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ABSTRACT
Light-emitting diodes (LEDs) represent the next generation of lighting and illumination
sources. There are many challenges yet to be solved for nitride-based LEDs such as
enhancing the internal quantum efficiency and enhancing the light-extraction efficiency
(LEE). Both challenges need to be overcome to obtain highly efficient devices.
Semiconductor materials used for LEDs have large refractive indices (n = 2.5 to 3.5)
in contrast to air (n = 1.0) or encapsulant materials (n ≈ 1.5), resulting in total internal
reflection losses and high Fresnel reflection losses at semiconductorair and
semiconductorencapsulant interfaces thereby limiting light extraction. Frequently,
single-layer anti-reflection (AR) coatings are used in optical devices to eliminate
reflection. However such single-layer coatings eliminate reflection at only a single
wavelength and angle of incidence.
In this dissertation, we demonstrate that broadband omni-directional AR
characteristics are attainable by grading the refractive index of the AR coating from the
substrate index to the ambient index. Furthermore, micro-patterning of graded-refractiveindex (GRIN) coatings deposited on top of GaInN LEDs is demonstrated to enhance
light-output power through the extraction of light that would otherwise be waveguided.
Three-dimensional ray-tracing simulations for GRIN micro-pillars on GaInN LEDs
predict a LEE enhancement of 85% over uncoated LEDs when the pillar height is half the
pillar diameter. The theory, simulation, and fabrication steps needed to realize such a
device are developed.
In Chapter 1, a review of LED fundamentals is given. Furthermore, modern methods
to achieve high light-extraction efficiency for LEDs are discussed.
In Chapter 2, the fabrication and characterization of GRIN multi-layer structures are
discussed. A method to achieve tunable-refractive-index coatings using co-sputtering is
demonstrated. Ellipsometry, reflectance, and transmittance measurements of the GRIN
coatings demonstrate that they are optically transparent. Scanning electron micrographs
and atomic force micrographs of the GRIN coatings demonstrate that they have smooth
layer interfaces and surfaces.
In Chapter 3, light-extraction efficiency calculations and simulations are described
for unpatterned (non-textured) LEDs and micro-patterned GRIN structures on GaInN
xvii

LEDs. Ray-tracing simulations are used to investigate the effects of GRIN micro-patterns
on LEDs including their effects on the light-extraction efficiency and the far-fieldemission pattern of LEDs.
In Chapter 4, simulations of far-field-emission patterns for GRIN micro-pillar arrays
on GaN-based LEDs are described; the arrays are optimized by a genetic algorithm. The
algorithm, guided by a desired far-field-emission pattern, determines pillar diameter and
spacing as well as the refractive index and height of each layer of a pillar. Simulated farfield-emission patterns of GRIN micro-pillar arrays placed on three common LED
configurations show a peak emission intensity directed at angles between 20° to 60° from
the surface normal. Light out-coupling through the GRIN micro-pillar sidewall changes
the LED-emission directionality while enhancing light-extraction efficiency. Tailoring of
far-field-emission patterns is demonstrated by using ray-tracing simulations for GRIN
micro-pillar arrays on GaN LEDs.
In Chapter 5, fabrication methods for realizing micro-patterned GRIN structures on
GaInN LEDs are introduced. Indium-tin oxide (ITO) etching by inductively-coupled
plasma (ICP) and reactive ion etching (RIE) is optimized. Dry etching of SiO2, TiO2 and
TiO2SiO2 by ICPRIE using a photoresist mask is performed. Dry etching of GRIN
TiO2SiO2 using ITO as a hard mask is optimized.
In Chapter 6, the photoluminescence, electroluminescence, and far-field-emissionpattern measurements of LEDs with GRIN micro-pillar arrays are presented. LEDs with
GRIN micro-pillar arrays have a bi-lobe-shaped far-field pattern. Five-layer GRIN
TiO2−SiO2 micro-pillars on vertical-structure thin-film GaN laser lift-off (LLO) LEDs
show a LEE enhancement of 73% over uncoated LED wafers. A waveguide LED is
developed and the photoluminescence measurements for the micro-patterned GRIN
(TiO2)x(SiO2)1x coatings on top of GaInN LEDs show LEE enhancements 40% over
unpatterned LEDs. Electroluminescence (EL) measurements for the micro-patterned
GRIN (TiO2)x(SiO2)1x coatings on top of GaInN LEDs show LEE enhancements 45%
over unpatterned LEDs. Position-dependent EL measurements for micro-patterned TiO2
and TiO2−SiO2 coated LEDs are performed. The GRIN TiO2−SiO2 micro-pillars on GaN
show a measured peak LEE enhancement of 35% and 43% for pillars forming square and
triangular lattices, respectively, compared to planar GRIN coated references. ITO on
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GRIN micro-pillar arrays with 3 m and 6 m diameter pillars on vertical-structure thinfilm GaN LLO LEDs show a LEE enhancement of 48% and 41%, respectively, compared
to a planar GRIN coated LED. A peak emission angle close to 35° is observed for the two
GRIN micro-pillar arrays on the GaN LEDs.
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1. Introduction
1.1 Light-emitting diodes
Lighting is as essential to modern society as food and water, for example, is in our daily
lives. The sun provides lighting for most outdoor activities during the daytime, but for
indoor activities other sources of lighting are needed. Torches were likely the first form
of indoor lighting, originally created by cavemen. Then candles were commonly used
throughout history until the early 1800’s when the invention of the gas light source
occurred. The first modern light source, the incandescent light bulb, was demonstrated in
1879 by Thomas Edison. A current is passed through the filament of the bulb that heats
up and gives off its characteristic yellowish glow. However, most of the electrical energy
is converted to heat, which results in low luminous efficiencies. Another light source, the
fluorescent lights tube, was popularized in the 1950’s along with the compact fluorescent
lamp in the 1990’s [1]. Fluorescent lights function by creating a voltage between the two
electrodes that ionize mercury gas, which emits at an ultraviolet (UV) wavelength of
about 250 nm. The 250 nm radiation then excites phosphors, coated inside the fluorescent
tube, which emit visible light (wavelengths between 400 and 750 nm). The higher
efficiencies and longer lifetimes of the fluorescent lamps make them a more desirable
light source. Unfortunately, fluorescent light sources have a fundamental energy loss
mechanism during the down-conversion of 250 nm UV radiation to visible light, and they
use mercury, a toxic material. Considering the current global energy crisis and
environmental concerns, we look to other avenues for more energy-efficient, costefficient, and eco-friendly light sources.
Light-emitting diodes (LEDs) are semiconductor devices that emit photons (light)
when a forward voltage is applied. Highly efficient LEDs are sought for solid state
lighting [2] in homes, offices, streets, displays [3] and a slew of other applications. Many
advances in the field of LEDs have been made, starting at the beginning of the 20th
century when Henry Round discovered light from current-injected silicon carbide [4] to
the more recent developments of gallium-nitride (GaN) based devices that emit deep UV,
violet, blue, and green light [5] [6] [7]. It is expected that LEDs, with their much higher
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efficiencies [8], will replace traditional light sources such as incandescent and fluorescent
light sources in the near future.

1.2 Methods for improving light extraction in LEDs
The spontaneous light emission inside a semiconductor occurs when an electron and hole
recombine and emit a photon as shown in Figure 1-1. The radiative recombination rate is
described by
R  Bnp

(1-1)

where B is the proportionality constant called the bimolecular recombination coefficient
and is dependent upon the type of semiconductor material, n is the electron concentration,
and p is the hole concentration.

Figure 1-1: Radiative electron-hole recombination emitting a photon.

As light is generated inside the semiconductor, photons can be trapped, absorbed,
reflected or refracted out of the semiconductor. If the photons are to be extracted into air,
they must pass through the air-semiconductor boundary. However, at incident angles that
graze the refractive index interface, light will not be extracted out of the medium beyond
a particular angle called the critical angle, following the relationship (Snell’s law)

nsemi sin(θ1)  nair sin(θ 2 )

(1-2)

where nsemi and nair are the refractive index values of the semiconductor and air,
respectively, with their corresponding angles θ1 and θ2 as shown Figure 1-2.
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Figure 1-2: Refraction of light from semiconductor to air described by Snell’s law.

At the critical angle, θc, light will be refracted parallel to the boundary with θ2 = 90°.
Therefore the equation simplifies to
 n
θ c  sin 1 air
 nsemi


.


(1-3)

Beyond the critical angle, all photons will then reflect away from the boundary back
into the semiconductor and thus undergo total internal reflection (TIR). This fundamental
phenomenon drastically limits the light-extraction efficiency (LEE) of LEDs.
The high refractive indices (high-n) of semiconductors (n ≈ 2.5 to 3.5) such as III-V
phosphides, arsenides, and nitrides, result in low light-extraction efficiencies from the
semiconductor material to air (nair = 1.0) due to the narrow escape cone as shown in
Figure 1-3(a). Photons beyond the critical angle (which defines the escape cone) will be
totally internally reflected in the semiconductor. Beyond that angle, photons will not be
extracted from the top surface unless the refractive index boundary conditions change.
Traditionally, an epoxy or silicone-based encapsulant of n ≈ 1.5 is molded on top of an
LED chip, which reduces the refractive index contrast between the semiconductor and its
surrounding medium, to enlarge the escape cone. As the refractive index of the
encapsulant increases, the light-extraction efficiency will correspondingly increase as
shown in Figure 1-3(b). High-n nanoparticle-load encapsulants are shown to enhance
light-extraction efficiency as the refractive index increases [10].
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Figure 1-3: a) Escape cone of an LED without and with encapsulation. b) A plot of light-extraction
efficiency for GaN and GaP with varying refractive index values of the encapsulant between semiconductor
and air [11].

Many designs and structures have been proposed to enhance light extraction [12],
such as the truncated inverted pyramid (TIP) structure [13], surface roughening [14] [15]
[16] [17], highly reflective mirrors [18] [19], and photonic crystal structures [20] [21]
[22]. TIP structures are advantageous because once the total internal reflection (TIR)
modes are reflected from the sidewall of the LED chip, their incident angle upon the
semiconductorair interface can be less than the critical angle, thus enabling some of the
TIR modes to escape.
Surface roughening of mirrors can extract photons undergoing TIR that would
otherwise be lost due to absorption. Surface reflections can be classified accordingly as


Specular – Incident beam and reflected beam angles off of surface are equal.



Fully diffusive – Surface reflection of light is Lambertian whose light intensity
has a cosΘ dependence and is independent of the incident angle.



Partially diffusive – Contain both specular and diffusive reflection components.

The light extraction probability of a guided mode (light under TIR) that propagates
in an LED between two boundaries, as shown in Figure 1-4(a) and (b), following a
reflection event for a partially diffusive surface is given as [17]
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Pdiff
p  R
Pdiff  Pspec

c

0

I diff cos( ) sin( ) 2 d

 /2

0

I diff cos( ) sin( ) 2 d

,

(1-4)

where R is the mirror reflectivity, and Pdiff and Pspec are the powers of diffusive and
specular reflection, respectively and Idiff is the intensity of diffusive reflection along the
normal direction. Roughened-silver mirrors have been fabricated via natural lithography
and etching of polystyrene balls on GaN demonstrating the partially-diffusive surface for
use in LEDs [17]. Some guided modes are able to propagate out of the structure via the
LED sidewalls, however, as the number of reflection events increases, the Ag mirror’s
reflectance becomes a major loss mechanism.

Figure 1-4: Conceptual figure for total internal reflections between a low- and high-n medium for a)
specular and b) diffusive surfaces.

Highly reflective mirrors such as the omni-directional reflector (ODR) [23], which
has very high reflectivities over a large wavelength and incident angle range, placed on
top of absorbing substrates enhances top and side emission by reflecting photons away
from the substrate. Distributed Bragg reflectors (DBRs) can have reflectivities close to
100% at normal incidence and they have been studied for use in LEDs [24] [25].
Guided modes, or TIR modes, propagate in a high-n planar-surface structure such as
in a GaN LED. We would like to design our LED structures to reduce or prevent guided
5

modes from forming and extract that light out of the structure. When we use the term
“guided modes” or “TIR modes” in this dissertation, we are describing the modes that
would otherwise be guided in a planar-surface structure LED.
Photonic crystal structures have also been applied to LEDs for controlling light
emission patterns and enhancing light-output power [26]. By introducing a periodic
pattern of alternating dielectric materials, for example, air holes through the active region
area of an LED, a photonic band gap can be created preventing the propagation of light in
specific directions. By tuning the periodicity of the pattern, it is possible to prevent light
propagation specifically for guided modes, which would then be extracted out of the LED.
An example of a complete three-dimensional photonic band gap has been demonstrated
using silicon in the near-infrared region [27]. Photonic crystals are excellent for
controlling and redirecting light at very low losses. The fabrication of sub-micron
features required for the visible optical regime and the introduction of defects in the
photonic crystal for light-guiding can be very challenging.
The most common and successful method for enhancing light-extraction efficiency
for GaN LEDs is surface roughening via crystallographic wet chemical etching [28]. The
KOH etches N-face (0001) GaN preferentially along the {1011} resulting in
hexagonal pyramid structures [29]. The TIR modes are able to be extracted out of GaN
due to the geometric change at the GaNair interface. Typically for GaN metal-organic
chemical-vapor deposition (MOCVD) heteroepitaxy growth, the N-face GaN side can
only be exposed near the sapphireGaN boundary. A high-power KrF excimer laser,
which locally heats GaN at the sapphireGaN boundary, is used to separate the GaN
from its sapphire substrate to expose the N-face GaN. In preparation for laser lift-off
(LLO), the top area of the GaN is mounted to a suitable metal through electroplating.
During the GaN crystallographic wet chemical etching, the n-metal contact area on the ntype GaN is protected by a layer of photoresist. A 130% increase in light-output power
has been reported for roughened LLO GaN LEDs compared to smooth-surface LLO GaN
LEDs [16]. Designing ordered surface structures on an LED for maximizing light-output
power is very difficult to achieve using a wet-etch technique that preferentially etches in
a specific crystal-plane direction.
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The growth, fabrication, and post-fabrication processing of LEDs are all critical
aspects in the ultimate pursuit to reinvent the light bulb, but the packaging of the LED
device is also vital. Not only does it make possible for an LED to be used in the real
world, apart from the laboratory, it also provides thermal, chemical, and electrical
stability. The importance of packaging configuration is illustrated by the introduction of
remote phosphor structures by Kim et al. [30] and Luo et al. [31], which demonstrate an
increase in light-extraction efficiency.
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2. Graded-refractive-index multi-layer structures
2.1 Graded-refractive-index structures
The refractive index, n, of a material determines the phase velocity of light that travels
through it, but most importantly the refraction and reflection of light when it reaches the
material boundary. The normal-incidence Fresnel reflection coefficient is expressed as

(2-1)
where nsemi and nair are the refractive index of semiconductor and air, respectively. By
changing the refractive index of the medium, we will directly affect the reflectivity of the
structure. Frequently, single-layer anti-reflection (AR) coatings are used in optical
devices to minimize reflection at only a single angle and wavelength. Broad-band omnidirectional AR characteristics are attainable by grading the refractive index of the AR
coating from the substrate index to the ambient index. Titanium dioxide (TiO2) is a highrefractive index material whose refractive index can be index-matched to GaN based on
sputtering conditions during TiO2 film deposition. In Figure 2-1, normal-incidence
transmittance and reflectance measurements for co-sputtered TiO2SiO2 GRIN / GaN /
sapphire wafer and GaN / sapphire wafer are shown. Inspection of the figure indicates a
broadband reflectance reduction of ~50% for the 1 μm thick, 60 layer TiO2SiO2 linearly
graded GRIN AR coating on GaN / sapphire wafer compared to an uncoated GaN /
sapphire wafer. In Figure 2-2, angle-dependent reflectance calculations for TiO2SiO2 /
ITO / GaN and ITO / GaN are shown. Based on our theoretical analysis, the 105 nm thick,
3 layer TiO2SiO2 GRIN AR coating on the ITO p-contact / GaN shows an average
reflectance reduction of 90% (one order of magnitude lower) compared to the singlelayer ITO coating on the GaN reference.
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Figure 2-1: Measured normal-incidence a) transmittance and b) reflectance versus wavelength for a 1 μm
thick, 60 layer TiO2SiO2 linearly graded GRIN AR coating on GaN / sapphire wafer and for uncoated
GaN / sapphire wafer.

