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Abstract
In this thesis, the optical characteristics ‘and internal quantum efficiency (IQE) of
InGaN/GaN multiple quantum well (MQW) light emitting diodes (LEDs) has been studied.

And the study consists of two topics as following:

(i) Optical properties of InGaN/GaN multiple quantum well light emitting diodes
grown on sapphire substrate with different misorientation angle

The optical properties of InGaN/GaN MQW LEDs grown on sapphire substrate with
different misorientation angle toward [1120] direction have been studied by temperature
dependent PL and time resolved photoluminescence (TRPL), u-PL and excitation power
dependent PL. From room termperature PL results, we observed the full width at half
maximum (FWHM) of spectra decreases as misorientation increases from 0° to 0.2°, but it

increases as misorientation angle increases above 0.2°. The emission energy mapping images

il



of pu-PL indicate that the fluctuation of emission energy in InGaN QW is influenced by the
misorientation angle of sapphire substrate. The temperature dependent PL results shows the
strong carrier localization effect, i.e., s-shaped temperature dependence of the PL emission
energy, and it is strong dependence on sapphire substrate misorientation angle. And the
sample grown on 0.2° sapphire substrate exhibits the weakest carrier localization effect and
has smallest effective barrier of localized states. Moreover, the recombination dynamic of
carriers and the dimensionality of nanostructure in InGaN/GaN QW have also been studied by
temperature dependent TRPL measurement. The power dependent PL was performed to
analyze the degree of band filling. Adl results indicate that the degree of potential fluctuation
in InGaN/GaN MQWs can be decreased by using sapphire substrate with misorientation angle

of 0.2°.

On the other hand, the material properties of samples have been investigated by atomic
force microscope (AFM), high resolution transmission electron microscopy (HRTEM), high
resolution X-ray Diffraction (HRXRD) and Raman spectroscopy. The results show the
dislocation density in LED can be decreased by using sapphire substrate of 0.2° and thus
improves the homogeneity of InGaN/GaN MQWs. Moreover, the output power of LED is

increased by approximately 30 % by using sapphire substrate with misorientation of 0.2°.

iv



(if) Physical mechanisms of excitation power dependent internal quantum efficiency
in InGaN/GaN multiple quantum well light emitting diodes

This research intends to investigate the physical mechanisms of excitation power

dependent internal quantum efficiency (IQE) in InGaN/GaN MQW LEDs at temperature of

15 K and 300 K. The dependence of the IQE on excitation power density has been observed.

From a detailed analysis of excitation power dependent emission energy, FWHM of spectra

and carrier recombination dynamic by time-resolved PL (TRPL), we confirm the variation of

IQE with increasing excitation power is due to coulomb screening of quantum confined Stark

effect (QCSE) and band-filling of localized states in InGaN/GaN QW. Moreover, at

temperature of 300 K and low excitation power.density, the nonradiative recombination has to

be taken into account.
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Chapter 1 Introduction

1.1 The development of InGaN/GaN LEDs

In recent years, GaN based semiconductors and related heterostructures have been
attracting much attention due to their tremendous potential for fabricating light emitting

diodes (LEDs) and laser diodes (LLDs) that operate from visable to ultraviolet energy range.

In early research of GaN based material, due to the lack of advanced epitaxial technique
and appropriate substrate with match lattice constant and thermal coefficient to GaN, the
growth of high crystal quality GaN is_very difficulty. In general, sapphire (Al,O3) is the most
commonly used substrate for the growth of III-nitride materials because of its advantages such
as cheaper than SiC and GaN, high hardness; and the free of absorption for the green to
ultraviolet energy range. But due to the large mismatch of lattice constant (15%) between
GaN and sapphire, huge density of threading dislocations up to 10° cm™ present in nitride
layers, deteriorating the surface morphology and crystal quality of GaN and active layers
[1][2][3]. The issue of high dislocation density was not solved until 1983. S. Yoshida et al.
used AIN as nucleation buffer layer on sapphire substrate, and the crystal quality of GaN films
was improved [4]. Later, in 1986, the crystal quality of GaN was further improved
successfully by using AIN nucleation buffer layer with metal-organic chemical vapor

deposition (MOCVD) technique [5]. In 1991, S. Nakamura, the staff of Nichia Chemical



Industries, used low-temperature growing amorphous GaN thin films as nucleation buffer
layer to replace AIN nucleation buffer layer, and mirror-flat GaN thin films were obtained

under high-temperature growing [6].

On the other hand, p-n junction structure is necessary to perform optical devices. For
n-type GaN, it could be easily achieved with an n-doping level of 1x10" ~ 2x10" ¢cm™ by Si
dopant atoms. But for p-type GaN, due to unintended doped GaN is n-type semiconductor,
how to compensate high background carrier concentration to grow p-GaN is a big challenge.
In 1989, this bottleneck was first broken through by Akasaki ef al. [7]. They used CP,Mg as
dopant and low energy electron b¢am irradiation (LEEBI) treatment to activate Mg atoms. A
hole concentration of 1x10'" and-a low resistivity of 12 Q-cm were obtained, respectively. By
this method, first GaN p-n junction' LED. was obtained. Three years later, S. Nakamura used
treatment of thermal annealing in a N, ambient at temperature above 700° to replace LEEBI
treatment, the Mg-doped GaN with p-doping level of 3x10'™ cm™ and a resistivity of 0.2

Q-cm was obtained [8].

After successfully growing p-type GaN, S. Nakamura proposed a first InGaN/GaN
double heterojunction (DH) blue LED in 1993 [9]. After this, it attracted much attention

around the world, then several groups join to study GaN based material.

Along with the progress of epitax technology, the high quality of GaN film has been



obtained. Moreover, breakthrough of doped technology makes III-Nitride compound material
wide develop. Especially, using InyGa; 4N as active layer is a major role to produce optical
device, because its energy bandgap can be controlled from visable to ultraviolet energy range.
Moreover, the high performance blue InGaN/GaN MQWs LEDs and laser diodes (LD) have

been demonstrated [10][11].

1.2 Motivation

The InGaN/GaN material system has attracted much attention due to their tremendous
potential for fabricating light emittingsdiodes.operated from visable to ultraviolet energy
range. In spite of this striking advanced technology, the emission process of this materials

system is still under debate.

Generally, GaN-based LED grown on c plane (0001) sapphire substrates, but due to the
large mismatch of lattice constant between GaN and sapphire, huge density of threading
dislocations up to 10° cm™ present in nitride layers, deteriorating the surface morphology and
crystal quality of GaN and InGaN active layers [1][2][3]. To solve the issue, several groups
have proposed many growth methods to improve it, such as epitaxial laterally over-grown
(ELOG) and lateral epitaxial patterned sapphire (LEPS) [12][13]. And some groups have
studied the influences of using sapphire substrate with slight misorientation toward [1120]

direction on growth of GaN [14][15][16][17]. From their AFM and XRD results, the



improvement of the crystal quality and the surface morphology of GaN by using sapphire
substrate with slight misorientation angle have been observed. However, the optical properties
of InGaN MQW LEDs grown on sapphire substrate with different misorientation angle have
not been studied so far. The influences of misorientation angle on optical properties of InGaN

QW are still unclear.

In this work, the optical properties of InGaN/GaN LED using sapphire substrate with
misorientation angle of 0", 0.2°,0.35°, 1 toward [1120] direction have been studied. From
temperature dependent PL measurement, the anomalous emission energy shift as function of
temperature, which is so-called S=curvejrhas<been’.observed [18]. By using Eliseev et al.
proposed model [19], the degree of potential fluctuation of InGaN as function of
misorientation angle has been characterized. Moreover, the recombination dynamic of carriers
and the dimensionality of nanostructure in active region have also been studied by
temperature dependent TRPL measurement. On the other hand, material properties of our
samples were studied by AFM, HRTEM, HRXRD and Raman spectroscopy. And the analyzed

results agree with the results observed in optical properties measurement.

On the other hand, to improve the performance of LED, it is very important to know
what physical mechanisms affect the IQE in this material system. S. Watanabe et al. propose a

method to determine IQE by performing excitation power density and temperature dependent



PL [20]. In their article, the variation of IQE of InGaN/GaN LEDs with increasing excitation

power at 11 K and 300 K has been observed. But they did not say any thing more to explain

what physical mechanisms occur in it. For this study, we used their method to determine IQE

of InGaN/GaN MQW LEDs and also observed that the IQE changes with increasing

excitation power density. By investigating the excitation power dependent emission energy

and FWHM, carrier dynamics by TRPL measurement, the physical mechanisms of power

dependent IQE for InGaN/GaN LEDs have been confirmed.

This thesis consists of two topics, and is organized in the following way: In chapter 2, we

give some theoretical backgrounds and characteristics about InGaN/GaN QW structure. The

experimental setups and theory are stated in chapter 3..In chapter 4, we present the experiment

results and discuss for optical properties_of InGaN/GaN MQW LEDs grown on sapphire

substrate with different misorientation angle. In chapter 5, we present the experiment results

and discuss for physical mechanisms of excitation power dependent IQE in InGaN/GaN

MQW LED:s. Finally, we give a brief summary of the study in chapter 6.



Chapter 2 Theory & Characteristics of InGaN/GaN multiple
guantum well structure

2.1 Quantum confinement effect in semiconductor nanostructure

If we make very small structures in a crystal that dimension is compared to the
wavelength of the particle, the quantum confinement effect is appeared. In such small
structures, the motion of a particle can be confined in one or more directions in space. When
only one dimension is restricted while the other two remain free, we talk about a quantum
well. When two dimensions are restricted, we talk about a quantum wire. When the motion in
all three dimensions is confined, we:talk about,a quantum dot. And the density of states
(DOS), which is number of allowed. electron energy states per unit energy interval around an

energy E, is dependent on dimensions-of structure, as-following:

gip(E)= (for bulk structure) (2.1.1)
2,,(E) = Sﬂhijz OE-E,,] (for quantum well) (2.1.2)
gp(E)= —\/7;; Gi/(g ((5 )) I((g i ]]) (for quantum wire) (2.1.3)
gop(E)=2 25[(Ex)n +(E)), +(E.), — E] (for quantum dots) (2.1.4)

n,m,l

The Fig. 2.1.1 shows the DOS as a function of energy for different dimensions of

structure. The optical properties of material will be changed as DOS varies. For example, for

bulk semiconductors, the presence of excitons has been identified only at cryogenic



temperatures, becasues an exciton has a small binding energy and electron-phonon interaction,
at higer temperatures may easily annihilate the exciton into free electrons and holes. However,
in low dimensional structures one can observe excitonic effects at much higher temperatures
because the spatial confinement results in smaller dimensions and thus a larger exciton
binding energy. Moreover, low dimensional quantum structures have been most beneficial for
semiconductor laser diodes, leading to low threshold current, high power, and weak

temperature dependence devices.

