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Optical Characteristics of Nitride-based Nanostructures

Student : Min Yu Advisor : Prof. Hao-Chung Kuo
Institute of Display

National Chiao Tung University

Abstract
In this thesis, two kinds of nanostructures grown by metalorganic chemical vapor
deposition have been investigated. First, the characteristics of InGaN/GaN quantum
dots in different sizes were demonstrated. Second, the comparison of a-plane
InGaN/GaN multiquantum wells grown on r-plane sapphire and c-plane samples were
studied. We utilized photoluminescence, (PL), photoluminescence excitation (PLE)
system and simulation to investigate the optical.properties of our samples.

In the first part, we investigate the  optical and structural properties of
ultra-high-density InGaN/GaN QDs=with-different- sizes. Atomic force microscopy
revealed the size of QDs witch was increased with the duration of SiNy, Small QDs
with larger quantum confine exhibited blue-shift on PL peak than the larger QDs. The
emission energies are in agreement with the calculated transition energies. On the
other hand, the thermal anneal effect were studied. When annealing temperature
increased from 650 °C to 950 °C, a red-shift followed by a blue-shift on PL peaks
emitted from InGaN/GaN QDs was observed. And we observed small QD exhibited
large red shift than large quantum dot. Finally, we develop a model to explain the
mechanism. It is proposed that the red-shift was dominated by size enlargement of
QD. As further increasing the annealing time, the blue-shift of PL emission peaks was
attributed to decrease of the QD potential depth caused by out-diffusion of the indium

composition in QDs.
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In the second part, a-plane and c-plane MQWSs with the same growth condition
were prepared to be compared in their optical characteristic. The presence of obvious
power-depend blue-shift on PL peak was observed for c-plane MQWs, whereas less
shift was observed for a-plane MQWs. The power dependent PL experiment indicated
the polarization does not affect in the direction of well in a-plane InGaN/GaN MQWs.
This characteristic could be introduced to enhance the internal quantum efficiency.
Furthermore, we investigate the localization effect on a-plane InGaN MQW using
temperature dependent PL and PLE Low temperature PL spectrum exhibited two
dominant peaks in a-plane MQW. The apparent thermal quenching on high energy
peak, whereas the luminance of low energy one maintain even until room temperature.
And the lager stoke shift in a-plane MQW than c-plane MQW was addressed by PLE
measurement. Those phenomenon.demonstrated that the localization effect obviously
appear in a-plane InGaN MQW- Finally, epitaxial lateral overgrowth (ELOG) method

was used to reduce the defect densityrand.alse improve sample quality.

il



=

BELT S &R 2 FEE L5 o AR RN RAE -

FARMHIEZ KA L RA SR ESFTY L BN R ]
LB SRR Y R R AR Eaha (T B A FIEERE ST 450
S A pEL FRAm Y P g BRI R AL A P - AnE S R
FHREFPT - HER

BLFInG 8 £ VAR RBRBOE XTSI IT L AL
TEAFF LR - B AN DR R R et o B R
THRPEEREE T REV R TR RPER O N - 2 e I
FEEATHFREN O RERTORS foii- A2 pHmAET R o L

TP Fh5F el 3o wind ) AFIRLE A F
HE- B ZEELE 0 frifE K Bola R A AE R F SE TEM et
EE2REFI SR M ZER R Gme go - Far TP S 4AEE
foin - A2 % (F ’&&%?’iiﬁﬁﬂ gl R BRI AL i
g Bk A kB E R T VRB IO NEE o B R

FEZHFFFAREES B LiE, G8HEI- BRATHEL -

it SR RG] 0 R E T ARG THI TR VKRR RE L
FEET o2 A RF VR ERIRIELTF L GhF &4 K3 bk - g

B RE R A& RiRms e P R L R ZIB R 7 &

B e B Rl R R EIF Ak 8¢ 0 ¥ T § 2 B ERR

pau)

7
HA P AR | BE R o i %f]fu— At H N R 0 BHEE A %k endp

o ¥ 2HUFA - el & X 3w 75 0 you are the best |

Sl REREDFEE S BRI AL IR T UL A ELEAFIL

v



RS SR AL AR AR S E DREN R R S N I
;ﬁ%% s Ak 18}%‘577 S B i irugggmgﬂ o
N EA Rk S A S-SR AN RN I - I e s FaE = SR | £ B

EATF i o Bfs i Aanh2 }gki{zﬂﬁx”é FIRA e




ADSITACT ..o e i
R BB e v
COMENL. . .. e vi
List Of Tables... ..o viil
LISt Of FIgUIES. ...t e e X
Chapter 1 Introduction

1.1 The characteristic of semiconductor nanostructure. ..............c.oeiviieiienieninnenn. 1

1.2 The development of nonpolar Structure..............ooviiiiiiiiiiii e, 2
BRI (0150212 0] + D P 3
Chapter 2 Theory of InGaN Nanostructure

2.1 The formation of quantum dots StruCture...........ccevviiiiiiiiii e 7

2.2 Quantum confinement effect in semiconductor nanostructure........................ 9
2.3 Simulation of quantum confined Stark effect by using the FEMLAB............... 10
2.4 The localization effect in quantum well structure..................ccocoviiiiiinn... 12
2.5 The basic concept of nonpolar Structure.............ooeviiiiiiiiiiiiiii e, 13

Chapter 3 Sample Preparation.and:Experimental Set Up

3.1 Photoluminescence (PL) ..... i .. .. cossmmasi e esobeeenneeneeeineeneeeineenneeenanns. 21

3.2 Photoluminescence Excitation (PLE) il s i 22
3.3 AtOMIC FOTCE MiICTOSCOPY . aul e st ss s ate e e e et e e e eeeete e e eaeeeaeenneenneas 23
3.4 Rapid Thermal Anneal... ... . u. . i e, 23

Chapter 4 Optical Properties of InGaN Quantum Dots

4.1 INtrodUCHION. .o ee e 26
ZABPAISY:V1010) (0] 1<) 01 218 10 o HO P 27

4.3 Surface morphology of INGaN QDS.......coiviiiiiiiiiii e, 28
4.4 Photoluminescence of InGaN quantum dot with different sizes...................... 28

4.5 Optical properties of thermal annealing on InGaN QDs

4.5.1 Sample preparation..........uvireereie et 29
4.5.2 Study of photoluminescence at different thermal annealing condition....... 29
4.5.3 The simulation of diffusion effect on InGaN QDs....................oonii. 30
4.5.4 Temperature dependent PL...............oi i 31
4.6 CONCIUSION.... ..ttt e e 32

Chapter 5 Optical Properties of A-plane InGaN/GaN Multiple
Quantum Wells on r-plane sapphire
ST INtrOAUCHION. ... e 39
5.2 Polarization effects of c-plane and a-plane InGaN MQWs
5.2.1 Room temperature photoluminescence spectra..............ccoevveiveennnnn... 40

5.2.2 Power dependent photoluminescence............cocevvvvviiiiiiiniiiinnnennnnn. 41

vi



5.2.3 Power dependent photoluminescence. .........o.ovvvviiiiniieinninneennannnnn. 41

5.3 Investigation in localization effect

5.3.1 Low temperature and temperature dependent photoluminescence..........42

5.3.2 Photoluminescence EXCitation............c..ooeviiiiiiiiiiiiiiiiiiiiiia, 44
5.4 CONCIUSION. ..o.uiiti e 45
Chapter 6 Trenched laterally over-grown a-plane GaN with low
dislocations density
6.1 INtrOdUCHION. ... vttt 55
6.2 SamPIe PreParation. ........ouieeieet ettt et e 56
0.3 SEM IMAZE. ...ttt e ettt et e 57

6.4 High-resolution X-Ray measurement.................ccovviveeiiiiniinninnnniennnnn 57
6.5 Micro-photoluminescence measurement. ...........oovveueeneeieeinieeeneenneennnn. 58

6.6 Cross-sectional transmission electron microscopy (TEM) measurement.........59

6.7 Cathodoluminescence (CL) iMage.........ouvvuiiiiiniiiiiiiiiiieaieeiieaeanannn 59

6.8 CNCIUSION. ...ttt e 60

Chapter 7 Conclusion

7.1 ConClUSION. ... i e 66
T2 Future Worki.....oo.ooei i e e e 67
Reference........c.cooovvevenne... nil (RISl M. .. .............cc0ovviiniiiinnenn, 68

vii



List of Tables

Table 2.2.1 : Binding energy and relative simulation factors of III-V semiconductors

Table 4.4.1 : The summary of the growth condition along with optical properties for

sample A and sample B
Table 5.2.1 : List of PL peaks and the growth temperatures

Table 5.3.1: Experimental and fitting factors of PLE measurement of a-plane and

c-plane InGaN/GaN MQWs

viii



List of Figures

Fig. 1.1.1 : Dimension of nanostructure and corresponding density of state

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

1.1.2

1.2.1

2.1.1

23.1

232

2.5.1

252

3.3.1

332

333:

4.2.1

422:

423

4.4.1

4.5.1

: The carrier behavior in three dimensional confinement structure

: Different plane and orientation of hexagonal GaN

: The diagram of strain relaxation for S-K growth mode

: A SEM top-view and cross-sectional view (b) of InGaN QD structures

:(a) Wavefunction of electron in ground state (b) Wavefunction of electron
in first excited state (¢) Wavefunction of electron in second excited state

: Well width dependence of the ground state resonance energies in the single
QD model under electric field 0, 0.25, 0.5 M Vol/cm?

