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ABSTRACT

Kate Gleason College of Engineering

Rochester Institute of Technology

Degree: Doctor of Philosophy Program: Microsystems Engineering

Author Name: Yu Kee Ooi

Advisor Name: Dr. Jing Zhang

Dissertation Title: Light Extraction Efficiency of Nanostructured III-Nitride

Light-Emitting Diodes

III-nitride materials have been extensively employed in a wide variety of

applications attributed to their compact sizes, lower operating voltage, higher

energy efficiency and longer lifetime. Although tremendous progress has been

reported for III-nitride light-emitting diodes (LEDs), further enhancement in the

external quantum efficiency (ηEQE), which depends upon internal quantum

efficiency, injection efficiency and light extraction efficiency (ηextraction), is essential

in realizing next generation high-efficiency ultraviolet (UV) and visible LEDs.

Several challenges such as charge separation issue, large threading dislocation

density, large refractive index contrast between GaN and air, and anisotropic

emission at high Al-composition AlGaN quantum wells in the deep-UV regime have

been identified to obstruct the realization of high-brightness LEDs. As a result,

novel LED designs and growth methods are highly demanded to address those

issues.

The objective of this dissertation is to investigate the enhancement of ηextraction

for various nanostructured III-nitride LEDs. In the first part, comprehensive studies

on the polarization-dependent ηextraction for AlGaN-based flip-chip UV LEDs with

microdome-shaped patterned sapphire substrates (PSS) and AlGaN-based nanowire

UV LEDs are presented. Results show that the microdome-shaped PSS acts as an

extractor for transverse-magnetic (TM)-polarized light where up to ∼11.2-times and

∼2.6-times improvement in TM-polarized ηextraction can be achieved for 230 nm and

280 nm flip-chip UV LEDs, while as a reflector that limits the extraction of

transverse-electric (TE)-polarized light through the sapphire substrate. Analysis for

230 nm UV LEDs with nanowire structure shows up to ∼48% TM-polarized
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ηextraction and ∼41% TE-polarized ηextraction as compared to the conventional planar

structure (∼0.2% for TM-polarized ηextraction and ∼2% for TE-polarized ηextraction).

Plasmonic green LEDs with nanowire structure have also been investigated for

enhancing the LED performance via surface plasmon polaritons. The analysis shows

that both ηextraction and Purcell factor for the investigated plasmonic nanowire

LEDs are independent of the Ag cladding layer thickness (HAg), where a Purcell

factor of ∼80 and ηextraction of ∼65% can be achieved when HAg > 60 nm.

Nanosphere lithography and KOH-based wet etching process have been developed

for the top-down fabrication of III-nitride nanowire LEDs. The second part of this

dissertation focuses on alternative approaches to fabricate white LEDs. The

integration of three-dimensional (3D) printing technology with LED fabrication is

proposed as a straightforward and highly reproducible method to improve ηextraction

at the same time to achieve stable white color emission. The use of optically

transparent acrylate-based photopolymer with a refractive index of ∼1.5 as 3D

printed lens on blue LED has exhibited ∼9% enhancement in the output power at

current injection of 4 mA as compared to blue LED without 3D printed lens. Stable

white color emission can be achieved with chromaticity coordinates around (0.27,

0.32) and correlated color temperature ∼8900 K at current injection of 10 mA by

mixing phosphor powder in the 3D printed lens. Novel LED structures employing

ternary InGaN substrates are then discussed for realizing high-efficiency monolithic

tunable white LEDs. Results show that large output power (∼170 mW), high ηEQE

(∼50%), chromaticity coordinates around (0.30, 0.28), and correlated color

temperature ∼8200 K can be achieved by engineering the band structures of the

InGaN/InGaN LEDs on ternary InGaN substrates.
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Chapter 1

Introduction

III-nitride semiconductors have attracted significant attention as candidate materials

for various optoelectronic applications in both visible and ultraviolet (UV) regime

due to their direct band gaps and wide spectral region. This chapter provides an

overview of III-nitride materials, in particular for light-emitting diodes (LEDs), and

discusses their recent progress and development. Motivations and summary of the

research works accomplished have also been included in the discussion.

1.1 Overview of III-Nitride LEDs

III-nitride materials possess a number of attractive physical, optical and electronic

properties that make them the subject of active research field for numerous electronic

and optoelectronic devices in the past three decades. The binary compounds (GaN,

InN and AlN) as well as their ternary and quaternary alloys offer tunable band gap

from 0.8 eV to 6 eV (Figure 1.1), which cover the whole visible spectrum and into the

deep-UV (DUV) region. In the early days, the lack of p-type GaN as well as the poor

crystalline quality have impeded the progression of III-nitride emitters. The historic

turning point in the development of III-nitride semiconductors came when the first

GaN UV/blue LED being demonstrated in the early 1990s [1, 2]. Since then, the
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advances in III-nitride semiconductors research have enabled the widespread market

for nitride-based emitters in solid-state lighting. In particular, GaN and ternary

InGaN alloy have become dominant materials for producing high brightness blue and

green LEDs and laser diodes in replacing conventional incandescent and fluorescent

light bulbs for various applications. The ability to obtain white color emission by the

use of a single blue LED in combination with phosphors as well as the color tunability

to achieve any color in the visible spectrum by the combination of red, green and blue

LEDs have made III-nitride LEDs suitable for numerous applications ranging from

traffic signals, full color displays, automotive backlighting to general illumination.

On the other hand, tremendous efforts have also been devoted to III-nitride UV

emitters as new UV light sources for various applications, such as semiconductor

photolithography, resin curing for three dimensional (3D) printing, water and air

purification, sterilization, bioagent detection, and biological and chemical sensing.

Figure 1.1: Band gaps and lattice constants for GaN, InN, AlN and their ternary
alloys [3].

As opposed to conventional incandescent light bulbs and mercury lamps,

III-nitride LEDs are more compact in size, consume less power, generate less heat,

2



have higher energy efficiency and longer lifetime. Nevertheless, several technological

roadblocks and market challenges still need to be overcome for realizing next

generation high-efficiency and high-brightness LEDs. One of the issues is the lack of

cost-effective lattice-matched substrates for growing III-nitride materials. The most

commonly used substrates for III-nitride devices are sapphire and silicon carbide

attributed to their chemical stability during the aggressive growth environment.

The use of native substrates such as bulk GaN and bulk AlN which are

lattice-matched to GaN have also been attempted. However, the expensive cost of

these substrates leads to a much more expensive III-nitride LED lamp than

conventional light sources. Consequently, epitaxial growth of GaN on silicon

substrates has been investigated as the silicon substrates can be obtained at a very

cheap price, which is expected to reduce the material cost of the LEDs significantly.

However, the crystalline quality of GaN epitaxial layers and the performance

characteristics of LEDs on silicon substrates are still inferior to those on sapphire

substrates. Alternative oxide substrates such as ZnO, LiGaO2 and MgAl2O4, and

metallic substrates such as copper, silver and nickel [4, 5], have also been attempted

to find substrate which has better lattice match, better thermal and chemical

stability as well as more economical than the sapphire substrate.

III-nitride semiconductors also suffer from strong polarization: 1) spontaneous

polarization arose from the non-uniform sharing of electrons in III-nitride bonds

between the group III metals (Al, Ga and In) and nitrogen; and 2) piezoelectric

polarization caused by the strain induced by the lattice mismatch between

III-nitride materials and sapphire substrate. Table 1.1 summarizes the spontaneous

and piezoelectric polarization for various compositions of III-nitride semiconductors.

The total polarization of an III-nitride film is the sum of spontaneous and

piezoelectric components. A typical blue LED structure consists of an InGaN

quantum well (QW) of lower bandgap sandwiched between GaN barriers of higher
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Table 1.1: Spontaneous and piezoelectric polarization of III-nitride materials [14].

Spontaneous polarization
(C/m2)

Psp
GaN = −0.034

Psp
InN = −0.042

Psp
AlN = −0.090

Psp
AlxGa1−xN

= −0.090x−0.034(1−x)+0.021x(1−x)

Psp
InxGa1−xN

= −0.042x−0.034(1−x)+0.037x(1−x)

Psp
AlxIn1−xN

= −0.090x−0.042(1−x)+0.070x(1−x)

Piezoelectric polarization
(C/m2)

Ppz
AlxGa1−xN/InN = −0.28x−0.113(1−x)+0.042x(1−x)

Ppz
AlxGa1−xN/GaN = −0.0525x+0.0282x(1−x)

Ppz
AlxGa1−xN/AlN = 0.026(1−x)−0.0282x(1−x)

Ppz
InxGa1−xN/InN = −0.113(1−x)−0.0276x(1−x)

Ppz
InxGa1−xN/GaN = 0.148x−0.0424x(1−x)

Ppz
InxGa1−xN/AlN = 0.182x−0.0261(1−x)−0.0456x(1−x)

Ppz
AlxIn1−xN/InN = −0.28x+0.104x(1−x)

Ppz
AlxIn1−xN/GaN = −0.0525x+0.148(1−x)+0.0938x(1−x)

Ppz
AlxIn1−xN/AlN = 0.182(1−x)+0.092x(1−x)

bandgap. Due to the different total polarization for the barriers and QW, the

discontinuity in the polarization induces interface charge density that results in a

large electric field in the QW. Consequently, severe band bending due to the large

electric field leads to charge separation effect in the QW. This charge separation

issue gives rise to quantum-confined Stark effect (red shift in the emission from

LED) as well as reduces the radiative recombination rate. Several approaches such

as band structure engineering [6, 7, 8, 9] and the use of semipolar/nonpolar

substrates [10, 11, 12, 13] have been pursued to mitigate the charge separation issue

by improving the electron and hole wavefunctions overlap.

On the other hand, significant efforts have also been devoted to enhancing light

extraction efficiency (ηextraction) of III-nitride LEDs [15, 16, 17, 18]. According to

Snell′s Law, the critical angle (θc) for a photon to escape from the GaN layer into the
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air is about 24°. As a result, photons generated from conventional planar structure

LEDs arrive at the GaN/air interface at an angle larger than 24° will experience total

internal reflection and get trapped inside the high refractive index material. For a

conventional planar GaN-based LED structure, the ηextraction has been calculated as

∼4% which is insufficient for realizing high-efficiency solid-state lighting. Moreover,

valence subbands crossover at high Al-composition AlGaN QW active region results in

dominant TM-polarized output in DUV regime, as illustrated in Figure 1.2. As planar

structure favors light extraction from the top/bottom surface (along c-axis) while

TM-polarized light tends to emit at large angles with respect to c-axis, majority of

TM-polarized output will be trapped inside the planar structure due to total internal

reflection, and eventually being re-absorbed by the LED device. Accordingly, various

LED designs such as patterned sapphire substrate (PSS) [19, 16, 20, 21, 22], flip

chip design [23, 24], micro-dome design [25], nanowire structure [26, 27, 28, 29] and

plasmonic devices [30, 31, 32, 33, 34] have been investigated with the intention to

enhance photon scattering effect that lead to higher possibility of photons entering

photon escape cone in the LED structure and results in enhanced ηextraction.

1.2 Research Work Accomplished

1.2.1 UV LEDs with Patterned Sapphire Substrate

3D finite-difference time-domain (FDTD) simulations have been performed to analyze

the light extraction mechanisms for flip-chip UV LEDs with microdome-shaped array

patterning on the sapphire substrate. The results show that microdome-shaped PSS

is particularly efficient in enhancing transverse-magnetic (TM)-polarized ηextraction

where up to ∼11.2-times and ∼2.6-times improvement can be achieved for 230 nm and

280 nm flip-chip UV LEDs respectively. On the contrary, the use of the microdome-

shaped PSS does not lead to enhanced transverse-electric (TE)-polarized ηextraction
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Figure 1.2: TE- and TM-polarized spontaneous emission rate (Rsp) for AlxGa1−xN
QW / AlN barriers with various Al-contents (x) in the QW [35].

for the 230 nm and 280 nm flip-chip UV LEDs as the PSS is acting as a reflector that

reflects the majority of the TE-polarized light back into the structure.

1.2.2 Nanowire UV LEDs

Nanosphere lithography and KOH-based solution (AZ 400K developer) wet etching

have been developed to fabricate III-nitride nanowire LEDs via top-down approach.

This study shows that AZ 400K solution with a concentration of 40%, at temperature

of 45°C is adequate to achieve smooth nanowires with crystallographic base after

etching for 30 minutes. Analysis of the polarization-dependent ηextraction of AlGaN-

based nanowire LEDs in DUV regime has also been investigated using 3D FDTD

method. Results show that up to ∼48% TM-polarized ηextraction and ∼41% TE-

polarized ηextraction can be obtained for 230 nm UV LEDs with nanowire structure as

compared to ∼0.2% TM-polarized ηextraction and ∼2% TE-polarized ηextraction from

conventional planar structure.
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1.2.3 Plasmonic Nanowire LEDs

The use of surface plasmon polaritons (SPPs) has been investigated as a means to

improve the ηIQE and ηextraction of III-nitride plasmonic LEDs with nanowire

structure. In particular, green plasmonic LEDs with nanowire structure coated with

Al2O3 as a dielectric layer and various Ag cladding layer thicknesses are investigated

using 3D FDTD method. The results show that a Purcell factor of ∼80 can be

obtained for the investigated plasmonic nanowire LEDs with ηextraction ∼65% when

the Ag thickness > 60 nm. Thinner Ag suffers from lower ηextraction due to the lower

reflectance from the thin metal film despite the fact that higher Purcell factor can

be achieved. Strong near-field electric field intensity at the dielectric/metal interface

confirms the existence of plasmonic effects in the active region.

1.2.4 3D Printed Lens on InGaN LEDs for White Color

Emission

The integration of 3D printed lens with InGaN LED has been proposed as a

straightforward and highly reproducible method to improve ηextraction as well as to

achieve white color generation. The use of optically transparent acrylate-based

photopolymer with a refractive index of ∼1.5 as a 3D printed lens on blue LEDs has

exhibited ∼9% enhancement in the output power at current injection of 4 mA as

compared to blue LEDs without 3D printed lens. FDTD analysis on various lens

designs also show that up to 1.61-times enhancement in ηextraction can be obtained.

By mixing the photopolymer with YAG:Ce phosphor powder, stable white color

emission can be achieved with chromaticity coordinates around (0.27, 0.32) and

correlated color temperature ∼8900 K at current injection of 10 mA.
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1.2.5 Monolithic White LEDs with Ternary InGaN

Substrate

The use of a ternary InGaN substrate for high-efficiency monolithic tunable white

LEDs has been investigated. Nanostructure engineering has been conducted in the

multiple QW (MQW) active region for LEDs on ternary InGaN substrate to achieve

white color illumination. Simulation studies show that by integrating blue- and

yellow-emitting InGaN/InGaN MQWs with engineered structures on ternary InGaN

substrate, large output power (∼170 mW) and high external quantum efficiency

(∼50%) can be achieved for stable white illumination at various current injections

at room temperature. The chromaticity coordinates around (0.30, 0.28) and

correlated color temperature ∼8200 K at 50 A/cm2 are also comparable results with

those nanostructured white LEDs.

1.3 Dissertation Organization

This dissertation is organized into ten chapters. Chapter 1 presents an overview of

III-nitride materials and their applications as well as summarizes the research work

accomplished in this dissertation.

Chapter 2 reviews the performance characteristics of III-nitride LEDs and recent

approaches to enhance the ηextraction.

Chapter 3 discusses the procedure to fabricate planar structure III-nitride LED

devices through standard photolithography steps and reactive ion etching.

Chapter 4 presents the polarization-dependent ηextraction study for AlGaN-based

flip-chip UV LEDs emitting at 230 nm and 280 nm with microdome-shaped patterning

on sapphire substrates.
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Chapter 5 describes the nanosphere lithography method to fabricate III-nitride

nanowires via top-top-down etching, and KOH wet etching in removing the nanowires

surface roughness arisen from plasma etch.

Chapter 6 focuses on the polarization-dependent ηextraction of AlGaN-based 230

nm UV LEDs of various nanowires dimensions and surface passivation layers.

Chapter 7 investigates plasmonic green LEDs with nanowire structure to improve

the ηIQE and ηextraction through surface plasmon polaritons.

Chapter 8 proposes the integration of 3D printing technology with InGaN LED as

a straightforward and highly-reproducible method to improve ηextraction and achieve

white color emission.

Chapter 9 presents a novel LED structure with the use of ternary InGaN substrate

to realize high-efficiency monolithic tunable white LEDs.