2.2 The localization effect in InGaN/GaN quantum well structure

GaN based quantum confined structure:such.as InGaN/GaN MQWs have been actively
studied for several years. In spite of theérlatticel constant and thermal coefficient mismatch
between sapphire substrate and GaN layer resulting related high dislocation densities up to
10° em™, the optical device using such nanostructures still exhibit a high quantum efficiency.
In conventional LEDs using InGaAs/GaAs QW as an active layer, such a high density of
dislocations would severely degrade the radiative efficiency. By several groups’ research, it is
widely accepted that the high quantum efficiency of InGaN-based quantum confined
structures is due to the excitons localized at certain potential minima, which is called exciton
localization effect [21][22][23][24][25][26][27]. Exciton localization effect is induced by

compositional fluctuation and phase separation observed in InGaN layers, which is resulted



from large discrepancy in atomic size between indium and gallium, and the large lattice

mismatch of 11% between InN and GaN [28][29]. Moreover, the degree of localization effect

is influenced by thickness, indium composition and doping level of InGaN QW. If the

self-formed indium-rich clusters and/or quantum dots due to compositional fluctuation and

phase separation is formed in InGaN/GaN quantum wells, they would cause appreciable

localization of the electron and hole wavefunctions. If the carriers are highly localized, the

pathways of nonradiative recombination centers will be hindered. This causes high quantum

efficiency as most carriers are tapped well in localized states. In absence of such In-rich

clusters or quantum dots, the carrier wavefunctions,are extended into the dislocations.

On the other hand, in the studies of optical properties of InGaN/GaN QW structure, (1)

Stokes-like shift, (2) blueshift of emission energy with increasing photo excitation power, (3)

anomalous temperature dependence of emission peak energies, (4) almost temperature

independence of radiative recombination lifetimes and (5) mobility edge behaviour have been

observed, which were ascribe to the exciton localization effect. Following will briefly

introduce these phenomena

(1)  Stokes-like shift

The energy difference between emission and band-edge absorption has been observed in

InGaN alloy and QW structure, which is called “Stokes shift”. In order to explain this



phenomenon, some groups investigated the indium composition and QW width dependent
optical absorption experiment, and found that stokes shift increases with increasing indium
composition and/or thickness of InGaN QW. Therefore they supposed this Stokes shift is due
to the exciton localized in quantum dots-like localized states and/or internal electric field

existing in QW [30][31][32][66].

In order to analyze the Stokes shift, it is essential to have an accurate description of the
absorption edge that includes the effects of broadening. In general, the rising edge of

absorption spectra can be fitting by the sigmoidal formula:

a= % 2.2.1)

1+exp(E_EB)

where Ep identified as the ‘‘effective band'gap”> of the alloy, and a broadening parameter AE,

equivalent to the Urbach tailing energy. The Stokes shift is then defined as the difference in

energy between the effective band gap and the emission peak energy.

(2)  Blue-shift of emission energy with increasing photo excitation power

The emission energy of optical spectra increases with increasing excitation power

density has been observed [25][33][34][35][65]. One origin is ascribed to band filling of

localized states and another one is screening effect of quantum confined Stark effect (QCSE)

(will be introduced later). When excitation power density increases, more carriers are injected

into QW to fill localized states, radiative recombination from higher energy states will occur



possibility, therefore, resulting in blue-shift of emission energy. Moreover, the band-filling

effect will make the FWHM of optical spectrum more broadening.

(3) Anomalous temperature dependence of emission peak energies

In generally, energy bandgap of semiconductor decreases with increasing temperature,

which is described by Varshini’s equation, namely

E(T) = B0 - 2T 222
(T)=E(0) T+ p) (2.2.2)

where a and £ are known as Varshini’s fitting parameters. Above equation shows that the
transition energy of carriers will red-shift with. incteasing ambient temperature. However,
anomalous temperature dependent emission energy has been observed in InGaN material,
where luminescence peak energy exhibits a red-blue-red shift. Y. H. Cho ef al. proposed an

explanation to describe this anomalous phenomenon by analyzing TRPL data as following:

[18]

(1) For red-shift at low temperature range, due to the radiative recombination process
dominates, the carrier lifetime increases with increasing temperature, thus the carriers have
more opportunity to relax down into lower energy localized states caused by the
inhomogeneous potential fluctuations before recombining. So more carriers can transfer from

higher energy states to lower localized states, and thus, inducing a red-shift in the peak energy
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position with increasing temperature. (ii) For blue-shift at medium temperature range, since
the activating of nonradiative centers, the nonradiative recombination processes become
dominant, the carrier lifetime decreases greatly with increasing temperature. Thus, due to
decreasing of lifetime, the carriers will recombine before reaching the lower energy localized
states. So fewer carriers can relax from higher energy states to lower localized states, and thus,
leading to a blue-shift in the peak energy. (iii) For high temperature range, since the
nonradiative recombination is the dominant process and the lifetimes are almost constant, the
photogenerated carriers are less affected by the fast change of carrier lifetime so that the
blueshift behavior becomes smaller,sTherefore, the temperature-induced band-gap shrinkage

effect dominates in this temperatuire range, inducing red-shift behavior of peak energy.

For this anomalous temperaturé.dependent eémission energy, P. G. Eliseev ef al. proposed
a model to explain such blue shifting behaviour by assuming that the DOS of excitons
induced by potential fluctuation is of Gaussian form having dispersions of ¢*. In such a case,

the emission peak can be expressed as bellow: [19]

al? N o’
(T+pB) k,T’

E(T) = E(0)— (2.2.3)

where a and B are known as Varshni’s fitting parameters, T is temperature, Ky is Boltzmann

constant, and o is broadening parameter, which is relate to degree of the potential fluctuation

in InGaN. By quantitative analysis of broadening parameter o, the energy potential fluctuation
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degree of InGaN QW can be characterized. In general, due to large discrepancy in atomic size

between indium and gallium, the higher indium composition of InGaN will induce more

potential fluctuation in InGaN QW.

(4)  Almost temperature independence of radiative recombination lifetimes

The temperature dependence of radiative lifetime is an effective tool for the evaluation of

dimensionality of nanostructure. This is because the DOS of excitons in K (momentum) space

is determined by the dimensionality [36], and the temperature dependence of

exciton-oscillator strength is estimated.by'c¢ounting the number of excitons which satisfy the

momentum conservation law. The relation between radiative lifetime and temperature for

different dimensionality of nanostructure€an beexpressed as:

r,,aTl’ for OD density of states (quantum dot) (2.2.4)
., aTl"’ for 1D density of states (quantum wire) (2.2.5)
r, ., aT' for 2D density of states (quantum well) (2.2.6)
r.,al? for 3D density of states (bulk) (2.2.7)

In the case of weak localization, excitons are easily thermalized to higher sub-bands

within localization centers due to the small energy difference between the lowest

quantized-level and upper sub-bands. In this case, radiative lifetime increases with
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temperature because the oscillator strength is averaged by the contribution from other upper

transitions. If temperature is increased further, excitons may be delocalized to extended states

with 2D DOS. In such a case, radiative lifetime increases in proportion to temperature [37]. If

the degree of localization is large enough, the temperature dependence of the radiative

lifetime becomes less dominant.

And the almost temperature independence of radiative recombination lifetimes in

InGaN/GaN QW has been observed in several articles and is believed that it is due to exciton

localized in QDs-like states [38].

(5) Mobility edge behavionr

“Mobility edge” - type behaviour has been' observed in InGaN/GaN QW in both

spontaneous and stimulated emission, where the luminescence peak is insensitive to

photo-excitation energy (Eex.) for energies higher than a certain energy (E.,), but as Ec is

tuned below E,,, the peak position makes a redshift quickly [39][40]. Such phenomena can be

interpreted by an energy relaxation for localized excitons. Once excitons are photo-generated,

they relax quickly into localized states where further relaxation and spatial migration are

possible only through the tunnelling between localized states. The relaxation rate for such a

process strongly depends on the density of available final states with lower energy, and can be

enhanced if the photo-excitation is made below the mobility edge.
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2.3 The quantum confined Stark effect in InGaN/GaN quantum well

structure

In general, the InGaN/GaN QW LED has been grown on sapphire substrate in the [0001]
orientation. In such configuration, the [0001] polar axis, resulting from the
non-centrosymmetric nature of the wurtzite phase, is aligned along the growth direction. (The
different plane and orientation of hexagonal GaN is shown in Fig. 2.3.1) Hence, polarization
discontinuities exist along the growth direction and create fixed sheet charges at surfaces and
interfaces. Moreover, the InGaN layers have a tendency to grow pseudomorphically, resulting
in an in-plane compressive stress:due tolatticé. mismatch, which for InN/GaN is 11%. The
existence of biaxial strain in the basal plane tesults in internal piezoelectric field normal to the
QW plane. The total polarization of InGaN QW consists of spontaneous and piezoelectric

polarization contributions.

These internal electric fields through the QW would tilt the potential band and lead to a
spatial separate of electrons and holes in the QW, resulting a decreasing in degree of wave
function overlap, which is called the quantum confined Stark effect (QCSE) and have been
throroughly analyzed for InGaN/GaN QW [31][41][42]. (The schematic energy band diagram

is shown in Fig. 2.3.2)

This effect makes reduction in carrier recombination rate, red-shift of emission energy,
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and deteriorates the IQE for InGaN well widths exceeding 3-4 nm [23][32][42]. And the

influences of QCSE will be deteriorated when QW width becomes more wide and/or content

of indium increases. The QCSE can be waken by increasing injected carrier density, when

carriers were injected more, the Coulomb screening of free carriers will occur, then, wake the

internal electric field in QW, resulting in blue-shift of emission energy, increasing of

recombination rate. And some groups introduced carriers into the structure by doping the

QWs and/or barriers with Si, and effective screening of QCSE was observed [43][44].