Figure 2-2: Calculated reflectance of ITO / GaN wafer and TiO2SiO2 GRIN / ITO / GaN wafer.

As discussed in Chapter 1.2, the angle at which light will escape from GaN into air is
solely dependent upon the refractive index of GaN. As will be discussed in Chapter 3.2,
by fabricating GRIN multi-layer structures on top of GaN, we can control the propagation
of light to maximize the extraction efficiency.
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2.2 Fabrication of graded-refractive-index multi-layer structures
Many methods exist for the growth or deposition of GRIN multi-layer structures, for
example, molecular beam epitaxy (MBE), metal-organic chemical-vapor deposition
(MOCVD), atomic-layer deposition (ALD), oblique angle electron-beam evaporation (ebeam), and sputtering. The use of high-purity material sources in an ultra-high vacuum
environment can result in high-quality MBE-grown materials. GRIN multi-layer
structures such as InGaAs/AlGaAs have been used in laser structures grown by MBE
[32]. Typical growth rates are on the order of one micron per hour. Gallium nitride based
devices are commonly grown by MOCVD and GRIN multi-layer structures have been
used for buffer layers [33].
Sputtering is a physical-vapor-deposition technique developed over 150 years ago
[34] in which energetic ions collide with a target material that produces vapor-phase
atomic clusters of energetic particles, which are then deposited onto a sample. Typically,
the chamber walls are grounded and act as the anode while the sputtering target material
is the cathode. The charged ions (typically Ar+) bombard the target once the electric field
is established. Note that the target is biased by a power supply, which produces a voltage
and current density. The plasma discharge voltage and current density are interlinked to
each other and cannot be controlled independently unless pressure or the magnetic field
strength at the target is changed. Target voltage as a function of pressure is shown in
Figure 2-3 below for a SiO2 target with an applied target power of 200 W.
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Figure 2-3: Target SiO2 voltage during sputtering at 200 W at various operating pressures.

The pressure, p, is inversely proportional to thermal mean free path, , of a gas given by
[35]
(2-2)
√
where k is Boltzmann’s constant, T is temperature, and d is the molecular diameter,
which can be estimated through viscosity measurements.
Let the Ar atom diameter be 3.06 Å [38]. Then at room temperature and at a pressure
of 2.0 mTorr, which is the typical operating pressure during sputtering deposition, the
mean free path of Ar atoms is   3.70 cm. Our sputtering system has a target to sample
length, l, of about 15 cm. If  > l, the sputtered atom’s initial energy will be reduced as it
diffuses through the negative glow plasma, its trajectory towards the sample will be
further randomized, and sample heating will be reduced.
The use of radio-frequency (RF) power supplies is necessary for the deposition of
insulting materials such as SiO2 and TiO2 while conducting materials can use either DC
or RF power supplies. Magnetron sputtering is employed to increase the plasma density
during sputtering which significantly increases the deposition rate. Additionally, the
plasma is locally confined near the target, which minimizes undesired substrate heating.
Titanium dioxide is typically sputtered using either a Ti or TiO2 target. Reactive
sputtering with oxygen is required to produce TiO2 when using a metallic Ti target. The
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fast deposition rate of the Ti target decreases drastically when the target is poisoned. A
poisoned target refers to the state in which a stoichiometric compound fully covers the
surface of the target due to the reaction between the target and reactive gas. Titanium
dioxide is formed on the poisoned Ti target and therefore TiO2 can be deposited onto the
sample. A hysteresis effect between the oxygen flow rate and oxygen partial pressure
exists due to the Ti target transitioning between its metallic and oxide-coated surface
state and then back to its metallic state as shown in Figure 2-4. As oxygen flow initially
increases, the surface of the Ti target remains metallic while TiO2 forms at the substrate
due to oxygen reacting with sputtered Ti atoms near the substrate. As TiO2 forms on the
Ti target surface, the oxygen partial pressure to oxygen flow rate rapidly increases. If the
oxygen flow rate is decreased after TiO2 fully covers the surface of the Ti target, oxygen
partial pressure will remain high. This is due to the lack of Ti atoms sputtered from the
TiO2 coated surface, which would otherwise react with oxygen and thus reduce the
overall oxygen partial pressure.
The sputtering yield of Ti and TiO2 also contributes to the hysteresis effect.
Sputtering yield is defined as
(2-3)
The sputtering yield is strongly dependent upon the target surface-binding energies,
surface roughness, and crystallinity as well as the incident particle’s energy and angle to
the target surface. The sputtering yield generally increases while in the linear cascade
energy regime; therefore, the transition point for a conformal TiO2 covered surface on the
Ti target is target power dependent as shown in Figure 2-4.
A TiO2 target has a slower deposition rate due to its significantly lower sputtering
yield compared to a Ti target. In Figure 2-4, a nearly linear oxygen flow rate with oxygen
partial pressure is shown for the TiO2 target indicating that there is not a metal to oxide
transition point. The TiO2 stoichiometry remains constant over a large range of oxygen
partial pressures independent of applied target power. Therefore, the TiO2 target is our
preferred target for depositing our optical coatings.
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Figure 2-4: Hysteresis effects of oxygen flow rate and oxygen partial pressure during RF sputtering of a Ti
target at 100 W and 150 W and a TiO2 target at 200 W.

A silicon dioxide target (purity = 99.995%) is used for sputtering SiO2 onto our
samples. The partial pressure of oxygen during reactive sputtering has an insignificant
effect on its optical transparency as discussed in Chapter 2.4.
Sputtering of GRIN coatings can be accomplished by using metal targets, compound
targets, or a combination of both. Although it has been demonstrated that mixed
TiO2−SiO2 films can be deposited by reactive sputtering of Ti and Si targets, the partial
pressure of oxygen must be actively controlled as the power density varies to maintain
proper stoichiometry. For better thin-film deposition controllability, we choose to use
TiO2 and SiO2 targets instead of Ti and Si as our sputtering sources for all TiO2SiO2
GRIN sputtered coatings.

2.3 Structural characterization
Titania (TiO2) is known to have at least four naturally occurring single crystalline phases
(polymorphs), namely, rutile, anatase, brookite, and bronze (TiO2−β). Recently, a fifth
TiO2 polymorph, Akaogiite, has been discovered [36]. Rutile and anatase are the stable
and common forms of TiO2. Both rutile and anatase are tetragonal crystal structures and
their unit cells are shown in Figure 2-5. Anatase has a density of 3.89 g/cm3 (n ≈ 2.55 at
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 = 600 nm) and at higher temperatures forms into rutile of density 4.25 g/cm3 (n ≈ 2.75
at  = 600 nm) [37], after which it remains rutile.

Figure 2-5: TiO2 unit cell crystal structure for a) rutile and b) anatase phase.

The mass density is an important factor in determining the refractive index of a
material. Assume the dielectric is in an electric field with an electric polarization, P, such
that
(2-4)
where  is the number of molecules per unit volume,  is the polarizability, and Elocal is
the local electric field. The local electric field is the electric field experienced by nearby
atomic dipoles. Assume the dielectric is isotropic and the polarization depends linearly on
the electric field by
(2-5)
where E is the electric field,

is the permittivity of free space, and

is the electric

susceptibility. The local electric field is related to the electric field, E, and polarization, P,
by

14

(2-6)
Substituting Eq. (2-6) into (2-4) we obtain
(2-7)
Permittivity is defined as

, where

relative permittivity and is written in terms of

is the absolute permittivity and

is the

as
(2-8)

Examining Eqs. (2-5) and (2-7), we rewrite Eq. (2-8) as
(2-9)

Simplifying and rewriting Eq. (2-9) we obtain
(2-10)

Assuming the dielectric material has no extinction coefficient we rewrite Eq. (2-10) as
(2-11)

this is known as the Lorentz-Lorenz relationship. Rewritten in terms of mass density, m,
Eq. (2-11) becomes
(2-12)

where NA is Avogadro’s number and M is the molecular weight of the molecule. Taking
the derivative of Eq. (2-12) with respect to n gives
(2-13)
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Equation (2-13) indicates as mass density increases the refractive index value will
increase. Therefore, we expect that the rutile phase of titania, which has the highest
density compared to other titania phases, will have the highest refractive index.
Characterization methods such atomic force microscopy (AFM), scanning electron
microscopy (SEM), ellipsometry, as well as reflectivity measurements can be used
analyze GRIN materials.
An atomic force microscope (AFM) system, originally developed in 1986 at IBM,
creates images of a surface at the atomic level [40]. The AFM measures conductive and
insulating materials, unlike the scanning tunneling microscope (STM) (another standard
surface imaging method) that requires a conductive surface.
A very fine tip (typically 530 nm in diameter) is required for the AFM and is
located underneath the end of the AFM cantilever probe. The force between tip and
sample is initially attractive at relatively large distances (30 Å), but becomes very
repulsive at smaller distances, which results in a deflection of the cantilever. The
deflection is interpreted by reflecting a laser beam off the back of a cantilever into a
photodetector array. The most common methods for mapping the surface morphology of
a sample using an AFM are contact, non-contact, and tapping modes. In contact mode,
the AFM tip is in direct contact with the surface and produces high quality images.
However, due to the excessive mechanical stress, the tip must be regularly replaced and
the sample can be damaged. In the non-contact mode, the AFM tip rapidly oscillates over
small amplitudes (~1 nm) at its resonant frequency in which the amplitude and frequency
shift changes near the sample surface. Single-atom defects are observable in NCAFM,
however, the use of an ultra-high vacuum system is needed [41].
The TiO2−SiO2 film surfaces are imaged using tapping mode AFM at atmospheric
pressures, in which the large amplitude of the cantilever oscillation allows the tip to
briefly contact the sample. A 2 µm by 2 µm AFM image is taken of a five-layer
TiO2−SiO2 modified-quintic-index profile on Si and shown in Figure 2-6. The SiO2
surface shows a very small RMS roughness of 2.0 Å.
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Figure 2-6: AFM image of a five-layer TiO2−SiO2 quintic sample where the top layer is SiO2 and the index
profile is shown on the right.

An SEM system uses an electron beam, which scans the surface of a sample.
Electrons from the SEM column that penetrate the sample surface and then are elastically
scattered by lattice atoms, which escape from the sample, are known as backscattered
electrons. Inelastic electron-electron interactions produce secondary electron emission
from the sample, which contributes to most of the topography captured in an SEM image.
The brightness and contrast in SEM images can be attributed to a difference in the
number of electrons being scattering due to topography and z-contrast (atomic weight
difference between atoms); thus, each layer of a five-layer TiO2−SiO2 film on Si can be
delineated as shown in Figure 2-7.
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Figure 2-7: Cross-sectional SEM of five-layer TiO2−SiO2 GRIN coating on Si substrate with measured
layer thicknesses and the calculated TiO2 layer thickness.

The thickness of thin films can be characterized via two types of measurements:
namely non-contact methods (optically or electrically-based) and contact methods
(stylus-based). A stylus profiler, such as the DekTek used in our laboratories, makes
surface contact with the sample via a very finely tipped stylus, which monitors the
magnitude of the deflection as it moves across the surface. Stylus-based systems can only
measure the thickness and roughness of a film. They are very useful for measuring metals
and other opaque structures as well as transparent films. The film thickness measured by
a stylus-based system has an accuracy of 10 nm for most samples; however, the stylus
can affect or damage films that contain nanostructures, non-uniform densities, or high
porosities thereby producing unreliable thickness measurements. Another drawback of
using a stylus is that a step-like profile is needed for accurate thickness measurements,
which is difficult to attain for sputtered samples that often have excellent step-coverage.
Non-contact methods are, therefore, desirable for films that are unable to be accurately
measured using stylus-based instruments.

2.4 Optical characterization
Non-destructive optical measurements are very useful for film analysis with little to no
sample preparation. Two common measurement methods to determine the refractive
index of a film are normal-incident spectral reflectometry and spectroscopic ellipsometry
(SE).
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The wavelength dependent transmittance and reflectance can be measured using a
JASCO V570 UV-VIS-near IR spectrophotometer. The specular transmittance
measurement is affected by thickness, refractive index, absorption coefficient, and
scattering coefficient of the film. Specular transmittance through films is expected to
decrease for an increasing scattering coefficient, however, diffusive transmittance does
not necessarily decrease at the same rate. If the film to be measured is not very absorptive,
diffusive transmittance will not decrease as quickly as specular transmittance when the
scattering coefficient increases.
A spectral reflectance measurement is a simple, yet effective way for measuring
thickness and other basic optical properties. Reflected light from the airfilm boundary is
measured by the spectral reflectometer and can be expressed as
R

(n  1) 2  k 2
(n  1) 2  k 2

(2-14)

where, n and k is the refractive index and extinction coefficient of the film, respectively.
When k = 0, n can be inferred from R for the non-absorbing, non-scattering film.
Otherwise (k ≠ 0), numerical calculations must be used to solve for n and k
simultaneously.
The reflectivity of a multi-layer sample contains thin-film oscillations due to
constructive and destructive interference. The number of oscillations observed is
proportional to thickness and refractive index. If there are few to no oscillations, which is
the case for very thin films, only a few fitting parameters can be determined. As the
thickness of the layer increases, more oscillations will occur, as in Figure 2-1, and the
number of unique data sets increases, thus allowing for additional parameters to be fitted
such as roughness and k.
In Figure 2-8 and Figure 2-9, the wavelength dependent transmittance and
reflectance curves are measured for TiO2 and SiO2, respectively. If the RMS roughness
values of the films are within the same order of magnitude as the films discussed in the
previous section, the scattering coefficient is negligibly small. The decrease for the
summed transmittance and reflectance values of TiO2 films without oxygen added during
sputter deposition can be attributed to an absorption loss. Reactive oxygen sputtering of
SiO2 does not affect the optical transparency of the deposited film in Figure 2-9.
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Figure 2-8: Transmittance and reflectance of sputtered TiO2 deposited at an operating pressure of
2.0 mTorr with 0.5 sccm and 0.0 sccm flow of oxygen.

Figure 2-9: Transmittance and reflectance of sputtered SiO2 deposited at an operating pressure of
2.0 mTorr with 0.5 sccm and 0.0 sccm flow of oxygen.

Spectroscopic ellipsometry is one of the most popular methods due to its wide
availability, high accuracy, reproducibility, and ease of use. It can measure the thickness,
refractive index, absorption, roughness, and uniformity within a multi-layer structure.
The SE uses a broad spectrum polarized light source, such as a Xenon lamp, whose beam
is incident upon the film at an angle θi, which is then detected at a reflected angle θr as
shown in Figure 2-10. The electric field of s-polarized or transverse-electric (TE)
polarized light is perpendicular to the plane of incidence while the electrical field of ppolarized or transverse-magnetic (TM) polarized light is parallel to the plane of incidence.
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The incident beam is linearly polarized and after interacting with the sample, the reflected
beam is elliptically polarized. The ellipsometer then measures the phase and amplitude
change between the incident and reflected polarized beam.

Figure 2-10: Ellipsometry beam propagation on sample incident with polarized light.

