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Abstract

In this research, we fabricate anodic alumina oxide (AAO) on GaN
and InGaN/GaN quantum well (QW) structure. With the AAO technique,
we can fabricate a thin aluminum oxide film with nano-pore array on the
nitride structure, which is used as a mask to deposit metal nano-particle
arrays on to study the surface plasmon (SP) characteristics, or to release
the strain in the QW. Our first study is about the SP characteristics of a
silver or gold nano-particle array on GaN template. We change the AAO
process condition to control the hole diameter and interpore distance such
that we can vary the particle size and density of the metal nano-particle
array. We observe the SP absorption spectra and its resonance frequencies
of different particle sizes and densities.

The second study is about the strain relaxation phenomenon by
fabricating nano-hole array patterns with the AAO technique on an
InGaN/GaN QW structure. The effective strain relaxation, leading to the
significant enhancement of emission efficiency and reduction of
quantum-confined Stark effect (QCSE), in a high-indium InGaN/GaN
QW structure via nano-pore fabrication on the sample surface with the

anodic aluminum oxide technique is demonstrated. By generating

il



nano-pores of 60 nm in size, 4.71 x 10’ cm™ in pore density, and a depth
several nm above the QW, the internal quantum efficiency (IQE) can be
increased by about three times and the QCSE is reduced by 2.5 times
while the emission spectrum is blue-shifted by 14 nm in the green range.
With this approach, it is possible to achieve a higher IQE and a smaller
QCSE by relaxing the built-in strain of a higher-indium QW structure and
blue-shifting its emission, when compared with a lower-indium sample of

the same emission spectrum as the blue-shifted one.
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Chapter 1

| ntroduction

1.1 Review of Anodic Alumina Oxide Technique

1.1.1 Introduction of anodic aluminum oxide

In resent years, the fabrication of nanometer-sized materials has
gained considerable attention because of their strong uses in both
mesoscopic research and the development of nanodevices, and their great
potential for fundamental studies of the roles of dimensionality and size
in their physical properties. For example, nanometer scale device became
a popular research topic in many fields such as surface-enhanced Raman
scattering [1, 2], material growth [3, 4], surface plasmon resonance
research [5, 6, 7], etc. However, traditional photo-lithography is limited
by light source wavelength, and it is impossible to create patterns whose
dimensions are less than 100nm. Another lithography method — e-beam
lithography can be used for achieving such a scale. However, major
disadvantage of this technique is the high cost. Also, it is extremely

difficult to draw patterns larger than one square inches due to its low



writing speed. In contrast, self-organization methods have an advantage
that their fabricating area is independent of processing time. If we can
find a technique that can create self-organized nano-patterns, we can
obtain a suitable solution to this problem.

One of the best self-organization methods is Anodic aluminum oxide
(AAO) technique. AAO has been studied for more then 40 years [8].
Self-organized porous alumina oxide can be formed by anodizing
aluminum in various electrolytes. Because of its low cost, high
manufacturing efficiency, relatively regular structure, nanometer scale
structure and high aspect ratio, AAO attracts great attention. Therefore,
two years ago, our group began'to develop this technique and utilized this
technique on our other research topics, such as surface plasmon and GaN

material growth.

1.1.2 Film types of anodic aluminum oxide

There are two forms of aluminum oxide, one is “barrier-type film
(BTF)”, and the other one is “pore-type film (PTF)”. If the anodic
alumina oxide is formed in basic or neutral solutions (pH > 5), we can

obtain barrier-type aluminum oxide [10]. When aluminum is anodized in



acid (usually sulfuric (H,SO,), oxalic (H,C,0,), or phosphoric (H3;PO,)
acids), we can obtain “pore-type film” aluminum oxide, which has deep
hexagonal pore arrays [11]. An ideal anodic aluminum oxide structure is
shown in Fig. 1.1. We can control the pore size of aluminum oxide
through anodization voltage, acid solution type, and pH value [12].
Experimental data show that the diameter of the pore and their interpore

distance varies linearly with applied voltage, as shows in Fig. 1.2 [13].

1.1.3 Stages of pore formation

Porous oxide growth consists of three stages that can be observed
from the characteristic behavior of current versus time for potential-static
anodization or potential versus time for current-static anodization [14].
Fig. 1.2 shows the current/voltage versus time characteristic curves from
ref [12]. By using potential-static anodization, we can control the anodic
aluminum oxide growth rate by changing anodization current. By using
current-static anodization, we can control the interpore distance with
different applied voltages. Most people chose potential-static anodization
because by using this method, they can modulate the distance between

pores. This factor is more important than growth rate in many



applications. Therefore, in our research we chose the constant-voltage
mode to describe the stages of pore formation, as depicted in Fig. 1.4.

In Fig. 1.4 (a), we can see that the anodization current decreases
linearly with time in the first stage. This is because when an anodic
voltage is applied, a barrier layer of aluminum oxide is formed on the
surface of aluminum. The thickness of aluminum oxide increases with
time and the resistance is proportional to the oxide thickness. Then, the
anodization current declines with time. As the oxide barrier layer
becomes thick enough, tiny cracks appear at the top of the oxide layer.
Here the second stage begins, as depicted in Fig. 1.4 (b). In this stage, the
electric field concentrates at the bottom of the cracks, and anodic
aluminum oxide starts to dissolve in electrolyte. Hence, the anodization
current increases in this stage (see Fig. 1.4 (a)). The pore nucleation
occurs in the cracks. In other word, only the barrier layer is formed in the
first stage, and pore initiation occurs at the beginning of the second stage.
Next, the cracks are widened and combined to become pores in stage two
until the electric field at the bottom of cracks and the oxide stress are
stabilized. At this moment, the AAO growth rate and AAO dissolution

rate are the same, as show in Fig. 1.4 (b)-(c). When all of them are



stabilized, stage three starts and the initial pore array is accomplished. In
stage three, because the oxide attains a constant dissolution speed, the
anodization current is in steady state. Hence, the pores will grow steadily

until the anodization process is finished.