In general, the blue-shift of emission energy with increasing excitation power density is

generally ascribed to the combine,of excition lecalization effect and screening effect of QCSE

[23]. For lower excitation powet density.range, the carrier lifetime decrease with increasing

excitation power density, and the dépendence of emission energy on excitation power density

was found to be nonlinear, which is explained by screening effect of QCSE. For high

excitation power density range, the carrier lifetime is nearly constant, and the emission energy

is linear excitation power density dependence, which is consistent with band filling effects.

On the other hand, the QCSE will make the energy difference between the band-edge

absorption and emission, which is called “Stokes shift”, which increases with increasing QW

width and indium composition [30][32].

15



3D 2D 1D 0D

D(E) D(E) D(E) D(E)

=

v

Fig. 2.1.1 The DOS as a function of energy for different dimensions of structure.

¢ - plane (0001)

(1102)
—
‘%,{é a - plane (1 IEO)
= ==== EEE LT Y S
=

m - plane (1010)

Fig. 2.3.1 The different plane and orientation of hexagonal GaN.

16



With QCSE Without QCSE
GaN InGaN GaN GaN InGaN GaN

C.B.

o
V.B. AI |_ orucey

Fig. 2.3.2 The schematic energy band:diagram for with QCSE and without QCSE.

« % THS9G
]

17



Chapter 3 Experiment setup & Theory

3.1 Temperature dependent photoluminescence (PL)

Photoluminescence spectroscopy is the optical measurement method to examine the
quality and optical characteristics of material, it has the advantage of an un — contact and
nondestructive. PL is the emission of light from a material under optical excitation. To excite
the material to induce the emission, the energy of the excited light source should be higher
than the band gap energy of the material. When the excited light is absorbed by material,
electrons in the valence band would get the energy to jump into the conduction band then
relatively produce a hole in the valence band:"When an excited electron in an excited state
returns to initial state, to comply.with the energy conservation law, it will emit a photo whose
energy is equal to the energy difference between the excited state and the initial state. But an

excited electron also could be trapped by nonradiative centers, and no photon is induced.

If there are some defect energy level existed in energy band gap of semiconductor, they
also could contribute to radiative recombination process. Therefore we could observe the
multiple emission peaks in the PL spectra, and the intensity of the emission peaks is related to
the contribution of the individual radiative recombination process. In general, there are four
possible radiative recombination transitions in semiconductor (shown in Fig. 3.1.1). By

analyzing the spectra of material, we can direct inspect the purity of material.
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On the other hand, temperature dependent PL is a useful method to extract the thermal
activation energy of optical transition. The temperature dependent PL intensity is general

expressed as:

1(0)

A B
)+ Bexp( )+ ...
kT kT (3.1.1)

I(T) =

1+ Aexp(

where A, B is the coefficient related to defect density, and Ea, Eg is the activation energy. The
activation energy is the physical value that means the transition energy barrier from radiative
recombination to nonradiative reocombination, which can represent the exciton binding
energy, localized energy, band offset of QW,.energy.difference between defect energy level to

conduction band or valence band:and .. .etc:

By plotting the Arrhenius plot for PL intensity, we can extract the activation energy to
analyze the origin of radiative recombination. Moreover, temperature dependent emission

energy and FWHM is also used to analyze the exciton localization effect in InGaN.

The setup of our PL system is shown in Fig. 3.1.2. The frequency doubled (2w) or
frequency tripled (3w) beams of a mode-locked Ti : sapphire laser (w) pumped by Ar' laser
was used as pumping source. The wavelength of Ti : sapphire laser can be tuned from 700 nm
to 900 nm, the pulse width is 200 fs. The repetition rate of the laser is 76 MHz. To direct

examine the optical properties of InGaN/GaN MQW LEDs and avoid the absorption of GaN
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film, the pumping light source was a frequency doubled Ti : sapphire laser operated on 390
nm with 2 mW. After reflected by three mirrors, the laser light was focus by objective which
focal length is 13.3 mm, to 0.05 mm in diameter and the luminescence signal was collected by
the same objective. The probed light was dispersed by 0.55 monochromator (Jobin-Yvon
Triax-550) equipped with 2400 grooves/mm grating. The resolution was controlled in 1nm by
selecting 2400 grooves/mm grating and slit of 0.1mm. We use dichroic mirror to avoid the
laser coupling with the PL spectrum. The PL was detected by a photo multiplier tube (PMT).
For temperature dependent PL, the samples were mounted in a closed-cycle He cryostate,
pump was used to draw out air jm‘eryostateéto obtain high vacuum (~ 107 torr), and

temperature controller controlled'the temperatute from:15 K to 300 K.

3.2 Temperature dependent time-resolved photoluminescence (TRPL)

Time-resolved photoluminescence (TRPL) is an indispensable technique to study the
dynamical process of photoexcited carriers such as relaxation, radiative, nonradiative, and
localization processes. The transient luminescence intensity obtained by the data of TRPL is

generally expressed by the following equation as a function of time after excitation:
1(t) = I(0)exp(~ 1) (3.2.1)
T

where 7 is the effective carrier lifetime, and can be extracted by fitting the experimental
data by above equation. Moreover, the effective carrier lifetime can be expressed as below:
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—=—t—

r nr trans

(3.2.2)

where 7., 7, , and

nr

s are the radiative recombination lifetime, nonradiative
reocombination lifetime, and transfer time toward lower-lying energy levels. If radiative

recombination occurs at the bottom of energy levels, the term of the transfer time can be

neglected so that the equation is simplified as shown below:

L __ 1 + 1 (3.2.3)
o7 () z,T)
On the other hand, the IQE can be written in terms of 7, and 7, , where
r, (T
Min(T) = (1) (3.2.4)

7.(1) +7,(T)

Therefore, if we perform temperature dependent PL, and assume the IQE at the lowest
temperature equals to 1, by equation 3.2.3 and 3.2.4 we can extract the radiative lifetime and
nonradiative lifetime as a function of temperature. And by analyzing the relation between

radiative lifetime and temperature, the dimensionality of nanostructure can be characterized.

Fig. 3.1.2 shows the experimental setup of the temperature dependent time-resolved
photoluminescence (TRPL) (Same as temperature dependent PL setup). Pulsed
photo-excitation for the TRPL was provided by the frequency doubled (2w) or frequency
tripled (3w) beams of a mode-locked Ti : sapphire laser (w) which was pumped by Ar' laser.

The wavelength of Ti : sapphire laser can be tuned from 700 nm to 900 nm, the pulse width is
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200 fs. The repetition rate of the laser is 76 MHz whose time interval is 13 ns. To direct
examine the optical properties of InGaN/GaN MQW LEDs and avoid the absorption of GaN
film, the pumping light source was a frequency doubled Ti : sapphire laser operated on 390
nm with 2 mW. The luminescence decay was measured with time correlated single photon
counting (TCSPC) system in conjunction with monochromator using gratings whose grooves
are 2400 grooves/mm. Time-resolution for the detection is about 4 ps. For temperature
dependent experiment, the samples were mounted in a closed-cycle He cryostate, pump was
used to draw out air in cryostate to obtain high vacuum (~ 107 torr), and temperature

controller controlled the temperature ftom 15 K't0:300 K.

3.3 Micro-photoluminescence (u-PL)

Due to the progress of epitaxy technology and the understanding of quantum mechanics,
low-dimension nanostructure such as nanorod, QDs has attracted much attention. Therefore,
the measuring tool to probe such noanostructure is necessary.  In general, the focused laser
spot size of PL system is about 100 pum, it is not small enough to probe the properties of
individual nanostructure such as nanorod or QDs, therefore, the p-PL system has been
developed. The p-PL system uses optical objective to replace optical lens to focus laser light,
with the minimum laser spot of 1 pm. By this system we can observe the optical properties of

nanostructure, obtain higher excitation power density and scan the emission pattern of sample.
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Fig. 3.3.1 shows the setup of pu-PL system. The sample was excited by a He-Cd laser
operating on 325 nm with 40 mW. First the beam of laser light was expanded by beam
expander, and then focused into a spot with 1 pm in diameter on sample by 15x objective. The
PL was collected in a fiber with 100 um in the diameter and detected by a PMT or charge
coupled display (CCD). Furthermore, p-PL spectra were dispersed by a 320 nm
monochromator (Jobin — Yvon Triax 320). The wavelength resolution is about 1 nm by using
300 grooves/mm grating and the slit of 0.1 mm. And position of sample can be controlled by

piezo stage to scan the luminescence image of sample.

3.4 Raman spectroscopy

Raman spectroscopy is a spectroseopic technique used to study the phonon modes of
material. When laser light incident into the sample, photons will collide with atoms in
material. For elastic collide, the energy of photon will not be changed, and the frequency of
photon is same, this effect is called Reyleigh scattering. But for inelastic collide, the energy of
photon will exchange with it of atom, then the frequency of photon will be changed, this
effect is called Raman scattering. In the case of Stokes scattering, the photon losses energy.
On the contrary is called anti-Stokes scattering. The diagram of the Stokes scattering and the
anti-scattering is shown in Fig. 3.4.1. The Stokes scattering is usually much weak than the

anti-Stokes scattering, so Stokes scattering is usually observed.
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Raman spectroscopy measures the change of photon energy called Raman shift (cm™),

which is expressed as below:

AO'ZO'—O"ZE 3.4.1)
hC

where o and o' are the energy of incident photon and scattering photon, respectively.
From the Raman spectra, the phonon vibration modes, composition, stress, and quality of

material can be study.
The Raman-active modes scattering efficiency is given by:
Sale e yoc| (3.4.2)

where ¢, and &, denote polarization for-the‘incident and scattering light, respectively, and
y 1is the Raman tensor of the scattering process. From above equation we can know the
Raman active modes is related to the polarization, incident direction and scattering direction
for incident and scattering light. Table 3.4.1 show the corresponding confiquration for GaN
material. For a(b,c)d shown in Table 3.5.1, the a and d are direction for incident and scattering

light, respectively. And b and ¢ are polarization for incident and scattering light, respectively.