Chapter 10 summarizes the research work and discusses the future outlook of

III-nitride optoelectronics applications.
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Chapter 2

Limitation of Efficiency for

III-Nitride LEDs

This chapter discusses the key parameters that characterize the performance of

light-emitting diode (LED) as well as the issues associated with low light extraction

efficiency of conventional III-nitride LED devices. A review of various approaches to

enhance the light extraction is also presented.

2.1 Performance Characteristics of III-Nitride

LEDs

An LED is a p-n junction diode that emits light when injected carriers recombine to

generate photons [Figure 2.1(a)]. The quantum well (QW) of an LED typically formed

by a small band gap layer in a double heterostructure design where the electrons and

holes are trapped in the low bandgap layer rather than being distributed along the

whole diffusion length, as illustrated in Figure 2.1(b). The radiative recombination

process happens in the QW to generate photons where the energy of the photons (hν)

are determined by the band gap (Eg) of the QW, and its relation with the emission
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Figure 2.1: (a) Schematic (top) and band diagram (bottom) of an LED [36]; (b) Band
diagram of a QW heterostructure showing carrier diffusion and confinement [37].

wavelength (λ) is described as followed:

Eg = hν =
hc

λ
(2.1)

where h is the Planck′s constant and c is the speed of light.

The efficiency of an LED device is typically characterized by external quantum

efficiency (ηEQE), which is described as a product of injection efficiency (ηinjection),

radiative recombination efficiency (ηrad) and light extraction efficiency (ηextraction), as

shown in the following equation:

ηEQE = ηinjection × ηrad × ηextraction = ηIQE × ηextraction (2.2)

The ηinjection describes the ratio of the carriers arrives at the active region to the

total carriers being injected into the LED structure through the metal contacts. The

ηrad is the fraction of the electron-hole pairs that recombine radiatively in the QW.

The product of the ηinjection and ηrad is called internal quantum efficiency (ηIQE),

which can possibly be determined by temperature and excitation power-dependent

photoluminescence measurements [38]. The ηextraction is the ratio of photons that

can be extracted from the LED structure to the photons that are generated in the
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active region. For phosphor-converted white LEDs, the phosphor conversion efficiency

(ηconversion) needs to be taking into account when calculating the ηEQE, which is

described as followed:

ηEQE = ηIQE × ηextraction × ηconversion (2.3)

In general, there are three types of recombination mechanisms that can occur in

the active region of an LED: 1) spontaneous emission process through radiative

recombination of electrons and holes to generate photons, 2) non-radiative

recombination through defects or traps, and 3) non-radiative Auger recombination

that involves many particles. The various recombination processes are shown

schematically in Figure 2.2. Thus, the ηrad of an LED is expressed by the ratio of

radiative recombination rate to the sum of radiative and non-radiative

recombination rates:

ηrad =
Rsp

Rsp +Rnr

(2.4)

where Rsp is the spontaneous emission rate attributed to the radiative recombination

process, and Rnr is the sum of non-radiative recombination rate for trap-assisted

non-radiative recombination and Auger recombination processes.

Figure 2.3 summarizes the ηEQE for III-nitride LEDs that have been reported

by various groups as a function of wavelength. Figure 2.3(a) shows the ηEQE for

commercial nitride-based LEDs in the visible spectrum while Figure 2.3(b) presents

the ηEQE for AlGaN, AlInGaN and InGaN LEDs emitting in the ultraviolet (UV)

spectral range. Relatively high ηEQE (> 50%) has been achieved for nitride-based

blue and green LEDs attributed to the improved ηIQE and ηextraction. However, the

ηEQE for nitride-based UV is still extremely low compared to its visible counterparts

where less than 10% of ηEQE has been reported for λ < 300 nm, and the ηEQE further

drops to ∼1% when λ is below 250 nm [40]. Several factors have been identified to
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Figure 2.2: Band diagram showing radiative recombination, trap-assisted non-
radiative recombination, and Auger recombination processes [37].

Figure 2.3: External quantum efficiency for (a) nitride- and phosphide-based visible
LEDs [39], and (b) nitride-based UV LEDs [40].

contribute to this extremely low UV LED efficiency: 1) difficulties in p-type doping

of AlGaN layer, 2) challenges in making good ohmic contact on high Al-content

AlGaN layer, 3) large dislocation density from AlGaN materials, and 4) the valence

subbands crossover [35, 41, 42, 43, 7] at high Al-composition AlGaN QW active region

that results in dominant transverse-magnetic (TM) [E // c-axis] polarized output in

DUV regime. Subsequently, extensive works have been focused on thin film growth

techniques and novel LED designs to address issues associated with the low ηEQE [6,
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7, 44, 45, 46, 47, 48, 49, 50]. Despite these continuous efforts, it remains extremely

challenging to obtain high ηextraction from III-nitride LEDs with a planar structure.

2.2 Light Extraction Efficiency of Conventional

III-Nitride LEDs

Improving the ηextraction remains a key challenge for III-nitride LEDs due to the

large refractive contrast between III-nitride materials and air. Consequently, photons

generated in conventional III-nitride LEDs with the planar structure are subjected to

total internal reflection, as illustrated in Figure 2.4. The analysis for total internal

reflection can be explained by Snell′s Law:

nGaN sin θGaN = nair sin θair (2.5)

where nGaN is the refractive index of GaN, θGaN is the angle of the incident ray, nair

is the refractive index of free space, and θair is the angle of the refracted ray. Total

internal reflection occurs when the incident ray is refracted at an angle larger than

90°. By applying θair = 90° into Equation 2.5, the critical angle (θc) for total internal

Figure 2.4: Schematic of a planar structure III-nitride LED showing the refraction of
light and total internal reflection.
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reflection can then be determined as followed:

θc = sin−1
nair
nGaN

(2.6)

By substituting nGaN = 2.5 and nair = 1 into Equation (2.6), the θc for GaN LED

is calculated as ∼24°. This implies that photons generated in the active region of

planar GaN LED arrive at the GaN/air interface at an angle larger than 24° will be

trapped inside the LED.

Figure 2.5: (a) Area element (dA) and (b) area of emission sphere defined by radius
r and angle φ.

The ηextraction can be determined by the fraction of light travels inside the escape

cone, which can be calculated as the ratio of the surface area of a spherical cone with

angle θc to the surface area of the whole sphere. The emission surface area of an

escape cone shown in Figure 2.5 can be expressed as

Area =

∫ θc

0

2πr sin θ r dφ = 2πr2(1− cos θc) (2.7)

where r is the radius of the spherical cone. Assuming the light is emitted from a

point source with a total power of Psource, the fraction of the power that can escape

from the planar LED structure (Pescape), which also defines the ηextraction of the LED,

15



is given by

nextraction =
Pescape
Psource

=
2πr2(1− cos θc)

4πr2
=

1

2
(1− cos θc) (2.8)

Since the critical angle for GaN is relatively small, the cosine term in Equation 2.8

can be expanded into power series using Taylor′s expansion and neglecting higher-

than-second-order terms:

nextraction =
1

2
(1− cos θc) ≈

1

2

[
1−

(
1− θ2c

2

)]
=

1

4
θ2c =

1

4

(
nair
nGaN

)2

(2.9)

For conventional planar GaN LED, Equation 2.9 suggests that only ∼4% of light

generated in the active region can be radiated out from the device. This extremely

low ηextraction is limiting the efficiency of the LED device, and it becomes more severe

for DUV LEDs due to dominant TM-polarized output. Therefore, novel designs that

can extract more photons from LED structure are essential to enhance to ηEQE.

2.3 Approaches to Enhance Light Extraction

Efficiency of III-Nitride LEDs

Tremendous efforts have been devoted to enhancing the ηextraction of III-nitride LEDs.

One of the most popular techniques is surface roughening through crystallographic

etch [51, 15, 52, 53, 54] where non-uniform surface textures are being formed on the

surface of an LED to enhance light scattering and reduces the possibility of total

internal reflection. The SEM image in Figure 2.6(a) shows an example of surface

texture on GaN LEDs, and the mechanism of light propagation inside an LED with

surface texture is illustrated in Figure 2.6(b).

As the surface roughening method typically involves p-GaN layer which is

detrimental to holes injection, the use of microstructure arrays with lower refractive
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Figure 2.6: (a) SEM image showing rough surface patterning of GaN LEDs [15]. (b)
Schematic of light propagation inside an LED with surface texture.

Figure 2.7: SEM images of various PS microstructure arrays designs on LEDs [56].

index materials, such as polystyrene (PS), polydimethylsiloxane (PDMS), SiO2

spheres and TiO2 spheres, on top of the LEDs have been proposed as an

alternative [17, 55, 56, 57, 58, 59]. Figure 2.7 shows an example of various PS

microstructure array designs on LEDs.

The use of patterned sapphire substrate (PSS) has also received significant

attention as the patterning on sapphire can help with scattering of light to improve

ηextraction at the same time minimizes dislocation density from epitaxial growth that

reduces the possibility of photons trapping in the defect

sites [22, 21, 20, 16, 60, 19, 61]. Figures 2.8(a) – 2.8(d) show the SEM of various

PSS, and the schematic in Figures 2.8(e) shows an example of an LED fabricated on

PSS. The mechanism of light scattering introduced by PSS is very similar to those

with surface roughening [Figure 2.6(b)] and microstructure arrays where they all

help to mitigate total internal reflection. This is one of the commonly used

approaches for commercial III-nitride LEDs in the visible region.
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Figure 2.8: (a) – (d) SEM images showing various PSS pattering; and (e) schematic
of an LED fabricated on PSS [16].

Figure 2.9: Schematic diagram (left) and SEM images (right) of the LED with SiO2
photonic crystal. The enlarged image shows the SiO2 PhCs in the LED chip [62].

A photonic crystal is another commonly used approach to enhance the

ηextraction [62, 6, 64, 65, 18]. The mechanism for the enhancement stems from the

photonic bandgap and scattering effects. However, the feature size of photonic

crystals is typically in the range of 300 nm to 500 nm, which requires high-cost

ebeam lithography or nanoimprint process. Figure 2.9 shows an example of LEDs

with SiO2 photonic crystals. Embedded photonic crystals, for example in the p-GaN

and n-GaN layers, have also received significant attention in the past decades for

enhancing the ηextraction.

As stated previously, the emission from AlGaN-based mid- and DUV LEDs is

primarily TM-dominant. Consequently, many of the light extraction method
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Figure 2.10: (a) SEM image of nanowire LEDs formed through top-down etching. (b)
STEM image of nanowires showing the position of InGaN MQWs (bright stripes) [63].

developed for visible or near UV LEDs may not be suitable for these devices.

Nanowire structure, on the other hand, has reported to be an excellent candidate

for extracting TM-polarized output attributed to its large surface-to-volume

ratios [29, 66, 63, 26, 27, 28, 67]. Nanowires structure with a larger surface area

than the conventional planar structure can allow more light to escape through the

sidewall, which in turn will lead to larger ηextraction. Figure 2.10 shows an example

of InGaN nanowires fabricated via top-down etching.
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Chapter 3

Fabrication of III-Nitride Planar

Structure LEDs

The Semiconductor and Microsystems Fabrication Laboratory (SMFL) at Rochester

Institute of Technology (RIT) has never processed any III-nitride materials previously.

This chapter presents the fabrication process of nitride-based light-emitting diodes

(LEDs) developed utilizing the cleanroom facility at RIT SMFL. Electroluminescence

(EL) and photoluminescence (PL) measurements to characterize the fabricated III-

nitride LEDs have also been discussed.

3.1 Introduction to Epitaxial Growth of

III-Nitride LEDs

The development of III-nitride semiconductors for various applications have been

enabled by the advancement in epitaxial growth techniques. In general, molecular

beam epitaxy (MBE) and metal-organic chemical vapour deposition (MOCVD) are

the two commonly used techniques to grow the LED structure. These two methods
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provide single crystalline epitaxy with atomic layer precision, which is particularly

important for superlattices and quantum wells.

For MBE process, the thin film is deposited through the reaction of atomic or

molecular beams on a heated substrate in a ultra-high vacuum (∼10−8 to ∼10−10

Torr) chamber. To be more specific, beams of different materials are aimed at a

heated substrate to enable the deposition of one atomic layer at a time. The gallium,

indium and aluminum beams are created by heating the source of the respective

materials in effusion cells while the nitrogen beams are generated by plasma sources.

The composition of the III-nitride material is determined by the beam mixing process.

The typical growth rate for MBE is 1 Å per second, which can be controlled by

varying the source temperature as this will affects the arrival rate of the molecules at

the surface. A built-in reflection high-energy electron diffraction system is typically

used to monitor the thin film growth process and to optimize the material quality.

Since carrier gases are not required during the epitaxial growth, in conjunction with

the ultra-high vacuum environment, high purity epitaxy film can easily be obtained.

On the other hand, the MOCVD process involves the chemical reaction of

metalorganic precursors and hydrides on a hot substrate surface. Trimethylgallium,

trimethylindium and trimethylaluminium are normally used as precursors for

gallium, indium and aluminum respectively while ammonia is typically used as a

nitrogen source. Hydrogen or nitrogen is used as the carrier gas. By controlling the

flow rate of the gases, the growth rate of the epitaxial film can then be controlled

easily. The composition of the deposited III-nitride material is determined by the

gas phase composition of the precursors. In situ monitoring systems, such as for

measuring reflectance, temperature and radius of curvature of the wafer, can be

implemented to analyze and control growth parameters. As opposed to the MBE

process, the ultra-high vacuum environment is not required for the MOCVD

process. As a result, the thin film deposition can occur at high pressure of ∼1 Torr.
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The higher growth rate by the chemical reaction in MOCVD as compared to

physical deposition in MBE has made it a more popular system for mass production.

3.2 Fabrication of Planar Structure LEDs

The fabrication of III-nitride LEDs has been carried out at RIT for the first time.

MOCVD-grown InGaN/GaN multiple quantum wells (MQWs) blue LED epi wafers

obtained from collaborator are fabricated into devices in the SMFL at RIT. Figure 3.1

shows the layer structure of the blue LED grown on a c-plane sapphire substrate. The

LED structure consists of a 2.5-µm silicon-doped n-GaN layer, followed by six periods

of 2.5-nm InGaN quantum well and 10-nm GaN quantum barrier, and capped with

a 200-nm magnesium-doped p-GaN layer. The doping concentration for the n- and

p-doped GaN is 1018 cm−3 and 1017 cm−3 respectively.

Figure 3.1: Schematic showing the layer structure of InGaN/GaN blue LED.

The fabrication process flow of planar structure top-emitting nitride-based LEDs

is summarized in Figure 3.2. First of all, the blue epi-wafer is cleaved into smaller

pieces and then rinsed with acetone, isopropyl alcohol (IPA) and deionized (DI) water.

Next, ∼1 µm OiR-620 positive photoresist is spin coated uniformly on the wafer piece

at the speed of 2500 revolutions per minute (rpm) and subsequently soft-bake at 93°C

for 1 minute. The spin-coating recipe of OiR-620 on GaN pieces was modified from

existing coating recipes for 4 to 6 inches Si wafers.
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Figure 3.2: Process flow for fabricating top-emitting III-nitride planar LED devices.

Next, the sample coated with photoresist is exposed to ultraviolet (UV) light to

define the mesa pattern on the photoresist. Karl Suss MA56 contact mask aligner

with mercury lamp is used for the UV exposure. For the measured light intensity

of 5.9 mW/cm2, the sample is exposed to 365 nm UV light for 37 seconds, followed

by post-exposure bake at 112°C for 1 minute. The photoresist is then developed in

CD-26 for 1 minute to exposure the region on the wafer piece that to be etched away,

followed by hard bake at 145°C for 1 minute.

Afterwards, the sample is loaded into reactive ion etcher (RIE) to create mesa

patterns on the LED wafer piece. LAM 4600 aluminum etcher is used to perform

the etch. The etch recipe was modified from an existing aluminum etch recipe [68].

The flow rates of chlorine and argon gases are determined based upon literature

recommendation to keep the etch rate high while maintaining a low surface roughness
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on the etched GaN region. During the etch, gases composed of 30 standard cubic

centimeter per minute (sccm) of Cl2, 25 sccm of BCl3, 8 sccm of CHCl3 and 20 sccm

of Ar are flowing into the chamber with RF power of 125 W and a chamber pressure

of 100 mTorr. The etch rate is determined as ∼20 nm/min for GaN and ∼50 nm/min

for the OiR-620 photoresist. After the etch, the sample is soaked in acetone for ∼10

minutes to remove the remaining photoresist on the substrate, followed by DI water

rinsing.