1.1.4 Fabrication mechanism of anodic aluminum oxide

To explain the effect of self-organized formation of AAO, we can
consider the situation as show in Fig. 1.5 [16]. Oxygen-contained ions
(O*/OH") migrate from the electrolyte through the oxide layer to the
metal/oxide interface. Meanwhile, AI’" ions drift though the oxide layer
from the metal/oxide interface into solution at the oxide/electrolyte
interface. Therefore, proes grow perpendicular to the surface with an
equilibrium of field-enhanced oxide dissolution at the oxide/electrolyte
interface and oxide growth at the metal/oxide interface. The two
interfaces: metal/oxide interface and oxide/electrolyte interface have their
own equations of chemical reaction [12, 14, 16], as shown in the
following :
B Metal/oxide interface :

(1). Al(s) -> AP’ (oxide) + 3 &



B Oxide/electrolyte interface :

(2). 3/2H,0 (1) -> 3 H' (aq) + 3/2 O* (oxide)

(3). 2H' (aq) + OH (aq) -> H,O (1)

4). 1/2 ALOs(s) + 3 H (aq) -> A’ (aq) + 3/2 H,O (1)

For both BTF and PTF, chemical reaction (1) represents an important
function. Parts of AI’* jons combine with the oxygen-contained ions to
from aluminum oxide at the metal/oxide interface (both BTF and PTF),
and parts of AI’" flow to the top of the sidewall of pores to form
aluminum oxide with the O° /OH  ions (only PTF) [17]. Other parts of
AP’ are ejected into the solution. It has been reported that no oxide is
formed at the oxide/electrolyte interface during porous oxide growth but
all cations reaching the interface are injected into the electrolyte [16].
However, according to Dongdong Li et al. [17], it was found that the
aluminum oxide were formed at the metal/oxide (M/O) interface and the
sidewall of pores, since the sidewall is low enough for the AI’* ions to
flow to the top of sidewall to form aluminum oxide with the O* /OH™ ions.
It can be seen from Fig. 1.6 (a) that the nanopore cross section shows
pear-shape morphology with the bottom nanopore diameter of

about 100 nm and the top of only 45 nm.



Chemical reaction (2) shows the water-splitting reaction at the
oxide/electrolyte interface. The O ions migrate due to the electric field
within the oxide from the oxide/solution interface toward the metal/oxide
interface, to form Al,Os. This equation is similar as chemical reaction (1)
which is valid for both BTF and PTH formation reactions.

In BTF, the protons generated by the water-splitting reaction are
neutralized locally according to chemical reaction (1). In contrast, protons
can locally dissolve more oxide in PTF according to chemical reaction (4).
For PTF, chemical reaction (4) must occur preferentially where the
electric field is stronger, i.e., at the center or close to the center of the
pore bottom [12]. For the penetration paths (cracks or pores), there is an
increase in local field strength, enhancing their development through
field-assisted dissolution. At these sides of the bottom of the pores, there
is probably some competition between the water-splitting reaction,
equation (2), and the dissociation of acids to form conjugate base anions,
such as SO42', HPO42', and C,04>. These conjugated base anions can
replace O™ in the oxide to form substitution or contamination impurities
[12].

A more complete diagram about the electrochemical reactions and



ionic paths are shown in Fig 1.7 [14].

Even though the chemical reactions have been introduced, there are
still some important issues about the self-organization mechanism of
AAO such as local temperature and stress. If we do not spread the local
heat at the bottom of pores, the current and oxide dissolution rate will
increase and become unstable, making the pores damaged. We use a spin
bar to stir the electrolyte and disperse the local temperature. Figures 1.8
and 1.9 show the effect of temperature on the current density. Strain is
also a very important factor of pore growth. In order to release stress, the
loss of AI’" jons into the electrolyte had been shown to be a prerequisite
for porous oxide growth [12, 16, 21]. On the other hand, the stress also
plays an important role in the formation of pore arrays. Due to the
expansion of volume, the forces give a repulsive interaction between the

pores leading to a self-organized formation of hexagonal pore arrays [16].

1.2 Review on Surface Plasmon

1.2.1 Research Background

Surface plasmon (SP) has found many potential applications,



including SP resonance bio-sensing, enhanced Raman spectroscopy,
nano-guiding, and enhanced light emission and absorption. Based on the
targeted research application, the metal structures supporting SPs can be
classified into two types, including metal nano-particles and metal
nanostructures deposited on a dielectric. With metal nano-particles, the
behavior of a localized surface plasmon (LSP) is of major concern in
research. Using the AAO process, we can fabricate large area metal
nano-particles array on GaN template to study the LSP characteristics of

Au and Ag nano-particle arrays on the GaN based device.

1.2.2 Introduction of metal clusters

Due to the small atom number of a cluster, there are two different
kinds of cluster-size effects. The first one is intrinsic, such as binding
energy, chemical reactivity, crystallographic structure, melting
temperature, and optical property. The second one is extrinsic which
means the size-dependent responses to an external field or forces
irrespective to the intrinsic effects, including the collective electronic or
lattice excitation [22]. The dimension of the cluster size determines the

major property of the cluster, as shown in Table 1.1. Table 1.2 shows the



classification of clusters according to the number N of atom per cluster.
When a cluster has a diameter larger than 10nm, the cluster properties,
such as dielectric constant, are independent of the cluster size. Thus, the
relation between optical spectra with particle size is an extrinsic effect.
For small clusters, intrinsic effect should be applied because the dielectric
constant is a function of particle size. Since the exciton radius is typically
2-8 nm for II-VI semiconductors, particles of several nanometers in
diameter are expected to undergo the transition from bulk to the
quantum-confined state. Therefore, for the very small metal clusters

quantum-mechanical methods have to'be applied [22].

1.2.3 Dielectric function of large metal clusters

For Alkali metal or noble metal bulks, their valance bands are
completely filled and conduction bands are partially filled. Therefore,
their electronic and optical properties are only dependent on conduction
electrons, and their electrons can be treated as free electron gas which has
effective optical mass m of each electron [23]. A simple model for the
optical properties of free-electron metals is Drude-Lorentz-Sommerfeld

model.

10



Consider an external electric field £ = Ege_m applied on an

electron with effective mass m of the plasma sea as

d’x dx
v my == =—eE(t

Here, 7 denotes the phenomenological damping constant =1/7 . 1 is
known as the relaxation time of the free electron gas. We can obtain the

motion equation of this electron as

€ —iwt i €
m(@* +iyw) m(@* + i yw)

x(t) = EW (2

Consider the dipole moment p = ex(t) and the polarization P = np, where

n is the number of electrons per unit volume, we can obtain

2
ne

P:_m(a)2+i7a))E(t)’ (1.3)
and

D=ey(1-— )G

= &( wzﬂ.m) (1) . (1.4)

2
ne

2 —_ .
Here, @, = em S the Drude plasma frequency of free electron gas.
0

Therefore, we can obtain the dielectric function of the free electron gas as

wZ

— -7
£(w) - (1.5)

The real and imaginary components of this complex dielectric function

11



e(®) =¢g;(m)+igy(m) are given by:

@’ T’

& ()= —H_pw. (1.6)
@7’

e (w) = 4

From equation (1.5), we can see that the dielectric function is
dependent on the mean free path of electron. If the cluster diameter is
smaller than the electron mean free path, the electron-surface scattering
must be considered. The smaller the particle, the faster the electrons reach
the surface of the particle. Electrons in a small particle scatter at the
surface and lose the coherence more easily than in a large particle.
Therefore, if the range of particular diameter is shorter than the electron
mean free path, the plasmon band widens when the particle diameter

decreases [22, 23, 24].