: Band diagram of c-plane InGaN/GaN MQW

: Band diagram of a-plang InGaN/GaN MQW

: The setup of PL system

: The setup of PLE system

The fundametal setup of'AFM

: The InGaN QD sample structure (a) un-capped sample for AFM

measurement (b) capped sample for optical measurement

Surface morphology of as-grown InGaN QDs scanned by AFM
measurement. (a) Sample A: Small QDs with average height/diameter
(1.8 nm/35.2 nm ) (b) Sample B: Large QDs with average
height/diameter ( 2.9 nm/30.5 nm )

:Room temperature PL spectra of sample A (solid line) and sample B (dash
line)

: The diagram of transition levels for sample A and sample B

: Energy shift versus annealing temperature for sample A (rectangular) and

sample B (circle)

X



Fig.

Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

4.5.2 : Simulation results of energy shift as a function of diffusion length for

453

4.5.4

5.2.1

52.2:

523

52.4:

5.25

5.3.1

532

533:

6.3.1

6.2.1

6.4.1

6.5.1

6.6.1

1.8/30 nm InGaN/GaN QDs. Total shift (solid) can be combined with two
effects, a red shift (dot) induced by quantum confined effect and a blue

shift (dash) induced by decrease of the barrier height

: Energy shift in temperature dependent PL. measurement ranged from 20 K

to 300 K for as-grown and annealed QDs samples

: Arrhenius plot of the integrated PL intensity for as-grown and annealed

QDs samples

: Room temperature PL of sample A1,C1,A2 and C2

SEM image of sample A1l

: Excitation power dependent PL of (a) sample C2 and (b) sample A2

Dependence of peak energy of the PL spectrum on excitation power

density (a) A1/C1 and (b) A2/C2

: PL intensity dependenceton.excitation power density of a-plane(A2) and

c-plane sample(C2)

: Low temperature PL spectrum at 20 K (a) A1/C1 (b) A2/C2

: Temperature dependence PL spectrum at 20 K

PL and PLE spectra of a-plane and c-plane InGaN/GaN MQWs

: Cross-sectional SEM of a-plane GaN TELOG
: Flow chart of a-plane GaN TELOG process

: X-Ray rocking of a-plane GaN TELOG

: u-PL of a-plane GaN

: Cross-sectional TEM image of a-plane GaN TELOG

6.7.1: Cross-sectional CL image of a-plane GaN TELOG

6.7.2

: Cross-sectional SEM of a-plane GaN 3 um/7 um TELOG



Chapter 1 Introduction
1.1 The characteristic of semiconductor nanostructure

Low dimension structure as the active layer was widely applied in these optical
devices to operate in low threshold current, reduce temperature sensitivity and
enhance the emitting efficiency due to quantum confine effect [1-2]. Because of the
different dimensional confinement of carrier and density of state, the nanostructure
can be classify into quantum well (QW), nanowire and quantum dot (QD) by their
density of state as shown in Fig. 1.1.1. The bulk material has three dimensional
density of state and the shape is parabolic function, the energy state of carrier is
continues above energy band-gap. Then two dimensional structures, such as quantum
well, is a step function due to one dimensional confinement of carrier. With
decreasing the degree of freedom of carriers, the density of state of zero-dimensional
structure, as quantum dot, manifest' delta function density of state. As a result, the
electronic states are quantized and the €nergy-levels become discrete. In Figure 1.1.2,
we could see the carriers are localized .inthe quantum dot structure of three
dimensional confinements. There are some unique characteristics in the quantum dot
structures. Discrete energy state is an attractive benefit applied to decrease the half of
full width in emitting spectrum and separate the different quantum state level. The
lasing behavior and quantum information analysis can be improved by their
development. Recently, InGaN alloy is a potential material for the realized of visible
light emitting diodes (LEDs) and laser diodes (LDs) [3-6]. For wurtzite structure, the
band gap of GaN and InN are 3.4eV and 0.7eV. Raising the wavelength of In,GaN;_«
can be adjusted ranging from ultraviolet to red by increasing In composition. In this

thesis, InGaN based nanostructure was investigated.



1.2 The development of nonpolar structure

One of the unique characteristics of III-V nitride material is the presence of the
build in field. The build in field is the combination of spontaneous polarization and
the strain-induced polarization depending on the lattice mismatch. The build in field
would result in potential bending witch called quantum confine stark effect (QCSE).
This feature results in that carriers tend to situate in one side of the triangular potential
wells. The overlap of electron and hole wave functions decrease with increasing the
well width. In order to increase the internal quantum efficiency, the reduction of the
polarization effect was an important issue. A useful approach to overcome this
problem was the fabrication of the structure along non-polar direction. The bonding of
Ga and N atom is along [1000] axis and orthogonal to the growth axis. As a result the

internal build-in electric field doesn't influence. quantum well along the growth

direction. There are two ways for realization non-polar structure in common. The first
approach is growing [1100] oriented m-plane-GaN template on closely lattice matched

[100] plane of LiAlO, by hydride vapot phase epitaxy (HVPE) and molecular beam

epitaxy (MBE) [7]. The Second is growing [1150] oriented a-plane GaN template on

r-plane sapphire or [1150] SiC by metalorganic vapor-phase (MOVPE) [7-8].
Hexagonal wurtzite structure of GaN was shown in figure 1.2.1 and different plane
with orientation is illustrated. Nonpolar structure has been applied to grow
AlGaN/GaN and InGaN/GaN heterostructures. To date, the characteristic of the
nonpolar structure have been demonstrated in some reports [9-12] In InGaN QWs ,
the near band edge emission is related to nonradiative process and radiative process,
in polar structure, nonradiative process is dominated by the electron-hole
wavefunciton separation due to quantum-confined stark effect (QCSE). The radiative

process is enhanced by the localization excitons due to the spatial In-rich cluster. In

S0



this thsis, the polarization effect and localization behavior of a-plane InGaN MQWs

are discussed.

1.3 Motivation

Nearly, compared with conventional quantum well (QW) structure, the fabrication
of quantum dot (QD) with three dimensional confinements of carriers and delta-like
function attract a lot of attention. In this thesis, the InGaN QD was grown by
antisurfactant method. We investigated the structure and optical properties for
different size QD and developed the simulation to study the energy transition.
Moreover, we investigated the effect of thermal annealing for different size QD with a
series annealing temperature. We also provide a theoretical simulation to analyze the
mechanism of the InGaN/GaN QDs of thermal annealing.

Nonpolar structure is fabricated in order to.ancrease the internal quantum efficiency.
It is not affected by polarization effect-based-on the direction of Ga and N atoms
arrange normal to the growth axis. T this thesis, a-plane and c-plane MQWs with the

same growth condition were prepared to be compared in their optical characteristic.

Nonpolar a-plane GaN base material grown on r-plane sapphire substrates which\
always accompany with a wavy, stripe-like growth feature possess a large density of
threading dislocations and stacking faults. It is result from serious aniostropic in-plane
strain between different crystal axis [53]. Recently, successful epitaxial lateral
overgrowth (ELOG) of a-plane GaN on r-plane sapphire has been reported. ELOG
not only improves significantly the material quality by reducing the density of
threading dislocations but also alleviates the strain-related surface roughening and
faceting [54-55]. Despite the ELOG assisted morphology and quality improvements
in a-plane GaN over r-plane sapphire, the study of the epilayer quality and

dislocations distribution in the ELOG epilayer is quite not lucid. In this letter, we

_3-



successfully improve [1120] a-plane GaN quality by using TELOG and the optical

and structural properties is presented explicitly.

The organization of this thesis is as following: the analyses of nanostructure optical
properties were investigated. In the chapter 2, we discuss the characteristic of InGaN
based nanostructure, the simulation and growth methods of InGaN QD. The
experiment principle and set up are described in the chapter 3. The detailed
experimental results, theoretical analysis and the effects of thermal annealing for
InGaN QD are presented in the chapter 4. In the chapter 5, we study the optical
properties of a-plane InGaN/GaN MQW and compared with the behavior of c-plane
samples. In the chapter 6, the TELOG was introduced to improve the sample quality.

Finally, we give a conclusion of the thesis in the chapter 6.
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Chapter 2 Theory of GaN-based nanostructure
2.1 The formation of quantum dots structure

There are three main methods to from the quantum dot (QD) structure including
Stranski-Krastanow (S-K) growth, antisurfactant method, and selective method. We
summarize the growth methods in the recent years and introduce below:
(1) Stranski-Krastanow (S-K) growth mode (layer-then island)

The evolution of an initially two-dimensional growth in to a three-dimensional
growth front is a well-known phenomenon and has been frequently observed in
various systems. This growth mode used by various materials grown under
compressive stress on heterostructure by strain-driven QD formation during
heteroepitaxy as a bottom-up approach. After deposition of a few two-dimension
monolayers (MLs), island structures are self-formed on a 2D wetting layer as a result
of the transition of the growth mode and the stress needs to be released, as shown in
Figure.2.1.1. The strain relaxation mechanisms,would be first published by Stranski
and Krastanow so that we called the growth-mode as S-K growth mode. Especially,
S-K growth has been successfully demonstrated to form self-assembled quantum dot
(SAQD) on large area substrate with a good throughput and compatibility to current
microelectronic technology.