Then, the sample is spin coated with LOR-10A lift-off resist and S1813 positive

photoresist to prepare for n-contact metal mask photolithography. The LOR-10A

is coated at the speed of 3000 rpm followed by soft-bake at 180°C for 6 minutes

while the S1813 is coated at the speed of 3000 rpm followed by soft-bake at 115°C

for 1 minute. After that, the sample is aligned with n-contact metal mask using

contact mask aligner followed by UV light exposure for 32 seconds. A post-exposure

bake is then performed at 95°C for 4 minutes. Next, the photoresist is developed

in CD-26 for 2 minutes and 30 seconds followed by DI water rinsing. 20 nm Ti /

200 nm Au metal stack that acts as n-contact metal is evaporated on the substrate

using PVD 75 thermal evaporator. After metal deposition, the sample is soaked

in PG Remover overnight to lift-off the excess metal. Afterwards, the fabrication

steps from spin-coating of lift-off resist to metal liftoff are repeated for p-contact

metal, except that 20 nm Ni / 200 nm Au metal stack is evaporated as the p-contact

metal. Rapid thermal annealing is not performed after metal deposition as of now

due to contamination in the rapid thermal process (RTP) chamber. Nevertheless, the

previous investigation on dummy GaN samples with 50 nm Ti on top has exhibited

fairly low contact resistance (1.0 – 1.4 kW) [68], which imply that the metal stacks

without annealing can be used as metal contacts for the LED devices.

The masks are designed using Tanner L-Edit IC Layout, which is a commercial

software commonly used for mask design. Figure 3.3(a) illustrated the mask patterns
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Figure 3.3: (a) Mask design of mesa, n-contact and p-contact for top emitting LED.
(b) Photomicrograph of blue LED fabricated in house.

for mesa, n-contact and p-contact. The dimension of the mesa pattern is 500 µm by

500 µm, corresponding to an area of 0.25 mm2 for each LED device. Figure 3.3(b)

shows the photomicrograph of blue LED fabricated at current injection level of 4 mA.

3.3 Device Characterizations

3.3.1 Photoluminescence

Before fabricating the-epi wafer piece into LED devices, photoluminescence (PL)

has been used to investigate the purity and crystalline quality of the blue LED. PL

is a characterization technique that excites semiconductor by absorbing photons

with energy larger than the semiconductor bandgap, and then re-emit them at

different wavelength. In general, the photons absorbed by the semiconductor will

form electrons and holes at higher energy states in the conduction band and valence

band respectively, and then undergo relaxation towards bandgap minimum, and

finally recombine to emit photons with energy corresponding to the bandgap of the

semiconductor bandgap.

The PL setup is shown in Figure 3.4. The excitation source is a 325 nm transverse

mode HeCd laser, and a CCD detector with quantum efficiency above 50% for spectral
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Figure 3.4: Horiba iHR320 PL system.

ranges from 200 nm to 850 nm is used to collect the emitted photons. Figure 3.5 shows

the PL intensity of the blue LED with laser beam incident the sample at angle 45°.

The distinct peak emission wavelength observed at ∼450 nm with a narrow full-width

half maximum of ∼20 nm indicates high material purity in the active region of the

blue LED. In addition, negligible defect peak at ∼550 nm as compared to the 450 nm

blue emission peak also demonstrates good crystalline quality for the blue LED.

3.3.2 Electroluminescence

Electrical characterizations including current-voltage (IV) measurement,

angle-dependent electroluminescence (EL) measurement and light output power

measurement have been performed after the blue LED devices are fabricated. A

custom-built system has been used for the electrical characterizations. Figure 3.6(a)

shows the setup of angle-dependent EL measurement and Figure 3.6(b) shows the

close-up view of the EL measurement setup. Optical fiber connected to Ocean
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Figure 3.5: PL intensity of InGaN/GaN blue LED.

Optics spectrometer is used to collect the photons emitted from the blue LED

devices. The setup for light output power measurement is shown in Figure 3.6(c)

where a silicon detector placed at ∼2 cm above the sample is used for the power

measurement.

Figure 3.7(a) plots the IV curve and light output power for the fabricated blue

LED while the angle-dependent EL measurement result at current injection of 4

mA is presented in Figure 3.7(b). The turn-on voltage of ∼3 V [Figure 3.7(a)] and

Lambertian emission pattern [Figure 3.7(b)] show that the fabricated blue LED has

similar electrical properties reported in the literature for planar structure InGaN/GaN

blue LEDs [69]. This implies that the LED fabrication process developed in the

cleanroom at RIT is not detrimental to the LED structure.

3.4 Conclusion

In summary, the etch recipe for III-nitride materials has been developed, and the first

planar structure top-emitting InGaN/GaN blue LED devices have been successfully

fabricated for the first time at RIT cleanroom. A turn-on voltage of ∼3 V and

Lambertian emission pattern can be observed from the fabricated blue LED devices.
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Figure 3.6: (a) Setup for angle-dependent EL measurement; (b) close-up view of
the EL measurement setup showing sample stage holder, probes and optical fiber for
light intensity measurement; (c) close-up view of the EL measurement setup showing
sample stage holder, probes and silicon detector for light output power measurement.

Further optimization of the etch recipe for various device structures, such as nanowire,

is necessary as the current etch recipe does not examine the sidewall damage arisen

from the ion bombardment during RIE.
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Figure 3.7: (a) IV curve and output power versus current injection for blue LED; (b)
angle-dependent EL measurement for blue LED at current injection of 4 mA.
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Chapter 4

III-Nitride UV LEDs with

Patterned Sapphire Substrate

In this chapter, polarization-dependent light extraction efficiency (ηextraction) of

AlGaN-based flip-chip ultraviolet (UV) light-emitting diodes (LEDs) emitting at

230 nm and 280 nm with microdome-shaped patterning on the sapphire substrate

has been investigated using three-dimensional (3D) finite-difference time-domain

(FDTD) method. Three types of patterned sapphire substrates (PSSs) have been

analyzed: bottom-side PSS, top-side PSS and double-sided PSS. Simulation results

show that microdome-shaped patterning on the sapphire substrate is predominantly

beneficial in enhancing transverse-magnetic (TM)-polarized output. Specifically,

TM-polarized ηextraction enhancement of up to ∼4.5-times and ∼2.2-times can be

obtained for 230 nm and 280 nm UV LEDs with bottom-side PSS respectively, and

∼6.3-times and ∼1.8-times for 230 nm and 280 nm UV LEDs with top-side PSS

respectively. By employing double-sided PSS, up to ∼11.2-times and ∼2.6-times

enhancement in TM-polarized ηextraction can be achieved for 230 nm and 280 nm UV

LEDs respectively. In contrast, the microdome-shaped PSS act as a reflector for
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transverse-electric (TE)-polarized photons which leads to severe limitation in light

extraction for both 230 nm and 280 nm flip-chip UV LEDs.

4.1 Introduction

The use of PSS has received significant attention due to reduced fabrication

complexities, and minimized dislocation density from epitaxial growths, which

reduces the possibility of photons trapping in the defect sites [19, 61]. Recent

experimental work on 282 nm AlGaN-based UV LEDs with nano-PSS has reported

3.45% of external quantum efficiency (ηEQE) (∼98% enhancement as compared to

LED with flat sapphire surface) [19] while experimental study on 275 nm flip-chip

UV LEDs with PSS has recorded maximum ηEQE >16% (∼4-times larger than

flip-chip LED with flat sapphire substrate) [21]. In spite of these encouraging

experimental results, there has been very limited works exploring the

polarization-dependent ηextraction for flip-chip UV LEDs with PSS, which is

particularly important for AlGaN-based UV LEDs as emission from AlGaN

quantum wells (QWs) with λ < 230 – 240 nm is primarily TM [E // c-axis]

dominant whereas λ < 250 nm is mostly TE [E ⊥ c-axis] dominant [35, 41].

In this work, the light extraction mechanisms for flip-chip UV LEDs with

microdome-shaped array patterning on the sapphire substrate has been examined

using the 3D FDTD method. The patterning of the sapphire substrate on the

bottom-side (the epitaxial growth side) has been commonly used in experimental

work to minimize dislocation density [19, 61] but very limited work has been

devoted to investigating the effect of PSS on the ηextraction, particularly the top-side

and double-sided patterning on the sapphire substrate. Therefore, this study focuses

on the polarization dependence ηextraction of 230 nm (typically TM-dominant

emission peak [35, 29]) and 280 nm (typically TE-dominant emission peak [35])
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AlGaN-based flip-chip UV LEDs with microdome-shaped array patterning on

bottom-side, top-side and double-sided of a sapphire substrate arranged in a

hexagonal pattern.

4.2 Numerical Simulation of UV LEDs with

Patterned Sapphire Substrate

The ηextraction for AlGaN-based multiple QW (MQW) flip-chip UV LEDs emitting at

230 nm and 280 nm with microdome-shaped array patterning on sapphire substrate

have been investigated using 3D FDTD method, which is commonly used in analyzing

the optical properties of III-nitride emitters [23, 24, 25, 29, 67, 70, 71]. The layer

structure of the UV LEDs used in the simulations are illustrated in Figure 4.1, which

consist of 500 nm sapphire substrate, 200 nm AlN buffer layer, 100 nm n-AlGaN

layer, 50 nm thick AlGaN layer to represent the MQW active region, 15 nm p-AlGaN

electron blocking layer (EBL), 10 nm p-AlGaN layer and 20 nm p-GaN contact layer.

A metallic layer that acts as a perfect mirror is attached to the bottom of the LED to

reflect all photons incident upon it. Figure 4.1(a) shows the UV LED with microdome-

shaped array patterning on the bottom surface of sapphire substrate, Figure 4.1(b)

shows the UV LED with microdome-shaped array patterning on the top surface of

sapphire substrate, and Figure 4.1(c) shows the UV LED with microdome-shaped

array patterning on both sides of sapphire substrate. The microdomes with diameter

D, height H, and spacing S, are arranged in a hexagonal pattern on the sapphire

substrate, as depicted in Figure 4.1 (d). Since this work focuses on comparing the

ηextraction for UV LEDs with various positions of the microdome-shaped array on

a sapphire substrate, only D is set as a variable in the study while H and S are

fixed at 50 nm and 100 nm respectively. The values for H and S are determined

from our internal comprehensive analysis where the TM-polarized ηextraction drops
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Figure 4.1: Schematic side view of simulated AlGaN-based flip-chip UV LED with
microdome-shaped array patterning on (a) bottom-side, (b) top-side and (c) double-
sided of a sapphire substrate. The diameter, spacing and height of the microdomes
are labeled as D, S, and H respectively. (d) Top view showing the microdome-shaped
array on a sapphire substrate arranged in a hexagonal pattern.

substantially to <10% when S > 100 nm while larger H will result in significantly

improved ηextraction. However, considering the practicality and complexity in forming

taller microdomes on the sapphire substrate during the fabrication process, H = 50

nm is chosen in this study.

The refractive indexes and absorption coefficients for AlN, GaN and sapphire are

taken from Refs. [23, 72, 73]. Linear extrapolation between AlN and GaN is used in

calculating the refractive indexes and absorption coefficients for ternary AlGaN layers

where the Al-content for the corresponding emission wavelength are determined from

Ref. [74]. To be more specific, the Al composition for 230 nm emission wavelength is
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deduced as 98% for p-AlGaN EBL, 77% for AlGaN MQW, and 86% for both the n-

and p-AlGaN while for 280 nm emission wavelength is deduced as 93% for p-AlGaN

EBL, 42% for AlGaN MQW, and 64% for both the n- and p-AlGaN. As 3D FDTD

simulation consumes a large amount of memory and computation time, the simulation

domain is set to 5 µm × 5 µm in the lateral direction in order to ensure computation

efficiency. A non-uniform grid size of 10 nm in the bulk and 5 nm near the edges is

used in the simulation. The perfectly matched layer boundary condition is applied to

the lateral and top boundaries while perfect electric conductor boundary condition is

applied to the bottom boundary. A single dipole source is placed at the center of the

AlGaN MQW active region where TE-polarization is defined as the major electric

field travels in the in-plane direction (parallel to the x and y directions labeled in

Figure 4.1) while TM-polarization is represented by the major electric field travels in

the out-of-plane direction (parallel to the z direction labeled in Figure 4.1). Single

dipole source is used in this work as the use of multiple dipole sources will result in

non-physical interference pattern [75], which is undesirable for analysis of the optical

properties of LEDs. A source power monitor surrounding the dipole source is used

to measure the total power monitor generated in the active region while one output

power monitor is placed at distance λ away from the sapphire top surface to measure

the light output power radiated out of the LED structure. The ηextraction is calculated

as the ratio of the light output power measured by the output power monitor to

the total power dissipated by the dipole source in the active region [23, 71]. A two-

dimensional (2D) field monitor has also been placed at the center of the XZ plane

defined in Figure 4.1 to record the propagation of the electric field for the simulated

structure.
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4.2.1 Flip-Chip UV LEDs with Flat Sapphire Substrate

Flip-chip UV LED with a flat sapphire substrate is first being investigated as a

reference in this work. For 280 nm UV LED, the calculated TM- and TE-polarized

ηextraction is ∼0.74% and ∼13% respectively. As spontaneous emission from 280 nm

AlGaN QW is largely TE-polarized [29], high ηEQE is expected from the 280 nm flip-

chip UV LED with a flat sapphire substrate. Thus, the study on the effect of PSS

to the polarization-dependent ηextraction for 280 nm flip-chip UV LEDs is essential to

further enhance the ηEQE and for realizing high efficiency mid-UV LEDs.

On the other hand, for 230 nm UV LED, the calculated TM-polarized ηextraction

is ∼0.13% while the calculated TE-polarized ηextraction is ∼13%. Although

significantly larger TE-polarized ηextraction can be obtained from planar UV LED

with a flat sapphire substrate, the TM-polarized output at 230 nm is ∼20-times

higher than the TE-polarized output [29]. As TM-polarized light is primarily

propagating in the lateral direction, a very limited amount of photons can be

extracted from the top and bottom sides of the device, which results in extremely

low TM-polarized ηextraction. Consequently, it is very challenging to achieve high

ηEQE for conventional planar structure 230 nm UV LEDs. Therefore, it is strongly

motivated to investigate the polarization-dependent ηextraction of 230 nm flip-chip

UV LEDs with PSS in order to further improve the TM-polarized ηextraction.

4.2.2 Flip-Chip UV LEDs with Microdome-Shaped

Patterning on Bottom Side of Sapphire Substrate

The ηextraction for flip-chip UV LEDs with microdome-shaped array on the bottom

surface of the sapphire substrate is plotted in Figure 4.2 as a function of D.

Figures 4.2(a) and 4.2(b) present the ηextraction of flip-chip UV LEDs with

microdome-shaped patterning on the bottom surface of sapphire substrate for 230
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Figure 4.2: The ηextraction for AlGaN-based flip-chip UV LEDs with bottom side PSS
at (a) λ = 230 nm and (b) λ = 280 nm as a function of D. The ηextraction for UV
LEDs with a flat sapphire substrate are represented by the black dashed lines. Ratio
of the ηextraction for UV LEDs with bottom-side PSS (ηextraction dome) to the ηextraction
for flip-chip UV LEDs with flat sapphire substrate (ηextraction flat) for (c) λ = 230 nm
and (d) λ = 280 nm as a function of D.

nm and 280 nm respectively. The ηextraction for conventional flip-chip UV LEDs with

a flat sapphire substrate is also plotted for comparison purpose. As illustrated in

Figures 4.2(a) and 4.2(b), the TE-polarized ηextraction for both 230 nm and 280 nm

UV LEDs are consistently higher than TM-polarized ηextraction (>1 order of

magnitude) when D changes from 100 nm to 300 nm. For instance, the ratios

between TE and TM polarizations are observed as ∼40-times and ∼13-times for 230

nm and 280 nm UV LEDs respectively when D = 100 nm, and ∼20-times and

8-times for 230 nm and 280 nm UV LEDs respectively when D = 160 nm. Since

TM-polarized light tends to emit at large angles with respect to c-axis (parallel to

the z direction labeled in Figure 4.1) while the planar LED structure favors light
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Figure 4.3: Cross-sectional near-field electric field intensity of 230 nm [(a) – (c)] and
280 nm [(d) – (f)] TM-polarized flip-chip UV LEDs with flat sapphire substrate [(a)
& (d)], bottom-side PSS with D = 180 nm [(b) & (e)], and bottom-side PSS with D
= 280 nm [(c) & (f)].

extraction along c-axis, majority of the TM-polarized output is trapped inside the

LED structure which results in lower TM-polarized ηextraction as compared to

TE-polarized ηextraction for both emission wavelengths.