1.2.4 Localized surface plasmon of metal nano-particles

For nano-particles which have diameters d << A, we can analyze the
interaction of electromagnetic field and a metal particle with the simple
quasi-static approximation. We can assume that the positive charges are

immobile and the negative charges are allowed to move under the

12



influence of the external fields. Assume a homogenous and isotropic
sphere of radius a located at the origin in a uniform and static electric
field E=FE,Z , as shown in Fig 1.10. From the Laplace

function V>® = 0, we can obtain the electric potential as

O(r,0) = i[A,rl +B,r"*"1P,(cos(9)) | (1.8)

/=0

Here, Picos(0) is the Legendre Polynomials of order 1, and © is the angle
between the position vector r at point P, as shown in Fig. 1.11.
The solution for the potentials ®;, inside and @, outside the sphere

can be written as

@, (r,0) = Ar'F(coso) (1.9)
=0
and
o (r,0)= Z[Blrl +C,r "V1P,(cos @) (1.10)

=0

Using the boundary condition and E = -\/®, one can calculate the

electric field to give

b, =—"—Fk (1.11)

(1.12)

13



The polarizability a of the sphere, which is defined as p = gy&,0E,,

can be found from (1.16) as

3 8—8m

o=4m’ —
E+2¢,

(1.13)

Polarizability shows the resonance behavior when |e+2¢,,| has a minimum,
ie., [e1(®) + 2em]” + [€2(®)]* has a minimum. Therefore, we can obtain the
resonance condition as

Re[g; (0)] = -2¢. (1.14)
This condition is called the Frohlich condition. Inserting this condition
into equation (1.8) and assuming €, = 1, we can find the LSP resonance
frequency for a metal cluster in air as

w=0, /3. (1.15)
Here, w;, is highly dependent on the dielectric constant of the environment.
If the dielectric constant of the surrounding medium increases, according

to (1.8) and (1.20), we can have

W’ ">

2 _ P _ p
“ _l—g(a)) 1+2¢, - (1.16)

Hence, w; will decrease and the resonance red-shifts with the increase of
surrounding medium dielectric constant. The excitation, scattering, and

absorption cross sections are

14



C =9—¢&'V
et c " o(g+2e,) +el° (1.17)
! 87 g—¢
C =2 Jol? =22 k40" Cm
e 67:‘ | 3 E+2¢, | (1.18)
and
£—¢
C . =kIm|la|=4nka’ 1 L
e = kImlor] = 47ka mL”gm] (1.19)

Csea and Cgps can be calculated from the Poynting-vector and Cey = Ciea +
Cabs-

The above discussion of the quasi-static regime is just a rough
estimate which only holds for particle diameter 2r > 20nm (for gold
particle) but 2r << A. If the particle diameter smaller than 20nm, the
intrinsic effect dominates the optical properties due to the electron surface
scattering. On the other hand, if the particle diameter is not much smaller
than the wavelength, we must consider the higher order mode. According

to the Mie theory, the cross sections become

2 [}

Cou =#;(2L+1)Re[ﬁ +b,], (1.20)
2 [}

C.. =#Z<2L+Ddaﬁ +b, ). (1.21)
L=1

and Cabs = Cext - Cvca 5 Wlth

15



_my, (mx)l//L (x)— WL (mx)y, (x)
Oy, (o, (0 — 7, (mo, (%) (1.22)

and

p Ym0y, () —my, (m)y, ()
W, (mx)n, (x)—my, (mxyn, (x)

(1.23)

Here, m = n/n,,, where n denotes the complex index of refraction of the
particle, and n,, is the real index of refraction of the surrounding medium.
Also £ is the wavevector and x = |k|r is the size parameter. Meanwhile, v/
and 7, are the Riccati-Bessel cylindrical functions. Figure 1.12 shows the
diagram of electric and magnetic fields of a metal sphere from L=1to L

= 3[22].

1.3 Strain in InGaN/GaN Quantum Wells

1.3.1 Strain effect

When there is a lattice mismatch between two materials in
heterostructure growth, strain is induced near the interface. Larger strain
energy is stored when the epilayer becomes thicker. Beyond a certain
thickness, known as the critical thickness t., the strain energy is relaxed

through the formation of misfit dislocation. Assume a is the lattice

16



constant of an epilayer which has thickness t, and a; is the lattice constant

of the substrate, then the strain between the two materials is defined as:

€= . (1.24)
If a > agand t < t., the epilayer experiences a compressive stress and

hence compressive strain is built, as shown in Fig. 1.13. If t > t., the strain

is relaxed and misfit dislocation is produced, se Fig. 1.14

1.3.2 Polarization and strain-induced piezoelectric field

When a structure is under strain, a net polarization can arise — a
phenomenon called piezoelectric effect. Nitride heterostructures have
polarization charges at the interfaces for the growth orientation along
(0001). For the strain layer, the crystal lattice structures can be defined by
the length of the hexagonal edge a,y, the height c, of the crystal, and a
microscopic dimensionless parameter u, which is defined as the length of
the bond parallel to the c axis ([0001]), in units of cy. The piezoelectric
polarization Ppg is:

Ppp =ese, tesi(etgy) (1.25)

Here, €,= (c-cg)/cy 1s the strain along the ¢ axis. The in-plane strain g = g,

= (a-ag)/ay is assumed to be isotropic. es; and e;; are the piezoelectric

17



coefficients, and a and c are the lattice constants of the strained layer. The
lattice constant in the hexagonal InGaN system is given by:

c-Co/ co= -2(C13/Cs3)(a-ag )/ay. (1.26)
Here, C 3 and Cs; are elastic constants [25]. Using Eqgs. (1.33) and (1.34),
the piezoelectric polarization in the direction of the ¢ axis can be
determined by:

Ppe = 2(e3; - €33 C13/Cs3)(a-ag)/ay. (1.27)
Equation (1.33) is valid in the linear regime for small strain values. It
defines the piezoelectric tensor through the change in polarization
induced by the variations of the lattice constant only. Bernardini et al. [26]
have predicted that in addition to the high piezoelectric polarization, the
spontaneous polarization Pgp cannot be ignored in the group — III nitrides
alloy. Therefore, the total polarization is the sum of the piezoelectric and
spontaneous polarization as:

Ptotal = Ppg + Psp. (1.28)
The electric field E in the well and barrier along the (0001) — direction for
(0001) — oriented wurtzite structure can be estimated from the periodic
boundary for a InGaN/GaN multiple quantium well structure as :

Ew = (Pb - Pa)/[nw + nb(LW/Lb)]

18



Ey = - (Lw/Ly)Ey, (1.29)
where w and b represent the well and barrier, and L and n arethe layer
thickness and the static dielectric constant.

