarized as shown in fig.2.8.

The degree of polarization ρ is defined as:

ρ = I⊥ − I‖
I⊥ + I‖

(4.5)

where I⊥ and I‖ are the PL intensities of the E⊥c and the E‖c polarizations

respectively. Fig.4.10 shows the evolution of the degree of polarization with time

for different temperatures and different excitation powers. For lower temperatures,

there is low thermal occupation of the higher valence band states, so the majority

of the emitted photons correspond to transition to the first valence band state

which is E⊥c polarized resulting in larger degree of polarization at the lower

temperatures. At T = 4K, there should be no thermal occupation of higher valence
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band states and the emission should be perfectly polarized, but the variance of

the degree of polarization from the perfect value (ρ = 1) is explained as that the

E‖c is in fact the scattered component of the E⊥c and the original E‖c does not

exist at such low temperature[28]. At higher temperatures, due to the thermal

hole distribution to the second valence band level, more photons correspond to

transitions to the second hole level [20], thus reducing the degree of polarization.

The polarization degree decreases for higher excitation intensities at a fixed

temperature, this is explained as for higher photogenerated carrier densities, more

holes populate the second valence band state, thereby reducing the polarization

degree. This is a simplified equivalent to the Fermi-Dirac distribution discussion

in Ref.[12], where the increased excitation current (electroluminescent EL mea-

surements) results in the quasi fermi level approaches the valence band state and

decreasing the ratio of hole distribution probabilities between the two subband

states, reducing the polarization degree.

The degree of polarization shows an increase with the delay time as shown in

fig.4.10. An increase in the degree of polarization can be due to two reasons, firstly

the ratio of population of the second hole level to the first hole level decreases, or

secondly, polarization dynamics may be affected by the filling of the localization

states. The second assumption can be omitted with the aid of fig.4.11, which

shows that the energy separation between the first and the second hole levels is

not modified by formation of localized states. Therefore, the increased polarization

degree with the delay time is described as follows: at early times, the emission

corresponds to transitions to the first and second hole levels where the population

of the second level is considerable, with the delay time, significant reduction of the

population of the second level compared to the first level occurs, thus at later times,

the transitions correspond more to the first hole level, increasing the polarization

degree.
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(a) (b)

Figure 4.10: Polarization degree change with the delay time for different temper-
atures at (a)P = 30mW, (b)P = 9mW .

Figure 4.11: Energy separation between the first and second hole levels with time
for different temperatures at P = 30mW .
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The polarization properties for the semipolar 202̄1 are of great importance,

the polarization degree (0.6) at room temperature is significantly higher than that

of previously reported [13] value of 0.34. However, the degree of polarization

increased for low temperature and low excitation intensity to reach 0.77, also it

didn’t decrease with the delay time indicating that carrier localization did not

influence the polarization properties.

4.2 InGaN/GaN NonPolar m-plane QW

The main difference between the semipolar 202̄1 and the nonpolar m-plane 101̄0

fig.2.7 QWs is the magnitude and direction of the polarization fields in the QWs.

The polarization induced electric field is in the same direction as the p-n junction

built-in electric field for the 202̄1 QW, but for the m-plane QW, the polarization

induced electric field is zero and the only existing field is the p-n junction built

in electric field [4]. The absence of the polarization fields on the nonpolar QW

should lead to stronger radiative recombination rates, higher degree of polarization,

however the localization effects should be also taken into account because they may

modify the emission properties.

4.2.1 Photoluminescence dynamics

The spectrally integrated temporal profiles for the nonpolar QW sample are shown

in fig.4.12 and fig.4.13 for different temperatures.

The radiative recombination time is characterized by a single exponential. The

radiative lifetime at (T = 4K) is short (0.5ns) even at high excitation power

densities, this result is similar to previously reported [27] for similar m-plane QW.

This corresponds to large radiative recombination rate. As temperature increases,

the radiative recombination time increases and the nonradiative recombination
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(a) (b)

Figure 4.12: PL spectra for E⊥c polarization at different temperatures and for
different excitation powers of (a)20mW, (b)2mW .

(a) (b)

Figure 4.13: PL spectra for E‖c polarization at different temperatures and for
different excitation powers of (a)20mW, (b)2mW .
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time decreases and dominates the recombination process. The PL, radiative and

nonradiative decay times for the E⊥c polarization as a function of temperature,

for different excitation powers are shown in fig.4.14. The radiative recombination

for low temperatures T = (4−120)K is constant with temperature, thereby it can

be attributed to localized excitons. For T = (120 − 180)K, the increase in the

radiative lifetime can be associated to free excitons, while for T = (180− 300)K,

where the increase in the radiative lifetime is steep, free carriers are responsible

for the recombination process.

The radiative lifetime is independent of the excitation power for the nonpolar

QW as shown in fig.4.15, so although the population of the localized excitons

increase for higher excitations, they are not affected by any polarization fields that

may diminish the wavefunctions overlap of the electrons and holes, as nonpolar

QWs do not experience such fields. Therefore, the nonpolar sample also lacks deep

localization sites that may prolong the radiative recombination time or modify the

recombination process.

4.2.2 Spectral Dynamics

The time integrated PL spectra for both the E⊥c and E‖c polarizations at different

temperatures is shown in fig.4.16. At T = 4K, the spectra for both polarizations

have the same central wavelength, however, as temperature increases, the second

hole level becomes thermally populated resulting in increased intensity for the

E‖c polarization and the spectra experience an increasing difference between their

central wavelengths. The energy difference between the peaks of the two polariza-

tions (0.1eV ) is larger than that of the semipolar (0.03eV ) at (T = 240K). Which

means that the energy separation between the first and second hole is larger for

the nonpolar QW compared to the semipolar QW.