Despite lower TM-polarized ηextraction than TE-polarized ηextraction is observed,

the TM-polarized ηextraction for both 230 nm and 280 nm UV LEDs with bottom-side

PSS demonstrate strong dependence on the microdome diameter as D changes from

100 nm to 300 nm. The use of PSS could act as extractor or reflector, depending on

the ratio of light being scattered out of the structure to light being scattered back

into the structure. When the fraction of light being scattered out of the structure

is larger than the fraction of light being scattered back into the structure, the PSS

serves as an extractor which could lead to enhanced ηextraction. Otherwise, the PSS

will serve as a reflector that inhibits light extraction through the sapphire substrate.

From the results presented in Figure 4.2, the microdome-shaped array on the bottom

side of the sapphire substrate with D < 280 nm acting more like an extractor for TM-
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Figure 4.4: Cross-sectional near-field electric field intensity of 230 nm [(a) – (c)] and
280 nm [(d) – (f)] TE-polarized flip-chip UV LEDs with flat sapphire substrate [(a)
& (d)], bottom-side PSS with D = 180 nm [(b) & (e)], and bottom-side PSS with D
= 280 nm [(c) & (f)].

polarized photons but as a reflector for TE-polarized photons. This is evidenced in

the cross-sectional near-field electric field intensity plots shown in Figures 4.3 and 4.4

for TM and TE polarizations respectively. The electric field intensity distribution

for UV LEDs with a flat sapphire substrate [Figures 4.3(a) and 4.4(a) for 230 nm

UV LEDs and Figures 4.3(d) and 4.4(d) for 280 nm UV LEDs] are also plotted for

comparison. The cross-sectional electric field intensity plots clearly illustrated strong

photons scattering caused by the microdome-shaped PSS in both the 230 nm and

280 nm UV LEDs. In particular, the PSS acts as an extractor for TM-polarized light

[Figures 4.3(b), 4.3(c), 4.3(e) and 4.3(f)] and as a reflector for TE-polarized light

[Figures 4.4(b), 4.4(c), 4.4(e) and 4.4(f)]. As a result, up to ∼4.5-times and ∼2.2-

times enhancement in TM-polarized ηextraction can be obtained for 230 nm and 280

nm UV LEDs with bottom-side PSS respectively while lower TE-polarized ηextraction

for UV LEDs with bottom-side PSS than with flat sapphire substrate is observed for

both 230 nm and 280 nm when D changes from 100 nm to 300 nm [Figures 4.2(c)
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and 4.2(d)]. Specifically, for TM-polarization, the peak ηextraction enhancement is

observed when D is ∼70 – 80 nm below the emission wavelength for flip-chip UV

LEDs with bottom-side PSS.

Figure 4.5: TM-polarization far-field radiation patterns of 230 nm [(a) – (c)] and 280
nm [(d) – (f)] flip-chip UV LEDs with flat sapphire substrate [(a) & (d)], bottom-side
microdome-shaped PSS with D = 180 nm [(b) & (e)] and bottom-side microdome-
shaped PSS with D = 280 nm [(c) & (f)].

As described previously, the use of PSS enhances the scattering of photons, which

results in a modified light radiation pattern and the ηextraction. For conventional

flip-chip UV LEDs with a flat sapphire substrate, both the 230 nm and 280 nm

TM-polarized light exhibits symmetric donut-shaped radiation patterns with peak

intensity at ∼30° with respect to c-axis [Figures 4.5(a) and 4.5(d)]. Lower intensity

is observed for 230 nm UV LED as compared to 280 nm UV LED due to the larger

refractive index contrast between the AlGaN/GaN layers, sapphire and air medium

as well as higher absorption in the AlGaN/GaN materials for 230 nm. For both
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emission wavelengths, when D = 180 nm, UV LEDs with bottom-side PSS show

higher radiation intensity over large angle range (∼25° to ∼40° for 230 nm and ∼10°

to ∼40° for 280 nm) [Figures 4.5(b) and 4.5(e)]. In addition, overall higher radiation

intensity can also be observed attributed to the curvature surfaces of the microdomes

that result in larger photon escape cone as compared to conventional UV LEDs. This

spread-out distribution of high intensity radiation pattern for the investigated UV

LEDs with bottom-side PSS has contributed to the larger TM-polarized ηextraction

(∼4.2-times and ∼1.8-times for 230 nm and 280 nm respectively) than conventional

UV LEDs with a flat sapphire substrate.

For the case of D = 280 nm, the bottom-side PSS is suppressing the extraction

of 230 nm TM-polarized photons [Figure 4.5(c)], which results in lower ηextraction

(∼0.8-times) than the UV LEDs with a flat sapphire substrate. However, substantial

improvement in the TM-polarized ηextraction (∼1.4-times) for 280 nm UV LEDs can

still be obtained attributed to the high radiation intensity at angles between 20° and

40° [Figure 4.5(f)]. These results suggest that the optimum microdome design on the

bottom side of the sapphire substrate is with smaller D than the UV LED emission

wavelength, preferably ∼70 – 80 nm below the emission wavelength. Microdomes

with large D should be avoided to prevent the bottom-side microdome-shaped PSS

to act as reflector that limit the extraction of TM-polarized light through the sapphire

substrate, as evidenced by the cases of D >260 nm for 230 nm UV LEDs.

As opposed to TM-polarization, the bottom-side PSS acts as reflector that

inhibit TE-polarized light extraction through the sapphire substrate. As illustrated

in Figure 4.6, significantly lower radiation intensity for both 230 nm and 280 nm

UV LEDs with bottom-side microdome-shaped PSS is observed as compared to UV

LEDs with a flat sapphire substrate. For UV LEDs with a flat sapphire substrate

[Figures 4.6(a) and 4.6(d)], the TE-polarized light intensity is primarily

concentrated at the center region. Although the use of bottom-side PSS could
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Figure 4.6: TE-polarization far-field radiation patterns of 230 nm [(a) – (c)] and 280
nm [(d) – (f)] flip-chip UV LEDs with flat sapphire substrate [(a) & (d)], bottom-side
PSS with D = 180 nm [(b) & (e)] and bottom-side PSS with D = 280 nm [(c) & (f)].

redirect the light radiation pattern [Figures 4.6(b), 4.6(c), 4.6(e) and 4.6(f)], it

scatters more TE-polarized photons back into the LED structure than extracting

them out through the sapphire substrate. To be more specific, as D increases from

180 nm to 280 nm, the TE-polarized ηextraction drops from ∼0.9-times and

∼0.8-times for 230 nm and 280 nm UV LEDs respectively to ∼0.8-times and

∼0.7-times for 230 nm and 280 nm UV LEDs respectively. This degraded

TE-polarized ηextraction is also supported by the lower radiation intensity

distributions observed in Figures 4.6(b), 4.6(c), 4.6(e) and 4.6(f).
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Figure 4.7: The ηextraction for AlGaN-based flip-chip UV LEDs with microdome-
shaped patterning on the top side of sapphire substrate emit at (a) λ = 230 nm and
(b) λ = 280 nm as a function of D. The ηextraction for UV LEDs with a flat sapphire
substrate are represented by the black dashed lines. Ratio of the ηextraction for UV
LEDs with top-side microdome-shaped PSS (ηextraction dome) to the ηextraction for flip-
chip UV LEDs with flat sapphire substrate (ηextraction flat) for (c) λ = 230 nm and
(d) λ = 280 nm as a function of D. The ηextraction for UV LEDs with bottom-side
microdome-shaped PSS are represented by dashed lines.

4.2.3 Flip-Chip UV LEDs with Microdome-Shaped

Patterning on Top Surface of Sapphire Substrate

The enhancement of ηextraction for flip-chip UV LEDs with top-side microdome-shaped

PSS has been investigated here to understand the influence of microdome patterning

to the mid- and deep-UV LED ηextraction. From the results presented in Figure 4.7,

TE-polarized ηextraction are consistently higher than TM-polarized ηextraction (>1 order

of magnitude) for both 230 nm and 280 nm UV LEDs with top-side PSS. Nevertheless,

significant enhancement in TM-polarized ηextraction (up to ∼6.3-times and ∼1.8-times
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Figure 4.8: Cross-sectional near-field electric field intensity of 230 nm [(a) – (c)] and
280 nm [(d) – (f)] TM-polarized flip-chip UV LEDs with flat sapphire substrate [(a)
& (d)], top-side PSS with D = 180 nm [(b) & (e)], and top-side PSS with D = 280
nm [(c) & (f)].

for 230 nm and 280 nm UV LEDs respectively) is observed as compared to TE-

polarized ηextraction (<5% enhancement for both 230 nm and 280 nm UV LEDs). As

previously stated, TM-polarized light primarily travels at large angles with respect to

c-axis while TE-polarized light mostly travels along c-axis, the curvature surface of the

microdomes on the sapphire substrate have more effects on extracting TM-polarized

photons out of the LED structure than the TE-polarized photons. Comparable to

the UV LEDs with bottom-side PSS, the UV LEDs with top-side PSS demonstrate

strong dependence on D for TM-polarized ηextraction but has negligible effect on TE-

polarized ηextraction. Again, this is attributed to the function of the PSS that acts as

an extractor for TM-polarized output and as a reflector for TE-polarized output, as

illustrated in Figures 4.8 and 4.9. As TM-polarized photons are primarily traveling at

large angles with respect to c-axis, the majority of the TM-polarized output is trapped

inside the LED structure, which results in low ηextraction. The use of PSS enhances

the photons scattering effect, thus can enable more TM-polarized photons to escape
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Figure 4.9: Cross-sectional near-field electric field intensity of 230 nm [(a) – (c)] and
280 nm [(d) – (f)] TE-polarized flip-chip UV LEDs with flat sapphire substrate [(a)
& (d)], top-side PSS with D = 180 nm [(b) & (e)], and top-side PSS with D = 280
nm [(c) & (f)].

the UV LED structure when acting like an extractor. On the other hand, since the

TE-polarized light primarily travels along c-axis, the scattering effect introduced by

the chosen dimension of PSS has a detrimental influence on the TE-polarized photons

in UV LEDs with PSS than the UV LEDs with a flat sapphire surface. Specifically,

the PSS acts as a reflector that inhibits TE-polarized light extraction through the

sapphire substrate. As presented in Figures 4.7(c) and 4.7(d), ∼2.5-times to ∼6.3-

times and ∼1.1-times to ∼1.8-times enhancement in TM-polarized ηextraction for 230

nm and 280 nm UV LEDs with top-side PSS respectively can be obtained for D

ranges between 100 nm and 300 nm. Conversely, the ratio of TE-polarized ηextraction

for UV LEDs with top-side PSS to UV LEDs with flat sapphire substrate drops from

∼1.04-times to ∼0.95-times for 230 nm and ∼1.01-times to ∼0.85-times for 280 nm

when D changes from 100 nm to 300 nm.

Similar to the case of bottom-side PSS, the microdome-shaped array patterning

on the top-side of the sapphire substrate also acts as a strong photons scattering
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Figure 4.10: TM-polarization far-field radiation patterns of 230 nm [(a)–(c)] and 280
nm [(d)–(f)] flip-chip UV LEDs with flat sapphire substrate [(a) & (d)], top-side PSS
with D = 180 nm [(b) & (e)] and top-side PSS with D = 280 nm [(c) & (f)].

center, which will impact the light extraction for the LED device. From the far-field

radiation patterns shown in Figure 4.10, significantly higher radiant intensity can

be observed for both 230 nm and 280 nm UV LEDs with top-side PSS at an angle

between ∼10° and ∼50° while the conventional UV LEDs with flat sapphire substrate

exhibit symmetric donut-shaped radiation patterns with peak intensity at ∼30°. This

is primarily attributed to the curvature surfaces of the microdomes that result in larger

photon escape cone than the conventional UV LEDs with a flat sapphire substrate.

Consequently, this spread-out distribution of high intensity radiation pattern leads to

higher TM-polarized ηextraction (up to ∼6.3-times and ∼1.8-times for 230 nm and 280

nm respectively) as compared to conventional UV LEDs with flat sapphire substrate.
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Figure 4.11: TE-polarization far-field radiation patterns of 230 nm [(a) – (c)] and 280
nm [(d) – (f)] flip-chip UV LEDs with flat sapphire substrate [(a) & (d)], top-side
PSS with D = 180 nm [(b) & (e)] and top-side PSS with D = 280 nm [(c) & (f)].

For TE-polarization, employing top-side PSS for both the 230 nm and 280 nm

UV LEDs has very similar effect as those with bottom-side PSS. From the far-field

radiation plots presented in Figure 4.11, it is obvious that the top-side PSS for both

the 230 nm and 280 nm UV LEDs are not a good extractor to enable TE-polarized

photons to escape through the sapphire substrate. Even though the top-side PSS acts

as a strong scattering center and results in altered radiation patterns as compared to

conventional UV LEDs with a flat sapphire substrate, the fraction of TE-polarized

photons that can be extracted from the structure is not high enough to compensate

for the fraction of photons being reflected back into the structure. In addition, even

though higher radiation intensity can be observed in some regions of the far-field

radiation plots presented in Figure 4.11, particularly when D = 280 nm for 230 nm
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UV LEDs [Figure 4.11(c)], majority of the area still observed extremely low radiation

intensity (dark blue and purple region). Consequently, lower TE-polarized ηextraction

for the UV LEDs with top-side PSS as compared to UV LEDs with flat sapphire

substrate has been resulted.

4.2.4 Flip-Chip UV LEDs with Microdome-Shaped

Patterning on Both Sides of Sapphire Substrate

The results for both 230 nm and 280 nm flip-chip UV LEDs with single-sided

(bottom-side or top-side) microdome-shaped PSS in previous sub-sections have

demonstrated significant enhancement for TM-polarized ηextraction but degraded

TE-polarized ηextraction when D changes from 100 nm to 300 nm. Here, the effect of

combining the bottom-side and top-side patterning on the TE- and TM-polarized

ηextraction for both 230 nm and 280 nm flip-chip UV LEDs has been studied. The

enhancement ratio for the UV LEDs with double-sided patterning normalized to

conventional UV LEDs with a flat sapphire substrate are presented in

Figure 4.12(a) for λ = 230 nm and Figure 4.12(b) for λ = 280 nm. The ηextraction

ratio for UV LEDs with top-side and bottom-side PSS represented by dotted lines

and dashed lines respectively are also plotted in Figure 4.12 for comparison.

From the results presented in Figure 4.12, the use of double-sided PSS will result

in even higher TM-polarized ηextraction than the single-sided PSS where up to

∼11.2-times and ∼2.6-times enhancement can be obtained for 230 nm and 280 nm

UV LEDs respectively as compared to UV LEDs with a flat sapphire substrate.

These substantial improvements for TM-polarized ηextraction by employing

double-sided PSS are attributed to the strong light scattering effects coming from

both the top-side and bottom-side patterning, which is evidenced in the

cross-sectional near-field electric field intensity plots presented in Figures 4.13

and 4.14. The scattering effect introduced by the microdome-shaped PSS also
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Figure 4.12: Ratio of the ηextraction for flip-chip UV LEDs with double-sided PSS
(ηextraction dome) to the ηextraction for flip-chip UV LEDs with flat sapphire substrate
(ηextraction flat) for (a) λ = 230 nm and (b) λ = 280 nm as a function of D. The
ηextraction for flip-chip UV LEDs with top-side and bottom-side PSS are represented
by the dotted lines and dashed lines respectively.

resulted in modified far-field radiation patterns. In particular, the TM-polarized

ηextraction for the double-sided PSS is very similar to as taking the superposition of

the TM-polarized ηextraction for the bottom-side and top-side patterning.

Nevertheless, the enhancement ratio is not exactly the same as by adding the

TM-polarized ηextraction from the bottom-side and top-side patterning due to the

destructive interference. For 230 nm UV LEDs with double-sided PSS, the peak

TM-polarized ηextraction enhancement occurs at D = 160 nm, which is the same as

those with bottom-side or top-side PSS [Figure 4.12(a)]. However, for the case of

280 nm UV LEDs, as the peak TM-polarized ηextraction enhancement for bottom-side

and top-side PSS occurs at different D (200 nm for bottom-side PSS and 160 nm for

top-side PSS), a broad TM-polarized ηextraction enhancement ratio peak for

double-sided PSS has been observed [Figure 4.12(b)]. Specifically, the TM-polarized

ηextraction enhancement ratio for 280 nm UV LEDs with double-sided PSS are

approximately ∼2.6-times for D ranges between 160 nm and 200 nm.