As shown in Fig. 1.15, the macroscopic polarization in the material
gives rise to the net electric field E = -P/(egy), where € and g, are the
dielectric constants of InGaN and vacuum, respectively, which is
perpendicular to the plane of the well. This field, if strong enough, will
induce a spatial separation of electron and hole wavefunctions in the well.
Hence, the overlaps of electron and hole wavefunction are decreased.
This is the so-called quantum confined Stark effect (QCSE)

For strained wurtzite InGaN/GaN QWs, the large piezoelectric field
is in the range of 1MV/cm. Moreover, the spontaneous polarization is
expected to the relatively weaker than the piezoelectric field in InGaN
wells of InGaN/GaN MQW structures. Therefore, the absorption
spectrum can be modulated by the QCSE and the quantum-confined

Franz-Keldysh effect (QCFK) that produce clear Stokes shifts.

1.4 Thesis Organization

19



In this thesis we study the LSP behaviors of metal nano-particles and
the strain release of InGaN/GaN quantum well. We fabricate gold and
silver nano-clusters with diameter between 40 and 100 nm with the AAO
technique. This topic will be discussed in Chapter 2. In Chapter 3, we
report the strain release phenomenon by fabricating nano-hole array
patterns with the AAO technique on an InGaN/GaN QW structure. Finally,

the conclusions are drawn in Chapter 4.

20



Table 1.1 Extrinsic and intrinsic size effects of the optical response of
metal clusters [22].

Cluster radius R R=10nm R=10nm
Electrodynamics of Mie | Independent of R f(R)

theory

Optical material functions | € = € (R) Independent of R
Size effect Intrinsic extrinsic

Table 1.2 Classification of clusters according to the number N of atom per
cluster. In addition cluster diameter 2R for Na clusters and the ratio of
surface to inner volume atoms Ns/Nv are given [22].

Very small clusters Small clusters Large clusters
2<N = 20 20 = N = 500 500 = N = 10
2Rw = 1.1nm I.LInm=2Rx~=33nm |3.3nm=2Rx=100nm

Surface  and inner | 0.9 = Ns/Nv = 0.5 |0.5 = Ns/Nv

volume not separable

21
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Fig. 1.1 Structure of Anodic alumina oxide.
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Fig. 1.2 The relation of interpore distance and anodic voltage [13].
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Fig. 1.3 (a) is voltage-time anodization curve for current-static
anodization of an Al sheet in 4% H;PO, at a current density of SmA/cmz,
and (b) is current-time anodization curve for voltage-static anodization in
3% H,C,04 at 40V [12].
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Fig. 1.4 (a) shows the characteristic current density versus time for a
constant anodization voltage [14], and (b) shows the process of crack
creation [15].
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Fig. 1.5 Schematic of aluminum during anodic oxidation [16].

25



Fig. 1.6 SEM images of PAA obtained in 6 wt.% EGPA at 5 mAcm—2
and 298 K for (a) 71 s, (b) 300 s and (c) 600 s [17].
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Fig. 1.7 Schematic diagram showing the electrochemical reactions and
ionic paths involved during anodization of aluminum [14].
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Fig. 1.8 Effect of stirring on the current density at 40 V in 3% H,C,0, at
15C.
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Fig. 1.9 Effect of the bath temperature on the current density at 40V in
3% H,C,04[12].
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Fig. 1.10 A scheme illustrating the excitation of the dipole surface lasmon
oscillation.The electric field of an incoming light wave induces a
polarization of the (free) conduction electrons with respect to the much
heavier ionic core of a spherical gold nanoparticle.A net charge
diOEerence is only felt at the nanoparticle boundaries (surface) which in
turn acts as a restoring force. In this way a dipolar oscillation of the
electrons is created with period 7. This is known as the surface plasmon
absorption [24].
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Fig. 1.11 Sketch of a homogeneous sphere placed in an electrostatic field
[23].






| 111 [TTTT
epllayer | epilayer 7
111 mEmm
-
sihstrate sUbsirate
epilayar
eplayer
sibstrate substrate
tensile strain

Compressive strain

Fig. 1.13 Compressive and tensile strains.
d
S G G S S S
| i i I 1 i 1 [
LATTICE &—#—#—?—#——ﬁ*—*}—ﬁﬂ
I l J |
- ...|_:|...,_ -
e - &<

MISSING
ATOM

I
‘-O-—-u-

} LJ-'I.TTICE

Fig. 1.14 Misfit dislocation.

31



A
—

GaN - GaN
Carrier & l/

distribution

—

-— PpE
[0001] <*— E
ﬁ

Fig. 1.15 Schematic drawings of band diagram, polarization field, and the
sheet charges at the interfaces of InGaN/GaN QWs.
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Chapter 2

Fabrication of Metal Nano-particles and Surface

Plasmon Characteristics

2.1 Fabrication of AAO and M etal Nano-particles on
GaN Substrate

The AAO technique has been developed for many years. However,
the AAO arrays are irregular with the conventional one-step anodization
process. Some anodic methods have been brought up, such as the
two-step anodization process or employing an imprinting process for an
aluminum substrate before anodization [27]. The imprinting process, as
show in Fig. 2.1, was first developed by Masuda [27] and could achieve
regular AAO matrices. However, the imprint molds are expensive, and
they are expendables. In contrast, although the two-step anodization
process cannot be used to achieve AAO arrays as regular as imprinting
process, it can still be useful for most cases of application. Hence, we
chose the two-step process for fabricating AAO.