The measurements provide the quantities Ψ and Δ, which relate to the complex
Fresnel reflection coefficients Rp and Rs by
~
Rp
i
~  tan( ) e .
Rs

(2-15)

The measured sample’s refractive index, n, and extinction coefficient, k, dispersion
curves can be fitted by the Cauchy Model as
B
C
n(λ)  An  n  n
2
λ
λ4

k (λ)  Ak e

Bk 1240((1 / λ)  (1 / λ edge ))

(2-16)

(2-17)

where An, Bn, Cn, Ak, and Bk are fitting parameters for the wavelength dependent
refractive index and extinction values, respectively, and λedge is the band-edge wavelength.
By obtaining values of n and k, we can describe light as an electromagnetic wave passing
through a film at a fixed time t as
(

)

(2-18)

where A is the amplitude of the wave, n and k are the optical constants determined
previously, and x is the propagation direction.
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Variable angle spectroscopic ellipsometry (VASE) allows users to change the
incident angle, which in turn varies the optical path length, reflection coefficients, and
polarization changes of the reflected light beam. This will generate many more sets of
data compared to traditional SE, which helps to determine the proper fitting parameters in
modeling the thin film. Ellipsometry measurements are not appropriate for all types of
samples, such as opaque or strongly scattering films. Scattering will appear as the
absorption term k and will produce unrealistic fittings when using the Cauchy model.
A sputtered TiO2 sample is analyzed using a VASE in the visible wavelength regime
and its respective Ψ and Δ values are measured and fitted to the experimental data in
Figure 2-11. The wavelength dependent Ψ and Δ values determine the reflectance
coefficients of the structure according to Eq. (2-15) so that the dispersion of refractive
index can be found based upon the Cauchy model. The corresponding refractive index
dispersion curve of the TiO2 film is shown in Figure 2-12 as well as a SiO2 and cosputtered TiO2−SiO2 film on Si.
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Figure 2-11: Measured and fitted wavelength dependent Ψ and Δ values for a sputtered TiO2 film on Si
substrate using VASE.

Figure 2-12: Wavelength-dependent refractive indices of sputtered TiO2, TiO2−SiO2, and SiO2 films on Si
substrate.

2.5 Co-sputtering refractive index model
The effective refractive index of a TiO2−SiO2 film follows
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(2-19)
where nSiO2, nTiO2, VSiO2, VTiO2 are the refractive indices and volumes of SiO2 and TiO2,
respectively. The co-sputtering of TiO2SiO2 is controlled by two RF power generators,
in which one RF generator is applied to a SiO2 target and the other RF generator is
applied to a TiO2 target. The applied power to each sputtering target controls the
deposition rate (film thickness over deposition time) of the sputtered material. Therefore,
by controlling the deposition ratio of TiO2 to SiO2, the composition and refractive index
of the deposited material can be controlled. The individual deposition rates of TiO2 and
SiO2 are measured and shown in Figure 2-13. We assume that the deposition rate is
linearly dependent upon power following
(2-20)
where RTarget is the deposition rate of the target material, PTarget is the applied power to the
target, and aTarget and bTarget are constants. The linear model is only valid for a particular
range of power values, as noted by the “turn-on” power of 60 W for TiO2 and 25 W for
SiO2. The minimum power required to sustain the RF plasma is around 10 W, below
which the plasma is unstable. Between 10 W and the turn-on power value, deposition rate
is assumed to change non-linearly based on previous experimental data.

Figure 2-13: Deposition rate as a function of applied power with a linear regression fit for sputtered a)
TiO2 and b) SiO2 layers.

Let us assume that we would like to maximize deposition rate during the cosputtering deposition process in which one of the targets is always at maximum applied
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power. The refractive index of the co-sputtered film is related to the TiO2 and SiO2
deposition rates as follows:
(2-21)
where RTiO2 and RSiO2 are the deposition rates of TiO2 and SiO2, respectively. By
substituting Eq. (2-20) into Eq. (2-21) we obtain
(2-22)
We are able to generate two curves that predict the applied power to each target for a
particular co-sputtered refractive index. By maximizing or setting the value of one of the
two target powers (in this case 200 W), we are able to solve for the other sputtering target
power as a function of index as shown in Figure 2-14.

Figure 2-14: Maximized deposition rate model for co-sputtering TiO2−SiO2 as a function of refractive
index.

The experimental data points show a relatively close correlation to the theoretical
plot. The experimental data and theoretical curves begin to deviate away from each other
at higher power levels. In fact, it can be assumed that the deviation increases as a function
of target power (assuming the other target is at its maximum value). The plasma
interactions during the co-sputtering process can directly affect the deposition rate and/or
composition of the deposited film. The two target plasmas interact with each other
strongest near their highest applied powers. The refractive index of the TiO2−SiO2 film as
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a function of TiO2 and SiO2 power is shown in Figure 2-15. To clearly illustrate the
plasma interaction at high TiO2 and SiO2 applied powers, an exponential fitting curve and
dashed line is drawn. The dashed line represents the co-sputtered refractive index and
applied power relationship if the deposition rate of TiO2 and SiO2 were identical.

Figure 2-15: Refractive index as a function of TiO2 and SiO2 target powers for a co-sputtering TiO2−SiO2
film drawn with the maximized deposition rate co-sputtering model, a model assuming equal deposition
rates of TiO2 and SiO2, and an exponential fitting curve illustrating the plasma interaction at high TiO2 and
SiO2 target powers.
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3. Analysis of light-extraction efficiency structures
3.1 Analytical calculations for light-extraction efficiency
The light-extraction efficiency of an LED is determined by refractive index, absorption
and scattering coefficients, reflectivity, and other geometric factors in the structure. LED
structures of interest include vertical-structure thin-film GaN on metal sub-mounts, GaN
on sapphire, and micro-patterned structures on GaN.
The isotropic light emission inside the GaN active region will only escape into air
for angles less than the critical angle, c. Light power within the escape cone is calculated
as
∫

(3-1)

where r is the radius from the point source to the surface of the cone. The light within the
escape cone is a fraction of the total spherical light emission, Pemitted from the active
region and is described as

(3-2)

where

is the light-extraction efficiency of the LED considering one escape

cone. The total light-extraction efficiency for a lossless semiconductor medium is defined
as
(3-3)
where

esc_cone_top,

esc_cone_bot,

and

esc_cone_side

is the light-extraction efficiency of the

LED considering the top, bottom, and side escape cone of the LED, respectively.
Consider a LLO GaN LED of GaN thickness, t, with a silver back-side reflector of
reflectance RAg = 97% as shown in Figure 3-1 below. Light within the bottom escape
cone will be reflected into the top escape cone, therefore, Eq. (3-3) is rewritten as
(3-4)
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Figure 3-1: Light-ray propagation in a LLO GaN LED with silver backing.

Assume the emission source is a two dimensional sheet of isotropic emitting point
sources located in the center at t/2, where t is the thickness of GaN. If the probability of
light emission is equal at all points, then the average number of reflections can be
calculated using a single isotropic point source at coordinates (L, L, t/2) where L is half
the lateral dimension of an LED die size of 2L by 2L.
Let us examine how to calculate the light-extraction efficiency through the sideescape cone. The angle and direction at which light is emitted from the point source will
determine its optical path length and the number of times it reflects off the GaNAg
interface. Light rays from the point source can be directly emitted towards one of the four
side walls without reflection from the top GaNair interface or the bottom GaNAg
interface. Assume light incident at an angle θ, as shown in Figure 3-1, is directly emitted
to the sidewall and ranges from 0 to θ0, where θ0 is expressed as
( )
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(3-5)

Figure 3-2: GaN LED chip with an isotropic emitting point source surrounded in air displaying the sideescape cone and the plane in which the average number of reflections is calculated.

Assume that the light is firstly incident upon the GaNAg interface and that the light
remains parallel to the plane shown in Figure 3-2. An angle larger than θ0 along the plane
will experience a reflection event off the GaNAg interface. One reflection event off of
the GaNAg interface will occur for light emitted between θ0 and θ1, where θ1 is
expressed as
(

)

(3-6)

The general theta boundary condition is written as
(

)

(3-7)

for x = (1, 2, 3…m) where m is the upper theta boundary condition in which

<

and

. Taking into account the average number of reflections off the GaNAg
interface, the total fraction of light remaining is calculated as
∫

∫

∫

∫

∫

∫

∫

∫

(3-8)

For light firstly incident upon the GaNair interface, we write the general θ boundary
condition as
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(

)

(3-9)

for x = (1, 2, 3…m) where m is the upper theta boundary condition in which

<

and

. Similarly, the total fraction of light remaining is calculated as
∫

∫

∫

∫

∫

∫

∫

∫

(3-10)

Note that RGaN_air > RGaN_metal because light first incident upon the GaNair interface will
average less reflections off the GaNAg interface compared to light that is first incident
up the GaNmetal interface. The total fraction of light remaining in GaN is written as

(3-11)
A MATLAB program is used to obtain the upper theta boundary condition m and to
calculate the total light-extraction efficiency values. For a 300 × 300 µm2 GaN (n = 2.47)
LED of thickness 4 µm surrounded in air Eq. (3-11) becomes

Next, we find the average optical path length for light rays that are within the side
escape cones as
∫

(

)

∫

|

(3-12)

Solving Eq. (3-12) we obtain
(

(

)
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(

))

(3-13)

which results in a positive factor multiplied by the distance L. The total light power
remaining after accounting for the GaN absorption loss component is defined as
(3-14)
where αGaN = 10 cm1, which is the GaN absorption coefficient and is assumed to be
constant through the GaN structure. For a 300 × 300 µm2 GaN LED, the total lightextraction efficiency using Eqs. (3-4), (3-11), and (3-13) becomes
(3-15)

These calculations show that over 78% of light is absorbed in a 300 × 300 µm2 GaN
LED. This underlies the importance of devising methods to improve GaN LED lightextraction efficiency. Note that the previous calculations have not taken into account
Fresnel reflection. Light emission below the critical angle will partially transmit through
the escape cone and the remaining light will experience Fresnel reflection.

3.2 Analytical calculations for GRIN micro-pillar structures on LEDs
GRIN AR coatings previously have been applied on AlN substrates [42] and Si [43] to
eliminate broadband Fresnel reflection. We have also designed GRIN AR coatings that
can be applied to Si and triple-junction photovoltaic devices to enhance their efficiency
[44] [45]. Although planar GRIN coatings will improve light-extraction efficiency for
GaN LEDs [46], total-internal-reflection modes are unaffected. Modifying the surface of
GaN as discussed in Chapter 1.2 will affect the propagation of waveguide modes. In this
dissertation, we propose and demonstrate a method to eliminate TIR in GaN LEDs by
GRIN micro-pillars [47].
Let us assume we have a pillar of height, h, and diameter, d, that is index matched to
GaN and on top of the LED structure as shown in Figure 3-3(a). The sidewall critical
angle of a pillar, c_n1, is the same as for GaN. It is expected that the light-extraction
efficiency will increase due to the reduction of average optical path length or absorption
compared to a smooth-surface LED. Waveguide modes that are incident upon the top
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surface of the pillar can still propagate within the LED without being extracted out of the
pillar.
If we add a second layer of lower refractive index on top of the pillar, light with a
propagation angle beyond the c for GaN can then escape. An escape cone between
layer 1 and layer 2 will exist that will allow TIR modes to enter layer 2. The TIR modes
are able to escape through a sidewall as shown in Figure 3-3(b) for a five-layer GRIN
pillar structure. The GRIN pillar structure is designed such that the critical angle between
each layer is complementary to its sidewall escape cone, c_ni, where i is the layer number,
as shown in Figure 3-3(c). The escape cones for layer i follow
(3-16)
where c_i_i + 1 is the escape cone between layer i and layer i + 1 and c_ni is the sidewall
escape cone between layer i and air. GRIN layers are added to the pillar until layer m
satisfies the condition
(3-17)
such that the final layer of the GIRN pillar has top and sidewall escape cones that are
either complementary or overlapping with each other.
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Figure 3-3: Light-ray propagation in GaN of a TIR mode that enters a) an index-matched pillar and b) a
multi-layer GRIN pillar structure. c) GRIN multi-layer structure with complementary side and top escape
cone angles for each layer.

The thickness of each layer ought to be designed such that all the light that enters a
pillar is extracted out through one of its sidewalls. If the light is out-coupled directly to
the sidewall as shown in Figure 3-4(a), the thickness of the first index-matched layer is
(3-18)
where d is the diameter of the pillar and c_n1 is the sidewall escape cone of layer 1. The
thickness of each layer i of the GRIN structure will follow
(3-19)
The ideal GRIN pillar structure on GaN, designed using the relationships from
Eqs. (3-16), (3-17) and (3-19) is summarized in Table 3-1. Although layer 5 does not
fulfill Eq. (3-17) it is quite close. The refractive index values of each layer are achievable
using the TiO2−SiO2 co-sputtering process. However, the pillar’s aspect ratio of total film
thickness to diameter is high as inferred from Table 3-1. Although aspect ratios much
larger than 3 are routinely used in the microelectronics field, particularly for MEMS, it is
much harder to achieve such a high ratio for a contact lithography process.
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Thickness (µm)

Thickness (µm)

Sidewall critical

for d = 1 µm

for d = 2 µm

angle (°)

2.47

0.443

0.866

23.9

2

2.26

0.494

0.988

26.3

3

2.03

0.568

1.136

29.6

4

1.76

0.689

1.379

34.6

5

1.45

0.953

1.905

43.6

3.147

6.274

Layer

Refractive index

1

Total

Table 3-1: GRIN pillar structure design for direct out-coupling of TIR modes through the sidewall for GaN
(n = 2.47) of pillar diameter 1 µm and 2 µm surrounded by air.

Figure 3-4: GRIN multi-layer structure for design a) direct out-coupling and b) indirect out-coupling of
light through the pillar sidewall.

Another method to optimize the thickness of each layer is to indirectly out-couple
the light as shown in Figure 3-4(b). The TIR modes can be reflected off the interface
between GRIN layers and then extracted through the sidewall. Equation (3-19) then
changes to
θ

(3-20)

The thickness values obtained using Eq. (3-20) will be half of the values listed in Table
3-1 and the aspect ratio is reduced to about 1.5. For the indirect out-coupling design, TIR
modes can be extracted through the pillar’s sidewall and re-enter into the GaN LED. The
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re-entered light will propagate through the GaN, reflect off of the GaNAg interface and
then be extracted out through the GaNair escape cone. The overall light-extraction
efficiency of the indirect out-coupling GRIN micro-pillar design is expected to be
comparable to the direct out-coupling GRIN structure.

3.3 Ray-tracing simulations for calculating light-extraction efficiency
Three-dimensional ray-tracing simulations provide an invaluable guide in predicting how
light will propagate for a particular structure. We assume the following simulation
parameters for GaN with a silver backing:
Material parameters:

nGaN = 2.47, RAg = 0.97, GaN = 10 cm1 for all GaN regions

LED die size:

300 × 300 µm2, tGaN = 4.0 µm

Light emission source:

Sheet or point source located at center of structure
(0.0, 0.0, 2.0)

Ray-trace:

“Transmitted/TIR Rays” or “Split Rays”, “Max Hits” = 1000,
number of rays = 100,000

In the previous section, light-extraction efficiency values were calculated using an
analytical analysis and implemented numerically through a MATLAB program. To verify
these results, we perform ray-tracing simulations using LightTools software version 6.0.0.
The light-emission source is selected to be a point source, as is assumed for the analytical
analysis, or a uniform 2D sheet, which closely models the active region of an LED. The
simulation uses “Transmitted/TIR Rays”, which assumes that light within the escape cone
is transmitted at 100% (Fresnel reflection is neglected). The TIR modes propagate in
GaN, but their intensity values will always have a finite value even after many reflection
events. Once a TIR mode reflects off a particular surface 1000 times (“Max Hits” value),
it is considered fully trapped. The light-extraction efficiency is calculated as the total
number of rays collected by the far-field receiver that surrounds the LED device over the
number of rays generated by the source.
The light-extraction efficiency is simulated for a GaN LED die size of
300 × 300 µm2 of thickness 4 µm and results are shown in Table 3-2. First, a uniform
point source and 2D sheet are used as light emitters in a perfectly transparent GaN
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structure where the far-field receiver captures light from all six faces of the GaN LED.
The LEE values obtained from ray-tracing simulations and calculations from Eq. (3-1)
are identical at 25.7%. The silver backside reflector is added to the GaN structure and the
ray-tracing simulations demonstrate that the uniform point source and 2D sheet produce
similar light-extraction efficiency values directly in line with numerical results.
Light source
Point
Uniform 2D sheet
Point
Point
Uniform 2D sheet
Point
Point
Uniform 2D sheet
Point

Bottom
surface
Transparent
Transparent
Transparent
Ag
Ag
Ag
Ag
Ag
Ag

Absorption
(cm1)
None
None
None
None
None
None
10
10
10

Method
3D ray-tracing
3D ray-tracing
Analytical
3D ray-tracing
3D ray-tracing
Numerical
3D ray-tracing
3D ray-tracing
Numerical

Light-extraction
efficiency
25.7%
25.7%
25.7%
23.9%
23.9%
23.6%
21.6%
21.8%
21.5%

Table 3-2: Light-extraction efficiency without Fresnel reflection of a planar 300 × 300 µm2 GaN LED of
thickness 4 µm calculated using 3D-ray tracing, analytically by Eq. (3-3), and numerically by Eq. (3-15).