In order to prove that the significantly enhanced TM-polarized ηextraction for the

UV LEDs with double-sided PSS are resulted from the superposition of the bottom-
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Figure 4.13: Cross-sectional near-field electric field intensity of 230 nm [(a) – (c)] and
280 nm [(d) – (f)] TM-polarized flip-chip UV LEDs with flat sapphire substrate [(a)
& (d)], both-side PSS with D = 180 nm [(b) & (e)], and both-side PSS with D = 280
nm [(c) & (f)].

side and top-side patterning, the TM-polarized far-field radiation patterns for UV

LEDs with double-sided PSS have been plotted in Figure 4.15. Figures 4.15(a) –

4.15(c) show the TM-polarized far-field radiation patterns for 230 nm UV LEDs and

Figures 4.15(d) – 4.15(f) show the TM-polarized far-field emission patterns for 280

nm UV LEDs. By comparing the TM-polarized far-field radiation plots for the UV

LEDs with double-sided PSS [Figure 4.15] to those with bottom-side PSS [Figure 4.5]

and top-side PSS [Figure 4.10], it is obvious that the radiation patterns for UV LEDs

with double-sided patterning are basically the combination of the far-field radiation

patterns from the top-side and bottom-side patterning. As an example, for the case of

D = 180 nm for 230 nm UV LEDs, the UV LED with bottom-side PSS has emission

patterns at angle ranges from ∼25° to ∼40° [Figure 4.5(b)] while the UV LED with

top-side PSS has emission patterns at angle ranges from∼10° to∼50° [Figure 4.10(b)].

From Figure 4.15(b), it is obvious that the 230 nm UV LED with double-sided PSS

has very similar emission patterns as those with bottom-side patterning and top-side
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Figure 4.14: Cross-sectional near-field electric field intensity of 230 nm [(a) – (c)] and
280 nm [(d) – (f)] TE-polarized flip-chip UV LEDs with flat sapphire substrate [(a)
& (d)], both-side PSS with D = 180 nm [(b) & (e)], and both-side PSS with D = 280
nm [(c) & (f)].

patterning at angles between ∼10° to ∼50°. In particular, large radiation intensity

can be observed at angles between ∼25° and ∼40°.

On the contrary, the use of double-sided PSS for both 230 nm and 280 nm flip-

chip UV LEDs does not lead to enhanced TE-polarized ηextraction when D ranges

between 100 nm and 300 nm (blue solid lines in Figure 4.12), which is similar to

the phenomena observed for the case of flip-chip UV LEDs with bottom-side PSS

and top-side PSS (blue dashed lines and dotted lines in Figure 4.12). This has been

expected as the single-sided PSS has been observed to primarily act as a reflector to

prevent TE-polarized photons extraction through the sapphire substrate. As a result,

smaller TE-polarized ηextraction has been obtained as compared to UV LEDs with a flat

sapphire substrate. In addition, the TE-polarized ηextraction for UV LEDs with double-

sided PSS is primarily limited by the bottom-side patterning as the bottom reflector

only allow a very minimum amount of TE-polarized photons to pass through. As can

been seen from the TE-polarized far-field radiation patterns plotted in Figure 4.16,
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Figure 4.15: TM-polarization far-field radiation patterns of 230 nm [(a) – (c)] and 280
nm [(d) – (f)] flip-chip UV LEDs with flat sapphire substrate [(a) & (d)], double-sided
PSS with D = 180 nm [(b) & (e)] and double-sided PSS with D = 280 nm [(c) & (f)].

the emission patterns for TE-polarized 230 nm and 280 nm UV LEDs with double-

sided PSS are primarily the combination radiation patterns of those with bottom-side

patterning (Figure 4.6) and top-side patterning (Figure 4.11). For instance, for the

case of D = 280 nm for 280 nm UV LEDs, the UV LED with bottom-side PSS

exhibits circular-shaped far-field emission pattern [Figure 4.6(f)] while the UV LED

with top-side PSS has a star-shaped like far-field emission pattern [Figure 4.11(f)].

4.3 Conclusion

The TE- and TM-polarized ηextraction for 230 nm and 280 nm flip-chip UV LEDs with

microdome-shaped array patterning on the sapphire substrate have been investigated.

In particular, the TE- and TM-polarized ηextraction for UV LEDs with bottom-side
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Figure 4.16: TE-polarization far-field radiation patterns of 230 nm [(a) – (c)] and 280
nm [(d) – (f)] flip-chip UV LEDs with flat sapphire substrate [(a) & (d)], double-sided
PSS with D = 180 nm [(b) & (e)] and double-sided PSS with D = 280 nm [(c) & (f)].

patterning, top-side patterning, and double-sided patterning have been studied and

compared. The analysis shows that microdome-shaped PSS with H = 50 nm, S =

100 nm, and D = 100 – 300 nm are particularly efficient in enhancing TM-polarized

ηextraction where up to ∼4.5-times and ∼2.2-times can be obtained for 230 nm and 280

nm flip-chip UV LEDs with bottom-side PSS respectively, and ∼6.3-times and ∼1.8-

times for 230 nm and 280 nm flip-chip UV LEDs with top-side PSS respectively.

The significant improvement obtained in the TM-polarized ηextraction is attributed

to the enhanced scattering effect introduced by the microdome-shaped array that

enables the TM-polarized photons to escape from the LED structure. As a result,

the use of double-sided PSS could result in even higher TM-polarized ηextraction where

up to ∼11.2-times and ∼2.6-times improvement can be achieved for 230 nm and
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280 nm flip-chip UV LEDs respectively. For both emission wavelengths, the peak

TM-polarized ηextraction is observed when D is ∼70 – 100 nm below the emission

wavelength. Accordingly, higher ηEQE from UV LEDs employing PSS is expected

as a result of dominant TM-polarized spontaneous emission and larger TM-polarized

ηextraction. On the contrary, the use of the microdome-shaped PSS does not lead to

enhanced TE-polarized ηextraction for both the 230 nm and 280 nm flip-chip UV LEDs.

The PSS is actually acting as a reflector that reflects the majority of the TE-polarized

light back into the structure. Consequently, lower TE-polarized ηextraction for flip-chip

UV LEDs with microdome-shaped PSS as compared to flip-chip UV LEDs with a flat

sapphire substrate has resulted.

Note that the fabrication of the proposed LEDs with microdome-shaped PSS has

not been implemented in this work due to the resources constraint issue. Nevertheless,

the realization of the proposed PSS is possible through chemical wet etching as well

as dry etching of the sapphire substrate. For example, nanosized SiO2 patterning on

a sapphire substrate, which can be formed by nickel nanoislands on top of SiO2 film,

can serve as a mask for sapphire etching in hot phosphoric acid [76]. Nanosphere

lithography method by the use of SiO2 nanospheres as a mask for dry etching the

sapphire substrate in chlorine chemistry [77] can also be employed to fabricate the

nanostructure PSS. Therefore, it is expected that the analysis presented in this study

will shed light on the design of flip-chip UV LEDs with nanostructure PSS for both

mid- and deep-UV regimes to achieve high-efficiency AlGaN-based UV LEDs.
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Chapter 5

Fabrication of III-Nitride

Nanowires

The fabrication process for planar structure III-nitride light-emitting diodes (LEDs)

has been discussed in Chapter 3. In this chapter, the fabrication process of III-nitride

nanowires utilizing the cleanroom facility at Rochester Institute of Technology (RIT)

is presented. In particular, nanospheres lithography process has been developed to

form III-nitride nanowires via top-down etching. The use of KOH-based solution in

suppressing surface states on nanowire sidewalls due to plasma etch damage has also

been discussed.

5.1 Introduction

Nanowires have emerged as a promising nanostructure for III-nitride emitters due to

their unique electronic and optical properties. Studies have reported that III-nitride

nanowires are largely free from strain and dislocations attributed to the effective

lateral strain relaxation associated with the large surface-to-volume ratios and high

aspect ratios [78, 66, 79, 80, 81]. Consequently, reduced threshold current densities

and lower power consumption are anticipated from nanowires as compared to their
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planar counterparts. In addition, higher light extraction efficiency (ηextraction) is also

anticipated owing to the one-dimensional nature of nanowire that results in carriers

confinement in two dimensions and photons propagation in only the third dimension.

The fabrication methods of nanowires generally can be categorized into two

approaches: bottom-up growth and top-down etching. For the bottom-up approach,

nanowires are synthesized onto substrate layer-by-layer in atomic scale while for the

top-down approach, nanowires are formed through lithographic and etching steps.

This chapter discusses the nanosphere lithography process to fabricate nanowires

via top-down etching. As the nanowires are formed through physical bombardment

to remove redundant materials, surface damage on the nanowire sidewalls will

induce non-radiative recombination, which significantly degrades the quantum

efficiency and output power of the nanowires. Therefore, the use of KOH-based

solutions with various concentrations and temperatures in suppressing the surface

states on nanowires have also been investigated.

5.2 Nanosphere Lithography

Nanosphere lithography process has been developed to fabricate III-nitride nanowire

LEDs via top-down etching. Figure 5.1 summarizes the process flow. The

fabrication processes of nanosphere lithography using silica spheres and polystyrene

spheres as a mask for reactive-ion etching (RIE) has been developed. However, silica

sphere is preferred for forming high aspect ratios nanowires as it is more resistant to

chlorine-based RIE than polystyrene sphere. This section describes the nanosphere

lithography using silica spheres to form nanowires while the procedure for using

polystyrene spheres can be found in [82].

To begin with, an InGaN/GaN multiple quantum wells LED sample is cleaned

with acetone and isopropyl alcohol (IPA), and then rinsed with deionized water (DI)
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Figure 5.1: Process flow of fabricating III-nitride nanowires using nanosphere
lithography and dry etching.

water. Next, oxygen (O2) plasma treatment is performed on the sample surface to

increase the surface hydrophilicity. Drytek 482 Quad Etcher is used for the surface

treatment for 20 seconds at O2 flow rate of 100 standard cubic centimeter per minute

(sccm), RF power of 30 W and a chamber pressure of 100 mTorr. After O2 treatment,

a monolayer of silica spheres are then spin coated on the sample [Figure 5.1(a)]. The

diameter of the silica spheres is critical for the nanowire dimension, such as nanowire

diameter, nanowire height, and spacing between nanowires. Larger spheres diameter

can sustain longer etching time during RIE to form high aspect ratio nanowires but

also resulted in larger nanowires diameter.

For this experiment, 10 weight percent (wt%) silica spheres solution with sphere

mean diameter of 700 nm is used as the mask to form the nanowires. The silica

spheres are spin coated on the sample at the speed of 900 revolutions per minute

(rpm) for 80 seconds. From the optical image shown in Figure 5.2(a), a large area of

monolayer silica spheres can be observed on the substrate. The image capture using
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Figure 5.2: (a) Monolayer of 700 nm silica spheres spin-coated on the substrate under
an optical microscope. (b) SEM image of the sample with a monolayer of 700 nm
silica spheres on the substrate.

Figure 5.3: SEM image of the sample with a monolayer of silica spheres on the
substrate after 40 seconds of RIE to shrink the silica spheres.

Hitachi S-4000 scanning electron microscope (SEM) in Figure 5.2(b) shows that those

monolayer silica spheres are in hexagonally closed packed arrangement.

Next, the sample is loaded to Drytek 482 Quad Etcher for 40 seconds to shrink the

silica spheres [Figure 5.1(b)]. The recipe with 90 sccm of SF6, 30 sccm of O2, RF power

of 250 mW and a chamber pressure of 150 mTorr is used for this spheres shrinking

step. Longer etching time can also be used to create larger spacing between the

spheres, which will then resulted in larger spacing between the nanowires. Figure 5.3

shows the SEM image of the sample with silica spheres after 40 seconds of RIE. The

etch rate of the 700 nm silica spheres is determined as ∼3 nm/sec.
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Figure 5.4: SEM image of the sample at 45° angle view showing nanowire structure
with silica spheres on top after 50 minutes of RIE.

Then, nanowires are formed on the substrate through chlorine-based RIE using

LAM 4600 [Figure 5.1(c)]. The same RIE recipe (30 sccm of Cl2, 25 sccm of BCl3, 8

sccm of CHCl3, 20 sccm of Ar, RF power of 125 W and a chamber pressure of 100

mTorr) used to create LED mesa patterns described in Chapter 3.2 is used here for

the formation of nanowires. Figure 5.4 shows the SEM image of the sample after 50

minutes of RIE. The etch rate of the silica spheres is calculated as ∼1.5 nm/min while

the etch rate for the GaN is determined as ∼20 nm/min. As described in Chapter 3,

this etch recipe has not been optimized for nanostructures. Higher etch rate can be

achieved by varying the gases flow rates, for example, with reduced BCl3 and CHCl3,

and the use of higher RF power [83]. In addition, a tapered base is observed for

the nanowires due to shadowing effect and strong anisotropic etch during the RIE.

By using lower chamber pressure, a more crystallographic base can be obtained [83].

This is particularly important for forming high aspect ratios nanowires.

Afterwards, the sample is dipped in buffered oxide etch (BOE) solution to

remove the silica spheres [Figure 5.1(d)]. The final structure of the nanowires form

through top-down etching using nanosphere lithography is presented in

Figure 5.5(a). As can be seen from the SEM image, the ion bombardment during

RIE is causing rough surface on the nanowire sidewalls. The bridges between the

nanowires can be avoided by shrinking the silica spheres further to enable a larger
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Figure 5.5: (a) SEM image of the sample at 45° angle view showing nanowire structure
after removing silica spheres. (b) Comparison of PL intensity for planar structure and
nanowire structure blue LEDs.

area of exposure for the ion bombardment to occur. The damage on the nanowire

sidewalls gives rise to undesired non-radiative recombination, which significantly

degrades the quantum efficiency and light output power of the nanowires. As

evidenced by the photoluminescence (PL) intensity plot presented in Figure 5.5(b),

the nanowire structure has ∼2-times lower blue emission peak than the planar

structure. Moreover, larger defect peak at ∼550 nm can also be observed for the

nanowires as compared to the planar structure. Therefore, surface passivation for

suppressing the surface states on the nanowire sidewalls is critical for nanowires

formed through top-down etching method.

5.3 Suppression of Surface States with KOH Wet

Etching

The presence of high density of surface states due to the large surface area of

nanowires is detrimental as the existence of these surface defects causes

non-radiative recombination, which significantly limits the quantum efficiency and

output power of the nanowires. As a result, methods to effectively reduce the
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surface recombination arising from these surface states are essential to enhance the

nanowires performance. Various surface passivation materials, such as inorganic

sulfides, Si3N4, SiO2, parylene, and undoped Al(Ga)N [84, 85, 86, 87] have been

explored in the past to suppress the surface states on the nanowire sidewalls. On

the other hand, wet etching method using NaOH [88], KOH [63], or TMAH [89] has

also been investigated to remove the surface damage arisen from plasma etch.

Here, the use of AZ 400K solution, which is a KOH-based developer, for

suppressing the surface states on nanowire sidewalls through wet etching has been

carried out. In particular, the effectiveness of KOH solutions with various

concentrations and temperatures in removing the nanowire sidewall roughness and

tapered base are investigated. The concentrations of KOH are determined by the

ratio of AZ 400K to DI water. Glass beakers containing various concentrations of

AZ 400K solutions covered by aluminum foil are placed on a hot plate to heat the

solutions to 45°C and 80°C. Solutions at room temperature are left on the wet

bench without hotplate. A thermometer is used to monitor the temperature of the

solutions. As-etched III-nitride nanowires are then dipped into the solutions and

SEM images are captured at 10, 30, and 60 minutes.