(i)  Antisurfactant method

Using this growth method, the surfactant is believed to play an important role in
changing the surface free energy of the sample. We can use the unequal equation to
show the surface free energy for three-dimensional growth mode in a system,

ds < of + 41,
where Js is the surface free energies of substrate, of shows the surface free energies of
film, and di the surface free energies of film. As a third element like the surfactant is

added, the sign of the unequal equal equation would be change by altering the
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substrate surface free energy [16]. Using this growth method, the surfactant is
believed to play an important role in changing the surface free energy of the material.

Some reports have shown the similar reversed effect occurs in GaN-based system
[17-18]. The antisurfactant is believed to inhibit the film growth and intentionally
modify the two-dimensional mode into-three dimensional mode. However, the role of
the antisurfactant is still unknown in the element of island growth, therefore, carrying
out the basic mechanism in growth way would be important for us in further detailed
studies. In this thesis, antisurfactant method was used to grow InGaN/GaN QDs for
the studies. The time of SiN treatment was used to control the size of quantum dot.
The detail will be discussed in later chapter.
(iii)  Selective method

Self-assembling growth is a convenient method:to get QDs but the position of QDs
is difficult to be controlled. Using selective method te obtain QDs, in the contrast, the
shape, size, and the position of the QDs could.be artificially designed and controlled.

In general, the selective methed;can control the position of the QDs by the
methods of focused ion-beam (FIB) irradiation and photo-assisted wet chemical
etching. S. Sakai, et al [19] grew the QDs on Si-patterned GaN/sapphire substrates.
We could use different patterns to grow QDs in different shapes. Here, we simply
introduce the InGaN QDs formation by selective method published by Y. Arakawa, et
al [20]. In this thesis, after depositing three periods of InGaN MQWs on the grid-like
Si0,.GaN-saphirre patterned substrates, they believe that InGaN QDs structures are
formed at the tops of the hexagonal pyramids.
Fig.2.1.2 shows a SEM top view and cross-section view of InGaN QDs structures.

Shown as Fig 2.1.2 (b), no material as deposited on the SiO, mask and the position of

the QDs were controlled very well.



2.2 Quantum confinement effect in semiconductor nanostructure

Quantum mechanism provide us an understanding of atoms, molecular, atomic
nuclei and aggregation of them have both wave and partial properties within them.
So-called quantum confinement effect is considering a particle confined in a finite
potential whose size can be compared with its’ wavelength. Let us consider the
exciton in the well. If the well width is much small than the Bohr radius in bulk, no
obvious confine energy is expected, because the exciton feel the same environment as
in bulk. (The binding energy, Bohr radius and relative factors of bulk II-V
semiconductor are listed in table 2.2.1.) If we decrease the well width at the same
order or less than the exciton Bohr radius, the wavefuction and electron and hole
confine in the potential well. The spatial wavefuction will be compressed in the well
and it leads to enhancement of the exciton binding energy. This behavior has been
demonstrated both in experiment and in theory for 11-V semiconductors [21]. A brief
equation given for the Hamiltonian describing. the relative motion of exciton is
H :He(x,y,z)+Hh(x,y,z)+He_h(F) Eq. (2.1.1)
where H_, and H, are the Hamiltonian describing the electron and hole motion

confined in the well. And H__, (r) is Hamiltonian describing the Coulomb potential
between electron and hole. The x-y-z coordinate is defined by the spatial confinement,

and r denoted the relative position vector between electro and hole.

Then the eigenvalue can be represent given by
E,=ES+E'-E,_, Eq. (2.1.2)

n

where ES and E is the energy of ng quantum confined state, and E_, is the

binding energy of exction.
The quantum confinement increase with reduction of the well width. In QW
structure, one dimensional confinement is considered and the motion of exciton is free

in the other two dimensions. For QD structure, with reducing the degree of freedom,
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exciton is confined in three dimensional potential well. Thus the density of state is
present in delta function. The electronic states are quantized and the energy levels
become discrete. Because of the localization of carriers trapped at QDs structure
where the energy separated between ground state and the first higher exciton state is

larger than the thermal energy K| T, the lifetime of the 0-D exciton strongly is almost

independent of temperature.

2.3 Simulation of quantum confined Stark effect by using the FEMLAB
FEMLAB is attractive software for modeling and simulating scientific and
engineering problems based on using finite element analysis to solve partial
differential equations (PDE). In this thsis, the simulation was taken into account
three dimensional quantum confinéments for QD structure. The energy states in QDs
were simply solved by self-consistent Schodinger equation. We use cylindrical
symmetric coordinate to describe the QD.structure for simplifying 3D problem into

2D. The general form of the Schodinger equation is described as fallow,

h? 1
Vv
872 [(m r

e

VY (r))+V (r)¥(r)=E(r)¥(r) Eq. (2.3.1)
where m,(r) is the effective mass of the well and barrier depending on different
region we considered, W(r) s the eigenfuction of electron or hole.

For the symmetry, the function can be described by cylindrical from

1oy 18(1 a;(,) h> xod’®
az me 0z rormeaor  8z’mer dg

+V.0=EX®  Eq.(23.2)

and the wavefunction can be separated by
Y(r,z,p)= x(z,r)0(p) Eq.(2.3.3)
We can get a general solution is

O =exp[ilg] Eq. (2.3.4)
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where | denote the quantum number of different energy levels. And we substitute

the solution in the original equation and simplify it as fallow,

h> & 1 oy h> 10,1 oy o2
T e ) s ror me ar ) =1tV =EX Eq. (2.3.5
872 0z me oz Sziror me or  8zmer’ A eA TR q.(2.3.5)

Finally, we can use this equation and substitute the corresponding factor in the general
form of software to obtain the eigenfuction and eigenvalue. The detail calculation of
InGaAs QD is described by R. Melnik et al [22]. In our simulation, the bowing factor
of calculating the band gap used as 1.4 eV and the band offset ratio was assumed to be

60 : 40 [23-24]. As a result the potential of conduction and valence band is defined as
AE, =Egx0.6

Eq. (236
AE, = Egx0.4 % (236)

And the effective mass of InGaN is used by the linear combination of InN and GaN.

mInGaN — Xme'”N + (1 _ X)meInGaN
¢ Eq. (2.3.7)
mkI]nGaN — Xmﬁ”” + (1 _ X)mr:nGaN

where x is the In composition of InGaN.

The simulation results of InGalN/GaN QD structure are shown in Figure 2.3.2 (a),
(b) and (c). Those figures demonstrate electron wavefuction in ground states, first
excited and second excited states. The existing probability of carrier is found to
confine in the QD with lower potential than barrier region. One the other hand, the
corresponding eigenvalue of electron or hole can be obtained in the software.

As the QD size was increasing, the energy levels of quantized sub-band become
smaller. The relation was shown in Figure 2.3.3 when we consider the InGaN QD
with 3 nm and 10 nm in diameter and height. The quantum confinement energy was
almost proportional to L™, where L was the potential dimension. And the build-in
fields under electric field 0, 0.25, 0.5 M Vol/cm? are considered. The build-in field is
found to result in the reduction of resonance energy. The wavefution of electon attend

to exist in one side of bending potential. Under larger built-in field, the obvious
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dependence on the well width can be recognized in the figure 2.3.3.

2.4 The localization effect in quantum well structure

In InGaN-based structure, the high luminescence efficiency is due to In-rich
regions within InGaN layer. These In-rich regions are believed to act as In-rich QDs
in the InGaN layer, providing deep potential wells that suppress the diffusion of
electrical carriers toward various nonradiative defects and result in a large red shift in
the emission energy.