Fig. 3.4.2 shows the experimental setup schematically. The Raman scsttering was
measured with an Ar-ion laser (Coherent INNOVA 90) as an excitation source with a

wavelength of 488 nm. The scattered light was collected by a camera lens and imaged onto
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the entrance slit of the Spex 1877C. After reflected by two mirrors, the laser light was focus
by a lens which focal length is 15 cm, and the scattering signal was collected into
monochromator (Spex 1877C) by two convex lens. The probed light was dispersed by
monochromator (Spex 1877C) equipped with 1200 grooves/mm grating. The Raman

scattering is detected by cooling CCD with temperature of 150 K.

3.5 Atomic force microscope (AFM)

Atomic force microscope (AFM) images the surface of sample by scanning a sharp tip
(10 pm in long and small than 10 nm in diameter) over and measuring the deflection of the tip.
The fundamental setup of AFM s illustrated in Fig. 3.5.1. A piezoelectric controller moves
the sample in x-y direction under the tipr Theposition 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 repulsive, the AFM work
in contact mode. In non-contact or taping mode the tip is further away from the sample and in
the region of an attractive force [70]. The cantilever is set to vibration close to its resonant
frequency and change in the surface morphology lead to changes in the frequency, which can

be measured sensitively.

3.6 High resolution X-ray diffraction (HRXRD)

X-ray diffraction is a non-destructive method to study the structural properties of
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material, which can be used to judge the crystal quality, thickness and the composition of

compound semiconductor. And the degree of lattice mismatch between an epitaxial layer and

the substrate also can be charactized. XRD utilizes two successive Bragg reflections from two

independent crystal planes. From Bragg’s law, the condition for constructive interference is:

2d,,, sin@, = ni (3.6.1)

where dyy is the reciprocal lattice spacing and can be expressed as

1 _\/i K +hk+k P
3 a’ c?

- ( )+— (3.6.2)
where a is the crystal lattice constant, (h, k, I;°¢) is known as the Miller indices of the plane,
0, is the incident angle, n is an integer representing the diffraction order, and A is the
wavelength of the incident radiation. For a fixed incident X-ray wavelength A, each crystalline
material has a characteristic X-ray diffraction pattern associated with it, which yields a
accurate information on its crystal structure and lattice space. The ®, ®-20 scan and reciprocal
space mapping (RSM) measurements of high resolution x-ray diffraction (HRXRD) made
with a Philips MRD X’pert PRO diffractometer using CuKal radiation were applied to

analyze the crystal quality and strain in InGaN QW.
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Table 3.4.1 Selection rules of wurtzite structure

Scattering configuration Allowed modes
x(v, y)x A(TO), E,
x(z,z)x A (TO)
x(z,y)x E (TO)
x(v,z)y E (TO), E,(LO)
x(y,y)z E,
z(y,x)zZ E,
z(y,y)z A((LO), E,

E
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Fig. 3.4.2 Setup of Raman system.
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Chapter 4 Optical properties of InGaN/GaN multiple quantum
well light emitting diodes grown on sapphire substrate
with different misorientation angle

4.1 Introduction

Generally, GaN-based optoelectronic devices grown on c-plane (0001) sapphire substrate,
but due to the large mismatch of lattice constant between GaN and sapphire, huge density of
threading dislocations up to 10° cm™ present in nitride layers, deteriorating the surface
morphology and crystal quality of GaN and InGaN active layers. To obtain high-quality LDs,
a highly uniform and smooth surface of the expitaxal GaN film is required, because surface
macrostep patterns sometimes produce a'large propagation loss. Surface morphology of the
epitaxial GaN film depends on various growth conditions, such as nitridation of the substrate
[45], growth conditions of the buffered layer ‘[5][46], ramping conditions before GaN
epitaxial growth [47][48]. Some groups have studied the influences of using sapphire
substrate with slight misorientation toward [1120] direction on growth of GaN
[14][15][16][17]. (Diagram of sapphire substrate with misorientation angle toward [1120]
direction is shown in Fig. 4.1.1) From AFM and XRD results, they found that the surface
macrostep patterns of GaN greatly depend on the slight misorientation angle of the sapphire
substrate. Moreover, the improvement of the crystal quality and the surface morphology of
GaN by using slight misorientation angle have been observed. T. Yuasa et al. proposed these

are due to appropriate atomic steps of the substrate formed by the slight misorientation, then
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relieve the lattice mismatch between GaN and sapphire [17]. However, the optical properties
of InGaN MQW LEDs grown on sapphire substrate with different misorientation angle have
not been studied so far. The influences of misorientation angle on optical properties of InGaN

QW are still unclear.

In this work, the optical properties of InGaN/GaN LED using sapphire substrate with
misorientation angle of 0°, 0.2°, 0.35° and 1° toward [1120] direction have been studied.
From temperature dependent PL measurement, the anomalous emission energy shift as
function of temperature, which is so-called S-curve, has been observed [18]. By using Eliseev
et al. proposed model [19], the degree of potential’ fluctuation of the InGaN as function of
misorientation angle has been charactenized. Moreover, the recombination dynamic of carriers
and the dimensionality of nanostructure in:active region have also been studied by

temperature dependent TRPL measurement.

On the other hand, the material properties of samples have been investigated by atomic
force microscope (AFM), high resolution transmission electron microscopy (HRTEM), high

resolution X-ray Diffraction (HRXRD) and Raman spectroscopy.

4.2 Sample preparation

The sample structure in this study is shown in Fig. 4.2.1. The InGaN/GaN MQW LEDs
in this work were grown by a commercial LP-MOCVD system with a vertical reactor. The
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MO compounds of TMGa, TMIn, TMAI and gaseous NH3 were employed as the reactant
source materials for Ga, In, Al and N, respectively, and H, and N, were used as the carrier gas.
All samples were grown on c-plane (0001) sapphire substrate with different misorientation
angle of 0°, 0.2°, 0.35° and 1° toward [1120] direction, consisting of 50-nm-thick AIN
nucleation layer, a 3.5 um Si-doped n-type GaN, and an unintentionally doped active layer
with InyGa; xN/GaN MQWs, and 0.4 pm Mg-doped p-type GaN. The doped concentration of
n- and p-type GaN is nominally 5 x 10'® and 1 x 10" cm™, respectively. For conventional
MQW LEDs, the MQWs layer comprise six periods Ing,GagsN well (~ 3 nm) and GaN

barrier (~ 14 nm).

After epitaxial growth, the fabrication of devices was carried out as follows. First, the top
ohmic contacts of Ing>GagsN/GaN MQW LEDs were formed using a metal system of Ni/Au
for p’-GaN contact layer. Next, Ti/Ai systems were evaporated onto the exposed n-GaN
epilayer. Finally, Ing,GaggN/GaN MQW LEDs were cut into square pieces with the

dimension of 300 x 300 pm®.

4.3 Material properties of InGaN/GaN MQW LEDs

4.3.1 Atomic force microscope image

The AFM images (Sum x 5um) of the p-type GaN are shown in Fig. 4.3.1 and the root

mean square (RMS) of surface roughness measured by AFM is shown in Fig. 4.3.2. From
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images we can observe that the surface morphology becomes smoother as misorientation
angle increases from 0° to 0.2°, but it is deteriorated as misorientation angle increase above
0.2°. Moreover, except the 0.2° sample, we can see some pits formed in p-type GaN and
become more deteriorative in the angle above 0.2°. The formation of pits on p-GaN is due to
large dislocation density produced from underlying layer. The pits will degrade the surface

morphology and causes rough surfaces with higher RMS values.

4.3.2 High resolution transmission electron microscopy

In order to observe the homogeneity 'of InGaN/GaN MQWs and the dislocation density
in the device, the structural analysis was petformed by means of cross-section HRTEM. Fig.
4.3.3 is the cross-section HRTEM observationof the: LED grown on sapphire substrate with
misorientation angle of 0°, 0.2° and 1°. The n-type GaN, p-type GaN and six QWs can be
clearly identified in the images. For 0° and 1° sample, we can sece that many dislocations
produced from underlying GaN layer penetrate through the InGaN/GaN MQWs and reach
upper p-type GaN layer. The dislocation density extracted from TEM image is shown in Fig.
4.3.5. By using misorientation angle of 0.2°, the producing of dislocations is suppressed and
the quality of device is improved. About its origins, some articles have proposed that the
growth mode of GaN will be shifted from spiral-dominated to step-flow as sapphire substrate

with slight misorientation angle about 0.2° [16]. From Burton, Cabrera and Frank (BCF)
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theory, spiral growth is dislocations controlled, and it competes with step flow growth on a

misorientation substrate [53]. The condition for spiral annihilation can be simplified to:

@0 < O (4.3.1)

where ,,. 1s the misorientation terrace width which decrease with increase of

misorientation angle; o, is width of the terrace on the two interlocking spiral ramps that

create a spiral hillock in GaN. When the misorientation angle increases to satisfy the above

condition, the misorientation step would annihilate the spiral steps faster than the spiral could

spread on the surface. Therefore, due.tolsuppression of spiral growth, the GaN grown on

misorientation angle of 0.2° can effectively decrease dislocation produced in underlying GaN

layer. On the other hand, the incorporatioirof group III atoms, the epitaxial growth of

[II-nitrides, is closely related to the density of dangling bonds at step edges [72]. Therefore,

when the misorientation angle is too large, the density of step edges is too high and it

becomes difficult to grow with smooth surface, and the strain relaxation in the interface

increases, resulting in increasing of dislocation density.

The Fig. 4.3.4 shows the HRTEM images for three samples, the six pairs InGaN/GaN

QWs are clear observed, and the well and barrier layer thickness are estimated to be about 3

nm and 14 nm, respectively. In the detailed structure of the MQWs, a lot of dark spots are

observed in the wells, the diameters of these dark spots are about 5 nm. This dark spots have
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been observed for several articles [26][68], which is the indium-rich clusters due to large

discrepancy in atomic size between indium and gallium and the large lattice mismatch of 11%

between InN and GaN. Besides, we also could see that thickness fluctuation existing in

MQWs. And from figure we can see the composition and thickness homogeneity of MQWs is

improved as miorientation angle increases from 0° to 0.2°, but it deteriorated as misorientation

increases above 0.2°.

There are many reports said that indium incorporation is dislocation sensitive [54][71].

From Fig. 4.3.3, the dislocations penetrating through the InGaN/GaN MQWs structures could

significantly increase the indium .eompositional. fluctuation around the dislocation. The

presence of dislocation in the wunderlying” MQW: layer strongly effects the indium

incorporation into the upper MQW: layers.