Ray-tracing simulations are performed for GaN structures while taking into account
Fresnel reflection losses by using the “Split Rays” feature in LightTools. When a ray is
incident upon the GaNair interface within the escape cone, it splits into a transmitted ray
that escapes and a reflected ray that remains in the structure in which the amplitudes are
determined by Fresnel reflection. Light-extraction efficiency values are simulated for the
same LED structure discussed previously while taking into account Fresnel reflection
losses. The results are shown below in Table 3-3.
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Light source
Point
Uniform 2D sheet
Point
Uniform 2D sheet
Point
Uniform 2D sheet
Point
Uniform 2D sheet

Bottom
surface
Transparent
Transparent
Transparent
Transparent
Ag
Ag
Ag
Ag

Absorption
(cm1)
None
None
10
10
None
None
10
10

Light-extraction
efficiency
25.6%
25.6%
22.1%
22.1%
22.9%
22.9%
20.0%
20.1%

Table 3-3: Light-extraction-efficiency comparison of a planar 300 × 300 µm2 GaN LED of thickness 4 µm
using 3D-ray tracing while accounting for Fresnel reflection losses.

The micro-patterned pillar structures are now added to the top surface of the GaN
structure. An array of index-matched pillar structures of diameter 2 µm is simulated
along with a five-layer micro-patterned GRIN structure both totaling a thickness of 1 µm
as shown in Figure 3-5. The single refractive-index micro-patterned structure shows an
LEE enhancement of 43% over the planar surface LED while the five-layer GRIN pillar
structure shows an 85% LEE enhancement. Far-field-emission patterns for a single layer
micro-pattern and five-layer GRIN micro-pattern array are shown in Figure 3-6.
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Figure 3-5: Light-extraction-efficiency enhancement of single-layer and five-layer GRIN micro-pattern
LED over reference LED of die size 300 × 300 µm2. The calculated LEE of the reference LED is 20%.

Figure 3-6: Simulated far-field emission using five-layer GRIN TiO2−SiO2 pillars of 2 µm diameter of
spacing a = d and TiO2 micro-pillars on GaN.

The micro-patterned GRIN pillar structure for maximizing direct pillar sidewall
emission is calculated in Chapter 3.3 with the respective refractive index and thickness
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values of each layer summarized in Table 3-1. Ray-tracing simulations are performed for
the structure and the results are shown in Figure 3-7. The five-layer GRIN pillar structure
designed for direct out-coupling has a light-extraction efficiency of 38.8% for light
emitted through the top surface of the LED while the indirect out-coupling structure with
pillar heights half of those shown in Table 3-1 is 40.4%.

Figure 3-7: Simulated far-field emission of five-layer GRIN TiO2−SiO2 pillars of 1 µm diameter of
spacing a = d based on the theoretically calculated ideal thickness values from Table 3-1, half the ideal
thickness values, and a planar reference LED.

Three types of GRIN micro-structures, namely, cylindrical pillars, truncated cones,
and step-like truncated cones, are simulated on GaN LEDs. The peak simulated far-fieldemission intensity for 1, 2, and 4 µm diameter GRIN cylindrical pillar arrays on GaN
LEDs occur at 35°, 45°, and 50°, respectively as shown in Figure 3-8. The lightextraction efficiency values through the top surface are 39.1%, 33.7%, and 26.3% for the
1, 2, and 4 µm diameter GRIN pillar structures on GaN LEDs, respectively. These values
are significantly higher than the simulated 8.2% light-extraction efficiency value through
the top surface for the planar reference LED. Dry-etching techniques will be used to
implement the GRIN cylindrical pillars on an LED to demonstrate the predicted far-field
patterns.
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Figure 3-8: Simulated far-field-emission pattern of five-layer GRIN TiO2−SiO2 cylindrical pillars of 1, 2,
and 4 µm diameter of spacing a = d and a planar reference LED.

Simulated far-field-emission patterns of GRIN truncated cones on GaN are shown in
Figure 3-9. The light-extraction efficiency values through the top surface are 33.7% and
41.6% for 2 µm diameter GRIN pillars and truncated cones of the same composition,
respectively. The GRIN truncated cone structures on the GaN LED has a significantly
different far-field-emission pattern with a large enhancement in light-extraction
efficiency over the 2 µm diameter GRIN pillars for all emission angles, but particularly
for angles close to 0°. Methods to control the pillar sidewall angle for GRIN microstructures can be implemented as shown in Figure 5-11 using reflowed photoresist or as
shown in Figure 5-23 using sloped ITO sidewalls, which can be employed to fabricate
such GRIN truncated cones on GaN LEDs.
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Figure 3-9: Simulated far-field-emission pattern of five-layer GRIN TiO2−SiO2 cylindrical pillars,
truncated cone pillars of 2 µm diameter base with ~30° sloped sidewall angle of 2 µm spacing and a planar
reference LED.

The third GRIN structure of interest is a step-like GRIN truncated cone microstructures on GaN LEDs whose simulated far-field-emission pattern is shown in Figure
3-10. The light-extraction efficiency values through the top surface are 26.3% and 36.1%
for the 4 µm diameter GRIN pillars and step-like truncated cones of the same
composition, respectively. The simulated far-field-emission pattern for a GaN LED with
GRIN step-like truncated cone arrays shows a large enhancement in light-extraction
efficiency over the 4 µm diameter GRIN cylindrical pillars for emission angles between 0°
and 60°. Methods to fabricate the step-like sidewalls of TiO2−SiO2 pillars after dry and
wet etching are shown in Figure 5-9 and can be implemented on GaN LEDs to
demonstrate how GRIN micro-structures can tune the far-field emission of LEDs while
significantly increasing their light-extraction efficiency.
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Figure 3-10: Simulated far-field-emission pattern of five-layer GRIN TiO2−SiO2 cylindrical pillars, steplike truncated cone micro-structures of ~4 µm diameter base, 2 µm spacing and taper = 0.9 (the taper of the
truncated cone is defined as the ratio of the base diameter, d, of the layer over the top diameter of the layer)
and a planar reference LED.
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4. Design of far-field-emission directionality of GaN LEDs using micropatterned graded-refractive-index layers by genetic algorithm
4.1 Introduction
In GaN LEDs, the high-refractive index contrast at the semiconductorair boundary
produces TIR or guided modes within the LED that significantly limit their lightextraction efficiencies (LEE). Methods such as employing photonic crystals (PhCs) [49],
crystallographic wet-chemical etching [16], surface texturing [50] and chip-shaping [13]
of LEDs enhance light out-coupling by extracting modes that would otherwise be guided.
Periodic patterning of alternating dielectric materials in PhC LEDs produces photonic
band gaps that prevent the propagation of specific guided modes. Although lightemission directionality has been demonstrated for PhC LEDs [51] [52] it remains largely
restricted to emission angles close to the surface normal. A common method that is in
commercial use for roughening GaN LEDs is immersing the device in a wet
crystallographic etchant, typically potassium hydroxide (KOH). The KOH etches N-face
(0001) GaN preferentially along the {1011} resulting in hexagonal pyramid
structures on the GaN surface [53]. Modes that would otherwise be guided are able to
escape out of the LED through the hexagonal pyramid structures due to the geometric
changes at the GaN surface. Light emission from roughened or crystallographically
etched LEDs is dominantly Lambertian and offers little controllability in terms of the
emission direction.
The ability to adjust the refractive index (n) of a material is fundamental in
controlling optical properties such as reflectivity and waveguide propagation within a
material. Deposition methods such as oblique-angle evaporation of SiO2 and cosputtering deposition of SiO2 and TiO2 can produce materials with index values of
n ≈ 1.05 to 1.46 and n ≈ 1.46 to 2.50, respectively. Co-sputtering involves the
simultaneous deposition of two materials, such as titanium dioxide (TiO2) and silicon
dioxide (SiO2), in which the volume ratio of the two materials in the deposited film
determines its refractive index. The refractive index of TiO2 is closely matched to that of
GaN (n = 2.47) and by co-sputtering TiO2 and SiO2, multi-layer GRIN coatings can be
created for use in GaN LEDs.
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Typically, multi-layer GRIN coatings are applied on substrates in which the coating
index is graded from a value closely matched to the substrate to a lower index value [42].
GRIN coatings have been applied in the fiber optics [54], solar [43] [44] [55], and LED
[46] field for maximizing bandwidth, antireflection properties, and light extraction,
respectively. LEDs coated with unpatterned GRIN layers minimize Fresnel reflections,
but they do not change the number of guided modes trapped in the semiconductor.
Recently, micro-patterned GRIN structures on GaInN LEDs have been demonstrated
as an effective means for enhancing the LEE [47]. By micro-pattering the coating, modes
that would otherwise undergo TIR can be extracted out through the sidewall of the microstructure. The refractive index profile and shape of the GRIN micro-structure will
directly impact both emission directionality and LEE. In this work, we demonstrate
through simulations the versatility of GRIN micro-pillar arrays on LEDs in tailoring the
far-field-emission pattern and enhancing light out-coupling using a genetic algorithm
(GA).

4.2 Simulation method
Three-dimensional ray-tracing simulations are performed using an algorithm that
generates a population of GRIN micro-pillar arrays in which the pillar diameter and
spacing is randomly generated for a rectangular lattice. The GRIN micro-pillar arrays are
placed on three LED configurations of 1 × 1 mm2 chip size as shown in Figure 4-1 with
their corresponding material parameters. The thin-GaN LED consists of GRIN micropillars placed on the n-type GaN side with a planar Ag reflector on p-type GaN. The topemitting ITOGaN LED has GRIN micro-pillars placed directly on the 250 nm thick ITO
layer with a planar Ag reflector on the backside of the 100 µm thick sapphire substrate. In
the flip-chip GaN LED (FCLED) design, the GRIN micro-pillars are placed directly on
the backside of the sapphire substrate with a planar Ag reflector on p-type GaN.
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Figure 4-1: Schematic of GRIN micro-pillar arrays on thin-GaN, ITOGaN, and flip-chip GaN LED
configurations with simulation material parameters.

The number of GRIN layers is fixed at five while the refractive index and height of each
layer is randomly generated excluding the index of the first layer, which is matched to
GaN (n = 2.47), ITO (n = 2.0), or sapphire (n = 1.78) for the thin-GaN, ITOGaN and
FCLED, respectively. The composition of the each GRIN layer is TiO2, co-sputtered
TiO2−SiO2, or SiO2. The GRIN layer indices are sorted in descending order in which the
highest refractive index layer is closest to the substrate. This layer arrangement
minimizes Fresnel reflection losses.
The lower boundary condition for refractive index and thickness of each layer is
, where

and

is the thickness and refractive index of layer i, and

is the

emission wavelength in vacuum and is equal to 450 nm or the wavelength of a blue
emitting LED. Feature sizes for ray-tracing are limited to values larger than the
wavelength of light such that wave scattering and interference effects do not play a
significant role. The minimum thickness of each layer is 250 nm while the maximum
thickness is 400 nm, 1.5 µm, and 2.0 µm for the thin-GaN, ITOGaN and FCLED,
respectively. These layer thickness ranges are chosen to minimize the overall thickness
for the GRIN micro-pillar arrays on thin-GaN LEDs while increasing the diversity of the
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GRIN micro-pillar arrays on ITOGaN and FCLED configurations, which inherently
have a smaller GRIN micro-pillar refractive index range.
The far-field-emission pattern of each population member is simulated and assigned
a fitness value. The fitness value is based on how closely the simulated emission pattern
is compared to a desired or target emission pattern. The target emission pattern of the
LED is assumed to be Gaussian and is given as
(

(

)

)

(

(

)

)
(4-1)

where A is the normalized coefficient, x is the emission angle from normal incidence, θp
is the angle from the surface normal at peak emission intensity, and

is the standard

deviation whose relationship to full width at half maximum (FWHM) is
√

. The fitness function is the normalized-cross correlation (NCC) between the

target and simulated far-field-emission pattern and is expressed as
∑ ∑ ( (
√∑ ∑ ( (

)
)

̅ )( (
̅) ∑ ∑ ( (

̅)

)
)

(4-2)
̅)

where θ and ϕ are the azimuthal and polar angles, θi and ϕj are the corresponding angles
of incidence, respectively. ̅ and ̅ are the mean intensities taken over all angles of the
target and simulated far-field-emission pattern, respectively. A genetic algorithm is used
to optimize the GRIN micro-pillar arrays on GaN LEDs using the following steps:


Create a population of 200 members in which the refractive index and thickness of
each layer (total of 5 layers), the pillar diameter, and the pillar spacing are randomly
generated



Perform 3D ray-tracing simulation for each member (10,000 rays)



Assign fitness value to each member based on NCC between target (Gaussian) and
simulated far-field-emission pattern



Sort members based on fitness and discard 10% of the population (20 members) with
the lowest fitness values

46



Randomly select two parents for each offspring (40 parents for 20 offspring), in
which the offspring will replace the discarded members



Define offspring GRIN micro-pillar properties (refractive index and thickness for
each layer as well as pillar diameter and spacing) determined by randomly selecting
one of the two parents for each trait, in which the offspring inherits the parent’s trait



Mutate the traits of all after-crossover offspring randomly by varying each parameter
between 10% to 10% of their original trait value



Add the after-mutation offspring back to the population (total population: 180 + 20
after-mutation offspring = 200) and evaluate their fitness values



Sort new population based on fitness



Repeat algorithm until a population member has a fitness value greater than 0.99 or
simulation has reached 200 iterations