The behavior of In-rich or QDs like region in InGaN QWs are a unique
characteristic and the origins of Indium segregation are not very clear until now.
There are several suggestions to explain the production of In rich cluster and relative
QD-like structure. One of the .possibilities “is'.resulted from the compositional
fluctuation. The compositional ~fluctuation of indium is commonly observed in the
majority of InGaN alloys. Another: possibility is resulted from phase separation.
Theoretical calculations predict that'phase sepatration in an InGaN layer occurs below
the critical temperature and for a range of composition of the alloy that defines a
miscibility gap at a given growth temperature. Otherwise, in the experimental results,
In-rich QDs formed by phase separation have been observed in InGaN films that
contain high concentrations of In or a layer thickness larger than the critical layer
thickness. Moreover, InGaN MQW always has a so-called V-defect consist of
treading dislocation. It has been proposed that the V-defect was proposed to attach
with and associated with In-rich regions. Cremades et al [24] suggested that the built
in strain in InGaN layers determines the preferential incorporation of In atoms to the

ally in the regions where the strain is relax thus resulted in the formation of defect.
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2.5 The basic concept of nonpolar stucture

Wurzite GaN-based structure grown in nonpolar orientation is attracting attention
owing to less influence of the built in field in QW. The built in field is the sum of
spontaneous polarization and strain induced piezoelectric field. In this section, the
basic concept of nonpolar structure will be discussed. The structure diagram of
hexagonal structure has been demonstrated in Fig 1.1.3. In normal, nonpolar structure
can be developed on two growth method. The first approach is growing [1100]
oriented m-plane GaN template on closely lattice matched [100] plane of LiAlO, by

hydride vapor phase epitaxy and molecular beam epitaxy [7]. The Second is growing
[1150] oriented a-plane GaN template on r-plane sapphire or [1150] SiC by

metalorganic vapor-phase (MOVPE) [8]. . These two methods has been successfully
developed on AlGaN/GaN and%InGaN/GaN: MQW structure [26-27]. Based on
conventional structure, the build m field is supplied by strain induced piezoelectric
field and spontaneous polarization field. The-build in field of GaN based structure is
induced from Ga and N atoms which ‘arranged parallel growth axis in normal c-plane
films. The piezoelectric and spontaneous electric fields are at the opposite direction as
shown in Figure 2.5.1. However, nonpolar structure was applied to enhance the
internal quantum efficiency due to not affected by polarization effect based on the
direction of Ga and N atoms arrange normal to the growth axis. As a result, the build
in electric field is normal to the direction of QW. The potential can not be influenced
by the polarization and its shape keep on flat as shown in Fig 2.5.2 The wavefuciton

overlap of electron and hole is larger than c-plane GaN.
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Fig 2.1.1 The diagram of strain relaxation for S-K growth mode

Ing 02Gg gaN barﬁefy\i_ InGaN QD
. “ Y

Fig 2.1.2 A SEM top-view and cross-sectional view (b) of InGaN QD structures
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GaN (Wurtzite) GaAs In,GaN,
m, 0.2 0.063 0.11x+(1-x)0.2
m,, 0.8 0.51 1.61x +(1-x)0.8
11,1 U
uoomy m, 0.16 0.056 M is described as the
below diagram
&r 8.9 12.9 8.9
Eb (mev) 27.5 4.58 27.5x (W/0.16)
Bohr radius 2.94 12.17 2.94x(0.16/u)
(nm)
! ! ! ! ! !
0.160 | .
0.155 | -
0.150 |- _
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0.145 | .
0.140 -
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0.0 0.1 0.2 0.3 0.4 0.5

In composition

Table 2.2.1 Binding energy and relative simulation factors of III-V semiconductors
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Max 5.615

InGaN

Min - 0.0347

Fig.2.3.1 (a) Wavefunction of electron in ground state
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Max 11.238

=]

Min - 0.011

Fig.2.3.1 (b) Wavefunction of electron in first excited state
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Max 6.753

Min - 2.768

Fig.2.3.1(c) Wavefunction of electron in second excited state
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Fig.2.3.2 Well width dependence of the ground state resonance energies in the single
QD model under electric field 0,0.25, 0.5 M Vol/cm?
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Fig.2.5.1 Band diagram of c-plane InGaN/GaN MQW
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Fig.2.5.2 Band diagram of a-plane InGaN/GaN MQW
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Chapter 3 Experimental principle and Experiment Setup
3.1 Photoluminescence (PL)

Photoluminescence is the emission of light from a material under optical excitation.
The energy of the laser light should be shorter than the band gap energy of the
semiconductor. The exciting source is absorbed by semiconductor and the electros in
conduction band and holes in valance band generated under excitation. When an
excited electron in an excited state returns to initial state forming a photon a photon
whose energy is the difference between the excited state and the initial state energies,
then we detect the PL signal. In order to reach equilibrium, the carriers will
recombination in many ways. The processes can be direct or indirect depending on the
band gap energy of the material. The PL spectra are obtained by analyzing the spectral
elements of the emitted light. Depending on the type of the band gap the transition can
be classified into direct transition and indirect transition. The combination of indirect
transition related to the phonon scatteting-which results in the momentum and the
energy transition.

Typical radiative recombination processes in semiconductors occur in many ways,
PL emission of those transitions can be recognized easily at low temperature
exclusive of the thermal energy. The exciton was generated by of electron and hole
pair which bounded by the coulomb interaction. Luminescence of high purity and
high quality semiconductors is dominated by free exciton (FE) emission, normally
refereed to a Wannier-Mott exciton [28]. The FE emissions from h-GaN at low
temperature have been observed in the early 1970s. There are many forms of exciton
bounded to other particles. An exciton bound to a neutral donor and is in general
called a bound excton (BE). Similarly, neutral acceptors always produce exciton
bound to them. The transition energy of BE is lower the binding energy than that of

FEs [29]. The simultaneously existence of doner and acceptor impurities introduce a
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pair called doner-acceptor pair (DAP) recombination.

The setup of our PL system is shown in Figure 3.3.1. The pumping light source was
multi-mode and non-polarized Helium-Cadmium laser operated on 325nm with
20mW. After reflected by three mirrors, the laser light was focus by a lens which focal
length was 5cm, to 0.1 mm in diameter and the luminescence signal was collected by
some lens. The probed light was dispersed by 0.32 monochromator (Jobin-Yvon
Triax-320) equipped with 1800, 1200, and 300 grooves/mm grating and which
maximum width of the entrance slits was Imm. The resolution was controlled in Inm
by selecting 300 grooves/mm grating and slit of 0.1 mm. We use long pass filter in

order to avoid the laser coupling with the PL spectrum.

3.2 Photoluminescence Excitation(PLE)

In PL measurement, which is performed at fixed excitation, is performed at fixed
excitation energy, the luminescence properties-are generally investigated. While PL
excitation (PLE) spectroscopy, which-is carried at fixed detection energy, provides
mainly information about the absorption properties. Apart from absorption and PL
experiment is widely used spectroscopic tool for the characterization of optical
transitions in semiconductors. It is very important to note that the PLE also depends
strongly on the different carrier relaxation processes. Nevertheless, in many cases it is
difficult to separate the influence of relaxation from that of absorption. The PLE
spectrum is strongly influenced by the relaxation depending on different samples.

The setup of PLE is shown in Figure 3.3.2.The pumping source of PLE was Xe
lamp with 450W separated by double-grating monochoramator ( Jobin-Yvon Gemini
180) and then coupled to samples at an angle about 45° by two focal lenses. We fixed
the detection energy of the spectrometer Triax 320, and changed the excitation energy

of Xe lamp from 300 nm to the band gap of each sample. At the exit of the
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spectrometer Triax 320, a high sensitive Hamamatsu photomultiplier tube (PMT) with

GaAs photocathode was placed to detect the luminescence signals.

3.3 Atomic Force Microscopy

Atomic force microscopy (AFM) images the surface of a sample by scanning a
sharp tip (10um in long and small than 10nm in diameter) over and measuring the
deflection of the tip. The fundametal setup of AFM is illustrated in Fig 3.3.3. A
piezoelectric controller moves the sample in x-y direction under the tip. The position
of the tip is measured by reflecting laser from the backside of the cantilever to a split
photodiode. Depending on the distance between the tip and the sample so that the
force acting on the tip is replusive, the AFM work in contact mode. In non-contact or
taping mode the tip is futher away from the sample and in the rigium of an attrative
froce [30]. The cantilever is set 10 vibration clese to its resonant frequency and change
in the surface morphology lead-to changes-in-the frequency, which can be measured

sensitively.

3.4 Rapid Thermal Annealer

The rapid thermal anneal (RTA) system were used to investigate the post-grown
thermal annealing effect, it was heatpulse 610i rapid thermal processing system. The
RTA temperature range is from 400°C ~ 1250°C and the duration of maximum time

up to 300 seconds.
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Fig. 3.3.2 The setup of PLE system
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Chapter 4 Optical Properties of InGaN Quantum Dots
4.1 Introduction

Recently, InGaN alloy is a potential material for realization of blue-green light
emitting diodes and laser diodes [1-3]. Quantum dot (QD) structure as active layers
could be applied in these optical devices to reduce the threshold current and enhance
emitting efficiency due to three-dimensional confinement of carriers and delta-like
density of state [4-5].

Moreover, in the fabrication process of optical devices, thermal annealing is an
important technique to improve their performance. For example, the growth
temperature of InGaN multiple quantum wells (MQWs) and p-type Mg doped GaN
layer is 780 °C and 1050 °C, respectively. After deposition of a p-typed Mg doped
layer, samples should be thermally annealed in N, ambient at 750 °C or higher to
remove hydrogen incorporation for activation of the Mg dopant to obtain higher
conductivity [31]. In order to achieve the-ohmic contact between GaN and metal,
thermal annealing at 450 °C to 950+ C is applied to lower the contact resistance [32].
However, the optical properties would be changed in the high temperature process.
Therefore, studies on post-growth thermal annealing will provide useful information
for us to design process procedures and adjust the desired emission wavelength. The
effects of thermal annealing on optical properties of InGaAs/GaAs and InAs/GaAs
quantum dots (QDs) have been widely investigated [33]. In InGaN QW, the effects of
thermal annealing on dot-like structures have also been studied [34]. However there
are few reports on optical properties of thermally annealed InGaN QDs grown by
three dimensional growth methods.