Figure 5.6 shows the etch evolution of nanowires in 5% AZ 400K at room

temperature (23°C) [Figures 5.6(a) – (c)], 45°C [Figures 5.6(d) – (f)], and 80°C

[Figures 5.6(g) – (i)]. Slow etch rate with relatively small etch step is being observed

for AZ 400K at room temperature, as evidenced by Figure 5.6(c), where a

significant amount of surface damage can still be observed on the nanowires

sidewalls even after 180 minutes etch. On the other hand, for AZ 400K at 80°C, fast

etch rate can be obtained. However, there is a trade off between obtaining smooth

nanowire sidewalls and removing the tapered base. Considerably smooth sidewall

surface can be achieved after 30 minutes etch in AZ 400K at 80°C but with a

staircase pattern tapered base [Figure 5.6(h)]. Further dipping the nanowires in the

60



Figure 5.6: SEM images showing etch evolution of nanowires in 5% AZ 400K solutions
at 23°C [(a) – (c)], 45°C [(d) – (f)], and 80°C [(g) – (i)].

solution for another 30 minutes can substantially eliminate the tapered base but

with very rough sidewall surface [Figure 5.6(i)]. The removal of sidewall surface

roughness as well as the tapered base can be expected by dipping the sample into

the AZ 400K solution for an even longer time, however, this will result in

significantly reduced nanowires diameter.

Considering the difficulty in controlling the etch rate of KOH solution at high

temperature at the same time maintaining maintaining the diameter of the nanowires,

the use of 5% AZ 400K at 45°C has been investigated. The SEM images show that

relatively smooth sidewall surface can be achieved after 10, 30 and 60 minutes etch

in AZ 400K at 45°C [Figures 5.6(d) – (f)]. The slower etch rate for AZ 400K at
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Figure 5.7: SEM images of nanowires after dipping in (a) 5%, (b) 20%, (c) 40 %, (d)
60%, and (e) 80% of AZ 400K solution for 30 minutes at 45°C.

45°C than the solution at 80°C does not introduce more roughness to the nanowires

sidewalls after etching the sample for a longer time. Nevertheless, this also resulted

in the requirement of dipping the nanowires in the solution for an extended period of

time in order to completely remove the tapered base.

Alternatively, AZ 400K solutions with higher concentrations at 45°C can be used

to get rid of the tapered base. Figure 5.7 shows the SEM images of the nanowires

etched for 30 minutes in various concentration of AZ 400K at 45°C. As the

concentrations increases from 5% to 80%, higher etch rate is observed where the

nanowire sidewall changes from staircase-like pattern to more column morphology

within a shorter period of time. The tapered base is also observed to disappear

faster at higher concentration of AZ 400K. In particular, the tapered base started to

vanish at 20% of AZ 400K [Figure 5.7(b)], and has been completely removed at a

concentration of 40% or higher [Figures 5.7(c) – (e)].

The KOH-based solution has near zero etch rate for c-plane [Figure 5.8(a)] while

relatively fast etch rate for m-plane [Figure 5.8(b)]. Consequently, the rough

nanowire sidewalls can be removed while maintaining the height of the nanowires

during the etch. In addition, faster etch rates for r-plane [Figure 5.8(c)] and

(1011)-plane [Figure 5.8(d)] than the sidewall facets (m-plane) can effectively

remove the tapered base to form high aspect ratios nanowires. With extended

etching time or higher concentrations of KOH solutions at elevated temperatures,
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Figure 5.8: Representative atomic planes of wurtzite GaN crystals for (a) c-plane,
(b) m-plane, (c) a-plane, (d) r-plane, and (e) (1011)-plane.

the r-plane will slowly transform into (1011)-plane, and then the (1011)-plane will

develop into m-plane [90], which eventually resulted in smooth vertical nanowire

sidewalls with crystallographic base.

5.4 Conclusion

In summary, nanosphere lithography has been developed to fabricate III-nitride

nanowires via top-down etching. The RIE recipe used in this preliminary study has

not been optimized for faster etch rate, and for fabricating nanowires without taper

base. Further optimization of the etch recipe by altering the gases flow rates,

chamber pressure and RF power would be necessary in order to resolve these issues.

In addition, investigation of KOH-based solutions with various concentrations and

temperatures in removing nanowires sidewall surface damage arisen from the plasma

etch as well as taper base has also been performed. Results show that AZ 400K

solution with a concentration of 40%, at temperature of 45°C is adequate to achieve

smooth nanowires with crystallographic base after etching for 30 minutes.

The work discussed in this chapter is a collaborative work with two other graduate

students at RIT, Xing Lei and Matthew Hartensveld, and part of this work has been
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presented in their Master theses [82, 83]. In particular, Lei’s thesis [82] discussed the

preliminary experimental effort in developing the nanosphere lithography via transfer

method where a monolayer of nanospheres formed on the water surface is scooped

up to transfer to GaN substrate. While Lei and Hartensveld were working on the

transfer method, my work focused on developing the nanosphere lithography using

spin coating method, where nanospheres are spin-coated on the GaN substrate to form

the monolayer. We then worked together on the KOH wet etching of GaN, and this

has been discussed in Hartensveld’s thesis [83]. In addition to the KOH wet etching

study, Hartensveld’s thesis [83] also has detailed information on the optimization

study for the dry etching process with various gases flow rates, chamber pressures.

and RF powers.
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Chapter 6

Nanowire Structure III-Nitride UV

LEDs

In this chapter, polarization-dependent light extraction efficiency (ηextraction) of

AlGaN-based nanowire light-emitting diodes (LEDs) in deep-ultraviolet (DUV)

regime has been investigated using three-dimensional (3D) finite-difference

time-domain (FDTD) method. Specifically, the light extraction properties of 230

nm nanowire LEDs with various nanowire diameters and heights as well as with

different dielectric materials as passivation layer have been analyzed. Simulation

results showed that up to ∼48% transverse-magnetic (TM)-polarized ηextraction and

∼41% transverse-electric (TE)-polarized ηextraction could be obtained with nanowire

structure as compared to ∼0.2% TM-polarized ηextraction and ∼2% TE-polarized

ηextraction from a conventional planar structure.

6.1 Introduction

The efficiency of AlGaN-based UV LEDs, especially for DUV LEDs with emission

wavelength (λ) < 250 nm, is still extremely low compared to its visible counterparts

that are based on InGaN active regions. In particular, the external quantum efficiency
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(ηEQE) of AlGaN quantum well (QW) ultraviolet (UV) LEDs with planar structure

has been reported to be less than 10% for λ < 300 nm, and further drops to ∼1%

when λ is below 250 nm [91, 92]. One of the factors that cause this extremely low

performance for AlGaN-based UV LEDs is the valence subbands crossover [35, 41,

42, 43, 7] at high Al-composition AlGaN QW active region that results in dominant

TM polarized output in DUV regime.

Recent studies on AlGaN-based nanowire structure have reported encouraging

device performance for mid- and DUV LEDs [26, 27, 28]. Experimental studies on

nanowire UV LEDs have demonstrated substantial improvement in the internal

quantum efficiency (ηIQE) for peak emission wavelength of 340 nm [26] down to 210

nm [28] attributed to dislocation-free materials and improved p-type doping.

Another key advantage of the use of nanowire design is the enhancement of

ηextraction due to the significantly improved surface-to-volume ratios [26, 27, 28, 67].

Nanowire design with a larger surface area than the conventional planar structure

can allow more light to escape through the sidewall, which in turn will lead to larger

ηextraction. While experimental studies have demonstrated promising results for UV

LEDs with nanowire structures, there has been very limited work devoted to

investigating the polarization-dependent ηextraction for AlGaN-based nanowire UV

LEDs which is of great importance due to the existence of the valence subbands

crossover [35, 41] that results in TM-dominant spontaneous emission in the DUV

regime.

Note that previous works [67, 70] have theoretically investigated the light

extraction properties of the 280 nm AlGaN nanowire LEDs and concluded dominant

TM-polarized light extraction from those structures. However, due to the

significantly low TM-polarized spontaneous emission rate (Rsp) at 280 nm [35, 41],

it is still very difficult to achieve a promising ηEQE. On the other hand, it is

important to note that the TM-Rspwill become dominant for wavelengths at 230 nm
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as the crystal-field split-off (CH) subband occupies the highest energy level in

conventional AlGaN-based active region with high Al-compositions [35, 41].

Nevertheless, the polarization-dependent light extraction mechanism has not been

studied yet for this DUV regime.

Therefore, in this study, the TE- [E ⊥ c-axis] and TM- [E // c-axis] polarized

ηextraction of AlGaN-based nanowire DUV LEDs have been examined using 3D

FDTD method, which has been widely used in optical property analysis of

III-nitride emitters [25, 23, 24]. In particular, the light extraction properties of 230

nm nanowire LEDs with various nanowire sizes and passivation layer materials have

been investigated, and the results have been compared with conventional planar

AlGaN QW DUV LEDs.

6.2 Numerical Simulation of AlGaN-Based

Nanowire UV LEDs

In this study, 3D FDTD simulations are used to analyze the ηextraction and field

distributions for AlGaN-based nanowire DUV LEDs at 230 nm. The layer structure

of the simulated nanowire UV LED investigated in this study, as depicted in

Figure 6.1(a), consists of 200 nm sapphire substrate, 1.5 µm n-AlN, 50 nm AlGaN

layer to represent the multiple quantum wells (MQWs) active region, 100 nm

p-AlGaN layer, and 25 nm SiO2 passivation layer. The nanowire consists of a

hexagonal shape MQW core of diameter D and height H surrounded by a 25-nm

thick SiO2 shell layer [Figure 6.1(b)], and is oriented along the c-axis, which is

parallel to the z-direction labeled in Figure 6.1. The refractive indexes for sapphire,

AlN, AlGaN, and SiO2 layers are set as 1.9, 2.3, 2.4 and 1.52 respectively [72] while

the absorption coefficients of the n-AlN, AlGaN active region and p-AlGaN are

assumed to be 10 cm−1, 1000 cm−1 and 11500 cm−1 respectively [70, 72]. The
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Figure 6.1: (a) Schematic of AlGaN-based nanowire UV LED with SiO2 passivation
layer, (b) cross-sectional view of nanowire from the top.

simulation domain is set to ∼2λ+D with non-uniform grid size (5 nm in the bulk

and 2.5 nm at the edge). Perfectly matched layer (PML) boundary condition is

applied to all the boundaries to absorb all outgoing waves incident upon it.

A single dipole source with λ = 230 nm is placed at the center of the AlGaN MQW

active region where TE-polarization is defined as the major electric field travels in

the in-plane direction [E ⊥ c-axis] while TM-polarization is represented by the major

electric field travels in the out-of-plane direction [E // c-axis]. Single dipole source

has been used in this work as previous study has pointed out that the use of multiple

dipole sources will result in non-physical interference pattern [75], which is undesirable

for analysis of the optical properties of LEDs. A source power monitor surrounding

the dipole source is used to measure the total power generated in the active region

while output power monitors are placed at distance λ away from the nanowire to

measure the light output power radiated out of the LED device. One field monitor

is positioned at the center of the nanowire x-z plane to track the near-field electric

field distribution along the nanowire. The ηextraction is calculated as the ratio of

the light output power measured by the output power monitors to the total emitted
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power in the active region measured by the source power monitor [70]. Note that a

single AlGaN-based nanowire structure is used here for analysis, which is commonly

employed in the study of the optical properties of nanowire structure LEDs in both

experimental and theoretical works [70, 93, 94, 95, 96].

A planar UV LED with a similar layer structure and thickness as the

investigated nanowire UV LED depicted in Figure 6.1 has been investigated for

comparison purposes. Due to the limitation of computation resources, the lateral

simulation domain is set to 4 µm × 4 µm [23] with a non-uniform grid size of 5 nm

in the bulk and 2.5 nm at the edge. The refractive indexes and absorption

coefficients for AlN and sapphire layers are taken from Ref. [72] while for GaN layer

is taken from Ref. [73]. Linear extrapolation between AlN and GaN is used in

calculating the refractive indexes and absorption coefficients for p-AlGaN layer and

AlGaN active region, where the Al-content for the corresponding emission

wavelength is determined from Ref. [74]. In addition, a single output power

detection plane located at distance λ away from the top of the p-type layer is used

to measure the light output power radiated out of the planar LED device [23].

6.2.1 Planar Structure UV LEDs

Planar structure UV LEDs for ηextraction ranges from 210 nm to 310 nm have been

investigated for comparison purpose. Figure 6.2(a) illustrates the schematic of the

planar structure AlGaN-based MQW UV LED with the corresponding layers

thicknesses. The ηextraction for each polarization as a function of λ is presented in

Figure 6.2(b). The result shows that the planar LED always has higher

TE-polarized ηextraction (∼1 – 4%) than TM-polarized ηextraction (∼0.1 – 0.4%) as λ

changes from 210 to 310 nm, which is consistent with the result reported in previous

analytical study for AlGaN-based UV LED emits at 280 nm (∼4% for TE

polarization and ∼0.4% for TM polarization) [70]. As planar structure favors light
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Figure 6.2: (a) Schematic of planar structure UV LED, (b) ηextraction of the planar
UV LEDs as a function of λ, (c) polar plot of far-field intensities of planar UV LEDs
for λ = 230 nm.

extraction from the top/bottom surface (along c-axis) while TM-polarized light

tends to emit at large angles with respect to c-axis, as evidenced by polar plot of

the far-field intensities in Figure 6.2(c), majority of TM-polarized output will be

trapped inside the planar structure due to total internal reflection, and eventually

being re-absorbed by the LED device. As a result, smaller TM-polarized ηextraction

(∼0.1 – 0.4%) is obtained, which is approximately one order of magnitude lower

than the TE-polarized ηextraction (∼1 – 4%).

Despite the fact that the TE-polarized ηextraction for AlGaN MQW planar LED

is significantly higher than the TM-polarized ηextraction for λ ∼ 210 – 310 nm, it is

very challenging to achieve large TE-Rsp for such wavelength regime, as shown in

Figure 6.3. The spontaneous emission spectra of AlGaN/AlN QW with Al-content

ranging from 50% to 80% at carrier density (n) of 5×1018 cm−3 presented in Figure 6.3
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Figure 6.3: Spontaneous emission spectra for AlxGa1−xN QW with various Al-
composition plotted as a function of its corresponding emission wavelength at room
temperature with carrier density, n = 5 × 1018 cm−3.

were calculated based on the 6-band k·p formalism and taking into account strain

effect, valence band mixing, spontaneous and piezoelectric polarization, as well as

carrier screening effect [35, 97]. Due to the valence subbands crossover from the

AlGaN QWs, only significantly large TM-polarized Rsp can be obtained at ∼230 nm

due to the dominant conduction band to CH subband transition (C-CH). However,

even with this large TM-Rsp at 230 nm, it is still extremely challenging to realize

high-efficiency planar structure 230 nm LEDs due to the extremely low TM-polarized

ηextraction (∼0.2%) [Figure 6.2(b)]. Consequently, this provides a strong motivation to

investigate the polarization-dependent ηextraction of AlGaN-based nanowire UV LEDs,

especially in the 230 nm regime, if a strong TM-polarized ηextraction can be obtained

otherwise.

6.2.2 Nanowire UV LEDs

The ηextraction of the 230 nm nanowire LEDs for both TE- and TM-polarizations are

examined here, and the results are presented in Figure 6.4 as a function of nanowire
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Figure 6.4: The ηextractionof the investigated nanowire UV LEDs as a function of
diameter (D) ranges from 20 nm to 500 nm with H = 1 µm.

diameter (D) ranging from 20 nm to 500 nm with nanowire height (H ) of 1 µm.

The result shows that the nanowire structure favors TM-polarized emission, as the

TM-polarized ηextraction is consistently higher than the TE-polarized ηextraction for the

investigated nanowire D range. As an example, ∼45% of ηextraction can be achieved for

TM-polarized emission while ∼32% of ηextraction is obtained for TE-polarized emission

when D = 40 nm, which corresponding to ∼238-times and ∼17-times enhancement

in the TM- and TE-polarized ηextraction respectively as compared to the conventional

planar structure. As D increases to 100 nm, the ηextraction drops to ∼28% for TM-

polarization and ∼20% for TE-polarization, but still, the ηextraction is ∼149-times

for TM-polarization and ∼10-times for TE-polarization higher than the conventional

planar structure. In addition, the fluctuations in the ηextraction for both TM- and TE-

polarizations are due to the formation of resonant modes inside the nanowire core [70].

In contrast to the planar structure UV LEDs, nanowire structure with larger sidewall

surface area is more efficient in extracting TM-polarized emission. As the dominant

Rsp would be TM-polarized (Figure 6.3) for the corresponding AlGaN QW employed

in the nanowire LED active region, significantly improved ηEQE would be expected
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for the investigated nanowire UV LEDs as a result of the high TM-polarized ηextraction

and large TM-polarized Rsp. It is also interesting to point out that as D increases

from 20 nm to 500 nm, the general trend of the ηextraction for both TE- and TM-

polarizations is gradually declined due to the slight decrease in the surface-to-volume

ratio, which results in an increased portion of the light being trapped inside the LED

nanowire structure.