4.3 Thin-GaN LEDs
The separation of GaN epitaxial films from their underlying sapphire substrates by laser
lift-off (LLO) has led LEDs to higher external quantum efficiencies. LLO GaN LEDs are
ideal for high-power LED operation with their GaN surface available for patterning to
maximize extraction efficiency or affect light-emission directionality. Encapsulation of
LEDs with epoxy or silicone (n = 1.5) will affect the light-emission directionality based
on the index and shape of the encapsulant while substantially increasing the LED
package size. Finding a wafer-level method for tailoring light-emission directionality can
eliminate the need for organic encapsulants or bulky secondary optical components
leading to LEDs with longer lifetimes and ultra-thin LED packages.
Simulated far-field-emission patterns of a planar reference LED and five-layer GRIN
micro-pillar arrays on thin-GaN LEDs optimized for various peak emission angles are
shown in Figure 4-2. The planar reference thin-GaN LED shows a typical Lambertianlike emission pattern with decreasing angular intensity from the surface normal. The
GRIN micro-pillar arrays on thin-GaN LEDs have a target peak emission, selected
between 20° and 60° in 10° increments, in which the fittest members of the populations
represent the far-field-emission patterns in Figure 4-2. The simulated far-field-emission
patterns of the GRIN micro-pillar arrays on thin-GaN LEDs have a high NCC with the
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simulated Gaussian emission according to Table 4-1. The intensity ratio of the peak to
normal emission angle is about 2.5 indicating that the GRIN micro-pillar arrays strongly
out-couple light towards the targeted off-normal peak emission angle.
Table 4-1 describes the layer composition and structural properties of the GRIN
micro-pillar arrays on thin-GaN LEDs. A trend in Table 4-1 indicates that peak emission
angle will continue to deviate from the normal as the pillar diameter and spacing between
the GRIN micro-pillars increases. The micro-pillar lattice determines the number of
photons extracted through the sidewall of the pillars and those that re-enter neighboring
pillars. For a given lattice, the number of rays re-entering neighboring pillars will
increase with increasing emission angle. To obtain strong off-normal emission,
sufficiently large spacing along with a small pillar height to diameter aspect ratio reduces
the number of photons re-entering neighboring pillars. As the pillar diameter and spacing
become small (approach zero) or become large (approach the dimensions of the LED
chip), the micro-pillars have a diminishing effect and the LED emission becomes
Lambertian. As revealed in Table 4-1, as the desired peak emission angle increases, the
pillar diameter decreases and h/d decreases.
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Figure 4-2: Simulated far-field-emission patterns of planar reference and five-layer GRIN micro-pillar
arrays on thin-GaN LEDs optimized for peak emission at 20°, 30°, 40°, 50°, and 60°.
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θp

GRIN
layer #
1
2
3
4
5
Total
Diameter
(nm)
Spacing
(nm)
Pillar
height to
diameter
ratio
(h/d)
LEE (%)
NCC

20°
n
2.47
2.45
2.11
2.05
1.46


30°
h
(nm)
253
361
398
335
349
1696

n
2.47
2.25
1.98
1.92
1.61


h
(nm)
319
324
376
363
348
1730

40°
h
(nm)
292
372
367
368
316
1715

n
2.47
2.18
2.15
1.86
1.47


50°
n
2.47
2.31
2.13
1.88
1.58


h
(nm)
273
386
365
285
336
1645

60°
n
2.47
2.33
2.23
2.14
1.99


Ref. LED

h
(nm)
376
265
265
253
267
1426





0.56

0.77

1.44

2.76

5.96



0.52

0.54

1.16

2.52

4.56



3.03

2.25

1.19

0.596

0.239



34.5
0.785

39.5
0.938

40.2
0.989

40.0
0.959

32.6
0.836

14.7


Table 4-1: Layer and structural properties of GRIN micro-pillar arrays on thin-GaN LEDs optimized for
various peak emission angles. These values are obtained as a result of the GA optimization.

The simulated LEE of a five-layer GRIN micro-pillar array on a thin-GaN LED is 2
to 2.7 times higher than the planar reference LED. Consider a single-layer pillar array
indexed matched to GaN, which provides a path for photons to enter into the pillar and
escape through the pillar sidewall. Photons beyond the critical angle, that strike the top of
a pillar, can continue to be guided and thus remain trapped within the LED. In a multilayer GRIN pillar, the large critical angle at each pillar GRIN layer interface, allows
photons entering the pillar to refract into the subsequent GRIN layer or to be extracted
through the pillar sidewall. Inherently, single layer micro-pillar arrays can enhance LEE
and affect the far-field emission, but substantially less compared to multi-layer GRIN
micro-pillars. The refractive index values of the GRIN micro-pillar arrays in Table 4-1
show little correlation with peak emission angle. The pillar diameter, spacing and height
to diameter aspect ratio correlate strongly with peak emission angle while a large family
of solutions for GRIN layer indices and heights exist. The high GaNair index contrast
provides an excellent platform in which the GRIN micro-pillars can effectively redirect
otherwise trapped guided modes into a desired far-field-emission pattern with high LEE.
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4.4 ITOGaN LEDs
Indium tin oxide (ITO) is commonly used as a transparent contact to p-type GaN for topemitting lateral LEDs. Surface roughening or patterning of ITO p-electrodes on LEDs by
natural lithography [56], imprint [57], laser holography [58], and conventional
photolithography [59] improves LEE. Shaping of an encapsulant on the ITOGaN LED
is currently one of the only methods for enhancing LEE and changing the light-emission
directionality. Alternative methods for tailoring the far-field-emission pattern for an
unencapsulated ITOGaN LED are desirable.
Five-layer GRIN micro-pillar arrays on ITOGaN LEDs optimized for various peak
emission angles and a planar reference LED are simulated in which the simulated farfield-emission patterns are shown in Figure 4-3. The planar reference ITOGaN LED has
a broad peak emission near 30° rather than a Lambertian pattern due to additional photon
extraction through the sapphire sidewalls. The GRIN micro-pillar arrays on ITOGaN
LEDs show simulated far-field-emission patterns that follow the simulated Gaussian
emission patterns. The ITOGaN LED with GRIN micro-pillars optimized for θp = 50°
has a lower peak to normal intensity ratio and NCC value compared to the corresponding
thinGaN LED GRIN micro-pillars. Insertion of the ITO layer on GaN bounds guided
modes to the ITOGaN or ITOair interface. Guided modes bounded by the ITOGaN
interface limit the number of photons that propagate into the ITO layer and thus the
GRIN micro-pillars. The LEE values of the GRIN micro-pillar arrays on ITOGaN LEDs
are up to 30% higher than the planar reference LED. The small number of photons
propagating to the GRIN micro-pillar arrays and the absorptive 250 nm thick ITO layer
limits the LEE value. Despite fewer modes reaching the GRIN micro-pillars, the
optimized far-field-emission patterns are directional at their intended peak emission angle.
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Figure 4-3: Simulated far-field-emission patterns of planar reference and five-layer GRIN micro-pillar
arrays on ITOGaN LEDs optimized for peak emission at 20°, 30°, 40°, and 50°.
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θp 

GRIN
layer #
1
2
3
4
5
Total
Diameter
(nm)
Spacing
(nm)
Pillar
height to
diameter
ratio
(h/d)
LEE (%)
NCC

20°
n
2.00
1.73
1.73
1.67
1.60


30°
h
(nm)
1400
490
900
1300
1500
5590

n
2.00
1.74
1.73
1.66
1.60


40°

h
(nm)
1200
640
860
740
740
4180

n
2.00
1.82
1.55
1.54
1.53


h
(nm)
910
992
950
487
797
4136

50°
n
2.00
1.89
1.68
1.53
1.50


Ref. LED

h
(nm)
850
1470
1440
700
1000
5460





0.90

3.50

6.80

9.75



0.60

1.00

2.06

7.00



6.21

1.19

0.608

0.560



23.8
0.89571

26.2
0.946

27.5
0.990

26.6
0.795

20.6


Table 4-2: Layer and structural properties of GRIN micro-pillars on ITOGaN LEDs optimized at various
peak emission angles. These values are obtained as a result of the GA optimization.

Table 4-2 shows the layer composition and structural properties of the GRIN micropillars on ITOGaN LEDs. Notably, the five-layer GRIN arrays effectively reduce to
three or four layers due to the similar refractive index values of several consecutive layers.
The lower index contrast at the ITOair interface and lower number of photons entering
the pillars compared to a thin-GaN LED reduces the number of GRIN layers needed to
tailor the far-field-emission pattern. As the peak emission angle increases, the pillar
diameter and spacing increases while the height to diameter aspect ratio decreases, as
previously shown for the thin-GaN LEDs. Upon further inspection of Table 4-2, the
refractive index range of the GRIN micro-pillars slightly increases as a function of peak
emission angle. This hints at the importance of the GRIN micro-pillar index range in
tailoring the light-emission directionality for off-normal emission angles.

4.5 Flip-chip LEDs
Flip-chip LEDs (FCLEDs) extract light through the backside of the transparent sapphire
substrate and use reflective p- and n-metal contacts. The direct metal to submount
connection provides an efficient thermal path suitable for high-power operation compared
to the wire-bonded top-emitting ITOGaN LEDs. Growth on patterned substrates
improves both internal and external quantum efficiency while backside sapphire texturing
enhances LEE [60]. The thickness of the sapphire substrate affects both the LEE and far-
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field-emission pattern of the LED [61]. Thick sapphire substrates (typically ~300 µm or
larger) maximize LEE while thinner sapphire substrates efficiently dissipate heat. Current
FCLED configurations provide few options in controlling the far-field-emission pattern.
The simulated far-field-emission pattern of a planar reference FCLED and FCLEDs
with five-layer GRIN micro-pillar arrays placed on the backside of a 100 µm thick
sapphire substrate are shown in Figure 4-4. The planar reference FCLED has a broad
emission peak near 35° due to photon extraction through the sapphire sidewalls. The
simulated far-field-emission patterns with optimized GRIN micro-pillar arrays in Figure
4-4 show peak emission angles between 20° and 50°. The simulated emission from GRIN
micro-pillar arrays on FCLEDs contain sharper peaks at the targeted emission angle
compared to the planar reference LED. The layer composition and structural properties of
the GRIN micro-pillar arrays on the FCLEDs are shown in Table 4-3. Based on the GRIN
micro-pillar index values, the small sapphireair index contrast and small number of
photons entering the pillars reduces the five-layer GRIN micro-pillars to three layers. The
range of refractive index values of the GRIN micro-pillar arrays increases as the peak
emission angle deviates from the surface normal, as is the case for the ITOGaN LEDs.
The thin-GaN structures do not appear to follow this trend, but are strongly dependent
upon the GRIN micro-pillar lattice and the height to diameter aspect ratio. The aspect
ratio decreases as a function of increasing peak emission angle as observed for the two
previous LED configurations (discussed in the two preceding sections).
Only modest LEE enhancement values (up to 35%) compared to the planar reference
LED occur with GRIN micro-pillar arrays on sapphire due to the limited number of
photons entering the backside sapphire surface. The large number of guided modes in
GaN bounded by the GaNsapphire interface, as well as the photon extraction though the
sapphire sidewall, reduces the effect of the GRIN micro-pillars. Patterning at the
GaNsapphire interface would potentially enhance the effect of the GRIN micro-pillar
arrays on LEE and far-field emission due to the increased number of photons reaching the
GRIN micro-pillar arrays.
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Figure 4-4: Simulated far-field-emission patterns of planar reference and five-layer GRIN micro-pillar
arrays on FCLEDs optimized for peak emission at 20°, 30°, 40°, and 50°.
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θp

GRIN
layer #
1
2
3
4
5
Total
Diameter
(nm)
Spacing
(nm)
Pillar
height to
diameter
ratio
(h/d)
LEE (%)
NCC

20°

30°
h
(nm)
1700
335
1300
1400
1500
6235

n
1.78
1.77
1.74
1.74
1.7


n
1.78
1.78
1.66
1.65
1.57


40°

h
(nm)
830
1500
760
1500
490
5080

h
(nm)
1100
1200
1160
1480
985
5925

n
1.78
1.74
1.54
1.54
1.52


50°
h
(nm)
400
400
370
330
400
1900

n
1.78
1.61
1.61
1.46
1.46


Ref. LED




3.5

3.26

13.4

8.5



4.4

2.52

3.1

3.5



1.78

1.56

0.442

0.224



21.6
0.913

23.9
0.980

26.3
0.979

24.8
0.709

19.5


Table 4-3: Layer and structural properties of GRIN micro-pillar arrays on FCLEDs optimized at various
peak emission angles and planar reference LED. These values are obtained as a result of the GA
optimization.

4.6 Summary
We demonstrate by using three-dimensional ray-tracing simulations a method in
controlling the far-field-emission directionality for three types of LED configurations
using GRIN micro-pillar arrays optimized by a genetic algorithm. The tailored GRIN
micro-pillar arrays shift the peak emission angle of the LEDs between 20° and 60° based
on the refractive index profile, lattice and height of the micro-pillars. Closely matched
peak emission angles with high NCC values between simulated emission patterns of
GRIN micro-pillar arrays on LEDs and simulated Gaussian emission patterns underline
the effectiveness of micro-patterning GRIN structures on unencapsulated LED chips for
controlling their far-field-emission patterns while enhancing light-extraction efficiency.
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5. Graded-refractive-index micro-patterned structures on GaInN LEDs
5.1 LED process and photolithography overview
The implementation of new designs or processing methods requires a careful
consideration into how they will affect the standard process flow. The processing steps
for a lateral-structure GaInN LED are described as follows:


Thermal activation of acceptors in rapid thermal annealing (RTA) system (expulsion
of H)



Photolithography for mesa etching



Mesa etching by chemically-assisted ion beam etching (CAIBE) to expose the n-type
GaN layer



Photolithography for n-metal deposition and lift-off



Deposition of metal contacts (Ti/Al/Ti/Au) for n-type GaN by e-beam evaporation



RTA in nitrogen atmosphere to produce ohmic n-metal contacts



Photolithography for p-metal deposition and lift-off



Deposition of metal contacts (Ni/Au or ITO) for p-type GaN by e-beam evaporation



RTA in oxygen atmosphere to produce semi-transparent ohmic p-metal contacts



Photolithography for bonding metal deposition and lift-off



Deposition of bonding metal (Au) on n-contacts and p-contacts for wire bonding
Standard photolithography for micro-patterns is performed using a contact aligner. It

is imperative that the mask and the photoresist surface be fully contacted with each other
to maximize resolution and minimize diffraction effects. After spin coating photoresist on
a LED wafer, an edge-bead develops on the outer rim of the sample that is typically
greater than 100% thicker compared to the center region depending upon the spinner’s
speed and acceleration during photoresist dispensing. The mask can only be contacted
with the edge-bead portion of the photoresist layer, which produces an air gap between
the mask and photoresist over the center region of the wafer. In the typical LED process,
large feature sizes (5−300 µm) exist in which diffraction from the mask does not play a
role. For feature sizes below 5 µm, diffraction plays a dominating role, which adversely
affects the shape of the photolithography pattern.
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During the photoresist spin cycle, an acetone sprayer can be used to dispense acetone
to the edge of the wafer for dissolving the thick edge-bead. For wafers larger than
2 inches in diameter, acetone spraying will remove the undesired thick edge-bead while
sparing the rest of the photoresist on the wafer. Due to the small LED sample size (on the
order of 1 cm × 1 cm) and its square shape, the dispensed acetone will dissolve most of
the photoresist on the sample, therefore, another method is developed. After soft baking
the photoresist, we dip the edge of the photoresist into developer until the edge-bead is
removed and then repeat this process for each of the remaining 3 sides of the sample.
This results in a clean edge-bead removal without dissolving other regions of the
photoresist.

5.2 Fabrication of graded-refractive-index micro-patterns via lift-off
The GRIN micro-patterns are first fabricated via a lift-off technique on vertical-structure
thin-film

LLO

GaN

LEDs.

After

the

n-metal

annealing,

the

wafer

is

photolithographically patterned with various diameter holes and pitches on top of the Nface n-type GaN surface. The sample undergoes a co-sputtering deposition for the fivelayer GRIN pillar structure. After the deposition, the photoresist underneath the five-layer
GRIN coating on GaN sample is lifted-off using acetone and then GRIN micro-pillars
remain on top of the LED surface. Figure 5-1 shows a vertical-structure thin-film LLO
GaN LED with the five-layer GRIN micro-pillar array and the refractive index and layer
thickness values.
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Figure 5-1: SEM image of GaN vertical LED with five-layer GRIN micro-patterned pillars of 2 µm
diameter pillars and 2 µm spacing.