In this report, the characteristic of InGaN/GaN QDs with two different sizes have
been studied in their structure and emission properties by photoluminescence (PL)

and atomic force microscopy (AFM) measurement and theoretical simulation. Small
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QDs with apparent quantum confine effect exhibited blue shift on PL peak than the
larger QD. Theoretical simulation agreed with this result. The effects of thermal
annealing on optical properties of InGaN/GaN QDs were investigated by rapid
thermal annealing (RTA) system and PL measurement, When annealing temperature
increased from 650 ‘C to 950 °C, a red-shift followed by a blue-shift on PL peaks
emitted from InGaN/GaN QDs was observed. Theoretical simulation and temperature
dependent PL measurement were used to analyze the mechanism of the InGaN/GaN

QDs of thermal annealing.

4.2 Sample preparation

The investigated samples were grown on (0001) c-face sapphire substrates by
metal-organic chemical vapor depgsition (MOCVD). A 30-nm-thick low-temperature
GaN nucleation layer was grown at.550 °C followed by a 2-um-thick Si-doped n-GaN
underlying layer grown at 1000 °C. Before the, InGaN was grown, NH3 and diluted
Si,He were mixed to form SiNy on the GaN surface with the treatment time of 160 and
195 seconds for sample A and sample B, respectively. During the treatment time, the
SiNy film would form nano-masks for the subsequent InGaN QDs growth. Therefore,
the formation of InGaN QDs could be controlled by adjusting the treatment time of
SiNy. Finally, each sample was capped with a 10-nm-thick un-doped GaN layer. The
sample structures for un-capped and capped were shown in Fig 4.2.1(a) and Fig
4.2.1(b). To study the surface morphology on InGaN QDs, atomic force microscopy
(AFM) images of uncapped as-grown InGaN QDs were shown in Fig. 4.2.2 (a) and (b)
for sample A and sample B, respectively. The ultra-high density of InGaN QDs was
estimated to be about 3 x 10'' cm™ for both samples. The height/diameter of sample A
and sample B were 1.8 nm /35.2 nm and 2.9 nm / 30.5 nm. The QD size was enlarged

with increasing the SiNy treatment time.
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4.3 Surface morphology of InGaN QDs

The surface morphology of sample A and B were characterized by AFM. Scans
were performed over a surface area of 500 nm, using a digital instrument microscopy
with a sharp tip. In Fig 4.2.1 (a) and Fig 4.2.1 (b), AFM images of uncapped sample A
and B are shown. AFM images were performed over a surface area of 1umx lum. The
average lateral size and height of sample A are about 35.2 nm and 1.8 nm. As
increasing the SiNy treatment time, the QD sizes become larger, 1.8nm in height and
35.2nm in diameter for sampleB. The densities of different size QDs ere estimated to
increase approximated from 2.1x10"'em™and 2.9x 10" cm™. The ultra high density is
much larger than the dislocation density. This means that the main parts of the QDs

are free of defects. This is useful for achieving high efficiency emission.

4.4 Photoluminescence of InGaN.quantum dot with different sizes

PL measurement were excited byta He-Cd-laser and detected by a charge-couple
detector (CCD). The wavelength and pewer of €xciting source are 325 nm and 25 mW.
Fig 4.4.1 shows the corresponding normalized PL spectra at room temperature (RT)
for sample A and sample B. The dominant PL peak for two as-grown QDs are 434.4
nm (2.855 eV) and 472.3 nm (2.625 eV), respectively, witch show a clear red shift
with the duration of SiNy treatment. The SiNy treatment time and PL peak energies
with each sample are listed in Table 4.4.1. The red shift can be attributed by the
increasing the QD sizes due to quantum confined effects of low dimension structure.
In order to confirm our experimental results, energy states of QDs were solved by
self-consistent Schrodinger equation. From our simulation calculation,
three-dimensional confinement was taken into account for calculating the eigenvalues.
The transition energies were estimated to be 2.847 eV and 2.633 eV for sample A and

sample B, respectively. In Fig 4.4.1 the transition energy from ground state of
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conduction band to valance band witch is denoted by ecl-hh1 was demonstrated. The
deviation between the calculated and measured value was less than 39¢. Therefore,
the peak position of sample B with a red shift compared with sample A could result

from larger vertical size, thus decreasing quantum confine energy.

4.5 Optical properties of thermal annealing on InGaN QDs
4.5.1 Sample preparation

The post-growth thermal annealing effect on the optical properties was investigated
by PL measurement. He-Cd laser was used as an excitation source and the PL signal
was detected by a charge-couple detector (CCD). The wavelength and power of the
excitation source were 325 nm and 25 mW. To study the effects of thermal annealing
on the InGaN QDs, we prepare samiple A and sample B with the treatment time of 160
and 195 seconds, respectively.=As-grown samples were thermal annealed using the

RTA system at 650 °C, 750 °C, 850 "C;and-950, C in one minute.

4.5.2 Study of photoluminescence at different thermal annealing condition

The PL spectra for as-grown samples were shown in Fig. 4.2.3. The PL peaks of
sample A and sample B are 434.4 nm (2.855 eV) and 472.3 nm (2.625 eV) measured
at room temperature, respectively. The PL peak of sample B with a longer SiNy
treatment time exhibits a lower emission energy in comparison with sample A. PL
peak positions were extracted by Gaussian fitting to eliminate Fabry-Perot effect.
Figure 4.5.1 shows measured PL peaks of InGaN/GaN QDs for two samples annealed
at temperature from 650 “C to 950 °C in one minute. For sample A, thermal annealing
leaded to an obviously red-shift of about 18.6 meV until 750 °C. However, higher
thermal annealing temperature ranged from 750 °C to 950 °C caused a blue-shift of

29.4 meV. For sample B, a smaller red-shift of about 5.7 meV on the PL peak was
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observed followed by a blue-shift of about 26.9 meV.

4.5.3 The simulation of diffusion effect on InGaN QDs
The simulation was introduced to study the mechanism of PL peak shifting. The

diffusion length, a function of annealing temperature, was defined as [35],

Ly =Ly ) =

B

+1In4t Eq. (4.5.1)

where T is the annealing temperature, t is the annealing time and L, ) is an initial
boarding factor.

According to this function, increase of the annealing temperature can be seen as
increase of the diffusion length. Upon thermal annealing, indium diffuses out of the
QD into barriers. The sizes of QDs increase and the potential profiles change at the
same time. Both effects influence the tramsition energy. In Fig. 4.5.2, the simulation
result implied that the transition energy exhibited a red-shift then followed by a
blue-shift with increasing the diffusionlength; i.e. increasing the annealing
temperature. From the diffusion model; theipotential profile revealed that diffusion
occurred from the edge of QD at the beginning. The potential depth at the center of
QD remains almost unchanged but the QD size increases in the small diffusion length,
which reduced the quantum confined energy and resulted in a red-shift of the
emission peaks. As increasing the diffusion length, the decrease of the indium
composition and the barrier height resulted in a blue-shift of the emission peaks
gradually. PL peaks of sample A which has a smaller QD height subjected to thermal
annealing exhibited a larger red-shift than sample B. As the diffusion length was
increased, QD size was enlarged. The quantum confinement energy was proportional
to L, where L was the potential dimension. As a result, the decrease of quantum

confinement played a more important role in the small QD. Furthermore, another
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possible reason contributed to the red-shift of the peak positions was the reduction of
the compositional fluctuation after the thermal annealing [36]. Low miscibility
between InN and GaN leads to the segregation of indium. Diffusion from the In rich
region to the surrounding In deficient region could reduce the average composition in

the QD and contribute to a part of the red-shift of emission peaks.

4.5.4 Temperature dependent PL

Temperature dependent PL measurements provided us information about the
variation in size and potential after thermal annealing. Sample A (with a smaller QD
size in comparison with sample B) was annealed at 750 °C for nine minutes. The
temperature dependent PL results of the as-grown samples and annealed samples are
demonstrated in Fig. 4.5.3. The energy-shift was. taken to be zero at 20 K. In the
observation temperature ranged- from 20 to 300K, the as-grown sample exhibited a
total red-shift of 14.5 meV on PL peaks-which-was smaller than that of the annealed
sample (20.3 meV). Temperature dependent variation in the band gap energy could be
explained by Frohlich interactions which took into account the LO phonons coupling
with polar excitons [37]. Smaller QD had a stronger quantum confinement which
could compress the exciton Bohr radius. Compression of the Bohr radius made less
polarity of excitons and reduced the coupling with LO-phonons [38-39]. Therefore, a
larger red shift of the annealed QD sample in the temperature dependent experiment
confirmed that QD size increased after thermal annealing. Moreover, in Fig. 4.5.4,
thermal activation energy can be extracted based on the band tail model suggested by
Eliseev et al. as followed [40],

| 1

I, 1. an Eo
0 1+ Aexp(——=
TPy Eq. (4.5.2)

The activation energies, Ea, were estimated to be about 75.2 and 54.9 meV for
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as-grown and annealed samples, respectively. Decreasing in activation energy of the
annealed InGaN QDs indicated the less confinement of carriers due to the barrier
height decrease caused by the out-diffusion of the In atoms from the QDs.
Temperature dependent PL experiments further supported that thermal annealing

would increased QD size and decreased potential depth in the QD.