Note that the effects of small nanowire D on the ηIQE is also an important

consideration for the overall LED performance. Previous studies have shown that

nanowire structure exhibits significantly reduced defect density, which in turn

decreases the probability of non-radiative recombination at the defect sites. In

addition, the reduced strain distribution in the nanowire structure induces smaller

piezoelectric polarization field that results in negligible quantum confined Stark

effect in the nanowire [26, 98, 99, 100, 101]. Therefore, the use of nanowire structure

which favors TM-polarized light extraction, in conjunction with improved ηIQE, it is

expected that the overall efficiency can be boosted which makes it an ideal

candidate for high-efficiency TM-polarized DUV emitter.

The dependence of the ηextraction for both TE- and TM-polarizations for the

investigated nanowire UV LEDs with various nanowire H is presented in Figure 6.5.

As H changes from 200 nm to 800 nm, the TM-polarized ηextraction increases sharply

from ∼21% to ∼44%, and levels off at ∼45% for H > 800 nm. Conversely, the

nanowire H has less effect on the TE-polarized ηextraction where it primarily

oscillates between ∼30% and ∼35% as H changes from 200 nm to 1500 nm. The

minimal changes in the ηextraction for the TM-polarization emission when H varies

from 800 nm to 1500 nm are due to the lateral propagation direction of

TM-polarized photons that lead to strong photons extraction near the active region.

Accordingly, longer nanowire will not result in significant photons extraction along

the nanowire sidewall that is further away from the active region. For the case of
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Figure 6.5: The ηextractionof the investigated nanowire UV LEDs as a function of H
ranges from 200 nm to 1500 nm with D = 40 nm.

TE-polarization emission, since the majority of the TE-polarized photons are

traveling in the vertical direction and being trapped inside the nanowire, only a

small portion of TE-polarized photons can leak out through the nanowire sidewall.

As a result, the formation of resonant modes inside the nanowire due to the severe

photons trapping is causing the TE-polarized ηextraction to fluctuate. Therefore,

optimum nanowire H ranges between 800 nm and 1000 nm is preferable for the

investigated nanowire UV LEDs when D = 40 nm.

In order to better understand the photon extraction by the use of nanowire

structure, Figure 6.6 shows the electric field intensity distribution for the

investigated nanowire UV LEDs at the x-z plane with various nanowire D. The

nanowire H is fixed at 1 µm. For TM-polarized emission (top row figures of

Figure 6.6), the majority of the light is traveling in the lateral direction while very

limited photons are propagating in the vertical direction. As a result, TM-polarized

light can easily escape through the nanowire sidewall, especially for nanowire

structure with small D [Figure 6.6(a)], which results in significantly improved

TM-polarized ηextraction (∼45% for the case of D = 40 nm) as compared to the
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Figure 6.6: Cross-sectional near-field electric field intensity of the investigated
nanowire UV LEDs with H = 1 µm and various D for TM-polarization (top row
figures) and TE-polarization (bottom row figures) at the x-z plane.

conventional planar structure (∼0.2%). In contrast, TE-polarized photons (bottom

row figures of Figure 6.6) are mainly propagating in the vertical direction which can

only be extracted out from the top and bottom sides of the nanowire while very

limited photons are emitted in the lateral direction to be extracted out through the

nanowire sidewall. Due to the absorption by the p-AlGaN layer and the undesired

bottom emitting through the sapphire substrate, lower TE-polarized ηextraction is

obtained as compared to the TM component [Figure 6.4(a)]. Nevertheless, the

ηextraction for both TM- and TE-polarizations by the use of nanowire structure is

still larger than the conventional planar structure. For nanowire structure which has

a large surface-to-volume ratio, photons can be escaped into the air medium much

easier through the nanowire sidewall than conventional planar structure as photons
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in conventional planar structure can only be extracted out through the top or

bottom surface of the devices. As the emission from 230 nm LED is strongly

TM-polarized (Figure 6.3), strong sidewall TM-polarized photons extraction by the

use of nanowire structure is expected to improve the overall UV LED performance

significantly.

The electric field intensity plots presented in Figure 6.6 also provide insight into

the impact of nanowire structural parameters on the ηextraction. For nanowire UV

LED with D = 40 nm and H = 1 µm, majority of TM-polarized photons are

escaped through the sidewall of the nanowire [Figure 6.6(a)] while TE-polarized

photons are generally trapped along the nanowire [Figure 6.6(b)]. As D increases to

100 nm [Figures 6.6(c) and 6.6(d)], the trapping of photons becomes more obvious

for both TM- and TE-polarizations due to the weak micro-cavity effect.

Nevertheless, significant amount of photons can still be extracted out through the

nanowire sidewall for TM-polarized emission, even though the strong photons

confinement inside the nanowire structure for both polarizations result in a lower

ηextraction (∼28% and ∼20% for TM- and TE-polarizations respectively) as

compared to the case of D = 40 nm (∼45% and ∼32% for TM- and

TE-polarizations respectively). Further increases the nanowire D [Figures 6.6(e) –

6.6(l)] will lead to more photons trapping inside the nanowire structure and fewer

photons extraction. However, due to the increment of photon absorption by the

larger p-type layer area and weaker resonant effect in larger dimension nanowire, the

electric field intensity along the nanowire is getting weaker as compared to the case

of D = 100 nm. For that reason, the ideal nanowire DUV LED is recommended to

avoid nanowire design that strongly confines TM-polarized photons as well as

nanowire structure with a large area of p-type doping layer, which is D > 80 nm for

the investigated nanowire UV LED structures with H = 1 µm, in order to achieve

high efficiency DUV LEDs. While the nanowire D undeniably plays a vital role in
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the ηextraction, it is worth noting that longer nanowire with extended n-AlN region

does not contribute to significant photons extraction since most of the near-field

electric field intensity is concentrated around the AlGaN MQW active region. As a

result, the light extraction through the nanowire sidewall region that is further away

from the active region is very limited, especially for the case of D ≥ 100 nm

[Figures 6.6(c) – 6.6(l)]. Therefore, the ηextraction remains nearly constant (∼45%

for TM-polarization and ∼30 – 35% for TE-polarization) even though the nanowire

H increases from 800 nm to 1500 nm [Figure 6.4(b)].

6.2.3 Passivation Layer for Nanowire UV LEDs

The large surface area for nanowire structure gives rise to the presence of high surface

density state that contributes significantly to non-radiative recombination near the

surface, which in turn will lead to degraded quantum efficiency and lower output

power for nanowire devices [87, 102]. Therefore, the passivation layer for nanowire

structure plays an important role in suppressing the surface recombination arising

from the surface states. On the other hand, the choice of passivation layer material

and its corresponding thickness are critical for ηextraction as the passivation layer could

possibly impede the light extraction if the design is not optimized. Ideally, it is

preferred for the passivation layer to appear transparent in the LED emission range,

and have smaller refractive index than the nanowire core structure to minimize the

cavity effects that cause severe photons trapping within the nanowire core. This

increases the possibility of photon extraction which in turn contributes to larger

ηextraction.

In order to examine the effect of the passivation layer on the TM-polarized

ηextraction for nanowire DUV LED, the nanowire UV LEDs with 3 different

commonly used passivation layers for nitride-based LED – SiO2, SiNx and AlN, have

been studied. At λ = 230 nm, the refractive indexes of SiO2, SiNx and AlN are 1.52,
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Figure 6.7: The TM-polarized ηextraction of the investigated nanowire UV LEDs with
different passivation layer materials as a function of passivation layer thickness (t)
with nanowire H = 1 µm and D = 40 nm.

2.35 and 2.3 respectively [72]. SiO2 layer appears transparent for the investigated

wavelength regime (λ = 230 nm) with negligible absorption while SiNx and undoped

AlN layers are assumed to have absorption coefficient of 11000 cm−1 and 10 cm−1

respectively [70, 72]. The TM-polarized ηextraction presented in Figure 6.7 as a

function of passivation layer thickness (t) ranges from 10 nm to 100 nm shows that

nanowires with SiO2 passivation layer exhibit the highest ηextractionthan nanowires

with SiNx or AlN passivation layer. The SiO2 passivation layer with smaller

refractive index (n = 1.52) than the nanowire core (n = 2.4) can prevent the

existence of strong cavity effect inside the nanowire core that traps photons due to

reduced total internal reflection. At the same time, SiO2 also has the lowest

absorption coefficient compared to SiNx and AlN, which in turn will lead to more

photons extraction that contributes to higher ηextraction. For SiNx and AlN, even

though the refractive indexes for these two materials are very similar, SiNx has

larger photon absorption than AlN. As a result, smaller ηextraction are observed for

nanowires with SiNx passivation layer.
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Although both refractive index and absorption coefficient of the passivation layer

are critical to the ηextraction, varies passivation layer thicknesses will also affect the

photon extraction through the nanowire sidewall. As shown in Figure 6.7, nanowire

UV LEDs with 40 nm nanowire D, 1 µm nanowire H and 10 nm thin passivation

layer for all 3 different passivation layer materials exhibit very similar TM-polarized

ηextraction (∼45 – 47%) as the properties of the extremely thin passivation layer only

have minor effect on the photons. When t increases to 40 nm, which is similar

to the nanowire D, the TM-polarized ηextraction for nanowire with SiNx and AlN

passivation layer declines substantially to ∼31 – 33% due to total internal reflection

and the coupling of resonant modes between the nanowire core and the passivation

layer, while the TM-polarized ηextraction for nanowire with SiO2 passivation layer only

decreases marginally to 42%. Further increasing the SiO2 passivation layer thickness

beyond 40 nm will result in even smaller TM-polarized ηextraction (∼38% with t =

100 nm) due to photons trapping inside the thick passivation layer that lead to larger

coupling effects between the passivation layer and the nanowire core. However, for

the case of the nanowire with SiNx and AlN passivation layer, thicker passivation

layer (> 40 nm) is resulting in less severe photons trapping inside the nanowire core

as the refractive indexes for SiNx and AlN is very similar with the nanowire core.

TM-polarized photons that travel laterally can easily move around the passivation

layer and the nanowire core, which results in the formation of weak resonant modes

in these two layers. Consequently, the weak coupling effects between resonant modes

in the nanowire core and the passivation layer will lead to a gradual increase in the

TM-polarized ηextraction. For example, ηextraction of ∼35% and ∼39% are achieved for

75-nm thick SiNx and AlN as passivation layer respectively. For nanowire with AlN

passivation layer t > 75 nm, the TM-polarized ηextraction remains nearly constant, and

is very similar to that of the nanowire with SiO2 passivation layer (∼40% for both

cases) attributed to the weaker resonant modes in the thick AlN passivation layer
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and subsequently smaller coupling effects. The TM-polarized ηextraction for nanowire

with SiNx passivation layer stays below ∼35% as t > 75 nm due to the large photon

absorption by the SiNx material.

Figure 6.8: Cross-sectional near-field electric field intensity of the investigated
nanowire UV LEDs with various passivation layer materials for TM-polarization at
the x-z plane. The nanowire D and H are fixed at 40 nm and 1 µm respectively.

To further understand the effect of various passivation layer designs to the TM-

polarized ηextraction, the electric field intensity distribution of nanowire with 25 nm,
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40 nm, 75 nm, and 100 nm thick passivation layer for SiO2, SiNx and AlN materials

are presented in Figure 6.8. The nanowire H and D are fixed at 1 µm and 40 nm

respectively. As clearly illustrated in the electric field intensity plots, for nanowire

with thin SiO2 passivation layer (t ≤ 40 nm) [Figures 6.8(a) and 6.8(b)], the TM-

polarized photons, which are primarily concentrated near the active region, can easily

penetrate through the thin passivation layer and result in large ηextraction (∼42 – 47%).

Further increases the SiO2 passivation layer thickness will result in some photons

trapping along the nanowire core and the thick SiO2 passivation layer [Figures 6.8(c)

and 6.8(d)]. Consequently, the coupling of light between the nanowire core and SiO2

passivation layer is resulting in a marginal reduction in the TM-polarized ηextraction to

∼38% when t = 100 nm. For the case of 25 nm and 40 nm thin SiNx or AlN passivation

layers [Figures 6.8(e), 6.8(f), 6.8(i) and 6.8(j)], majority of the TM-polarized photons

suffer from total internal reflection which result in severe photons trapping along the

nanowire core. As a result, the TM-polarized ηextraction drops significantly from ∼45

– 46% with t = 10 nm to ∼31 – 33% with t = 40 nm. As t increases beyond 40 nm

[Figures 6.8(g), 6.8(h), 6.8(k) and 6.8(l)], despite the formation of resonant modes

inside the thick passivation layer, the photons trapping along the nanowire core is

less severe than the case of t = 40 nm. Subsequently, it leads to an upsurge in the

TM-polarized ηextraction, ∼34% and ∼40% for nanowire with 100 nm thick SiNx and

AlN passivation layer respectively.

Therefore, in order to counterbalance the benefit of the passivation layer in

suppressing high surface density states and the negative impact of the passivation

layer on the ηextraction, SiO2 and AlN are the preferred choices over SiNx as the

passivation layer materials for the investigated DUV nanowire LEDs. In particular,

varying the thickness of SiO2 passivation layer only has minimal impact on the

TM-polarized ηextraction, which make it an ideal candidate as a nanowire passivation

layer. Nevertheless, considering the needs of a much straightforward fabrication
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step, AlN is in favor over SiO2 as the former material can be grown in the same

growth chamber as the nanowire core. It is recommended for nanowire with AlN

passivation layer to have different passivation layer thickness than the nanowire D

to minimize the strong coupling of resonant modes between the nanowire core and

the passivation layer. In addition, previous experimental studies on Nitride-based

nanowire with AlGaN shell structure has reported that the use of rich Al-content

AlGaN shell layer can effectively suppress the non-radiative recombination [26, 103],

which can lead to improved ηIQE. Accordingly, thick AlN (> 75 nm) is expected to

achieve high ηEQE for nanowire UV LEDs with AlN as a passivation layer.

6.3 Conclusion

The TE- and TM-polarized ηextraction of AlGaN-based nanowire LEDs emit at 230

nm with various nanowire structural parameters and passivation layers have been

investigated intensively. Simulation results show that TM-polarized ηextraction up to

∼48% and TE-polarized ηextraction up to ∼41% can be achieved with nanowire

structure of various nanowire D and H as compared to the conventional planar

structure (∼0.2% for TM-polarization and ∼2% for TE-polarization). Smaller

nanowire D (< 60 nm) enables more photons to leak out through the nanowire

sidewall that results in higher ηextraction while increases the nanowire H beyond 800

nm has less impact on the ηextraction. In addition, the choice of passivation layer

material and its corresponding thickness are also critical to the ηextraction. The use

of SiO2 as a passivation layer which has a smaller refractive index than the nanowire

core can result in larger ηextraction as compared to SiNx and AlN. While varying the

SiO2 passivation layer thickness has minimal impact on the ηextraction, the

thicknesses of SiNx and AlN passivation layers are affecting the ηextraction

substantially. In summary, the investigated 230 nm nanowire LEDs with D < 60
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nm, H ranges between 800 nm and 1000 nm, and thick SiO2 or AlN (> 75 nm)

passivation layer are anticipated to improve the ηEQE significantly attributed to the

high TM-polarized ηextraction and large TM-polarized Rsp, which are expected to be

promising solutions to high-efficiency TM-polarized DUV emitters. Future work to

address the impact of various nanowire design within an array of nanowires such as

uniformity in nanowire diameter, height, spacing, and peak emission wavelength as

well as QW position is desired in order to provide more comprehensive modeling of

the nanowire LED performance.
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Chapter 7

III-Nitride Plasmonic Nanowire

LEDs

This chapter presents an alternative approach to enhance the performance of

III-nitride light-emitting diodes (LEDs) by the use of surface plasmonic effect. In

particular, green plasmonic LEDs with nanowire structure coated with 5 nm of

Al2O3 as a dielectric layer and various Ag cladding layer thicknesses are investigated

using three dimensional (3D) finite-difference time-domain (FDTD) method. The

results show that a Purcell factor of ∼80 can be obtained for the investigated

plasmonic nanowire LEDs with light extraction efficiency (ηextraction) of ∼65% when

the Ag thickness > 60 nm. Strong near-field electric field intensity at the

dielectric/metal interface confirms the existence of plasmonic effect in the active

region.