5.3 Dry etching of SiO2, TiO2 and TiO2SiO2 via ICP-RIE using
photoresist as a mask
A method for producing micro-patterned GRIN structures on GaN is dry-etching of the
GRIN layers. Dry etching requires sustainable plasma to be generated inside a vacuum
chamber between an anode and cathode. The supply gas desired for the etch is injected
into the vacuum chamber in which the vast majority of gas injected into the chamber
consists of neutral atoms co-existing with a small number of ionized gas molecules. A
voltage is applied at the electrodes and ionization of the gas molecules takes place.
Typically, this voltage is generated at an RF frequency of 13.56 MHz, a frequency band
reserved by the Federal Communications Commission (FCC) for this application. Timedependent electric fields, such as RF fields are superior to static fields for initiating
plasma due to the increased electron-gas collision probability. The electrons follow the
frequency of the alternating electromagnetic field due to their light mass and high
mobility while the ionized gases molecules cannot follow the frequency of the RF. The
ionized gas molecules are accelerated towards the negative self-bias voltage formed at the
cathode. This process is the basis for reactive ion etching (RIE).
Inductively-coupled plasma (ICP) etching is a common type of high density plasma
(HDP) used for etching semiconductors, metals, or dielectric thin-films. A time-varying
electric current passes through a solenoid surrounding a dielectric or quartz tube, in a
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typical ICP-RIE system. Inside the quartz tube is the vacuum chamber in which gas
injection occurs and the ICP plasma is sustained. The solenoid coil provides an axial
magnetic field in which the strength of the magnetic field within the ICP plasma is
determined by the solenoid current. The benefit of using an ICP-RIE system over
traditional RIE systems is the decoupling of the ion density and ion energy within the
chamber. The ICP-RF plasma is formed by passing current through the solenoid,
providing the time-varying magnetic field, which ignites and sustains the plasma. By
changing the magnitude of the current, the ion density of the injected gas species can be
changed, often to very high values compared to capacitively coupled plasmas (CCP).
The CCP-RF is the plasma found for RIE systems that use an RF generator. The CCP-RF
plasma controls the ion energy of the system by producing a sustainable plasma in which
the negative self-bias occurs, resulting in the acceleration of the ion species towards the
electrode.
The use of a fluorinated gas such as SF6, CHF3, CF4, and C4F8 is the most method
for dry etching silica (SiO2). The plasma dissociates the injected gas into many reactive
species including the following reactions assuming CF4 as the initial gas species:
(5-1)
(5-2)
(5-3)
(5-4)
In fluorocarbon-based plasmas, typically a fluorocarbon polymer layer is formed on top
of the surface. For SiO2 based etches, this polymer can take the form of SiCxFYOz [62].
The fluorine atoms react with the silica surface upon ion bombardment via the following
reactions
(5-5)
(5-6)
The SiF4, SiF2 and O2 byproducts desorb from the surface and are extracted from the
chamber via a vacuum pump. Carbon atoms formed during etching can react with the
fluorocarbon polymer layer or the SiO2 byproducts to form species easily desorbed from
the surface including CO, CO2, and COF2 molecules [62].
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During fluorinated SiO2 dry etching, a substantial amount of fluorocarbon polymers
can form on the surfaces and sidewalls of the silica. The fluorocarbon polymer will
greatly affect the etching conditions and profile of the SiO2 layer. Selectivity values of
SiO2 to the PR or hard mask will largely depend upon the thickness of the fluorocarbon
layer on the mask and silica directly affecting its chemical or physical etching rate. The
SiO2 sidewall profile, for example, is heavily dependent upon the removal of the etching
species from the surface as well as the deposition rate of the fluorocarbon. By balancing
the etching and deposition rate of the fluorocarbon, it is conceivable to control the SiO2
sidewall profile. Three SiO2 etching regimes exist, namely fluorocarbon film deposition,
fluorocarbon suppression, and oxide sputtering regime [63]. The fluorocarbon deposition
regime is characterized by a faster fluorocarbon polymer deposition rate compared to the
fluorocarbon polymer etching rate. The fluorocarbon polymer formation rate is the ratelimiting step for etching the SiO2 or TiO2 underlayers. The thick passivation layer
prevents the transfer of reactive gas species and energy through the polymer to the SiO 2
surface. As the energy of the substrate bias increases, the etch rate of the polymer will
increase. In the fluorocarbon suppression regime, the fluorocarbon is still present on the
surface, but very thin (typically on the order of a nanometer). The fluorocarbon polymer
layer at this thickness does not prevent the etching of the SiO2 underlayer. Etch rates in
the range of hundreds of nanometers per minute are attainable in the fluorocarbon
suppression regime. It has been shown that a 1 nm variation in the fluorocarbon polymer
thickness can result in a 400 nm/min variation in the etch rate of SiO2 [64]. A
fluorocarbon polymer thickness larger than 2 nm can completely stop the etching of SiO2.
The energy of the incoming ions is absorbed by both the polymer and the SiO2 underlayer,
however, beyond a certain fluorocarbon polymer thickness, most of the energy will be
dissipated in the polymer layer. Ion bombardment of the silica surface is necessary to
break the SiO bonds in order for the fluorine and carbon atoms to react with Si and
oxygen for creating volatile by-products. For pure Si etching, the polymer can be much
thicker before the etch rate ceases because the fluorine atoms can diffuse through the
polymer layer to react with Si [65].
Beyond a particular substrate bias voltage, the fluorocarbon layer becomes very thin
and is no longer present on the surface. This SiO2 etching condition reaches the oxide
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sputtering regime in which the oxide etch rate increases linearly with ion current and with
the square root of ion energy [63]. Without the fluorocarbon polymer, the etch selectivity
of a given mask will drastically decrease. In order to maintain high etch selectivity and
etch rates, SiO2 and TiO2 etching conditions were primarily performed under the
fluorocarbon suppression regime.
The development of a TiO2 etch condition is sought as a first step in developing a
GRIN TiO2−SiO2 due to the lack of literature and increased complexity of dry etching
TiO2 compared to SiO2. Fluorine, chlorine, argon, and methane based etches have been
investigated for etching TiO2 [66]. It is well-known that chlorine readily etches GaN
much faster than fluorine-based etches, therefore, preference for a fluorine-based GRIN
etch is preferred over a chlorine-based etch. During a TiO2 chlorine-based etch, the metal
oxide is reduced to its metallic form via ion bombardment and reacts with chlorine
radicals by the following reactions:
(5-7)
(5-8)
(5-9)
A fluorinated TiO2 etch will likely contain the following etch reactions in the presence of
fluorine radicals:
(5-10)
(5-11)
(5-12)
The TiOF2 by-product has been observed when treating TiO2 with HF vapor [67] and
may also appear in TiO2 fluorinated-based dry etching. Even though titanium-fluoride
compounds have a much higher melting point than titanium-chloride compounds, it has
been shown that SF6/Ar etch rates are significantly higher than Cl2/Ar etch rates [66].
This ought to indicate that the fluorine by-products can be readily removed from the
etched surface compared to chlorine by-products for TiO2 dry etching.
An SF6 based TiO2 etch is performed on a 300 nm thick TiO2 layer on Si substrate as
shown in Figure 5-2. In Figure 5-2(a), an ICP TiO2 etch using pure SF6 is used while in
Figure 5-2(b) an SF6 and Ar mix is used. In both Figure 5-2(a) and (b), a thin residue
layer fully encloses the sidewall of the etched photoresist and TiO2. The dry etch residues
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formed during SF6 plasma general remain even after solvent sonication of the sample.
Sulfur improves the crosslinking of polymers, therefore, the radical sulfur atoms formed
during the etch likely enhance crosslinking of the photoresist residual layer. This
enhanced crosslinking leads to difficulties in removing the photoresist residual layer. The
addition of Ar as a physical etching component to the SF6based etches does not
substantially assist in removing the residue as shown in Figure 5-2(b). Next we explore
the use of fluorocarbons for dry etching of TiO2.

Figure 5-2: Etched TiO2 pillar masked with photoresist on Si substrate using ICP etch of 400 W ICP power,
150 W RIE with a) 50 sccm of SF6 and b) 30 sccm of SF6 and 15 sccm of Ar.

Trifluoromethane (CHF3) is used to etch TiO2 in which the following reaction occurs
assuming there is sufficient fluorine and oxygen radicals present in the plasma:
(5-13)
Ion bombardment of TiO2 is required for dissociation in this reaction, thus requiring
sufficiently high substrate bias. A pure CHF3 dry etch of TiO2 pillars on Si substrate is
performed as shown in Figure 5-3. The photoresist residue in Figure 5-3(a) is
significantly more uniform and smaller in height compared to the residue produced via
SF6 etching in Figure 5-2. After photoresist removal, as shown in Figure 5-3(b), the TiO2
sidewalls appear vertical and smooth.
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Figure 5-3: SEM image of a) etched TiO2 pillars masked with photoresist on Si substrate using ICP etch of
600 W ICP power, 250 W RIE and 60 sccm of CHF3 and b) after photoresist removal.

A thick photoresist is chosen to compensate for the poor TiO2 to PR etch selectivity
(~1:2.5). Careful lithography optimization ought to be performed in order to achieve
high-aspect ratio photoresist patterning via contact lithography as shown in Figure 5-4(a),
in which 1.4 m diameter pillars of 4 m thickness are developed. After the CHF3 etch,
the photoresist height has been reduced as shown in Figure 5-4(b). The same ICP etch
condition is applied for etching SiO2 and compared to TiO2 as shown in Figure 5-5. The
etched TiO2 pillar in Figure 5-5(a) has close to a vertical sidewall while the SiO2 pillar is
sloped. The etch rate of the SiO2 layer is approximately four times faster than TiO2 and
the SiO2 etch is much less anisotropic. The anisotropic etch of TiO2 shows that the TiO2
etch process relies more heavily on the ion-driven component (ion energy) than SiO2 for
dissociating the metal oxide. The higher isotropic etching of the SiO2 layer indicates the
CHF3 (the fluorine component) is chemically reducing the SiO2 faster compared to TiO2.
Additionally, the etch rate of SiO2 increases with ICP power (density of gas radicals)
signifying that the radicals participate in the etching process more so than in passivation
of the SiO2 surface.
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Figure 5-4: SEM image of a) photoresist 1.4 m in diameter and 4 m thick patterned on TiO2 on Si
substrate before etching and b) after ICP etch of 600 W ICP power, 250 W RIE with 60 sccm of CHF3.

Figure 5-5: SEM image of a) etched TiO2 pillar on Si substrate and b) etched SiO2 pillar on Si substrate
using the same ICP condition: 600 W ICP power, 250 W RIE with 60 sccm of CHF3.

Photoresist is an efficient mask for dielectric patterning, but the degradation of the
PR during the etching process limits the etching depth and sidewall smoothness. The
CHF3based etch discussed above for SiO2 and TiO2 masked with photoresist,
respectively, etches very well without degrading the photoresist mask. A thick multilayer GRIN TiO2−SiO2 dielectric stack, however, severely degrades the photoresist as
shown in Figure 5-6.
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Figure 5-6: a) Low-magnification SEM image of severely damaged etched photoresist on TiO 2−SiO2 pillar
on Si substrate and b) a high-magnification SEM image. TiO2−SiO2 pillars were etched using ICP
condition: 600 W ICP power, 250 W RIE with 60 sccm of CHF3 (same condition as shown in Figure 5-5).

Additional chemical reactions can occur during a TiO2−SiO2 etch including
(5-14)
(5-15)
TiSi2 is a refractory metal that has been studied for use in interconnects [68] [69]. TiSi2
would require additional ion-bombardment for dissociation to occur. The longer etch
times along with the additional chemical reactions that occur during a thick GRIN
TiO2−SiO2 etch can result in the PR degradation. The use of other RIE etching conditions
as well as the use of hard masks to prevent mask degradation will be discussed in
subsequent sections order to realize a patterned GRIN TiO2−SiO2 structure.

5.4 Fabrication of graded-refractive-index micro-patterns via RIE and
wet etching using photoresist as a mask
After epitaxial growth, a planar deposition of TiO2−SiO2 is followed by micro-pattern
lithography. The TiO2−SiO2 layers are then etched to produce the final micro-pillar
structure as shown schematically in Figure 5-7. A five-layer GRIN TiO2−SiO2 on a Si
substrate is shown in Figure 5-8 after a 90 minute fluorinated-based RIE etch. The
vertical sidewall roughness appears to increase as a function of depth for the TiO2−SiO2
film. Sputtering re-deposition on the sidewalls of the etched holes causes increasing
sidewall roughness as a function of etching depth. The re-deposited material acts as a
mask for the underlying layers, reducing the sidewall smoothness.
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Figure 5-7: Processing schematic for micro-patterned pillars on GaN after planar deposition of cosputtered GRIN and micro-patterning of photoresist (PR).

Figure 5-8: SEM image of 4 µm diameter, five-layer GRIN TiO2−SiO2 hole on Si after RIE etching.

Methods of fabricating GRIN structures other than pillars with vertical sidewalls
were investigated. After an RIE etch, the sample is etched the same depth as in Figure 5-8
(720 nm). The photoresist mask used during the RIE etch, remains on the sample and the
sample is immersed in a buffered-oxide etchant (BOE) for 10 minutes. BOE is a mixture
of ammonium fluoride and HF in which ammonium fluoride produces additional HF
through the following dissolution reaction:
(5-16)
Ammonium fluoride better maintains the pH environment of the solution compared to a
pure HF (49% concentration). The ammonium fluoride produces HF during the
dissolution reaction, which prevents depletion of the HF concentration during its
chemical reaction to an oxide, such as SiO2 or TiO2. Additionally, the pH value of BOE
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is above three, which drastically reduces the etching rate of photoresist compared to
undiluted HF solutions or HF solutions without buffering agents. SiO2 is etched by HF by
the following chemical reaction:
(5-17)
where H2SiF4 is a water soluble by-product.
The cross-sectional SEM is shown in Figure 5-9 after the RIE etch followed by a
10 minute BOE wet etch. Wet etching of SiO2 using BOE is isotropic and will result in
undercutting of the masked photoresist for regions covering SiO2. Typical etch rates of
SiO2 in BOE are about 100 to 200 nm per minute depending upon SiO2 deposition
methods. The resulting lateral SiO2 etch rate of sputtered SiO2 is about 80 nm per minute.
The etch rate of sputtered TiO2 etched by BOE is 4 nm per minute. The GRIN TiO2−SiO2
sample with 8 µm diameter etched holes show distinct step-like features on the sidewalls
as a result of the BOE etch. As the volume ratio of TiO2:SiO2 increases, the lateral etch
rate will decrease resulting in the step-like features when transitioning between GRIN
layers.

Figure 5-9: SEM image of 8 µm diameter, five-layer GRIN TiO2−SiO2 hole on Si after RIE etch followed
by a 10 minute BOE wet etch.

The photoresist layer masks the co-sputtered layers and typically remains after dry
etching. If the photoresist is fully consumed during etching then the co-sputtered layer
will have a similar shape as the masked photoresist. After micro-pattern lithography, the
photoresist is reflowed as shown in Figure 5-10 to form hemispheres or angled sidewalls.
68

Figure 5-10: Processing schematic for micro-patterned hemispheres on GaN after planar deposition of cosputtered GRIN and micro-patterning of reflowed PR.

The resultant GRIN TiO2−SiO2 pillars with angled sidewalls are shown in Figure 5-11.

Figure 5-11: SEM image of 4 µm diameter, five-layer GRIN TiO2−SiO2 pillar on Si after RIE etch of
micro-patterned reflowed photoresist.

The shapes and sidewalls of GRIN micro-patterns are largely controlled by the initial
photoresist form. By introducing a plasma-enhanced chemical vapor deposition (PECVD)
of SiO2 on top of the reflowed photoresist, the subsequent dry etching will result in GRIN
micro-patterns with shallow sidewalls as in Figure 5-12.
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Figure 5-12: Processing schematic for micro-patterned structures on GaN after planar deposition of cosputtered GRIN, micro-patterning of reflowed photoresist, and PECVD SiO2 deposition.