Moreover, the indium incorporation is also significantly sensitive to the surface

morphology of an underlying layer. The article indicates that the indium incorporation

efficiency is drastically higher on the facets than on a smooth surface [55]. The deposition of

the indium atoms is attracted at facets rather on a smooth surface to reduce the surface energy

due to many dangling bonds at facets. Therefore, the indium phase separation in InGaN QWs

layer can easily occur on the rough surface of epilayer. The dislocations will also degrade the

surface morphology and cause rough surface with higher RMS values. Therefore, due to

fewer dislocation and smoother surface of underlying GaN layer for 0.2° sample, the
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homogeneity of InGaN/GaN MQWs is improved.

On the other hand, the dislocations penetrate into p-type GaN will degrade the surface
morphology and cause rough surfaces with higher RMS values, which may result in a
depletion of Mg from the surface and cause a reduced doping level, deteriorating the contact
resistant for InGaN/GaN MQWs LED [56][57]. Moreover, the high dislocation density will

induce anomalous high leakage current, then, the performance of LED is degraded [69].

4.3.3 High resolution X-ray diffraction

HRXRD rocking curve (XRC) 'measurement for symmetrical GaN (002) reflections was
applied to evaluate the crystal quality of GaN thin films. The FWHM of XRC for GaN (002)
was plotted as shown in Fig. 4.3.6. We can_observe that the FWHM is decreased as
misorientation angle increases from 0° to 0.2°, but it increases as misorientation angle increase
above 0.2°. The FWHM of the symmetrical GaN (002) is correlated to the threading
dislocations density [49]. Therefore, it is ascertained that dislocation density tends to decrease
as sapphire substrate with slight misorientation angle about 0.2°, but the crystal quality is
deteriorated as misorientation angle increases above 0.2°, which is agree with our HRTEM

analysis results.

Fig. 4.3.7 shows the HRXRD ®-20 diffraction pattern for the LEDs with misorientation

of 0°, 0.2°, 0.35°, and 1°, respectively. As can be seen, the HRXRD diffraction pattern shows
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one periodical structures, which can be attributed to the Ing,GagsN/GaN MQWs. In addition,
the third order satellite peak of the diffraction pattern for all samples can be clearly observed,
suggesting that the grown structure has sharp interfaces and good periodicity between GaN
barrier and InGaN well. Additionally, the inset shows the variation of MQWs interface
roughness (IRN) with misorientation angle of sapphire substrate. The interface roughness

value of MQWs can be obtained from the following equation [63].

1

W, =W, +(In2)>nAb,, % (4.3.2)

where n is the order of the satellite; A and o/A are thickness of the period and IRN,
respectively; ABy is the angle distance between adjacent satellite peaks; Wy and W, are the
FWHM of zeroth- and nth-order peaks, respectively."The results are shown in Fig. 4.3.7. From
figure we can found that IRN of InGaN/GalN MQWs decreases with increasing misorientation
angle of substrate, and reaches minimum which is about 1.35% for 0.2° misorientation
sapphire substrate was used. Increasing the misorientation angle to 1° increases the IRN of
MQWs. The previous reports indicated that the IRN of MQWs is affected by defect,
microstructure and phase separation in MQWs [63]. Based on x-ray analysis, we can prove
that the defect density of 0.2° sample is lower than other samples, and can also concluded that
defect density of 0.2° sample was reduced dramatically, which are consistent with the results

observed from HRTEM images.

Fig. 4.3.9 shows the RSM results for InGaN/GaN MQW LEDs grown on (a) 0°, (b) 0.2°,
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(c) 0.35° and (d) 1° misorientation sapphire substrate, respectively. The diffraction pattern
was obtained from the asymmetric (1015) reflection of the GaN epilayer. Compared with
sample 0°, 0.35° and 1°, the reciprocal lattice point (RLP) of GaN layer of 0.2° sample is
circular, indicating that the spread of RSM intensity for 0.2° sample is narrower than that of
RSM intensity for other samples. In general, the spread of diffraction intensity is related to the
orientation distribution and decrease in the coherency of the scattering along the structure [64].
The asymmetrical feature for RLP of GaN indicates the out-of-plane lattice mismatch formed
in GaN layer. This means that the GaN epilayer grown on 0.2° substrate has better
crystallization quality. Besides, the, RLP of sat€llite peaks can be clearly observed for 0.2°
sample and the satellite peaks up to four orders, while the reciprocal lattice point of satellite
peaks became relatively weak for 0™ 'sample and 0:35° sample or vanished for 1° sample,
suggesting that the InGaN/GaN MQWs of good quality were grown. Therefore, based on the
above-mentioned results, the crystalline quality of 0.2° sample is relatively good in contrast to
the quality of other samples, and the noticeable improvement in the quality of GaN epilayer

could be responsible for achievement of high quality InGaN/GaN MQWs.

On the other hand, the overall strain state of MQW:s with respect to the GaN epilayer can
be examined by RSM. S. Pereira ef al. proposed the method to investigate the strain and
composition distributions within wurtzite InGaN/GaN layers [50]. The information can be

extracted from the elongation of broadened RLP in asymmetric x-ray reflections. The
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schematic diagram illustrating the effect of strain and composition gradients in the symmetric

and asymmetric RLP of InyGa; 4N is shown in Fig. 4.3.10.

The RSM pattern in the Fig. 4.3.9 represent the Qx and Qy position of GaN and MQWs
satellite peaks. The distance between GaN epilayer and MQWs satellite peaks in the Q
direction indicates the degree of lattice relaxation, &, and the relationship between &, and Q.

for all samples can be described by the following equation [73]:

Q GaN
_ X

T anGaN
x

&

1 (4.3.3)

where &y 1s the degree of lattice relaxation; the Qf”N and Qj”GaNS are the x position of GaN
layer and InGaN layer, respectively. Hence, the degree of lattice relaxation for 0°, 0.2°, 0.35°
and 1° sample is about 1.28x10™7:4x10~, 8x10+and 3.64x10™, respectively. We can find
that the 0.2° sample have the smallest degree of lattice relaxation. For heteroepitaxial structure,
the defect density, such as threading dislocation, V defect and so on, of MQWs will increases
with increasing the lattice relaxation degree of MQWs. In other words, the InGaN/GaN
MQWSs of 0.2° sample have the lowest defect density compared with other samples. This
think can be proved by our AFM and HRTEM images, the dislocation density decreases as
misorientation agnle increases from 0° to 0.2°, but it increases as misorientation angle

increases above 0.2°.
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4.3.4 Raman spectroscopy

To determine the stress for the LED grown on different misorientation angle, the Raman
spectroscopy was performed. In this study, we chose z(y,y)z configuration to probe Raman
spectra. For this scattering configuration, the A;(LO) and the E,(high) phonon modes are
observed, which correspond to the lattice vibration paralleling and perpendicularing to the
c-axis [0001] direction, respectively. Fig 4.3.11 shows the Raman spectra for the InGaN/GaN
MQW LEDs grown on different misorientation angle. The two clear active phonon bands are
observed at around 568 cm™ and 735 cm™, corresponding to the Ey(high) and A;(LO) phonon
modes of GaN [51], and no InGaN relatived phonon bands are observed in the figure. The
E>(high) mode is sensitive to changes in the elastic properties of the material, which is
generally observed to estimate the biaxial stress in material. From inset of Fig. 4.3.12, we can
observe the position of E,(high) peak shifts slightly with increasing misorientation angle. To
extract the accurate position of E,(high) peak, the Lorentzian function was used to fit E,(high)
mode peak, the results are shown in Fig. 4.3.12. We can observe that the Raman shift
increases as misorientation angle increases from 0° to 0.2°, but it decreases as misorientation
angle increase above 0.2°. In general, the Raman shift as a function of the biaxial stress can be

expressed as:

Aoy, =0, —0,=Co (4.3.4)
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where ., and @, are the Ramsn shift of E;(high) mode for strained sample and strain free
sample, respectively, C is the constant that the shift of the E,(high) with biaxial stress, and o
is the stress. The reports show that the E,(high) phonon of a strain free sample has an @, of
568 cm’ and the shift of the E,(high) mode with biaxial stress is 4.1 cm™/GPa [52]. From
above parameter, the calculated stress as a function of misorientation angle is shown in Fig.
4.3.13. We can observe that the compressive stress increases as misorientation angle increases
from 0° to 0.2°, but it decreases as misorientation angle increase above 0.2°, which is agree
with previous analysis, due to lowest dislocation density in material, the LED grown on
misorientation angle of 0.2° has the smallest degree of lattice relaxation. But as misorientation
angle increases above 0.2°, the dislocation density increases, resulting in increasing of lattice

relaxation degree of materials.

4.3.5 Summary

From our material experimental results, the LED grown on sapphire sapphire substrates
with miorientation angle of about 0.2° can reduce the dislocation density and improve the
surface morphology of GaN film, moreover, due to the fewer dislocation density, the best
homogeneity and sharper interface of InGaN/GaN MQWs was observed. And the origins are
related to the competition between spiral and step growth mode of GaN. But when the

misorientation angle is too large, the density of step edges is too high and it becomes difficult
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to grow with smooth surface, and the strain relaxation in the interface increases, resulting in
increasing of dislocation density, deteriorating the crystal quality and surface morphology of

upper layer, and homogeneity of InGaN/GaN MQWs.

4.4 Optical properties of InGaN/GaN MQW LEDs

4.4.1 Room temperature photoluminescence

The Fig. 4.4.1 shows the PL spectra for the LED grown on different misorientation angle.
We observed the InGaN-related emission with peak energy of 2.63, 2.6241, 2.6337 and
2.6848 eV for 0°, 0.2°, 0.35° and 1° sample,irespectively. The inset of Fig. 4.4.1 shows the
FWHM of PL spectra as a function of misorientation angle. It can be seen that the PL FWHM
varies as using different misorientation angletof Sapphire substrate, and the minimum is at the
misorientation angle of 0.2°. For InGaN based LED, the broadening of PL FWHM may relate
to the potential fluctuation of InGaN MQWs, which could be induced by (i) thickness
fluctuation, (ii) spatial indium compositional fluctuation [34]. Therefore, by using the
sapphire substrate with slight misorientation angle from c-plane may alter the degree of

thickness and/or spatial indium compositional fluctuation of InGaN QWs.