To fabricate AAO on GaN substrate, we first deposit an Al thin film

on GaN substrate with an electron-gun evaporator. However, if we
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anodize the aluminum on GaN substrate directly, GaN substrate may be
damaged. Therefore, we grow a 100nm SiO, thin film on GaN substrate
with plasma-enhanced chemical vapor deposition (PECVD) before
depositing Al.

In the first anodization stage, we used 0.3 M oxalic as the electrolyte
and maintained the electrolyte temperature at 15°C to anodize alumina for
45 sec. The oxide layer on the aluminum thin film was then removed by
immersing the sample into chromic acid at 60°C for 60 min. Next, the
aluminum was anodized at the same temperature and electrolyte again for
7.75 min. After anodization, AAO is immersed into 5% phosphoric acid
to widen the pore diameter. We chose the anodization voltage at 40V and
60V resulting in pore difference of 120 and 150 nm, respectively.

If our goal is to fabricate a regular metal nano-particle array on GaN
template, the following procedures are needed after the AAO process is
finished. First, we utilize reactive ion etching (RIE) to transfer the
nano-pore pattern onto SiO,. The second step is to remove the AAO film
on Si02 by immersing the sample into phosphoric acid until the alumina
oxide is fully dissolved in the acid solution. Then, we use the

electron-gun evaporator to deposit sliver or gold into the pores of SiO,.
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Finally, we remove SiO, to obtain the metal particle arrays. A schematic
diagram of the complete procedures of the nano-metal cluster fabrication

is shown as follows:

=102 100N

=102 100nm

1. Growing Si0O, on GaN followed by the deposition of Al
2. AAO Fabrication

3. Transfering pore pattern from AAO onto Si0,

4. Removing AAO

5. Depositing metal by E-gun

6. Removing SiO,

With different pore-widened times, we can change the AAO pore
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diameter and control the metal particle size. For each applied anodization
voltage, we use different pore-widened times after anodization and obtain
a series of metal particles of different sizes. Therefore, we can compare
the surface plasmon properties of the metal particle arrays of different
particle sizes with the same interpore distance. Then, we can study the

influence of the interpore distance.

2.2 Surface Plasmon Characteristics of Nano-particles

on GaN Substrate

Figure 2.3 through 2.6 show the white light transmission spectra of
Ag nano-particles on GaN substrate. The anodization voltage is 60 V and
the pore-widened times are 70, 80, 90, and 110 min, respectively. The
spectrum of the white-light source ranges from 400 though 750 nm. For
each sample, we measured the GaN substrate transmission spectrum as a
reference and we use the Ag nano-particle transmission spectraum
divided by the GaN transmission spectrum to obtain the ratio of
transmission, as shown in Fig. 2.2. The oscillations are due to the

Fabre-Perot effect between the GaN-sapphire interface and the GaN-air
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interface. In order to determine the minimum spectral position of the ratio,
we used the Matlab to filter out high frequency components.

In Figs. 2.3 through Fig. 2.6, one can see minimum spectral positions
of the ratios at 450, 475, 490, and 500 nm for the pore diameters of 50, 70,
80, and 110 nm, respectively. The spectral minimum corresponds to the
LSP absorption peak of the metal particles. This phenomenon can be
explained by two reasons: First, if the particle size increases, the distance
between the charges of the opposite interfaces of particle also increases,
leading to a smaller restoring force and a lower resonance frequency.
Therefore, the LSP absorption peaks red shift. Second, because our metal
dimensions are larger than 50/ nm, we cannot just consider the dipole
mode. Higher-order modes such as quadrupole can exist and even
dominate the optical properties, as shown in equations (1.20) ~ (1.23) and
Fig. 1.12. Energy of higher-order modes is lower than that of the dipole
mode such that the absorption peaks red shift.

Figures 2.7, 2.8, and 2.9 show the white light transmission spectra of
the samples of Au nano-particles on GaN substrate. The results are
similar to those of the samples of Ag nano-particles. The absorption peaks

are at 580, 590, and 610 nm as the pore diameters are 80, 90, and 100 ~
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110 nm, respectively. Fig. 2.10 shows the SEM images of different
resolutions.

Fig. 2.11 shows the transmission spectral ratios of Ag nano-particle
arrays on sapphire substrate. Under the same fabrication conditions, we
can see that the absorption peak positions blue shift when the GaN
substrate is replaced by sapphire template. Also, if the transmission
measurement is performed with light incident from the air side,
absorption peak positions also blue shift, as shown in Fig. 2.12. We can
see that the higher is the dielectric constant of the surrounding medium,
the lower the resonance energy will be. This phenomenon can be
explained by equation

0’7’
g(w)=1-—-2=

(1.6)

1+w’t’
and

g1 (o) = -2¢,. (1.14)
If the dielectric constant, €, of the surrounding medium decreases, the g,
at the corresponding resonant frequency also increases (|e;| decreases).
Thus, according to equation (1.6), the resonant frequency will increase to

match the resonant condition.
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If the transmission dip was due to the reflection of the metal particles,
it will not be just a ‘dip’ at particular wavelength. Instead, it should be a
broad band, as shown in Fig. 2.13. In addition, the dip positions are
dependent on the medium dielectric constant, which represents another
important characteristic of SP.

Figure 2.15 and 2.16 show the results of angle-dependent
transmission spectral measurements. Figure 2.14 shows the optical
measurement setup. We placed the sample between the light source and a
fiber, then rotated the sample to measure the transmission spectrum at
each direction. The x-axis in Figures 2.15 and corresponds to the incident
angle. Here, the y-axis represents wavelength. The red color regions
represent high transmission ratio, and blue color regions represent low
transmission ratio. Figure 2.15(a) and 2.16(a) show the original data
before filtering out the Fabre-Perot oscillations. Figures 2.15(b) and
2.16(b) show the ratios after filtering out the high-frequency components.
Because the length of the resonant cavity increases if the sample is
rotated, the resonant peaks of the Fabre-Perot oscillation shift with
incident angle. Therefore, we can see many colored stripes bending with

the incident angle. However, this behavior has nothing to do with SP.
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After filtering out the Fabre-Perot oscillation, it is become clear that the
dips of the transmission ratios of each angle are at the same wavelength,
as shown in Figures 2.16(b) and 2.17(b). This result shows that the
behavior of the metal nano-particles is due to LSP, not SPP.