PECVD SiO2 films provide excellent step coverage and will have a shallower sidewall
angle compared to the photoresist layer. The etch selectivity between the PECVD SiO2
and photoresist will play a large role in the final co-sputtered micro-pattern shape. A
1.20 µm PECVD SiO2 is deposited on micro-patterned photoresist pillars in Figure 5-13
that demonstrates the formation of shallow sidewalls.

Figure 5-13: SEM image of 6 µm diameter pillars of 1.2 µm thick PECVD SiO2 on top of photoresist on a
Si substrate.

When the photoresist is completely consumed during dry etching, regions outside the
micro-patterned area will be exposed to the ion beam or plasma. A method dubbed the
“selective double photoresist etch mask” is developed as shown in Figure 5-14. Once the
micro-pattern lithography is completed a thin conformal protection layer coating such as
SiO2 is deposited. A second photoresist layer is then developed over all regions of the

70

sample except in the micro-pattern area. During micro-pattern dry etching, the first layer
of photoresist can be fully consumed to produce the desired pillar structures while the
second photoresist layer protects all other regions of the sample. A 120 nm coating of
PECVD SiO2 on the micro-patterned structures is shown in Figure 5-15 over the micropatterned region where the second photoresist layer has an opening.

Figure 5-14: Processing schematic for micro-patterned structures on GaN utilizing a conformal protective
layer on the micro-pattern photoresist followed by a second photoresist layer.

Figure 5-15: Planar SEM of 8 µm diameter holes of photoresist coated with a 120 nm of PECVD SiO2
protection layer showing the micro-pattern region through the opening of the second photoresist layer.

5.5 ICP-RIE etching of ITO
Dielectric or metallic hard masks, such as SiO2 or Cr, can be substituted for PR for
etching Si and SiO2, respectively. Metal hard masks such as Cr have very high selectivity,
but metal masks tend to produce jagged or rough sidewall profiles [70]. Alternatively, we
introduce ITO as a hard mask due to its strong resistance to fluorinated compounds and
radicals formed during the TiO2−SiO2 etching process. Additionally, the transparency of
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the mask may be beneficial due to its reduced effect on the optical emission from GaN
LEDs compared to an opaque metal mask, prior to mask removal.
ITO consists of In2O3 and SnO2 at a ratio of 90:10 or 95:5 (In2O3:SnO2), respectively.
In order to produce volatile by-products during the ITO etching process, the In2O3 and
SnO2 must first be reduced to their metallic states. In the metallic state, the atoms are free
to combine with other radicals, ideally producing volatile by-products.
Dry etching of ITO is traditionally performed using halogen or hydrocarbon based
etching chemistries. Process gases utilizing halogen acids such as HCl, HBr, and HI are
chemically reactive with ITO in a similar fashion as their wet-etching counterparts. The
chemical wet etching of ITO using HCl follows the reactions
(5-18)
(5-19)
The endothermic reaction increases as a function of temperature thus increasing the etch
rate of ITO at higher temperatures. To further increase the etch rate of ITO, HNO3 is
added and is commonly known as aqua regia when the molar ratio of HCl to HNO3 is 1:3.
The etching reaction of In2O3 in HNO3 is
(5-20)
Wet etching characteristics, such as ease of byproduct removal, isotropic etching, and
high etch rates are only suitable for cases that do not require precise etching depths or
vertical profiles. Additionally, a high concentration of chlorine residues exists on the
surface of ITO treated by aqua regia compared to HCl, which reduces the electron
mobility on the ITO surface [71]. An important aspect in realizing the GRIN micropillars is through the control of residues and by-products during the etching process,
which will be explained in the subsequent sections.
Dry etching using hydrocarbons, such as methane (CH4) effectively reduces the
oxides into their metallic states while the remaining oxygen produces H2O as a byproduct. A likely reaction that occurs during a methane-based ITO etch is
(5-21)
(5-22)
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The methyl radicals form InCH3 and SnCH3, both of which are volatile by-products. In a
pure methane or hydrocarbon dominant etch, however, much of the reaction will be
hindered by carbon residue on the ITO surface as shown in Figure 5-16. Amorphous
hydrogenated carbon (C:H) or CHx polymer-like layers are deposited on the surface of
the sample including the ITO and photoresist [72]. Physical bombardment of the surface
is required to reduce the carbon formation and assist in the chemical etching of ITO.
Argon or hydrogen is typically employed to sputter both the carbon residue and nonvolatile ITO derivatives that form during the etching process. By balancing the deposition
and etching of the (C:H) via the flow rate ratio of Ar to CH4 one can achieve “infinite”
selectively of ITO over PR [72]. Theoretically, this allows any ITO layer to be etched by
simply using PR as an etch mask. However, the polymer deposition on PR results in an
ITO sidewall profile angle between 50° and 60° from the normal. Highly energetic
physical bombardment tends to degrade the organic photoresist as shown in Figure 5-17(a)
resulting in poor, choppy sidewalls as in Figure 5-17(b). By conditioning photoresist
using ozone treatment, UV exposure, or thermal exposure after photolithography
development, its resistance to the dry etching process will be significantly enhanced.

Figure 5-16: Surface of an ITO on sapphire sample patterned using photoresist after an ICP etch in which
the methane process gas dominates the etch resulting in carbon residue on the surface.

73

Figure 5-17: Photoresist of 4 m by 4 m pillars on ITO coated sapphire after a) ICP etch of 300 W ICP
power, 150 W RIE, 35 sccm of Ar and 15 sccm of CH4 and b) after PR removal.

The use of pure hydrogen during dry etching of ITO offers several distinct
advantages over pure Ar or CH4 based etches. The sputtering yield of materials using
hydrogen as the bombarding ion is generally lower than Ar, which results in less PR
damage and slower etch rates compared to Ar. The lack of methane in a pure hydrogen
atmosphere eliminates the significant issue of carbon residue formation on the surface of
the ITO sample and chamber walls. The hydrogen bombardment dissociates oxygen from
ITO and then the following benign chemical reactions occur
(5-23)
(5-24)
The hydrogen bombardment sputters the remaining In and Sn from the sample surface.
Although ITO etching with pure hydrogen is effective and residue-free, we observe that
the ITO micro-patterns masked by PR produce shallow edges. By introducing methane
into the dry etch, we observe an increase in etch rate compared to pure a hydrogen etch
with carbon residue deposits on the surface. Upon SEM inspection as in Figure 5-18, the
surface of ITO surface covered by PR is residue-free while the region exposed to the
methane-based plasma has carbon deposits on the surface. The ITO sidewall slope
remains extremely shallow at a methane to hydrogen flow ratio of 1:9. Additionally, the
incomplete PR removal must be solved to ensure proper ITO to GRIN micro-pillar
pattern transfer. By reducing hydrogen flow rate while maintaining methane flow rate,
the carbon residue predictably increases as shown in Figure 5-19. Take note of the ITO
sidewall angle change in Figure 5-19 compared to Figure 5-18. As we further increase the
methane flow during the etch, as shown in Figure 5-20, the carbon residue increases
while the sidewall angle becomes increasingly vertical. Next we address the issue of
removing the carbon residue.
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Figure 5-18: a) High-magnification SEM image of etched ITO surface after PR removal for ICP etch of
200 W ICP power, 150 W RIE, 90 sccm of H2 and 10 sccm of CH4 and b) low-magnification SEM image.

Figure 5-19: Etched ITO surface after PR removal for ICP etch of 200 W ICP power, 150 W RIE, 50 sccm
of H2 and 10 sccm of CH4.

Figure 5-20: Etched ITO surface after PR removal for ICP etch of 200 W ICP power, 150 W RIE, 50 sccm
of H2 with a) 12 sccm of CH4 and b) 15 sccm of CH4.

Several methods exist for removing carbon residues from etched surfaces. The
addition of Ar will assist in the bombardment and sputtering of the carbon residue off the
ITO surface. The removal rate of carbon by Ar must be faster than the deposition rate of
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carbon residues produced by methane to prevent carbon residue formation after etching.
At high methane concentrations, only Ar atoms with sufficiently high energies (biased at
high RIE powers) will be able to compete with the deposition rate of carbon produced by
methane. Unfortunately, highly energetic particles tend to severely damage the PR
leading to distorted ITO patterns. Oxygen is another gas that can be added either during
the etch or afterwards as an ash step for removing carbon residues. Ideally, a reactive gas
will bond with the carbon during the etch producing a volatile by-product such as carbon
monoxide or carbon dioxide. Although an oxygen ash step after a methane-based ITO
etch can potentially remove carbon residue from the ITO surface and sidewall, it will not
produce a smooth and vertical sidewall if the underlying etched ITO layer is rough.
Figure 5-21(a) and (b) shows the surface of an ITO sample ICP etched in a pure
methane atmosphere and in a mixed methane/oxygen atmosphere, respectively. The thick
carbon residue left on the ITO surface during the pure methane etch significantly reduces
in thickness with the addition of oxygen. Oxygen, however, reacts with photoresist
reducing the PR to ITO selectively during the etch. As observed in Figure 5-21(b), a thick
photoresist residue has formed and cannot be removed by typical organic solvents, such
as methanol or acetone. Therefore, the addition of oxygen is not useful for methane-based
ITO etching. The addition of oxygen was not explored for hydrogen-based etching due to
safety concerns.
We introduce chlorine as a reactive element that has the potential to remove the
carbon residues without severely degrading the photoresist mask. Possible chemical
reactions that occur during the methane, hydrogen and chlorine ICP etch include
(5-25)
(5-26)
The formation of carbon tetrachloride, a volatile liquid, will reduce the carbon residue
found on the ITO surface. Additionally, chlorine will react with indium and tin to form
indium trichloride and tin dichloride, respectively. InCl3 and SnO2 will remain on the
surface due to their low volatility and must be sputtered off the surface to be removed.
The addition of chlorine during the etch as shown in Figure 5-22, produces a surface
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characteristically different than the surface shown in Figure 5-20 for the hydrogen and
methane-based etch. Even though a small amount of chlorine was added during the etch
(less than 5% of the total flow rate) its impact on the surface is substantially. The most
apparent effect is the formation of large (200 to 300 nm in diameter) particles on the
surface. We expect that these particles to be InCl3 or SnCl2 non-volatiles based on our
chemical analysis. These particles are not only on the surface of the ITO, but also on the
surface of the PR. One would expect re-deposition of In and Sn on the sidewalls of the
PR during the etching process, which would react with chlorine to form the non-volatile
indium and tin chlorides. The particles are not found on the top surface of the PR patterns
in which the re-deposition process is least likely to occur. If the particles were derived
from a carbonchloride residue then one would expect to find the particles over all
regions of the ITO and PR surfaces. The addition of chlorine into the hydrogen and
methane-based etch has substantially reduced the carbon residue found on the ITO
surface as evident in Figure 5-22. For further carbon residue removal from the ITO
surface, we increase the chlorine concentration and the etched ITO surface is shown in
Figure 5-23. The thick carbon residue and non-volatile chlorides have been removed
from the surface.
The profile of the ITO micro-pillars along with minimizing residues during the ITO
etching is needed for realizing GRIN vertical micro-pillars. The sidewalls shown in
Figure 5-23 remain shallow and require further optimization for obtaining vertical
sidewalls. Recall from Figure 5-20 that the higher methane flow rate appears to produce
increasingly vertical sidewalls. By further increasing the methane flow rate as well as
adding additional hydrogen for the ITO etch, we are able to achieve vertical ITO
sidewalls as shown in Figure 5-24. The higher methane flow rate assists in etching the
ITO film faster while the hydrogen assists in sputtering the non-volatile compounds or
radicals producing during the etch.
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Figure 5-21: Etched ITO surface after PR removal for ICP etch of 400 W ICP power, 150 W RIE, 30 sccm
of CH4 a) without oxygen and b) with 5 sccm of O2.

Figure 5-22: Etched ITO surface a) after PR removal for ICP etch of 200 W ICP power, 150 W RIE,
50 sccm of H2, 12 sccm of CH4, and 3 sccm of Cl2 and b) before PR removal.

Figure 5-23: a) High-magnification SEM image of etched ITO surface after PR removal for ICP etch of
200 W ICP power, 150 W RIE, 50 sccm of H2, 12 sccm of CH4, and 6 sccm of Cl2 and b) lowmagnification SEM image.
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Figure 5-24: a) High-magnification SEM image of etched ITO surface after PR removal for ICP etch of
200 W ICP power, 150 W RIE, 70 sccm of H2, 15 sccm of CH4, and 6 sccm of Cl2 and b) lowmagnification SEM image.
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5.6 ICP-RIE etching of GRIN micro-pillars with ITO hard mask
An ITO mask is applied to a five-layer GRIN TiO2−SiO2 stack on sapphire and etched
using the CHF3based etch described in Chapter 5.3. The etched pillars are shown in
Figure 5-25 have a thick fluorocarbon layer throughout the sample surface and are within
the fluorocarbon deposition regime. The fluorocarbon residue is found between the
patterns on the sapphire surface as shown in Figure 5-25(a) and on the pillar sidewalls as
shown in Figure 5-25(b). The sample was etched in the fluorocarbon deposition regime,
evidenced by the thick fluorocarbon residue found on the pillar sidewall and sample
surface. By increasing the substrate bias voltage, as shown in Figure 5-26, the
fluorocarbon residue drastically reduces. Only on the sidewall of the pillars have
fluorocarbon residue remaining. The area between the pillars is under-etched, likely due
to underdevelopment of the photoresist or under-etching of the ITO mask. The ICP
condition in Figure 5-26 is in the fluorocarbon suppression regime due to the lack of
fluorocarbon deposits on the surface.

Figure 5-25: SEM image of a) etched 10 m by 10 m square GRIN TiO2−SiO2 pillars using ITO hard
mask and b) etched sidewall of pillar. ICP condition: 600 W ICP power, 250 W RIE with 60 sccm of CHF3
(same condition as shown in Figure 5-5). Note that this ICP condition is within the fluorocarbon deposition
regime due to low substrate bias (~0 V).
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Figure 5-26: SEM image of a) etched GRIN TiO2−SiO2 pillar using ITO hard mask and b) 2 m diameter
pillars. ICP condition: 600 W ICP power, 250 W RIE with 60 sccm of CHF3 (same condition as shown in
Figure 5-5). Note that this ICP condition is within the fluorocarbon suppression regime due to moderate
substrate bias (~50100 V).

An optimized ICP-RIE condition for etching GRIN TiO2−SiO2 with an ITO mask
using CHF3 is found and shown in Figure 5-27. A five-layer GRIN TiO2−SiO2 is
deposited on a GaN vertical-structured LLO LED. A 150 nm ITO layer is deposited on
top of the GRIN layer as a hard mask and photolithography patterning is performed. The
optimized ITO ICP-RIE condition, as described in figure captions of Figure 5-24, is
performed. The photoresist is removed via acetone sonication then the sample undergoes
an ICP-RIE GRIN TiO2−SiO2 etch. The area between the GRIN pillars is free of residue,
the sidewall slope is less than 5°, and the sidewall roughness is less than 100 nm.

Figure 5-27: SEM image tilted 20° from the surface normal of a) an array of etched GRIN TiO2−SiO2
pillar using ITO hard mask and b) a 6 m diameter pillar on a GaN LED sample. Optimized ICP condition:
1000 W ICP power, 400 W RIE with 60 sccm of CHF3. Note that this ICP condition is within the
fluorocarbon suppression regime due to moderate substrate bias (~50100 V).
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6. Photoluminescence, electroluminescence and measured far-field
pattern of micro-patterned structures on GaInN LEDs
6.1 Electroluminescence and measured far-field of GRIN micropatterns on LEDs for GRIN lift-off structures
Electroluminescence (EL) is performed for the five-layer micro-pillar GRIN TiO2−SiO2
LED sample shown in Figure 5-1. The simulated far-field emission of the micropatterned GRIN TiO2−SiO2 LED is shown in Figure 6-1 based on the measured thickness
and refractive index value of each layer.