4.6 Conclusion

In conclusion, we have investigated the optical characteristic of ultra-high-density
InGaN QDs grown by MOCVD. AFM revealed that the extremely high density about
3x10" cm™ of QDs was obtained and the size of QDs was increased with the
duration of SiNx treatment. The PL peak energy was decrease with increasing the QD
size due to reduction of quantum confine. In addition, we have investigated effects of
thermal annealing on the optical properties of InGaN/GaN QDs by PL measurement
and theoretical simulation. A red-shift followed by ablue-shift of PL peaks of InGaN
QDs was observed as increasing the'annealing temperature. The variation of transition
energy was contributed to the enlargement of QD and reduction of barrier height. The
former contributed to a red-shift and the later contributed to a blue-shift of the
emission peaks. Finally, temperature dependent PL experiments further supported that

thermal annealing would increase QD size and decrease potential depth in the QD.
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Fig. 4.2.1 The InGaN QD sample structure (a) un-capped sample for AFM

measurement (b) capped sample for optical measurement
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Fig. 4.2.2 Surface morphology of as-grown InGaN QDs scanned by AFM
measurement. (a) Sample A: Small QDs with average height/diameter

( 1.8 nm/352 nm ) (b) Sample B: Large QDs with average

height/diameter ( 2.9 nm/30.5 nm )
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Fig. 4.4.1 The diagram of transition levels for sample A and sample B
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Sample A Sample B

SiNy treatment time (s) 160 195
QDs heiaght (nm) 1.8 3.2
Experimental PL peak
2.854 2.633
energy (eV)
Simulated PL peak
2.847 2.607

energy (eV)

Table 4.4.1 The summary of the growth condition along with optical properties for

sample A and sample B.
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Chapter 5 Optical Properties of a-plane InGaN/GaN Multiple
Quantum Wells on r-plane sapphire
5.1 Introduction

The quantum efficiency of light emitting diodes (LEDs) and laser diodes (LDs)
based on group-III nitride heterostructures is reduced due to the presence of built-in
electric fields on polar structure. This built-in electric field induces the quantum
-confined Stark effect in the quantum well. This effect decreases the radiative
recombination and reduces the oscillator strengths due to the separated wavefuction of
electrons and holes [41]. Recently, Nonpolar structure was applied to enhance the
internal quantum efficiency due to not affected by polarization effect based on the
bonding of Ga and N atom is along [1000] axis and orthogonal to the growth axis. As
a result the influence of the internal build-in electric field on the quantum well

direction can be neglected. Nonpolar structure was successfully developed by
growing [ﬁOO] oriented m-plane: GaN ‘on [100] oriented r-plane LiAlO, or [1150]

oriented a-plane GaN on [100] oriented r=plane LiAlO,. The structure of GaN/AlGaN
MQWs with m-plane orientation have been analyzed in the effects of built-in
electrostatic field in determining the properties of nanostructure structures [42].

In this thesis, InGaN/GaN MQWs were successfully grown on nonpolar structure.
A-plane and c-plane MQWs with the same growth condition were prepared to be
compared in their optical characteristic. The presence of obvious power-depend
blue-shift on PL peak was observed for c-plane MQWSs, whereas less shift was
observed for a-plane MQWs. Furthermore the superlinear relation between excitation
power and luminance intensity was studied. The direct proportion relation was shown
in the result of a-plane MQWs, but superlinear was relation shown in that of c-plane

QWs. The superlinear relation can be recognized that the nonradiative process
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resulting from built-in electric field is screen by photon injected carriers. However, in
a-plane MQWs, the polarization does not affect in the direction of well resulting in
direct proportion relation.

On the other hand, in InGaN system, exciton localization phenomenon was a
unique characteristic [43-44]. The low miscibility between InN and GaN or phase
separation leads to spatial In segregation. The potential fluctuation result in localized
state which would trap carrier and help to enhance luminance efficiency. In section
5.2, we investigate the localization effect on a-plane InGaN MQW using temperature
dependent PL and PLE. Low temperature PL spectrum exhibited two dominant peaks
in a-plane MQW. The apparent thermal quenching on high energy peak, whereas the
luminance of low energy one maintain even until room temperature. And the lager
stoke shift in a-plane MQW than ¢3plane MQW was addressed by PLE measurement.
Those phenomenon demonstrated.that the localization effect obviously appear in

a-plane InGaN MQW.

5.2 Polarization effects of c-plane and a-plane InGaN MQW
5.2.1 Sample preparation

The 5-period GaN/InGaN MQW samples were simultaneously grown on a-plane
GaN/r-plane sapphire and c-plane GaN/c-plane sapphire template layers in
metal-organic chemical vapor deposition (MOCVD) reactor. Trimethylgallium,
ammonia and disilane were the precursors used to GaN growth. The buffer layer was
grown at 550°C and the epilayer was grown at 1050°C. After the deposition of GaN
template structure InGaN MQWs were grown at 856°C and 845°C for two sets of
samples. We took two sets of samples (A1, C1 and A2, C2) to compare their optical
properties. Samples Al and C1 are MQWs deposited on a-plane and c-plane GaN

template at 856°C. And A2 and C2 were grown on the other equitant condition 845°C.
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5.2.2 Room temperature photoluminescence spectra

The optical characteristic of the a-plane InGaN/GaN MQW samples were evaluated
with a 24mW He-Cd laser operated at 325nm. The laser beam was collimated to a
spot of 100um in diameter. Figure 5.2.1 shows the corresponding PL spectra at room
temperature for each one. The dominant peak energy (wavelength) for sample A1, C1,
A2, C2 is 3.089 eV (401nm), 3.153 eV (393nm), 3.028 eV (410nm) and 3.058 eV
(405nm), respectively. The PL peak of those samples and growth temperature are
listed in Table 5.2.1. PL spectra show the lower growth temperature, the longer PL
peak wavelength. The reason was In tend to thermally diffuses out in higher growth
temperature. The PL intensity of a-plane samples were one order magnitude lower
compared with c-plane samples. In the PL spectra, the weaker PL intensity of sample
Al in compare of other c-plane samples reveals the presence of GaN emission at 3.4
eV. A-plane MQW exhibited- lower intensity .and broader half of full width.
Furthermore yellow band emission} was-observed - especially for a-plane MQWs.
Those behaviors can be explained related to high density of structure defects and
surface roughness [45]. In Figure 5.2.3 dislocations on sample Al are seen as
sharp-triangular lines propagating parallel to the substrate. These pits are the general
from of V defects, which are observed in c-plane InGaN alloy customtly. For a

c-plane film, the V defect is an open, inverted pyramid bound by the pyramidal [1050]

facets. In the nonpolar orientation, V defect appears as a < defect.

5.2.3 Power dependent photoluminescence

In order to observe the influence of built-in electric field on a-plane and c-plane
MQW, the power dependent PL measurement was demonstrated. Figure 5.2.4 shows
RT PL spectra for sample C2 as shown in Figure 5.2.4 (a) and sample A2 as shown in

Fig. 5.2.4 (b) of InGaN/GaN MQW from 32uw to 22mW. The PL peaks of sample C2
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undergo a clear blue shift with increasing power density. But PL peaks of sample A2
exhibit less dependence on excitation power density. The power dependent PL peak
shifts from 1.63 W/cm? to 293W/cm? are shown in Fig. 5.2.5. The total shifts of four
samples are about 5.5 meV, 13.2 meV, 7.49 meV and 33.02 meV for Al, C1, A2 and
C2, respectively. C-plane samples with obviously blue shifts are attributed to the
presence of larger built in electric field as the best-known. In particular, a-plane
samples show a little blue shift indicates the reducing built-in field existing in a-plane
samples, e.g. growing along nonpolar direction and less influenced by internal
polarization. The larger shifts in C2 than C1 and A2 than Al are due to larger
strain-influenced internal field. It is prospered that larger strain inducing field resulted
from higher In composition. In addition, the excitation power dependence on
luminance intensity is analyzed by room temperature dependent PL. Figure 5.2.6
shows the relation between excitation power and luminance intensity for both A2 and

C2. In the case of c-plane MQWs, the Superlinear relation (I~P'**

) is demonstrated;
whereas in the case of a-plane sample; the luminance intensity increase linearly with
power density (I~P'%"®). The superlinear relation is due to decreasing
nonrecombination process screen with photo-injected carriers. In other words, the
total internal field is reduced by accumulating carriers in one side of triangular
potential when we increase excitation power density which is well know as screen

effect. Therefore, it can be concluded that nonrecombination resulted from QCSE

play a minor role in nonpolar structure.