Although we have studied certain properties of Ag and Au
nano-particles, all of the characteristics discussed above are the properties
of single nano-particles. In nano-particle arrays, additional shifts are
expected to occur due to the electromagnetic interactions between the
localized SP modes [23]. In order to study the properties of nano-particle
arrays, we change the anodization voltage into 40V to increase the
particle density. We fabricated two samples with the same anodization
voltage of 40 V and different pore-widened times of 70 and 90 min.
Figures 2.18 and 2.19 show the SEM images and optical transmission
ratios of the two samples. From SEM images, we can see that the
interpore distances are decreased to 100nm. The absorption peak is at 455
nm for particle diameter of 45 nm and 490 nm for particle diameter of 65
nm. By comparing Fig. 2.3 with Fig. 2.18, one can see that the particle
sizes are similar and their electron resonant peaks are the same. However,

comparing Fig. 2.5 with Fig. 2.19 we can see that they have similar
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electron resonance peaks but different particles sizes. The particle size is
80nm in Fig. 2.5 but is only 65nm in Fig. 2.19. We can see that the
interparticle coupling leads to a red shift as the particle separation
decreases. This phenomenon can be understood by considering the
Coulomb force associated with the polarization of the particle chain. As
shown in Fig 2.20, if the electronic resonances of the particles belong to
the transverse modes, the restoring force acting on the oscillating
electrons of each particle in the chain is increased by the charge
distribution of neighboring particles, which will make the resonant mode
blue shifted. In contrast, plasmon resonant modes red shift in the
longitude modes [23]. Therefore, we can determine that the phenomenon
we observed corresponds to the longitudinal SP modes.

From equation (1.18), due to the scaling of the interaction strength
with d~, the interaction strength between metal particles decreases
significantly as the particle spacing increases, as shown in Fig. 2.21. This
is the reason why the surface plasmon resonances of metal nano-particles

of 50 nm in diameter do not change significantly.

2.3 Discussions and Summary
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We have successively fabricated large area nano metal arrays on GaN
substrate and studied the LSP properties of Ag and Au nano-particles.
Although our particle sizes are too larger to use the simple dipole
approximation, the trends of the SP characteristics are the same. Based on
our results, we can change the metal nano-particle size and density with
different AAO process conditions to adjust the LSP resonance frequency.
Thus, we can fabricate suitable metal nano-particle arrays to create LSP
with resonant frequency we need. Combining this technique with
different substrates, we can study other properties of LSP, such as the
fabricating of nano-particles on InGaN/GaN QW to observe the coupling

of LSP with QW.
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FIG. 1. Process for the ordered channel array; SiC mold with hexagonally
ordered array of convexes (a), molding on the Al (b), textured Al (c),

nodization and growth of channel architecture (d), removal of Al and
barrier layer (e) [27].
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Fig. 2.2 Transmission spectrum of GaN substrate and Ag nano-particles
on GaN substrate and their ratio
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Fig. 2.3 Transmission ratio of Ag nano-particle on GaN substrate.

AAOQO parameters: 60V, widen pores for 70 min.

Particle distance = 150 nm, particle diameter = 50 nm.
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Fig. 2.4 Transmission ratio of Ag nano-particle on GaN substrate.
AAOQO parameters: 60V, widen pores for 80 min.

Particle distance =~ 150 nm, particle diameter = 70 nm.
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Fig. 2.5 Transmission ratio of Ag nano-particle on GaN substrate.

AAOQO parameters: 60V, widen pores for 90 min.

Particle distance = 150 nm, particle diameter =~ 80 nm.
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Fig. 2.6 Transmission ratio of Ag nano-particle on GaN substrate.

AAOQ parameters: 60V, widen pores for 110 min.

Particle distance =~ 150 nm, particle diameter = 100nm~110 nm.
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Fig. 2.7 Transmission ratio of Au nano-particle on GaN substrate.
AAOQ parameters: 60V, widen pores for 90 min.

Particle distance = 150 nm, particle diameter =~ 80 nm.
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Fig. 2.8 Transmission ratio of Au nano-particle on GaN substrate.
AAQ parameters: 60V, widen pores for 100 min.

Particle distance =~ 150 nm, particle diameter = 90 nm
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Fig. 2.9 Transmission ratio of Au nano-particle on GaN substrate.

AAQ parameter: 60V, widen pores for 110 min.

Particle distance =~ 150 nm, particle diameter = 100nm~110 nm.
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Fig. 2.10 SEM images of Ag nano-particles with the AAO process
condition as (a) pore-widen time at 70 min (b) pore-widen time at 90 min.
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Fig. 2.11 Transmission ratio of Ag nano-particles on sapphire substrate.
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Fig. 2.12 Transmission ratio of silver nano-particles as the light source
incident from the airside.
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Fig. 2.15 Schematic of our measurement system.
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Fig 2.16 Angle dependent transmission ratio with the AAO process
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Fig. 2.18 Transmission ratio of Ag nano-particle on GaN substrate.

AAOQO parameters: 40V, widen pores for 70 min.

Particle distance = 100 nm, particle diameter = 45 nm.
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Fig. 2.19 Transmission ratio of Ag nano-particle on GaN substrate.

AAOQ parameter: 40V, widen pores for 90 min.

Particle distance =~ 100 nm, particle diameter = 65 nm.
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Fig. 2.20 Schematic of the near-field coupling between metallic

nanoparticles for the two different polarizations [23].
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Fig. 2.21 SEM image of arrays of closely spaced gold nanoparticles (a)
and dependence of the spectral position of the dipole plasmon resonance
on interparticle spacing (b). The dotted lines show a fit to the d
dependence of the coupling expected from a point-dipole model.
Reprinted with permission from [28].
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Chapter3
Srain Release of InGaN/GaN Quantum Wells

through Nano-hole Fabrication

3.1 Introduction

InGaN/GaN quantum-well (QW) structures grown along the c-axis
on sapphire substrate are widely used for fabricating color and white-light
light-emitting diodes (LEDs). However, because of the large lattice
mismatches between GaN and sapphire (36 %) and between InN and GaN
(11 %), normally strong compressive strain exists in an InGaN QW layer,
particularly when the indium content is high for green-yellow emission.
Such a strain distribution results in significant piezoelectric field across
the QW layer, leading to the quantum-confined Stark effect (QCSE)
[29-33]. The piezoelectric field tilts the QW potential such that the
overlap integral of electron and hole wave functions is reduced and hence
the radiative recombination rate is decreased. When carriers are supplied
into the QW, the charged carriers can screen the piezoelectric field,
leading to a flattened QW potential. In this situation, the radiative
recombination rate can be enhanced and the emission spectrum is blue

shifted. Therefore, the strain-induced piezoelectric field in an InGaN/GaN

59



QW not only reduces its internal quantum efficiency, but also leads to
unstable output spectrum when it is used for fabricating an LED. Efforts
have been made to reduce or delete the piezoelectric field in such a QW
for improving the overall LED efficiency. Non-polar and semi-polar
growths of such a QW represent one of the efforts to this end [44-36].
However, so far the non-polar and semi-polar crystal qualities are still not
as good as those with polar growth, unless high-quality non-polar GaN
free-standing substrate is available. Hence, any approach for reducing the
piezoelectric field in a c-plane InGaN/GaN QW is useful for improving
the emission efficiency.