4.4.2 Emission energy mapping of micro-photoluminescence

From room temperature PL analysis, we find that the thickness and/or spatial indium
compositional fluctuation may be decreased by using the sapphire substrate with
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misorientation angle about 0.2°. To direct examine the homogeneity of InGaN MQWs, the
emission energy mapping of p-PL was performed, and the scanning size is 20 x 20 y m” with
the step size of 1 m. Fig. 4.4.2 shows emission energy mapping of u-PL for InGaN/GaN
MQWs grown on sapphire substrate with different misorientation angle. Here, the fluctuation
of emission energy was denoted as AE and the unit is meV. The fluctuation of emission energy
for all samples is summarized in Fig. 4.4.3. As can been seen, the AE of 0°, 0.2°, 0.35° and 1°
is about 25, 5.6, 11 and 71.2 meV, respectively. It can be seen that the homogeneity of
emission energy can be improved as the misorientation angle increases from 0° to 0.2°, but as
the misorientation increases above 0.2°, the potential fluctuation becomes larger. These results
indicate that degree of potential fluctuation of InGaN MQWs could be decreased by using
sapphire substrate misorientation ‘angle-about 0.2°; therefore the PL FWHM is decreased, but
the potential fluctuation would be deteriorated as sapphire substrate misorientation angle

increases above 0.2°, resulting in broadening of PL FWHM.

From previous material analysis, we can know the compositional homogeneity of InGaN
MQWs is influenced by the dislocation density produced in the underlying GaN layer. Due to
lowest dislocation density in material, the MQWSs grown on misorientation angle of 0.2° have
good uniformity of indium composition and QWs thickness. But as misorientation angle
increases above 0.2°, the dislocation density increases, resulting in increasing of indium

composition and thickness fluctuation in MQWs.
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4.4.3 The localization effect of InGaN/GaN MQW LEDs

4.4.3.1 Temperature dependent photoluminescence

Several authors have reported that the potential fluctuation may induce the carrier
localization effect such as anomaly S-shaped temperature dependent emission energy shift
[18][19]. So, by measuring the temperature dependent PL we can characterize the degree of
potential fluctuation for sapphire substrate with misorientation angle of 0°, 0.2°, 0.35° and 1°.
To direct probe the optical properties of InGaN MQWs and avoid the absorption in GaN layer,
the frequency doubled (2w) Ti : sapphire laser with resonant wavelength of 390 nm was used
to excite sample. The temperature’dependent PL. spéctra over a temperature range from 15 K
to 300 K for all samples are shown 1n Fig. 4.4.4. 'We observed InGaN-related emission with
peak energy of 2.6811, 2.682, 2.6747 and 2.7314 ¢V for 0°, 0.2°, 0.35° and 1° sample at 15 K,
respectively. The anomalous emission behavior, so-called S-shaped (red-blue-red)
temperature dependence of the peak energy for InGaN-related emission with increasing
temperature is observed, especially for sample with misorientation angle of 1°. The
anomalous emission behavior is generally observed in InGaN material system, which is
attributed to excitons localized in potential minimum resulted from indium composition
fluctuation and/or thickness fluctuation of QW, the more detailed statement is introduced in
Chapter 2. The emission energies as a function of temperature for InGaN-related emission for

all samples are shown in Fig. 4.4.5. To quantify the degree of potential fluctuation of InGaN
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as function of misorientation angle, we used Eliseev et. al. proposed model mentioned in
chapter 2 to fit our experimental data. They assumed that the DOS of excitons induced by
potential fluctuation is of Gaussian form having dispersions of ¢°, then the emission peak can

be expressed as E(T) = E(0) - o T*/(T+p) - 0”/kgT.

By using above equation to fit our temperature dependent results (solid line in 4.4.5) we
can extract the broadening parameter o, which are shown in Fig. 4.4.6. The broadening
parameter ¢ is the parameter related to the degree of carrier localization in MQWs, it
increases as the degree of carrier localization in MQWs increases. We can observe that the ¢
decreases as misorientation angle increasesifrom 0°to 0.2°, then it increases as misorientation
angle increases above 0.2°, which indicate the degree-of carrier localization in InGaN QW is
decreased as misorientation angle inereases from 0° to 0.2°, but carrier localization effect

becomes stronger as misorientation increases above 0.2°.

On the other hand, the thermal activation energy E, is considered to be related to the
effective potential barrier of localized states, assuming that the radiatively recombining
excitons are localized and escape by thermal activation to recombination nonradiatively. The
thermal activation energy E, can be obtained by fitting the data with I(T) =
[(0)/(1+A*exp(-E./kT)). Fig. 4.4.7 shows the Arrhenius plot for PL intensity of the sample
with different misorientation angle, and the solid line in figure is the fitted results. We got E,
= 46.55, 35.72, 45.27 and 62.02 meV for the sample with misorientation angle of 0°, 0.2°,
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0.35° and 1°, respectively, which are shown in Fig. 4.4.8. The results indicate that the effective
potential barrier of localized states decreases as misorientation angle increases from 0° to 0.2°,
but increases as misorientation angle increases above 0.2°. And due to smaller effective
potential of localized states in InGaN QW, the 0.2° sample exhibits the weak carrier

localization effect observed in temperature dependent emission energy.

4.4.3.2 Temperature dependent time-resolved photoluminescence

The temperature dependence of TRPL was performed for the evaluation of
dimensionality of nanostructure (Related 'information is introduced in Chapter 2). By
temperature dependenct PL and “TRPL experiment, the temperature dependent radiative and
nonradiative recombination lifetimes ‘cafivbeobtained. Fig. 4.4.9 shows the temperature
dependent carrier lifetime, radiative and nonradiative recombination lifetime for all samples.
By analyzing the temperature dependent radiative recombination lifetime, the dimensionality
of nanostructure in InGaN QW can be examined. Fig. 4.4.10 shows the temperature
dependent radiative lifetime for all samples. The t, at lower temperature range exhibits an
almost temperature independent behavior for all samples, this indicates that the excitons are
confined in the quasi-zero-dimensional (0D) potential, which is related to the indium-rich
localized states. But as temperature increases above the transfer temperature (T;), the 1,

increases gradually, and increases proportionally to T® (P > 0). This indicates that excitons are
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delocalized from low dimensional deeper localized states to higher dimensional extended

states as temperatue increases above T,. And the P values are 1.24, 1.46, 1.37, and 0.52 for 0°,

0.2°,0.35°, and 1° sample, respectively. From the information introduced in Chapter 2, the P =

3/2 represents the three-dimensional (3D) feature of excitons. Therefore, the excitons are

delocalized from localized states to quasi-3D states as temperature increases above T, for 0°,

0.2° and 0.35° sample. But for 1° sample, the P exhibits a small value of about 0.5, it indicates

the excitons are confined in quasi-one-dimensional (1D) potential, although the temperature

increases above T;. On the other hand, the value of T, decreases from 140 K to 100 K as

misorientation angle increases from™0° to 0.2°% but it increases as misorientation angle

increases above 0.2°. This indicates that the effective. potential barrier of localized states in

InGaN QW for 0.2° sample is the smallest, S0 carriers can escape from localized states to

higher dimensional states at lower temperature, and the effective potential barrier of localized

states in InGaN QW for 1° sample is the largest, so carriers need higher thermal energy to

escape. The results are consistent with the thermal activation energy extracted from

temperature dependent PL intensity.

From the analysis of dimensional related parameter P and transfer temperature T,, we

could know the sample with misorientation angle of 0.2° has best homogeneity of InGaN

MQWs and smallest effective potential barrier of localized states, resulting in the weakest

carrier confinement, and the sample with misorientation angle of 1° has worst homogeneity of
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InGaN MQWs and largest effective potential barrier of localized states, resulting in the strong
carrier localization effect.

The Fig. 4.4.11 shows the carrier lifetime detected at peak energy as a function of
misorientation angle at 15 K. The carrier lifetime increases as misorientation angle increases
from 0° to 0.2°, but it decreases as misorientation angle increases above 0.2°. The carrier
lifetime at 15 K approximately equals to radiative recombination lifetime. This indicates that
the sample with misorientation angle of 0.2° has lowest radiative recombination rate, it may
due to the weaker carrier localized effect, resulting in decreasing of radiative recombination

efficiency.

4.4.3.3 Power dependent photoluminescence

The Fig. 4.4.12 shows the PL intensity as a function of excitation power at 15 K. The PL
intensity is linear with excitation power at lower excitation power range, which indicates that
the radiative recombination dominates the recombination process at 15 K for all samples in
this excitation power range [56][57][58]. But as excitation power increases above about 20
mW, the PL intensity exhibits a tendency of saturation, this phenomenon will be discussed
later. The Fig. 4.4.13 shows the emission energy and FWHM as a function of excitation power
at 15 K for all samples. The emission energy gradually increases with increasing excitation

power. On the other hand, the linewidth of spectra shrinks with increasing excitation power
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from 0.05 mW to about 1 mW, and if injected power increase continually, then broadening of

spectra is observed. In generally, the left side of red dash line in Fig. 4.4.13 is dominated by

the coulomb screening of the QCSE and the right side of red dash line is dominated by the

band filling effect of localized states [33][34][35]. (More detailed explanation will be stated in

Chapter 5) The emission energy blue-shift resulted by bang filling effect is calculated to

examine the degree of carrier localization, and the values are 55.5, 45.2, 47.2 and 133.3 meV

for 0°, 0.2°, 0.35° and 1° sample, respectively. In general, the degree of emission energy

blue-shift with increasing excitation power is proportion to the effective potential barrier of

localized states, more deep of localized states will:result in more blue shift of emission energy

with increasing excitation power. The results‘indicate that the effective potential barrier of

localized states decreases as misotientation angle inereases from 0° to 0.2°, but it increases as

misorientation angle increases above 0.2°. And the results are good agree with the analysis of

TRPL and thermal activation energy extracted from temperature dependent PL.