5.3 Investigation of localization effect in a-plane MQW
5.3.1 Low temperature and temperature dependent photoluminescence
To further study the emphasis of localization effect on our samples, temperature

dependent PL was applied. The low temperature PL spectra of four samples at 20k are
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shown in Fig 5.3.1. The spectra show two separated peaks for a-plane MQWs
obviously. Two peaks for Al and A2 are at 3.189, 3.295 and 3.138, 3.246,
respectively. The observation of separated two peaks is suggested due to localized tail
states. Typically, so-called localized states originated from spatial In segregation. For
[II-V semiconductor, the recombination of localized exciton at the potential minima is
responsible for the luminance mechanism. In InGaN alloy, the possible origin of the
In rich disorder are likely due to the defect-resistance nature [46]. The defective
structures consists V-defect structure with threading dislocation (TD). They are
observed associated with In-rich cluster witch is responsible for the localization effect.
The evidence and behavior of exciton localization in our investigation will be
discussed later.

Fig 5.3.2 illustrates the temperature dependent'PL spectra. At 20K, the two peaks
reveal almost equal intensity. However, theshigh energy peak exhibits remarkable
thermal quenching. After 160Ky it hardly-can-be recognized, but lower energy peak
dominate the luminance until room temperature. In general case, the temperature
dependent quench in luminance can be explained by thermal emission of the carriers
with activation energy out of the confining potential. Since activation of high energy
peak is measured about 27meV and much less than the band offsets of conduction
or/and valance band, the thermal quenching effect is not resulted from the carriers run
out of the well into barrier. Otherwise, the most possible reason related to the
luminance mechanism 1is originated from potential fluctuation. The higher energy
peak is suggested due to the localization state with deep potential. At low temperature,
excitons are randomly trapped by the spatial localized state. As increasing
temperature, the thermally activated excitons obtain energy then delocalizated. Finally,
they can be trapped by the nonrecombination center during transfer or relax in deeper

potential minima. As a result, the high energy peak experience fast quenching and low
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energy peak contribute the dominant luminance at high temperature as we observed.

5.3.2 Photoluminescence Excitation

Photoluminescence excitation (PLE) can provide us the information of absorption
spectrum and understand the distribution of energy state. Our PLE spectra along with
PL measurement of four samples are shown in Fig.5.3.3. The measurements are
carried out at 20K in order to get efficient luminance. The dispersed light comes from
the monochrometer in front of a Xe lamp with continuous radiation. All of the PL
spectra are measured by the excitation of dispersed light at 325nm come from Xe
lamp. Acquire for the quantitative comparison, all of the PLE spectra are normalized
to unity at their maximum. In order to analyze the Stokes’ shift defined as the
difference in energy between thg effective band gap and the emission peak energy, it
is essential to have an accurate‘ description‘of the ‘absorption edge that includes the
effects of broadening. A PLE measurement-was performed to get the absorption edge,

Martin et al. suggested that by fitting the PLE:spectra to the sigmoidal formula

I(E) = L,

1+ exp(M) Eq. (5.2.2)
AE
where Ipis the maximum intensity, Eeff is the effectve band gap, AE is the boarding
factor which is related the distribution of absorption state. In Fig 5.3.3, a sharp peak
for each sample at about 3.49¢V is the signal from GaN barrier, clearly seen for all the
PLE spectra. As can be seen at low temperature PL spectra exciting by He-Cd laser,
two separated peaks also presented at the excitation of Xe lamp. Now we focus on the
low energy peak because it dominant in the luminance mechanism from 20K to 300K.
The experimental and fitting results are list in table 5.3.1. The stoke shift of Al, CI,
A2 and C2 are 236, 341, 224 and 275meV, respectively. The Stokes shift in the

InGaN QW is resulted from the separation of wavefunction overlap due to the built-in
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internal field and the presence of localized states [47-48]. From the above observation,
the power dependent experiments indicate the influence on built-in internal field can
be neglected in a-plane QW. Furthermore, in the same growth condition, the
observations show that a-plane sample exhibited larger stokes shift than c-plane
sample. This phenomenon indicates obvious localization effect in a-plane samples and
the result may be corresponding to the behavior of defect associated with In rich

disordered clusters reported for polar [0001] InGaN/GaN QWs [46].

5.4 Conclusion

In conclusion, the optical properties on polarization effect of a-plane InGaN/GaN
MQWs and c-plane MQWs were investigated. Compare with c-plane MQWs, a-plane
MQWs exhibited less power dependent blue shift due to not effected by quantum
confine stark effect (QCSE). Mereover, the pewer,dependent luminance intensity was
demonstrated, too. The superlingar reldtion (I5P1'446) of c-plane MQWs revealed the
recombination efficiency increasé by gradually screen of the bending potential. But

1978 in a-plane sample indicated the flat band structure

the proportion relation (I~P
witch agrees with the absence of the build in field along the direction of QWs.

Finally, the localization effect of a-plane MQWs was investigated by temperature
dependent PL and PLE experiment. We observed two separated peaks at 20k in
a-plane sample; whereas only one peak in c-plane sample. In a-plane sample, high
energy peak experience dramatic thermal quenching but low energy peak kept the
luminance until room temperature. This temperature dependent experiment indicated
the low energy peak result from the localization state with stable luminance efficiency.

Analysis of PLE experience show the apparent stoke shift also conclude the obvious

localization in a-plane MQWs.
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Fig. 5.2.1 Room temperature PL of sample A1,C1,A2 and C2

pL peak Growth T
Al 3.089 eV
856 °C
C1 3.153 eV
A2 3.028 eV
845 C
C2 3.058 eV

Table 5.2.1 List of PL peaks and the growth temperature
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PL peak (eV) Eg (eV) Stoke shift (meV) |A E (mev)
Al 3.210 3.446 236 14
A2 3.088 3.429 341 33
C1 3.168 3.392 224 61
C2 3.036 3.311 275 65

Table 5.3.1 Experimental and fitting factors of PLE measurement of a-plane and
c-plane InGaN/GaN MQWs
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Chapter 6 Trenched laterally over-grown a-plane GaN with low

dislocations density

6.1 Introduction
The quantum efficiency of light emitting diodes (LEDs) and laser diodes (LDs)
based on group-III nitride heterostructures is reduced due to the presence of built-in
electric fields. The polarization-related electric fields contributed by the spontaneous
and piezoelectric polarizations cause electron and hole separation in quantum wells
that lead to inclining of band structure, poor recombination efficiencies, reduced
oscillator strength, and red shift in emission wavelength. The spontaneous and
piezoelectric polarizations paralleled to [0001] ¢ direction of GaN based devices are
caused by the arrangement of atoms and strain in MQW, respectively. As a result, the
performances of Ill-nitride devices, arerlimited by the polarization-related internal
electric fields.
Without polarization effects, non=polar-GaN‘is currently the subject of intense
research due to the potential to improve the internal quantum efficiency (IQE) of GaN

optoelectronic devices. To eliminate such polarization effects, growth along nonpolar
orientations has been respectively explored for [1120] a-plane GaN on
[1012]r-plane sapphire [49] and a-plane SiC, [50] and [1010]m-plane GaN on [100]
LiAlO; substrates [51-52]. According to the recent studies of a-plane and m-plane
AllnGaN based quantum wells demonstrate that it is possible to avoid such
polarization fields effect by growing device structures along these nonpolar
orientations.

However, nonpolar a-plane GaN base material grown on r-plane sapphire
substrates which always accompany with a wavy, stripe-like growth feature possess a

large density of threading dislocations and stacking faults. It is as result of the serious
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aniostropic in-plane strain between different crystal axis [13]. Recently, successful
epitaxial lateral overgrowth (ELOG) of a-plane GaN on r-plane sapphire has been
reported. ELOG not only improves significantly the material quality by reducing the
density of threading dislocations but also alleviates the strain-related surface
roughening and faceting [14]. Despite the ELOG assisted morphology and quality
improvements in a-plane GaN over r-plane sapphire, the study of the epilayer quality
and dislocations distribution in the ELOG epilayer is quite not lucid. In this letter, we

successfully improve [1120] a-plane GaN quality by using TELOG and the optical

and structural properties is presented explicitly.

6.2 Sample preparation

Fig.6.2.1 shows the flow chart'of the process sequence of the a-GaN template and
subsequent TELOG. At first, the a-plane GaN templates with 1.5um thickness were
grown with low pressure-metalorganic vapor. phase.epitaxy (LP-MOVPE) on r-plane
ALO; substrates using conventional® two-step growth technique. After a serial of

conventional photolithography techniques, a 2 um/18 um (window/wing) TELOG
stripe pattern orientation was chosen parallel to the [1100]direction to realize
vertical C-plane sidewalls. Mask patterning was followed by etching of SiO, using
inductively coupled plasma etching through the windows to the GaN epitaxial film.
GaN stripes were etching through the mask openings, down to the r-plane sapphire

substrate, thus forming Ga-face [0001] and N-face[000 1] planes on the sidewalls and

exposed r-plane sapphire at the bottom of the trenches by reactive ion etching. To
simplify the growth process, the SiO, mask was removed by hydrofluoric acid and
followed by depositing a-plane GaN TELOG film using single-step growth process.
The growth condition in this study were described as follow: growth temperature
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~1190°C low pressure and low V/III ratio, ~700-800.