In this letter, we demonstrate the reduction of the QCSE in an
InGaN/GaN QW by generating nano-pores on the epitaxial structure with
the anodic aluminum oxide (AAO) technique [9,4]. This electrochemical
method can be used to produce pores of several tens nm in cross-section
dimension, 5-25 nm in depth, and 10°-10'"" cm™ in pore density on the
surface of an InGaN/GaN heterostructure. Although the produced pore
dimension and location are irregular, they are statistically uniform on the
sample surface. This technique has been used for enhancing the light
extraction efficiency in an LED [47, 48]. By producing nano-pores on an
InGaN/GaN QW structure, it is found that the photoluminescence (PL)
spectral feature is significantly blue-shifted. Also, the internal quantum

efficiency is enhanced and the QCSE is reduced. It is believed that the
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strain built in the QW layer is partially released through the generation of

those nano-pores.

3.2 Fabrication of nano-holes array on InGaN/GaN

guantum wells

The InGaN/GaN QW structure was grown on c-plane sapphire
substrate with metalorganic chemical vapor deposition. First, a 30-nm
GaN nucleation layer was grown at 537 °C. Then, after the growth of a
3-um u-GaN at 1080 °C, an InGaN/GaN QW structure was deposited.
The lower GaN barrier of 20 nm in thickness was grown at 800 °C. In
growing the QW structure, after the growth of a 3-nm InGaN QW layer at
670 °C, the growth temperature was ramped to 890 °C within one minute
for depositing the GaN cap layer of 24 nm in thickness. The QW structure
without AAO process is assigned as sample A.

The fabrication of nano-holes array is very similar of the method of
nano-particles fabricating. First, a Si0, layer of 100 nm in thickness was
grown on the GaN cap layer, followed by the deposition of an Al layer of

500 nm in thickness. In the first anodization stage, the sample was

61



immersed in the electrolyte of 0.3 M oxalic, which was maintained at 15
°C, for 45 sec to anodize aluminum. The applied anodization voltage was
60V. Then, the oxide layer on aluminum was removed by immersing the
sample into chromic acid at 60 °C for 60 min. After this procedure, the
aluminum was anodized again in oxalic at 15 °C, for 7.75 min. At this
stage, an oxidized Al layer with nano-size pores was formed. Then the
sample was immersed in 5% phosphoric acid to widen the pores. Three
different immersion times of 70 (for samples B and C), 90 (for samples D
and E), and 110 min (for samples F and G) were used to produce different
samples of different pore sizes. The pore structure on aluminum oxide
was then used as the mask to transfer the pattern onto the SiO, layer and
GaN cap layer beneath via reactive ion etching (RIE). Different etching
times lead to different pore depths. The data of average pore size, pore

depth, and pore density of various samples are listed in Table 3.1
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Table 3.1 The process conditions of each sample.

Anodization
voltage

Pore widen
time

Bare
QW

60V

70min

90min

110min

Sample number

A

G

Hole diameter

60nm

60nm

70nm 70nm

&5nm

&5nm

Hole depth

<5nm

10nm

10nm 15nm

>25nm

>25nm

The hole depths of samples F and G are larger than the thickness of

the cap layer. The only difference between the two samples is that the

hole depth of F is larger than G due to the longer dry etching time of F.

Figures 3.1 and 3.2 show the power-dependent PL spectra and

temperature-dependent Pl spectra of samples A, F, and G. Here, one can

see that the difference between samples F and G is very small, indicating

that if we etch the holes depth enough to reach the QW, the depth of the

holes does not influence much the strain of the InGaN/GaN QWs.

Therefore, we only compare samples A, B, C, D, E, and F.

3.3 Optical properties

Fig. 3.3 shows a plan-view scanning electron microscopy (SEM)
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image of samples with different pore-widen time. It is estimated that the
pore cross-section size is around 85 nm and pore density is 9.91 x 10’
cm?, as listed in Table I. Because of the same applied voltage in the AAO
process for preparing all the AAO samples, the pore densities of samples
B-F are in the same order of magnitude. Fig. 3.4 shows a typical line-scan
profile in the measurement of atomic force microscopy (AFM) on sample
E. Because of the random distribution of pores, a line scan cannot
demonstrate a regular pore arrangement and depth distribution. A careful
calculation reveals that the average pore depth in this sample is about 15
nm. Based on the same approach, the average pore depths of other
samples were obtained and listed in Table I. Because the GaN cap layer
over the QW is only 12 nm in thickness, the pores in sample E actually
penetrate into the QW layer. In sample F, the pores penetrate through the
QW layer.

Fig. 3.5 shows normalized PL spectra of the six samples. The PL data
here were obtained by using a HeCd laser of 425 nm for excitation with
the power of 12 mW. The sample was excited on the AAO surface and the
PL signal was collected on the same side. In Fig. 3.5, one can clearly see
the blue shifts of all the AAO samples with respect to the control sample.
Because of the Fabry-Perot oscillation nature in such a PL spectrum, it is
difficult to calibrate the PL spectral peak position. To show the PL

spectral feature, we evaluate the spectral center-of-mass (CoM) for each
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sample. The blue shift ranges of CoM in samples B-F are 57, 62, 73, 82,
and 120 meV, respectively. Generally, a larger pore size or deeper pore
penetration leads to a larger blue shift range. The spectral blue shift is
believed to be due to strain relaxation in the QW. A larger pore size or
deep pore penetration seems to more effectively relax the strain in QW.

Fig. 3.6 shows the variations of integrated PL intensity as functions
of temperature for all the samples. The ratio of the integrated PL intensity
at room temperature over that at 10 K is usually used to represent the
internal quantum efficiency (IQE) of the QW even though it is not very
precise. The IQE’s of all the samples are shown in Table I. One can see
that the IQE increases from 11.03 % of the control sample up to 31.29 %
of sample C. Although all the AAO processes lead to IQE enhancements,
a larger pore size actually results in a smaller IQE increase. Also, deep
pore penetration results in a larger IQE. A larger pore size and depth
normal lead to a larger area of surface defects and hence a lower 1QE.
However, they also lead to a larger radiative recombination rate because
of more effective strain relaxation. The counteraction between the two
factors results in the IQE data shown in Table 1.