On the other hand, the PL efficiency (will be defined in Chapter 5) as a function of

excitation power at 15 K was studied, which is shown in Fig. 4.4.14. The PL efficiency curve

in Fig. 4.4.14 reflects the IQE, because the light extraction efficiency (LEE) does not depend

on excitation power of laser light. From figure we can see the IQE increases with increasing

excitation power under lower excitation power range, when the excitation power further

increases, then the IQE decreases. From the discussion in Chapter 5, we know that the
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increasing of PL efficiency at 15 K is due to the coulomb screening of the QCSE, and the
decreasing of IQE is due to band filling effect of localized states. The former effect will
increase the electron-hole wavefunction overlap, resulting in increasing of IQE. The latter
effect will make the carriers more easily escape from localized states to extended states,
which deteriorates the IQE. From the figure we can observe two phenomena: (i) The more
pronounced decreasing of IQE for 0.2° and 0.35°. (ii) The IQE for 0.2° and 0.35° sample are
more easy saturate than it for 0° and 1° sample

From the analysis of previous section we can know this phenomenon is due to that the
0.2° and 0.35° sample has smaller effective poténtial barrier of localized states, making the
carriers more easily escape from localized states to éxtended states, resulting in more easy
saturation and more pronounced decreasing of IQE. On the contrary, the 0° and 1° sample has
larger effective potential barrier of localized states, making the carriers more difficultly
escape from localized states to extended states, resulting in the peak of efficiency curve shifts
to higher excitation power and PL efficiency decreases more weakly at higher excitation

power.

4.5 Electroluminescence intensity as a function of injected current

Fig. 4.5.1 shows the output power as a function of injected current for the LED with

different misorientation angle. The light output powers at 20 mA are 10.3, 13.3, 12.1 and 7.1
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mW for the LED with misorientation angle of 0°, 0.2°, 0.35° and 1°, respectively, i.e., an
improvement factor of approximate to 1.29 was achieved by increasing misorientation angle
from 0° to 0.2°. But as the misorientation angle increases above 0.2°, the degradation of
output power is observed. The improvement of luminescence efficiency in 0.2° sample could
be due to the good surface morphology and the low dislocation density in the device, lowering
the leakage current and contact resistant. On the other hand, p-type doping of GaN is a very
important parameter in achieving high quality devices. The smoother surface morphology and
the low dislocation density will improve the p-type doping level [56][57]. Although the
InGaN/GaN MQWs with misorientation anglesof 0°, 0.35°, and 1° has larger effective
potential barrier of localized states; but due to6 the increasing in dislocation density, current
leakage and contact resistant, and.the"decreasing of p-type doping level, the performance of

device is degraded.

4.6 Conclusion

From our material analysis results and some references, when the GaN grown on
sapphire substrate with slight misorientation angle of 0.2°, the condition for spiral annihilation
can be satisfied, then the growth mode of GaN will be shifted from spiral-dominated to
step-flow. Therefore, due to suppression of spiral growth, the dislocation density in

underlying GaN layer can be effectively decreased, making upper layer with better crystal
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quality and smoother surface, and better homogeneity of InGaN/GaN MQWs. On the other
hand, the incorporation of group III atoms, the epitaxial growth of Ill-nitrides, is closely
related to the density of dangling bonds at step edges. Therefore, when the misorientation
angle is too large, the density of step edges is too high and it becomes difficult to grow with
smooth surface, and the strain relaxation in the interface increases, resulting in increasing of

dislocation density.

And due to the dislocation density and surface morphology of underlying GaN layer
varies as a function of misorientation angle of sapphire substrate, the homogeneity of upper
InGaN/GaN MQWs is influenced, because the'indium incorporation rate in InGaN is strong
depended on the dislocation density and Surface morphology in underlying GaN layer. So
from our optical properties analysis results, we observed that the degree of carrier localization
in InGaN MQWs varies with the misorientation angle of sapphire substrate. And the InGaN
MQWSs with misorientation angle of 0.2° has the smallest effective potential barrier of
localized states, which have weaker carrier localization effect and lager dimension of

nanostructure.

Moreover, due to decreasing of dislocation density and better surface morphology of
sample with misorientation angle of 0.2°, it may improve the p-type doping level, lower the

contact resistant, and reduce the current leakage in the device, therefore enhance the
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luminescence efficiency of LED. Although the InGaN/GaN MQWs with misorientation angle

of 0°, 0.35° and 1° has larger effective potential barrier of localized states, but due to poor

surface morphology and high dislocation density in the device, the performance of device is

deteriorated.
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Fig. 4.3.4 HRTEM images for the MQWs grown on sapphire substrate with different

misorientation angle.
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Chapter 5 Physical mechanisms of excitation power dependent
internal quantum efficiency in InGaN/GaN multiple
guantum well light emitting diodes

5.1 Introduction

The InGaN/GaN material system has attracted much attention due to their tremendous
potential for fabricating light emitting diodes operated from visable to ultraviolet energy
range. In spite of this striking advanced technology, the emission process of this materials
system is still under debate.

To improve the performance of InGaN/GaN LEDs, it is very important to know what
physical mechanisms affect the IQE in this material system. In tradition, the IQE is estimate
by measuring temperature dependent PL at a certain excitation condition, and assume IQE at
low temperature is equal to 100%, then the relative IQE at room temperature can be obtained
[67]. However, IQE is to be strongly dependent on injected carrier density, especially in
InGaN-based QW system, because the existence of large internal electrical field and potential
fluctuation. Therefore, it is important to measure and discuss IQE as a function of excitation
power density. S. Watanabe et al. proposed a method to determine IQE by performing
excitation power density and temperature dependent PL [20].

In their study, the variation of IQE of InGaN/GaN LEDs with increasing excitation
power at low and high temperature has been observed. But they did not say anything more to

explain what physical mechanisms occur in it. For this study, we used their measured method
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to determine IQE of InGaN/GaN MQW LEDs and also observed that the IQE changes with
increasing excitation power density. By observing emission energy and FWHM of spectra as a
function of excitation power density and carrier recombination dynamic by TRPL
measurement, the physical mechanisms of excitation power dependent IQE for InGaN/GaN

LEDs have been confirmed.

5.2 Sample preparation

The samples in this study are commercial InGaN/GaN MQW blue LEDs and grown by
metal organic chemical vapor deposition (MOCVD). The sample in this study grown on
c-plane (0001) sapphire substrates, consisting of 30-nm-thick AIN nucleation layer, a 2 um
Si-doped n-type GaN, and an unintentionallyrdoped active layer with In,Ga; <\N/GaN MQWs,
and 0.2 pm Mg-doped p-type GaN. The doped concentration of n- and p-type GaN is
nominally 5 x 10" and 1x10" cm™, respectively, the MQWs layer comprise 16 periods
Ing»GapgsN well (~2 nm) and GaN barrier (~16 nm). The sample structure is shown in Fig.

5.2.1.

5.3 The measurement of the internal quantum efficiency of InGaN/GaN

MQW LEDs

For this study, we used S. Watanabe et al. proposed method to determine the IQE of
InGaN/GaN MQW LEDs. The PL quantum efficiency can be calculated by
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1, /E
My =C—H——F (5.3.1)
IEX/EEX

where Ipp, and Igx are PL intensity and excitation intensity, respectively. Epp. and Epx are PL
photon energy and excitation photon energy, respectively. C is a constant affected by mostly
carrier injection efficiency by laser, light extraction and correction efficiency of PL, and does
not depend on either excitation power density or measurement temperature. By performing
temperature and excitation power dependent PL, and equation 5.3.1, the relative PL quantum
efficiency curves can be obtained. And the constant C can be canceled out by normalizing the
curves to the peak value at the lowest temperature, because it is independent on temperature
or excitation power. From this normalization; 'the PL efficiency curves will not depend on
carrier injection efficiency by laser, light extraction and correction efficiency of PL. Thus the
PL efficiency obtained from temperature and excitation power dependent PL reflects IQE.

In tradition, the IQE is estimated by assuming that IQE at low temperature is 100%
regardless of excitation power density. However, IQE is strongly dependent on injected
carrier density, therefore, it is more reasonable to assume peak of PL efficiency at lowest
temperature is 100%, then, the IQE curves as a function of excitation power and temperature
can be obtained.

Moreover, to avoid the absorption of GaN, the frequency doubled femtosecond pulsed
Ti : sapphire laser of 390 nm was used for resonant excitation, the excitation power density

was changed from 0.005 mW to 80 mW, and calculated injected carrier density is about 5 x
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10” to 8 x 107 em™.

Fig. 5.3.1 displays the IQE of the InGaN/GaN MQW LEDs as a function of injected
carrier density at 15 K and 300 K. The IQE increases with increasing injected carrier density
to reach its maximum. As injected carrier density further increases, then the IQE decreases.
The tendency of two efficiency curves at 15 K and 300 K is very similar. But under low
injected carrier density range, the IQE at 300 K increases more pronounced than it at 15 K.
Moreover, the peak (arrow in Fig. 5.3.1) of efficiency curve in 300 K is at carrier density of
about 1 x 10" cm™ , which is lager than it at 15 K, which is about 1 x 10'® ¢cm™. The IQE at
low temperature condition is more easy saturatésthan it at higher temperature. The detailed

physical mechanisms will be disCussed later.

5.4 The analysis of physical mechanisms

In general, the PL intensity L can be written as powers of excitation power intensity I as:

[58][59][60]

Lal” (5.4.1)

where parameter P physically reflect the various recombination processes. If P = 1, it indicates
the radiative recombination dominates. If P = 2, the Shockley-Read-Hall (SRH)
recombination dominates, which is generally nonradiative recombination. And P = 2/3
indicates Auger recombination dominates. Fig. 5.4.1 shows the L-I characteristic of our
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sample. At 15 K, L is linear with excitation power intensity (P ~ 1), which indicates that the

radiative recombination dominates the recombination process at all injected carrier density

range and the nonradiative centers are quenched at low temperature. The unchanged

parameter P shows that the variation of IQE at 15 K does not associate to defect related

physical mechanisms. However, under low excitation power density at 300 K, the superlinear

dependence of L on I (P ~ 2) is observed, which shows that the defect relative nonradiative

recombination dominates in this low injected power range. But as excitation power density

continual increase, the linear dependence of L on I is exhibited. This phenomenon can be

explained as following: The fact that the radidtive recombination rate corresponds to the

carrier density squared (R;.q o Bnp), whereas the nonradiative recombination corresponds to

only the carrier density (Ryonag @ An) [5], where A and B are Shockley-Read-Hall

recombination and radiative recombination coefficients, respectively. For GaN based LED, a

large number of dislocation exist in the device, therefore, the nonradiative recombination rate

i1s much higher than radiative recombination in the low carrier density. In order to achieve R;q

>> Ryonrad, the enough injected carrier density is necessary. In our case, as injected carriers

increase, the nonradiative recombination is gradually suppressed, therefore, the radiative

recombination starts to dominate the recombination process, resulting in pronounced

increasing of IQE, which is observed in Fig. 5.4.1.