The time resolved PL spectra integrated with time windows of 100ps for the
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(a) (b)

(c) (d)

Figure 4.14: PL, radiative and nonradiative decay times for the E⊥c po-
larization as a function of temperature, for different excitation powers of
(a)20mW, (b)6mW, (c)2mW, (d)0.6mW .
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Figure 4.15: Radiative recombination times as a function of temperature for dif-
ferent excitation powers.

Figure 4.16: Time integrated PL spectra for E⊥ and E‖c polarizations at different
temperatures at excitation power of 20mW .
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Figure 4.17: PL spectra time integrated within 100ps windows around indicated
central times for E⊥c polarization for excitation power of 20mW at T = 120K.

E⊥c polarization at T = 120K are shown in fig.4.17. The spectra shift to longer

wavelengths with time.

At low temperatures, the spectral shape and peak position hardly change with

the delay time, which shows that there is no efficient carrier redistribution between

the extended and localized states at these low temperatures. At the temperature

of 120K, the peak position starts to red-shift with time (fig.4.18)indicating the

redistribution of carriers from the extended (higher potential) to the localized

(lower potential) states. That redistribution of carriers is mostly observed for the

delay time of (150ps) after the excitation, then the red-shift becomes very small

or vanishes. The photoluminescence red-shift increases from (3meV ) at (T = 4K)

to (40meV ) at (T = 300K) for a delay time of 1.5ns after the excitation, where

the PL intensity is too low and the spectra do not shift anymore.
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(a) (b)

Figure 4.18: Temporal change of the PL peak position at various temperatures for
E⊥ polarization at (a)P = 20mW, (b)P = 2mW .

The FWHM does not show clear broadening with time (fig.4.19) as would be ex-

pected due to carrier localization, only slight broadening of FWHM is pronounced

for a delay time of 150ps. However, FWHM broadens considerably with temper-

ature as shown in fig.4.20. The low values of the FWHM at low temperatures

indicate that the potential variations in the main QW area are not severe. The

FWHM considerably broadens for the temperature of 120K, which indicates the

thermal activation of carriers to diffuse into lower potential sites, thus associating

the exciton thermal energy to the barrier height of the lower potential sites, the

lowest barrier heights can be estimated to be of 10meV . Since the FWHM for

both the E⊥c and E‖c polarizations broadens significantly with temperature, then

the localized states cannot be assumed to be E⊥c polarized. It should be noted

that the FWHM value 240meV for the nonpolar sample at 300K is significantly

larger than that of the semipolar sample (160meV ) at the same temperature. The

increased red-shift and FWHM with temperature confirm the increased population

of carriers localized at lower potential sites.
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(a) (b)

Figure 4.19: FWHM of the PL peak with the time delay at various temperatures
for E⊥ polarization at (a)P = 20mW, (b)P = 2mW .

(a) (b)

Figure 4.20: Time integrated FWHM of the PL peak with temperature for (a)P =
20mW, (b)P = 2mW .
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(a) (b)

Figure 4.21: Polarization degree change with the delay time for different temper-
atures at (a)P = 20mW, (b)P = 6mW .

4.2.3 Polarization Dynamics

The nonpolar sample shows similar behavior of polarization properties to that of

the semipolar sample, where the main difference corresponds to the polarization

degree values. The degree of polarization increases for lower temperatures and

for lower excitation power densities due to the reduced population of the second

hole state. However, the polarization degree does not considerably change with

the delay time, indicating that localization does not modify the energy separation

between the first and second hole levels.

The polarization degree of the nonpolar sample reached 0.87 for low tempera-

ture and low excitation intensity. This value is larger than that of the semipolar

202̄1 sample (0.77), however, the high polarization degree reported in this work

for the semipolar 202̄1 QW is an important achievement for this semipolar plane

based structures.
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Conclusion

This thesis is mainly focusing on the carrier dynamics in InGaN/GaN semipolar

and nonpolar QWs. The time resloved photoluminescence measurements allowed

following carrier redistribution between extended and lower potential localized

states. Photoluminescence, spectral and polarization dynamics were all investi-

gated in order to form a whole picture of the carrier dynamics in the QWs.

Both the semipolar and nonpolar samples showed efficient luminescence through

their single exponential decay and their short radiative recombination times at

room temperature 1.3ns and 2ns for the semipolar and nonpolar samples, re-

spectively. This achievement is of great importance as it indicates the uniform

potential profile and the absence of small and deep localization sites in our sam-

ples. However, carrier localization is confirmed by the spectral measurements, but

the localized carriers did not suffer severe overlap reduction between their wave-

functions. Nevertheless, the longer radiative time for the semipolar sample is due

to the internal polarization fields.

Carrier redistribution between extended and localized states is observed for

both samples. Carrier localization was found to red-shift and broaden the FWHM

of the spectra at higher temperatures at which excitons are thermally activated

47



48 CHAPTER 5. CONCLUSION

to diffuse into the lower potential sites, potential barriers of 10meV were found

to separate extended and localized states. Spectra red-shift and thus carriers

localization are mostly pronounced within 150ps after the excitation.

The novel findings in this thesis are the polarization properties of both the

semipolar and the nonpolar samples. The semipolar sample shows a polarization

ratio of 0.77 and the nonpolar shows a ratio of 0.87. The polarization ratios are

related to the thermal hole distribution between the valence band states. The

polarization ratios did not show a decrease with time as previously reported [20].

This means that the energy separation between the first and the second hole

levels is not modified by formation of localized states. The high polarization

degree reported in this work for the semipolar 202̄1 QW is a breakthrough for this

semipolar plane based structures to represent good candidates for highly polarized

emitters, where the semipolar structures exhibit higher indium incorporation ratio

compared to the nonpolar structures, thereby longer wavelength LEDs with highly

polarized spontaneous emission.
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