6.3 SEM image

To observe the growth behavior and mechanism, we stop the process before
coalescence. As shown in Fig.6.3.1, the Cross-sectional SEM images of TELOG by
MOCVD, the Ga-face growth rate was faster than N-face growth rate with a thin GaN
layer about 0.2um grown on the bottom of the trenches. The thin GaN layer will
influence the quality and growth of TELOG. Furthermore, the influence by the thin
GaN layer to Ga-face is more obvious than N-face so that the ratio of Ga-face growth
rate / N-face growth rate is about twice, not as high as the reports of UCSB, an order

of magnitude [15].

6.4 High-resolution X-Ray measurement
High-resolution X-Ray rocking curves, as shown in Fig.6.4.1, revealed that the
a-plane GaN templates posses a serious anisotropic structural characteristics: the

FWHM of as-grown a-GaN 1.5 pum bulk layer in [1100] direction is almost twice as

large as that in [0001] direction. It shows that the strains between the different crystal
axis, for instance c-axis and m-axis, are quite different and enhance the formation of
line defect. Moreover, the surface geometry becomes a wavy, stripe-like growth
feature while the nucleation layer was not optimized or the thickness is thicker and
thicker as result of some pits on the thin film. However, after lateral overgrowth, the

stresses of TELOG layer were released in both c-axis and m-axis and thus the crystal
quality was enhanced especially in the [1100] direction so that the FWHM was

reduced from 1810 arcsec to 351 arcsec. On the other hand, since the strip of the
TELOG layer did not coalesce, we observed obvious wing tilt phenomenon along
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[0001] direction which leads to the X-Ray rocking curve broadening effect. Unlike
the symmetric wing tilt in c-plane TELOG GaN [53-54], the wing tilt in a-plane
TELOG GaN is asymmetric so that the X-Ray rocking curve shows the asymmetric
profile. This results in asymmetric overgrown wings [55] which possess the different
lateral growth rates of the window GaN in the [0001] and the [0001] directions.
Although the FWHM was only reduced from 973 arcsec to 816 arcsec, the quality
would be better while the TELOG film fully coalesced and without wing tilt

phenomenon.

6.5 Micro-photoluminescence measurement

This phenomenon was confirmed by micro-photoluminescence (u-PL) of a-plane
TELOG. We use a scanning near-fieldgoptical microscope (SNOM) to scan a 25
. umx25 um confocal image. The sample is excited by a He-Cd laser operating on 325
nm with 25 mW. Using a 40 x objective, He-€d laser is focused into a spot with 1 um
in diameter on sample. The photoluminescence is collected in a fiber with 25 um in
the diameter and detected by a Photo Multiplier Tube (PMT). Furthermore, u-PL
spectra is dispersed by a 320mm monochromator (Jobin-Yvon Triax 320). The
wavelength resolution is about 1nm by using 300 grooves/mm grating and the slit of
0.1 mm. Although the Fabry-Perot effect make the multi peaks be found in the pu-PL
spectra, we still can ascertain the quality of GaN by the u-PL intensity. As shown in
Fig.6.5.1, five different regions were easily distinguished in the TELOG sample.
Comparing the pu-PL data with SEM image, the stripped a-GaN seed stands at region
2 and the best crystal quality area, region 1, the strongest p-PL intensity area, stands
at the N-face GaN wing. On the contrary, the worst crystal quality area, region 5, the

lowest u-PL intensity area, stands at the un-coalesced widows region so that a-GaN
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can grow on r-sapphire without nucleation layer but has a very texture surface and not
thicker than 0.3 um as Fig. 2 shows. Another good quality area, region 3, stands at the
initial region of the Ga-face GaN Wing, region 4. We suggest that the crystal quality
of Ga-face GaN possesses higher growth rate easily is effected by the thin a-GaN
layer grown in the un-coalesced windows but not obviously at the beginning of

re-growth while the thin a-GaN layer was not formed.

6.6 Cross-sectional transmission electron microscopy (TEM) measurement
The distributions and types of dislocations were investigated by cross-sectional

transmission electron microscopy (TEM) shown as Fig.6.6.1. According to the
g=(1120) and g=(0002) two beam bright field images, most of the threading

dislocations are in contrast in both of the.g=(4120:) and (0002) two beam condition,
indicating that these dislocations are mixed a+c type-dislocations. The distribution of
dislocations fully consists with the u-PL results. The threading dislocations densities
(TDD) of stripped GaN seed were more than 1x10'° cm™. TDD of Ga-face GaN wing
which was influenced by the thin layer is about 3x10® cm > and TDD of N-face GaN
wing about 3x10” ¢cm 2, three orders of magnitude lower than planar films, is not
influenced as obviously as Ga-face GaN wing. This is a stronger evidence to support
the suggestion that Ga-face GaN is easier to overgrowth and is influenced by the thin
GaN layer on the bottom of trench. As a result, a better quality a-plane TELOG GaN

can be established on a pattern into the sapphire surface over 0.3 um depth.

6.7 Cathodoluminescence (CL) image
To realize the relationship of optical property and TDD, the Cross-sectional

Cathodoluminescence (CL) image of a-plane TELOG was photographed, shown as
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Fig.6.7.1. The CL intensity distribution is almost the same as the results
investigated by TEM. So that the dislocations still perform as the non-radiative center
in a-plane GaN film and become the principle problem what should be solved
immediately. According the above results, we perform the same process with a 3
um/7 um stripe pattern, shown as the Fig.6.7.2. The coalescence process can fully be
completed below 10um, it is a useful technique to overcome the thickness problem
that ELOG always need more than 30um to fully coalescence. The FWHM of X-Ray
can be reduced to 385arcsec in [0001] and 260arcsec in [1100] direction without

wing tilt phenomenon.

6.8 Cnclusion

In conclusion, the quality of a-plane|/GaN film was successfully improved by
using TELOG and the TDD- can be reduced. Meanwhile the phenomenon of
anisotropic in-plane strain between "different-crystal axis also can be mitigated by
TELOG. Furthermore, the best quality "area stands at the N-face GaN wing. The
Ga-face GaN is easier to overgrowth and is influenced by the thin GaN layer on the
bottom of trench. According the results of PL, TEM, and CL, the threading
dislocations are the mainly non-radiative center in a-plane GaN film. Finally, we
conclude that a narrower stripped GaN seeds and deeper stripped patterns etched into
the surface of sapphire can derive a better quality a-plane TELOG GaN film and the

all coalescence process can be finished below 10um thick.
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Chapter 7 Conclusion and future work
7.1 Conclusion

We have studied the structure and optical characteristic for two kinds of
nanostructure. The first part is InGaN/GaN quantum dots (QDs) and the second part is
a-plane InGaN/GaN multiple quantum wells (QWs) on r-plane sapphire. The
conclusions are demonstrated as follows:

First, we have showed a new way to grow the InGaN QDs of different sizes on
SiNy nanohole. With increasing SiNy duration time, we obtain larger size of QDs. The
PL peak energy was decrease with increasing the QD size due to reduction of
quantum confine. The simulation of transition energies are agreed with the PL
measurement. On the other hand, we have investigated effects of thermal annealing on
the optical properties of InGaN/GaN,QDs by PL measurement and theoretical
simulation. A red-shift followed'by a blue=shift of PL peaks of InGaN QDs was
observed as increasing the annealing temperature.- We also provide a theoretical
simulation to analyze the mechanism of the-InGaN/GaN QDs of thermal annealing.
The results indicate that the variations ofitransition energies were contributed to the
QD size enlargement and barrier height reduction. The former contributed to a
red-shift and the later contributed to a blue-shift on the emission peak energy. Finally,
temperature dependent PL experiments further supported that thermal annealing
would increase QD size and decrease potential depth in the QD.

Second, the optical properties on polarization effect of a-plane InGaN/GaN
MQWs and c-plane MQWs were investigated. Compare with c-plane MQWs, a-plane
MQWs exhibited less power dependent blue shift due to not effected by the
polarization effect. Moreover, the power dependent luminance intensity was
demonstrated, too. The superlinear relation (I~P'**®) of c-plane MQWs revealed the

recombination efficiency increase by gradually screen of the bending potential. But
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the proportion relation (I~P'%"®

) in a-plane sample indicated the flat band structure
witch agrees with the absence of the build in field along the direction of QWs. In
addition, the localization effect of a-plane MQWs was investigated by temperature
dependent PL and PLE experiment. We observed two separated peaks at 20k in
a-plane sample; whereas only one peak in c-plane sample. In a-plane sample, high
energy peak experience dramatic thermal quenching but low energy peak kept the
luminance until room temperature. This temperature dependent experiment indicated
the low energy peak result from the localization state with stable luminance efficiency.
Analysis of PLE experience show the apparent stoke’s shift also conclude the obvious
localization in a-plane MQWs.. Finally, The trenched lateral epitaxial overgrowth
(TELOG) GaN structure was introduced to overcome the high defect density. The

2
and

Ga-face GaN wing which was influenced by the'thin layer is about 3x10® cm™
TDD of N-face GaN wing about 3x10” cm % three-orders of magnitude lower than

planar films TLEO method was developed-successfully and reduce the defect density.

7.2 Future work

Although we have successfully developed nonpolar structures and measured the
optical characteristics. The defective structure due to the asymmetric strain is hardly
overcome on the template a-plane GaN on r-plane sapphire. We hope TLEO method

can be applied in the growth of MQWs in the future.
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