Fig. 3.7 shows the variations of PL CoM energy when the excitation
power increases from 0.25 to 12 mW. Such an excitation power
dependent PL feature is usually used for illustrating the QCSE strength of

a QW structure. The blue shift ranges of samples A-F in increasing
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excitation power are 24.72, 11.13, 9.98, 3.53, 2.36, and 6.19 meV,
respectively, as also listed in Table 3.2. The significant reductions of the
QCSE in all the AAO samples can be seen. Except sample F, a larger pore
size or depth leads to a smaller blue shift range or a weaker QCSE that is
consistent with the variation trend of PL spectral CoM. The relatively
larger spectral blue shift of sample F can be attributed to its smaller
effective active volume. Because the density of state in the quantum well
is proportional to the volume of the well, the less volume results in
smaller density of state, which will make the band filling effect
pronounced.

Fig. 3.8 shows the results of time-resolved photoluminescence
(TRPL) measurement of these samples. The PL decay profiles in Fig. 3.8
were measured under the excitation of a Verdi-pumped mode-locked
Ti:sapphire laser with 150 fsec in pulse width and 76 MHz in pulse
repetition rate, which was frequency doubled with a BBO crystal. The
excitation wavelength we used was 390 nm. The TRPL profiles show

multi-stages decays. The calibrated decay times are shown in Table 3.3.
We can see that a larger pore size or depth leads to a small decay time Ty,

listed in Table 3.3. This phenomenon can be explained with two
mechanisms. The first one is the reduction of the QCSE, which can
enhance the radiative recombination rate of carriers. The second one is

that some defects and surface states are created as we dry-etched the
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holes with RIE. The defects and surface states can trap carriers and
increase the non-radiative recombination rate.

In sample C (E), the PL spectral CoM is blue shifted from 2.337 eV
or 531 nm of sample A to 2.399 eV or 517 nm (2.419 eV or 513 nm). The
IQE is increased from 11.03 % of sample A to 31.29 (24.90) %. Also, the
spectral blue shift, in increasing the excitation power from 0.25 through
12 mW, is reduced from 24.72 meV or 5.61 nm of sample A to 9.98 meV
or 2.15 nm (2.36 meV or 0.50 nm). Therefore, with the nano-pore
fabrication technique, such as AAO, the built-in strain in a high-indium
QW can be relaxed such that its emission spectrum is blue-shifted to a
position, which is the same as that of a QW structure of relatively
lower-indium growth. In this situation, it is possible that the enhanced
emission efficiency (the reduced QCSE) is higher (weaker) than that of
the lower-indium sample. In other words, for achieving the emission of a
designated wavelength, the nano-pore fabrication represents an effective
approach for reducing the built-in strain in an InGaN/GaN QW, more
effective than the decrease of indium content in the QW.

The data of average pore size, pore depth, pore density and optical

properties of various samples are listed in Table 3.2

3.4 Summary
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In summary, we have demonstrated the effective strain relaxation,

leading to the significant enhancement of emission efficiency and

reduction of QCSE, in a high-indium InGaN/GaN QW via nano-pore

fabrication on the sample surface with the AAO technique. With this

approach, it is possible to achieve a higher IQE and a smaller QCSE by

relaxing the built-in strain of a higher-indium QW structure and

blue-shifting its emission, when compared with a lower-indium sample of

the same emission spectrum as the blue-shifted one.

Table 3.2 Parameters of fabricated pores and the measured optical

properties of various samples.

Sample A B C D E F
Average pore size (nm) -- 60 60 70 70 85
Average pore depth (nm) -- 5 10 10 15 25
Average pore density (10° cm™) -- 471 | 471 | 5.00 | 5.00 | 991
PL spectral CoM (eV) 2.337 | 2.394 | 2.399 | 2.410 | 2.419 | 2.457
IQE (%) 11.03 | 26.53 | 31.29 | 24.78 | 24.90 | 20.09
Spectral blue shift (meV) 2472 | 11.13 | 998 | 3.53 | 2.36 | 6.19
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Fig. 3.4 AFM line-scan profile of sample E.
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Table 3.3 Calibrated PL decay times.

A

B

C

D

Decay time 1, (ns)

4.0329

3.1095

2.9344

2.3887

2.3633

1.0477

Decay time 1, (ns)

7.4766

5.2921

6.8535

6.0049

6.9857

2.3213

74




Chapter 4

Conclusions

In this thesis, we discussed the applications of AAO to the research of
metal nano-particle surface plasmon and strain relaxation of an
InGaN/GaN QW structure. Due to the advantages of low cost, mass
production feasibility, relatively regular structure, nanometer scale
structure and high aspect ratio, AAO has become a useful technique for
many applications. Here, we have demonstrated the fabrication of large
area metal nano-particles array on GaN based structures to study the SP
behavior. By changing the condition of AAO process, we could control
the metal nano-particle size and density to change the LSP resonance
frequency. Thus, we could fabricate suitable metal nano-particle arrays to
create LSP resonance frequency we need. By using this technique to
different substrates, we could study other properties of LSP, such as the
fabrication of nano-particles on an InGaN/GaN QW to observe the

coupling of LSP and QW.

The AAO technique also provided us a suitable method to fabricate
large nano-pore arrays on an InGaN/GaN QW structure. According to the

experimental results, the nano-pore array fabricated by this way results in
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an effectively strain relaxation. The effective strain relaxation, leading to
the significant enhancement of emission efficiency and reduction of
quantum-confined Stark effect (QCSE), in a high-indium InGaN/GaN
QW structure via nano-pore fabrication on the sample surface with the
anodic aluminum oxide technique is demonstrated. By generating
nano-pores of 60 nm in size, 4.71 x 10’ cm™ in pore density, and a depth
several nm above the QW, the internal quantum efficiency (IQE) can be
increased by about three times and the QCSE is reduced by 2.5 times
while the emission spectrum is blue-shifted by 14 nm in the green range.
With this approach, it is possible to achieve a higher IQE and a smaller
QCSE by relaxing the built-in strain of a higher-indium QW structure and
blue-shifting its emission, when compared with a lower-indium sample of

the same emission spectrum as the blue-shifted one.
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