Figure 6-1: Simulated far-field emission of five-layer GRIN TiO2−SiO2 pillars of 2 µm diameter, 2 µm
spacing, and single-layer TiO2 pillars of 2 µm diameter, 2 µm spacing, 1 µm thickness and a planar
reference LED.

The GRIN pillars are of diameter of 2, 5, or 10 µm and each have a spacing of 2 or
5 µm. Figure 6-2 shows the improvement in light output power (LOP) for the micropatterned TiO2−SiO2 pillars over the planar reference. The 10 µm diameter pillar of
spacing 5 µm (10-5) has an improvement of 45% in LOP while the 10-2 pillar samples
improve to 55%. As the density increases we expect that a larger fraction of the TIR
modes will enter the pillars and be extracted out the structure. A similar trend is seen for
the 5 µm diameter pillars where an improvement of 70% in LOP for the 5-2 samples. The
2-5 pillars show a larger improvement than the 5-5 and 10-5 samples due to the larger
aspect ratio. The 2 µm diameter pillar reduces the number of TIR modes, which are
reflected from the boundary between consecutive GRIN layers. These TIR modes are not
extracted for large diameter pillars and continue to propagate in the LED, eventually
being absorbed. The 2-2 pillar structures are expected to have the highest improvement in
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LOP, but the improvement is lower than the 2-5 pillar samples. The height of the 2-2
pillar could be lower due to the narrow opening in the photoresist micro-patterns which
will reduce the amount of material being deposited on the sample. A lower pillar height
can negatively affect light-extraction efficiency. The measured far-field-emission pattern
in Figure 6-3 shows the improvement in LOP for the 5-2 pillar structure at all angles
including side emission compared to the reference LED.

Figure 6-2: Light-output power improvement of five-layer micro-patterned GRIN TiO2−SiO2 pillars of
various diameters and spacing on GaInN LED compared to planar reference.

Figure 6-3: Measured far-field-emission pattern of 5-2 pillar sample compared to reference LED.
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6.2 Photoluminescence and electroluminescence of GRIN micropatterns on LEDs for GRIN RIE etched structures
We fabricated GRIN TiO2−SiO2 pillar arrays via a dry etch RIE condition. A waveguide
LED structure was designed to study the effects of micro-patterning on light-extraction
efficiency. The design includes a light emission, waveguide, and light-extraction region
as shown in Figure 6-4. The 900 µm long devices are characterized by using
photoluminescence using a 405 nm laser diode as the excitation source and
electroluminescence utilizing a common Ti/Al/Ni/Au n-contact and opaque Ni/Au pcontact. A 1 µm thick TiO2 layer is deposited on a GaInN LED sample while a 1 µm
thick, 5-layer TiO2−SiO2 GRIN structure is coated on a second different GaInN LED
sample. Light is generated by photo- or electrical injection on one side of the device in
which waveguide modes can propagate into a light-extraction region that contains pillars
of various diameters with square or triangular lattice structures.

Figure 6-4: Waveguide LED mask showing the light emission, waveguide, and light-extraction regions for
three devices of widths 100, 75, and 50 µm in the waveguide.

A GaInN LED emitting at 475 nm is pumped by a 405 nm laser diode with an
incident power of 1 mW and laser-beam diameter of 25 µm. The LED light emission is
collected through a bare multi-mode fiber with core diameter 125 µm, centered over the
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light-extraction region, and coupled to an optical spectrometer. The photoluminescence
results in Figure 6-5 of a micro-patterned GRIN TiO2−SiO2 LED sample demonstrate
that the 2 µm pillar pattern has the largest light enhancement of 40% compared to the
unpatterned reference sample. The Fabry-Perot modes, which are evident in the
unpatterned sample decrease as the pillar diameter decreases. Figure 6-6 shows the
electroluminescence results of micro-patterned GRIN TiO2−SiO2 LED samples of 2, 4
and 6 µm diameter pillars and an unpatterned sample, all biased at 5 mA. The 2 µm
diameter pillars show the highest LEE enhancement of 45%.

Figure 6-5: Photoluminescence of micro-patterned GRIN TiO2−SiO2 on GaInN LED of various pillar
diameters of triangular lattice collected over light-extraction region.
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Figure 6-6: Electroluminescence of micro-patterned GRIN TiO2−SiO2 on GaInN LED of various pillar
diameters of square lattice collected over light-extraction region.

Additional electroluminescence studies are performed for the micro-patterned TiO2
LED and TiO2−SiO2 LED samples. The LEDs are driven at a DC current of 5 mA and
their light emission is collected 50 µm above the sample surface via an optical multimode
fiber with core diameter 105 µm and coupled to an optical spectrometer. Positiondependent electroluminescence is performed by measuring the LED spectrum and its
intensity at various positions along the waveguide. The initial optical fiber position is
centered 300 µm from the edge of the waveguide where carrier-injection occurs, as
illustrated in the inset of Figure 6-7. The EL intensity is normalized at a fiber position
(center of fiber) of 350 µm, which is the region adjacent to the light-extraction region
(see inset of Figure 6-7).
The position-dependent EL for the micro-patterned TiO2 on GaInN sample with
various TiO2 pillar diameters are shown in Figure 6-7 and Figure 6-8 for a square and
triangular lattice, respectively. The 6, 8, and 10 µm diameter pillars show similar LEE
enhancements while the 4 µm diameter pillar shows the smallest enhancement compared
to the unpatterned reference. Note that the 2 µm diameter pillars were not available for
testing on this sample due to photolithography issues. We find that the peak LEE
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enhancement is 41% and 55% for the TiO2 on GaInN sample with pillar diameters of 6, 8,
or 10 µm for square and triangular lattice, respectively.
The position-dependent EL for the micro-patterned TiO2−SiO2 on GaInN sample is
shown in Figure 6-9 and Figure 6-10 for a square and triangular lattice, respectively. The
2 µm diameter pillars clearly out-couple the waveguide modes more effectively
compared to the larger diameter pillars. The peak light-extraction efficiency for the
TiO2−SiO2 on GaInN sample is 35% and 43% for the square and triangular lattice,
respectively.

Figure 6-7: Position-dependent electroluminescence of TiO2 on GaInN LED with micro-patterned pillars
of square lattice in light-extraction region normalized at a fiber position of 350 µm.
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Figure 6-8: Position-dependent electroluminescence of TiO2 on GaInN LED with micro-patterned pillars
of triangular lattice in light-extraction region normalized at a fiber position of 350 µm.

Figure 6-9: Position-dependent electroluminescence of TiO2−SiO2 on GaInN LED with micro-patterned
pillars of square lattice in light-extraction region normalized at a fiber position of 350 µm.
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Figure 6-10: Position-dependent electroluminescence of TiO2−SiO2 on GaInN LED with micro-patterned
pillars of triangular lattice in light-extraction region normalized at a fiber position of 350 µm.

The numerical aperture of the fiber is 0.22, which is defined as
√

(6-1)

where α is the half angle of the fiber acceptance cone and nair, ncore, and nclad are the
refractive indices of the air, core, and cladding layer. Angular optical fiber measurements
will integrate the light intensity over the fiber acceptance cone angle of 25.4° for
NA = 0.22. The simulated far-field-emission patterns shown in Figure 3-6 indicate that
the micro-patterned TiO2 arrays on GaN will show slightly higher emission intensities
over this narrow angular range compared to the GRIN micro-pillar arrays, as
demonstrated by the experimental data.

6.3 Electroluminescence and measured far-field of GRIN micropatterns on LEDs for GRIN ICP-RIE etched structures with ITO
mask
A five-layer GRIN TiO2−SiO2 layer is deposited on a GaN vertical-structured LLO LED.
The targeted peak emission angle of the GRIN micro-patterned LED is 60° following the
optimized GRIN micro-pillar structure described in Table 4-1. A 150 nm ITO layer is
deposited on top of the GRIN layer as a hard mask and photolithography patterning is
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performed. Next, ICP-RIE etching of the ITO layer and GRIN layer is completed and the
far-field emission is measured and shown in Figure 6-11. The 3 m and 6 m diameter
GRIN micro-pillar array on the GaN LED shows an angle-integrated LEE enhancement
of 48% and 41%, respectively compared to the planar GRIN coated LED. The angleintegrated LEE enhancement is calculated from the far-field pattern, which integrates the
EL intensity over all angles as
∫

(6-2)

where Itotal is the integrated EL intensity over all angles and I(θ) is the intensity at angle θ
from the normal. A peak emission angle close to 35° is observed for both GRIN micropillar arrays on the GaN LEDs. The effect of micro-pillar diameter, for the same GRIN
layer composition, shows similar trends as those predicted by simulations, like those
shown in Figure 3-8. The GRIN micro-pillar arrays have similar intensities from 90° until
approximately 65° and then the 3 m diameter micro-pillar array shows larger lightextraction efficiency compared to the 6 m diameter micro-pillar array sample. The
emission pattern of the LEDs with GRIN micro-pillar arrays shows the general bi-lobe
far-field pattern that we anticipated based on our previous simulation results.

Figure 6-11: Measured far-field-emission pattern of GRIN micro-pillar array on GaN vertical LLO LED
sample compared to planar GRIN coating and uncoated LED.

Surprisingly, the planar GRIN coated LED shows a 15% decrease in angleintegrated LOP and close to a 25% decrease at normal incidence LOP. Four possibilities
exist to explain this decrease:
1) An absorbing GRIN layer
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The broadband Fresnel reflection reduction has been experimentally measured
for a GaN LED grown on sapphire coated with a GRIN layer as shown in
Figure 2-1. The transparency of the deposited GRIN layer has been measured
and shows no measurable absorption.

2) Damage to the GaN surface or epitaxial layer


The deposition of the GRIN layer or the plasma etching of the GRIN could
have degraded the electrical performance of the GaN LED; however, the IV
characteristics of the uncoated GaN LED and the GRIN micro-pillar on
GaN LED are nearly identical.

3) Interference effects from GRIN micro-pillar layers


Thin-film interference effects are not taken into account in the ray-tracing
simulations; however, thin-film interference effects are generally only on the
order of the Fresnel reflection coefficient and are neglected.

4) Surface roughness of reference LED


The surface roughness of a planar GRIN on GaN LED may differ from the
surface roughness of the uncoated (reference) GaN LED.

In Figure 6-12, an SEM image of the uncoated LED is shown. Regions near the fingeredshaped n-type GaN contacts appear roughened as shown in Figure 6-12(a) and (b). A wet
chemical etch is performed, prior to the deposition of the n-metal, which creates random
hexagonal surface structures on the surface of GaN. As discussed, by randomly
roughening the GaN surface, guided modes will be extracted out of the LED. By
depositing a GRIN layer on top of this surface, in which the first layer is index-matched
to GaN, in effect the coating-surface interface becomes smooth. If we transition from a
roughened GaNair interface to a smooth GaNair interface, we would expect to see a
decrease in light-extraction efficiency as we observe in Figure 6-11. The smoothness and
composition of the initial GaN surface will strongly affect the far-field-emission pattern
and would be a potentially fruitful research direction to investigate.
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Figure 6-12: SEM image of a) uncoated GaN LLO LED before GRIN coating and b) surface of GaN near
contact region.
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7. Summary
In this dissertation, we demonstrate that broadband omni-directional AR
characteristics are attainable by grading the refractive index of the AR coating from the
substrate index to the ambient index. Furthermore, micro-patterning of graded-refractiveindex (GRIN) coatings deposited on top of GaInN LEDs is demonstrated to enhance
light-output power through the extraction of light that would otherwise be waveguided.
Three-dimensional ray-tracing simulations for GRIN micro-pillars on GaInN LEDs
predict a LEE enhancement of 85% over uncoated LEDs when the pillar height is half the
pillar diameter. The theory, simulation, and fabrication steps needed to realize such a
device are developed.
In Chapter 1, a review of LED fundamentals is given. Furthermore, modern methods
to achieve high light-extraction efficiency for LEDs are discussed.
In Chapter 2, the fabrication and characterization of GRIN multi-layer structures are
discussed. A method to achieve tunable-refractive-index coatings using co-sputtering is
demonstrated. Ellipsometry, reflectance, and transmittance measurements of the GRIN
coatings demonstrate that they are optically transparent. Scanning electron micrographs
and atomic force micrographs of the GRIN coatings demonstrate that they have smooth
layer interfaces and surfaces.
In Chapter 3, light-extraction efficiency calculations and simulations are described
for unpatterned (non-textured) LEDs and micro-patterned GRIN structures on GaInN
LEDs. Ray-tracing simulations are used to investigate the effects of GRIN micro-patterns
on LEDs including their effects on the light-extraction efficiency and the far-fieldemission pattern of LEDs.
In Chapter 4, simulations of far-field-emission patterns for GRIN micro-pillar arrays
on GaN-based LEDs are described; the arrays are optimized by a genetic algorithm. The
algorithm, guided by a desired far-field-emission pattern, determines pillar diameter and
spacing as well as the refractive index and height of each layer of a pillar. Simulated farfield-emission patterns of GRIN micro-pillar arrays placed on three common LED
configurations show a peak emission intensity directed at angles between 20° to 60° from
the surface normal. Light out-coupling through the GRIN micro-pillar sidewall changes
the LED-emission directionality while enhancing light-extraction efficiency. Tailoring of
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far-field-emission patterns is demonstrated by using ray-tracing simulations for GRIN
micro-pillar arrays on GaN LEDs.
In Chapter 5, fabrication methods for realizing micro-patterned GRIN structures on
GaInN LEDs are introduced. Indium-tin oxide (ITO) etching by inductively-coupled
plasma (ICP) and reactive ion etching (RIE) is optimized. Dry etching of SiO2, TiO2 and
TiO2SiO2 by ICPRIE using a photoresist mask is performed. Dry etching of GRIN
TiO2SiO2 using ITO as a hard mask is optimized.
In Chapter 6, the photoluminescence, electroluminescence, and far-field-emissionpattern measurements of LEDs with GRIN micro-pillar arrays are presented. LEDs with
GRIN micro-pillar arrays have a bi-lobe-shaped far-field pattern. Five-layer GRIN
TiO2−SiO2 micro-pillars on vertical-structure thin-film GaN laser lift-off (LLO) LEDs
show a LEE enhancement of 73% over uncoated LED wafers. A waveguide LED is
developed and the photoluminescence measurements for the micro-patterned GRIN
(TiO2)x(SiO2)1x coatings on top of GaInN LEDs show LEE enhancements 40% over
unpatterned LEDs. Electroluminescence (EL) measurements for the micro-patterned
GRIN (TiO2)x(SiO2)1x coatings on top of GaInN LEDs show LEE enhancements 45%
over unpatterned LEDs. Position-dependent EL measurements for micro-patterned TiO2
and TiO2−SiO2 coated LEDs are performed. The GRIN TiO2−SiO2 micro-pillars on GaN
show a measured peak LEE enhancement of 35% and 43% for pillars forming square and
triangular lattices, respectively, compared to planar GRIN coated references. ITO on
GRIN micro-pillar arrays with 3 m and 6 m diameter pillars on vertical-structure thinfilm GaN LLO LEDs show a LEE enhancement of 48% and 41%, respectively, compared
to a planar GRIN coated LED. A peak emission angle close to 35° is observed for the two
GRIN micro-pillar arrays on the GaN LEDs.
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8. Potential future impact of work
The work completed during this dissertation has introduced and demonstrated new
methods that show how light emission from a waveguided structure can be angularly
tuned and extracted by using GRIN micro-structured arrays. The work completed here
could lead to wafer-level tunability of far-field-emission pattern of LEDs and other
optoelectronic devices eliminating the need for bulky secondary optics as well as
unprecedented light-extraction efficiency via GRIN micro-pillar arrays.
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