To further understand what physical mechanisms occur as injected carrier density
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increases, the injected carrier density dependent spectra were observed. Fig. 5.4.2 (a) shows
the emission energy and the FWHM of spectra as a function of injected carrier density at 15 K.
The emission energy gradually increases with increasing carrier density. On the other hand,
the linewidth of spectra shrinks with increasing carrier density from 5 x 10" cm™ to 5 x 10"
cm”, and if injected carriers increase continually, then broadening of spectra is observed.
These phenomena have been observed in InGaN/GaN QW for several articles [33][34][35]. In
generally, there are two possible mechanisms to explain the blue-shift of emission energy
with increasing excitation power.

(1) Coulomb screening of the QCSE.

Several articles have reportéd that the internal-electric fields existing in InGaN/GaN QW
structure. This internal electric field through the QW tilts the potential band and leads to a
spatial separate of electrons and holes in the QW, resulting a decreasing in degree of wave
function overlap, decreasing of transition energy and broadening the linewidth of spectra,
which is called the QCSE. The internal electric field in the QW can be screened by
photogenerated carriers. The increasing of carrier density weakens the QCSE, resulting in
increasing of transition energy, increasing of carrier recombination rate and shrinking of
linewidth of spectra.

(2) Band filling effect of localized states.

Due to composition inhomogeneity and monolayer thickness fluctuation of InGaN QWs,
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self-organized In-rich region is generated in InGaN active region, resulting in potential

fluctuation of energy bandgap. As injected carrier density increases, an occupation of high

energetic localized centers will be enhanced, inducing a blue-shift of emission energy.

Moreover, this effect will broaden the linewidth of spectra.

From above explanation, we can include that the coulomb screening of the QCSE

dominates the region (i) in Fig. 5.4.2 (a), the effect will increase the overlap of wavefunction

of electron and hole, which increases the IQE. And the band filling of localized states

dominates the region (ii), the effect will make the carriers more easily escape from localized

states to extended states, which deteriorates the IQE.

Otherwise, the recombination dynamics of the ifjected carrier density dependent TRPL

have been studied to clarify our thought: Fig."5:4.2.(b) shows the carrier lifetime as a function

of injected carrier density at 15 K, the carrier lifetime decreases with increasing injected

carrier density is observed. The decreasing of carrier lifetime with increasing injected carrier

density has been investigated in other article [35], and it is ascribed to the coulomb screening

of internal electric in InGaN QW. As carrier density in the QW increases, more excited

carriers can screen the internal electric field in QW to increase the overlap of wavefunction

for electron and hole, thus enhances the carrier recombination rate, so carrier lifetime is

decreased. After the coulomb screening of QCSE (the right side of red dash line in Fig. 5.4.2),

we can observe the carrier lifetime keep decreasing, but it exhibits a saturated tendency at
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higher carrier density. This phenomenon is an evidence of band-filling effect of localized

states. Some articles have investigated the emission energy dependent TRPL in InGaN

material and found that the carrier lifetime decreases with increasing emission energy

[61][62]. By experimental results and theory analysis, they proposed this effect is due to

localized states produced in InGaN material. From their results we can know if localized

states produced in InGaN QW, higher energy carriers will have shorter carrier lifetime.

Therefore, as band filling of localized states occurs, the carriers will populate into higher

energy localized states, inducing the decreasing of carrier lifetime. From above analysis we

can know the QCSE becomes weak as injected earrier density increase at 15 K, thus improve

the IQE. As internal electric field is almost fully sereéned, then band filling occurs, resulting

in deterioration of IQE.

The Fig. 5.4.3 shows the case at 300 K. According to the varied tendency of emission

energy and FWHM of spectra with increasing inject carrier density, we can divide Fig. 5.4.3

into three parts to discuss. In the first, we can find that the tendency of emission energy,

FWHM and carrier lifetime in region (ii) and (iii) are very similar to it at 15 K. Moreover, the

parameter P in these two regions equals to 1, which indicates the radiative recombination

dominates. Therefore, the physical mechanisms of region (ii) and (iii) can be classified to

coulomb screening of the QCSE and band filling effect of localized states, respectively. The

former effect improves the IQE, and the later effect deteriorates the IQE.
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For the region (i), four phenomena are observed as following: (1) The emission energy

shows the red-shift with increasing injected carrier density. (2) The parameter P in this region

equals to 2, which indicates the nonradiative recombination dominates the carrier

recombination process. (3) By comparing the emission energy at 15 K with it at 300 K, it can

be found the emission energy at 300 K under low injected carrier density is higher than it at

15 K, which indicates that the carriers recombine at higher energy states at 300K under low

injected carrier density condition. (4) The carrier lifetime increases with increasing injected

carrier density. On the other hand, Y. H. Cho et al. have reported that if nonradiative process

dominates, due to shorter carrier lifetime, the excited carriers will recombine at higher energy

extended states before reaching ithe lower®energy localized states [18]. From above

observation and reference, we can’explain the physical mechanics for region (i) as following:

At lower injected carrier density, due to nonradiative process dominates the carrier

recombination process, the carrier lifetime is shorter, so excited carriers recombine at higher

energy extended states and can not relax into lower energy localized states. But as injected

carriers increases, the condition R;,g >> Ryonrad Will be satisfied gradually, then the carrier

lifetime increases, so excited carriers can transfer from higher extended states to lower

localized states, inducing the red-shift of emission energy. Moreover, due to suppression of

nonradiative recombination, the parameter tends to 1, which radiative recombination

dominates, thus the IQE is improved.

82



Therefore, at temperature of 300 K, as injected carrier density increases, the excited

carriers are used to suppress nonradative recombination to satisfy the condition R;,q >> Ryonrad

at first, this process will improve the IQE. After this process, the carriers can screen the

internal electric field in QW, further improves the IQE. At last, the band filling of localized

states occurs, resulting in deterioration of IQE. Moreover, due to the additional suppression

process of nonradiative recombination in region (i), the injected carrier density at peak of

efficiency curve (arrow in Fig. 1) at 300 K is higer than it at 15 K.

Moreover, there are other possible reasons for deterioration of IQE at high injected

carrier density, such as Auger recombination. Fotsthis case, the recombination process related

parameter P should equal to 2/3,butit did not-be observed in our experiment results, so Auger

recombination is not discussed in this study:.

5.5 Conclusion

From our analysis, we know what physical mechanisms affect the IQE as injected carrier

density changes. At temperature of 15 K and 300 K, the coulomb screening of QCSE and the

band filling of localized states both play an important role in variation of IQE. In order to full

screen the QCSE produced in QW to improve IQE, the enough injected excited carriers are

necessary. But if the injected carriers keep increasing, the band filling of localized states will

make carriers more easily escape from localized states to extended states, resulting in
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deteriorating of IQE. On the other hand, at temperature of 300 K and under low injected

carrier range, the nonradiative recombination plays a key role in the deterioration of IQE. The

enough injected carriers are needed to suppress the nonradiative recombination. To optimum

the performance of device, decreasing the defect density, weaken the internal electric field in

the QW and increasing the depth of localized states to make carrier hard escape to extended

states are very important.
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Chapter 6 Conclusion

6.1 Conclusion

In this study, the optical properties of InGaN/GaN MQW LEDs grown on sapphire
substrate with different misorientation angle have been investigated. From material analysis
results, the LEDs grown on sapphire substrate with slight misorientation angle of 0.2° has
fewer dislocation density, better crystal quality and smoother surface, and the origins relates

to the competition between spiral growth mode and step-flow growth mode.

On the other hand, due to the dislocation-density and surface morphology of underlying
GaN layer varies as a function of misorientation angle of sapphire substrate, the homogeneity
of upper InGaN/GaN MQWs is influenced; because the indium incorporation rate in InGaN is
strong depended on the dislocation density and surface morphology in underlying GaN layer.
So from our optical properties analysis results, we observed that the degree of carrier
localization in InGaN MQWs varies with the misorientation angle of sapphire substrate. And
the InGaN MQWs with misorientation angle of 0.2° has the smallest effective barrier of
localized states, which have weaker carrier localization effect and lager dimension of

nanostructure.

Moreover, due to decreasing of dislocation density and better surface morphology of

sample with misorientation angle of 0.2°, it may improves the p-type doping level, lowering
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the contact resistant, and reduces the current leakage in the device, therefore enhances the

luminescence efficiency of LED. Although the InGaN/GaN MQWs with misorientation angle

of 0°, 0.35°, and 1° has deeper depth of localized states, but due to poor surface morphology

and high dislocation density in the device, the performance of device is deteriorated.

On the other hand, physical mechanisms of excitation power dependent IQE in

InGaN/GaN light emitting diodes have been studied. From our analysis, at temperature of 15

K and 300 K, the coulomb screening of QCSE and the band filling of localized states both

play an important role in variation of IQE. In order to full screen the QCSE existing in QW to

improve IQE, the enough injected excitedicarriers are necessary. But if the injected carriers

keep increasing, the filling of localized states will make carriers more easily escape from

localized states to extended states, ‘resulting in deteriorating of IQE. On the other hand, at

temperature of 300 K and under low injected carrier range, the nonradiative recombination

plays a key role in the deterioration of IQE. The enough injected carriers are needed to

suppress the nonradiative recombination. From our research, what physical mechanisms that

affect the IQE of InGaN/GaN MQW LEDs is further understood. To optimum the

performance of device, decreasing the defect density, waking the internal electric field in the

quantum well, and increasing the depth of localized states to make carrier hard escape to

extended states are very important.

&9



6.2 Future work

From our study, the physical mechanisms of excitation power dependent IQE for

InGaN/GaN MQW LEDs grown on c-plane sapphire substrate are confirmed, and the internal

electric field in the QW is one of origins to deteriorate the IQE of device. For nonpolar

a-plane InGaN/GaN MQW LEDs, lack of polarization-induced electric fields in the QW, what

physical mechanisms affect the excitation power dependent IQE is an interesting research

topic in the future.
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