7.1 Introduction

A novel method to enhance the efficiency of III-nitride LEDs utilizing surface

plasmonic effects have drawn tremendous attention in the past decades. The

mechanism is based on the energy coupling effect between the emitted photons from
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the LED and metallic layer to result in enhanced radiative recombination efficiency

(ηrad). A plasmon is a quasiparticle describing the collective oscillation of free

electron gas in a metal, and surface plasmon (SP) refers to those plasmons that are

confined at the interface between a dielectric material and a metal. The coupling of

surface plasmon with photon creates another quasiparticle called surface plasmon

polariton (SPP). As the SPP is one of the electromagnetic wave modes, it can

interact with light waves at the interface to bring novel optical properties to the

materials. The primary advantage of employing SPPs in III-nitride emitters is its

short lifetime that leads to higher recombination rate of SPPs as compared to

radiative and non-radiative recombination processes in the LEDs. As a result,

higher internal quantum efficiency (ηIQE) can be achieved.

Investigation on the various designs of surface plasmon-based III-nitride LEDs

with planar structure have reported promising results in the LED performance,

especially in the visible light region [104, 105, 31, 30, 106, 107, 108, 109, 110, 111],

as SP energy of Ag and Au on GaN are approximately 2.76 eV (450 nm) and 2.2 eV

(560 nm) respectively [112]. For instance, a 14-fold enhancement in peak

photoluminescence (PL) intensity is observed from the Ag-coated InGaN LED [111],

and the use of a double metallic Au/Ag layers has reported up to 8.3-times

enhancement in PL intensity in green spectral regime [30]. Implementation of green

LEDs with Ag nanoparticles has also demonstrated up to 150% enhancement in

electroluminescence (EL) peak intensity [109]. Due to the exponential decay of the

evanescent SPP field, the metal has to place in close proximity to the quantum well

(QW). Previous study has shown that the enhancement factor in PL intensity

reduced from 14 with 10 nm distance to 4 with 40 nm distance [111]. This poses

technological challenges for planar structure III-nitride LEDs as a thick p-type layer

is typically desired to allow better holes injection to the LED device. On the other

hand, large sidewall surface area for nanowires expose the active region and
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Figure 7.1: Schematic diagram of the electron-hole pair recombination and quantum
well-surface plasmon coupling mechanism [112].

eliminate the requirement of a thin p-type layer, which can be an alternative

structure for III-nitride plasmonic LEDs. Therefore, in this study, we propose and

investigate the LED performance of III-nitride plasmonic nanowire LEDs of

diameter 350 nm coated with 5 nm of Al2O3 as a dielectric layer and various

thicknesses of Ag cladding layer.

7.2 Mechanism for Plasmon-Coupled Emission in

III-Nitride LEDs

The mechanism for QW coupling and light extraction for plasmonic LED is

illustrated in Figure 7.1. The enhancement in LED efficiency is coming from a

two-step process: enhanced spontaneous emission (red solid line circle in Figure 7.1)

followed by extraction of light from the SPP modes (blue dash line circle in

Figure 7.1). For conventional LED without a metal layer on top, the carriers in the

active layer are terminated by the radiative or non-radiative recombination, and the
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ηrad is defined by the ratio of these two recombination processes as followed:

ηrad =
krad

krad + knon
(7.1)

where krad is the radiative recombination rate, and knon is the non-radiative

recombination rate. On the contrary, when a metal layer is deposited within the

near field of the active layer for plasmonic LED, the electron-hole pairs in the active

region can be coupled to SPP modes at the interface between the metallic layer and

GaN (red solid line circle in Figure 7.1) if the band gap energy of the QW is close to

the electron oscillation energy of SP at the metal/semiconductor interface. The new

ηrad can then be expressed by the following equation:

ηrad =
krad + Ckspc

krad + knon + kspc
(7.2)

where kspc is the SP coupling rate, and C is the probability of photon extraction

from the SPs energy. The kspc should be very fast because the density of states of

SP modes are much larger than that of the electron-hole pairs in the QW, while C

is decided by the ratio of light scattering and disposal of the SPP modes through

non-radiative loss. If the kspc is much faster than krad and knon, the ηIQE should

dramatically increase. The key requirements in this respect are near-field proximity

between the active region and the metal surface, and close matching between the

emission wavelength and the SPP resonance.

The emission efficiency enhancement of a radiating dipole near a metal can be

interpreted with the Purcell effect, which quantifies the increase in spontaneous

emission rate into a mode of interest by setting C ≈ 1 [111]:

Fp =
krad + knon + kspc

krad + knon
≈ 1− ηrad

1− η∗rad
(7.3)
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Figure 7.2: (a) Schematic of InGaN-based green plasmonic nanowire LED with Al2O3

dielectric layer and Ag thin film. (b) The cross-sectional view of plasmonic nanowire
from the top with radius R = 175 nm. The red spots mark the location of dipole
sources.

where η∗rad is the enhanced radiative recombination rate from the plasmonic LED.

In addition to those photons generated in the active region, the SPP energy can

also be extracted as light due to the scattering of high-momentum SPPs (blue dash

line circle in Figure 7.1). Consequently, higher ηextraction can be achieved from the

extraction of both photons generated in the active region and from the SPPs.

7.3 Numerical Simulation of III-Nitride Plasmonic

Nanowire LEDs

In this study, 3D FDTD method has been employed to analyze the ηextraction and

Purcell factor for InGaN-based green plasmonic nanowire LEDs. The layer structure

of the simulated nanowire LED investigated in this study, as depicted in

Figure 7.2(a), consists of 100 nm sapphire substrate, 800 nm n-GaN, 150 nm InGaN

layer to represent the multiple quantum wells (MQWs) active region and 150 nm

p-GaN layer. The nanowire consists of a hexagonal-shaped MQW core with radius

R = 175 nm and height H = 1 µm (700 nm n-GaN, 150 nm InGaN MQWs and 150
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nm p-AlGaN layer), surrounded by 5 nm of Al2O3 and Ag thin film [Figure 7.2(b)],

and is oriented along the c-axis, which is parallel to the z-direction labeled in

Figure 7.2. The dimension of the nanowire (R = 175 nm and H = 1 µm) used in

this study is chosen based on the nanowires fabricated in house using nanosphere

lithography method discussed in Chapter 5. The refractive indexes for sapphire,

GaN, InGaN, Al2O3 and Ag layers are set as 1.78, 2.39, 2.5, 1.54 and 0.13+3.15i

respectively [72, 71] while the absorption coefficients of the GaN and InGaN are

assumed to be 10 cm−1 and 2000 cm−1 respectively [71]. The simulation domain is

set to 700 nm × 700 nm with a non-uniform grid size of 10 nm in the bulk and 2.5

nm at the edge. Perfectly matched layer (PML) boundary condition is applied to all

the boundaries to absorb all outgoing waves incident upon it.

A dipole source with emission wavelength 530 nm is placed in the active region,

and the simulation is repeated for each dipole source location marked in

Figure 7.2(b). Single dipole source has been used for each simulation as previous

study has pointed out that the use of multiple dipole sources will result in

non-physical interference pattern [75], which is undesirable for analysis of the

optical properties of LEDs. A power monitor is placed at 200 nm away from the

bottom of the simulated structure to collect the light output power radiated out of

the simulated device through the sapphire substrate. Only transverse electric

(TE)-polarized light (major electric field travels in the in-plane direction) is

considered in this study since emission from InGaN-based active region has been

reported to be primarily TE-dominant [113]. A source power monitor surrounding

the dipole source is used to measure the total power generated in the active region,

and a field monitor is positioned at 7 nm above the InGaN active region to track the

near-field electric field distribution in the x-y plane of the nanowire. The ηextraction

is calculated as the ratio of the light output power measured by the output power
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Figure 7.3: The ηextraction and Purcell factor of the investigated plasmonic nanowire
LEDs with dipole source at various locations along the y-axis in the active region.

monitor to the total emitted power in the active region measured by the source

power monitor [70] while Purcell factor is calculated by averaging the source powers.

7.3.1 Various Dipole Emitter Locations

Figure 7.3 shows the ηextraction and Purcell factor for the investigated plasmonic

nanowire LEDs with the dipole emitter placed at various vertical locations along

y-axis labeled in Figure 7.2 in the active region. The location of the dipole emitter

is swept from y = -147 nm to 147 nm for nanowire with a radius of 175 nm and the

silver thickness (HAg) of 40 nm. As shown in the results, the Purcell factor increases

when the dipole emitter moves toward the silver cladding layer while the ηextraction

decreases. In particular, the Purcell factor for the plasmonic nanowire LED with Ag

thickness of 40 nm increases from ∼1 when the dipole emitter is placed at the center

of the nanowire (x = 0, y = 0) to ∼109 when the dipole source is located near the

Ag cladding layer (x = 0, y = 147 nm), while the ηextraction drops from ∼9.6% to

0.02%. The results show that there is a trade-off between the Purcell factor and the

ηextraction. The dipole emitter located closed to the Ag cladding layer is experiencing
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Figure 7.4: The ηextraction and Purcell factor of the investigated plasmonic nanowire
LEDs as a function of Ag cladding layer thickness.

strong plasmonic effect that results in higher Purcell factor as compared to those

dipole emitters further away from the Ag cladding layer. At the same time, the

ηextraction reduces significantly due to the metal absorption when the dipole source

moves closer to the Ag cladding layer. In order to minimize the effect of

location-dependent ηextraction and Purcell factor, the simulation is repeated by

varying the location of the dipole emitter each time, as indicated in Figure 7.2(a),

then taking the average of the results from all dipole emitters to calculate the

ηextraction and Purcell factor.

7.3.2 Various Ag Thicknesses

The ηextraction and Purcell factor of the investigated plasmonic nanowire LEDs

coated with 5 nm of Al2O3 and various Ag cladding layer thicknesses are presented

in Figure 7.4. The ηextraction and Purcell factor are calculated by averaging all

results from all dipole emitters at various locations. For bare nanowire without Ag

cladding layer (HAg = 0), the ηextraction is shown to be ∼5%. When 20 nm of Ag is

deposited on the nanowire sidewalls, the ηextraction increases to ∼27% with Purcell

factor around 96. Further increases the Ag cladding layer thickness to 60 nm is
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Figure 7.5: Cross-sectional near-field electric field intensity of (a) bare nanowire LED
without Al2O3 and Ag cladding layer, and the investigated plasmonic nanowire LEDs
with 5 nm of Al2O3 and Ag thickness of (b) 40 nm and (c) 100 nm.

found to further enhance the ηextraction to ∼62% attributed to better reflectance for

the thicker metal film, and the ηextraction tends to level off at ∼65% even if HAg

changes from 80 nm to 150 nm. On the contrary, the Purcell factor only drops

minimally from 96 to 82 when HAg changes from 20 nm to 40 nm, and levels off at

∼80 for HAg > 40 nm. From the analysis, 60 nm of Ag cladding layer is adequate to

achieve high ηextraction and large Purcell factor for the investigated plasmonic

nanowire LEDs. The reflectance from thin Ag film (HAg < 60 nm) may not be

sufficient to achieve maximum ηextraction while thicker Ag cladding layer (HAg > 60

nm) may not be necessary since the Purcell factor only changes marginally. In fact,

it is favorable to observe both ηextraction and Purcell factor to be independent of the

Ag thickness since it is an elaborating task to control and measure the thickness of

the metal on the nanowire sidewalls deposited using evaporator.

The existence of plasmonic effect in the investigated plasmonic nanowire LEDs

is evidenced by the cross-sectional near-field electric field intensity plots presented

in Figure 7.5. The cross-sectional electric field for bare nanowire without Al2O3

dielectric layer and Ag cladding layer [Figure 7.5(a)] is shown for comparison while

Figures 7.5(b) and 7.5(c) show the cross-sectional electric field plots for plasmonic

nanowire LEDs with 5 nm of Al2O3, and 40 nm and 100 nm of Ag cladding layers
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respectively. As can be observed in the figure, strong electric field exists at the

dielectric/Ag interface attributed to the coupling of the photons to the SPPs. As

a result, higher ηIQE can be expected if the photons extraction rate from the SPs

energy is higher than the non-radiative decay rate of the SPPs (C parameter in

Equation 7.2). Thus, a high Purcell factor is desired for high-speed operation. In

addition, Figure 7.5 also shows that higher electric field intensity can be observed

at the core of nanowire for plasmonic nanowire LEDs [Figures 7.5(b) and 7.5(c)] as

compared to bare nanowire LED [Figure 7.5(a)] attributed to the reflectance from

the Ag film, which results in higher ηextraction.

7.4 Conclusion

In summary, a preliminary study on III-nitride plasmonic nanowire green LEDs has

been carried out, and the results show that large ηextraction (∼65%) and high Purcell

factor (∼80) can be achieved for the investigated plasmonic nanowire LEDs with

HAg > 60 nm. Both the ηextraction and Purcell factor are inferred to be uncorrelated

with the thickness of the Ag cladding layer > 60 nm, which is desired due to the

complication in controlling the metal thickness through evaporation. Future

analysis on smaller nanowire diameters, various dielectric layer materials such as

SiO2 and TiO2, as well as various designs of the nanowire, for instance,

torchlight-shaped nanowires shown in Figure 2.10 which has larger surface area for

the active region as compared to cylinder-shaped nanowires investigated in this

study, are essential to provide a comprehensive analysis on the use of nanowire

structure as plasmonic LEDs to enhance the LED performance. As stated

previously, a high Purcell factor is desired for high-speed operation. However, this

does not indicate enhancement in ηIQE as the latter is also depending on the

probability of photons extraction from the SPs energy, as described in Equation 7.2.
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Therefore, this theoretical analysis serves as a guide on the design of plasmonic

nanowire LEDs in order to obtain large ηextraction and Purcell factor, while

experimental study is necessary to examine the decay rate of the SPPs.
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Chapter 8

3D Printed Lens on III-Nitride

LEDs

In this chapter, the integration of three-dimensional (3D) printing process with

InGaN-based light-emitting diode (LED) as a straightforward and highly

reproducible method to improve light extraction efficiency (ηextraction) as well as to

achieve white color generation has been investigated. The use of optically

transparent acrylate-based photopolymer with a refractive index of ∼1.5 as a 3D

printed lens on blue LED has exhibited ∼9% enhancement in the output power at

current injection of 4 mA as compared to blue LEDs without 3D printed lens.

Finite-difference time-domain (FDTD) simulations investigating various geometries

of the 3D printed lens also show that up to 1.61-times enhancement in ηextraction can

be obtained. By mixing the photopolymer with YAG:Ce phosphor powder, stable

white color emission can be achieved with chromaticity coordinates around (0.27,

0.32) and correlated color temperature ∼8900 K at current injection of 10 mA.
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8.1 Introduction

The issues associated with low ηextraction for III-nitride LEDs are primarily caused by

total internal reflection (TIR) at the GaN/air interface. Based on Snell′s Law, the

critical angle (θc), which is the angle for the onset of TIR, for nitride-based LEDs is

defined as

θc = arcsin
nair
nGaN

(8.1)

where nair and nGaN are the refractive indexes of air and GaN respectively. By

substituting nGaN = 2.5 and nair = 1 into Equation (8.1), the θc for GaN LED

is calculated as ∼24°. This implies that photons generated in the active region of

planar InGaN LED arrive at the GaN/air interface at an angle larger than 24° will

be trapped inside the LED. For a conventional planar LED, the ηextraction can then

be approximated by the following equation:

ηextraction ≈
1

4n2
(8.2)

where n is the refractive index of the semiconductor. With nGaN = 2.5, Equation (8.2)

suggested that only ∼4% of light generated in the active region can be radiated out

from the device [114]. This relatively low light output power is inadequate for realizing

high-efficiency LEDs for solid-state lighting. Accordingly, various approaches such as

surface roughening [15, 51], patterned sapphire substrate [16, 60], microstructure

arrays [17, 115] and photonic crystals [64, 65, 18] have been attempted to enhance

the ηextraction. Though these approaches have demonstrated substantial improvement

in the ηextraction, they all involved elaborated fabrication steps that are not ideal for

scalable production.

Thus, alternative approaches to realize white LEDs with a cost-effective and

scalable process is highly demanded for solid-state lighting. Conventionally,

blue-emitting LED is coated with yellow phosphor to achieve white light
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generation [116, 117]. However, those phosphor-converted white LEDs require

additional processing steps, such as the use of a mold to prepare the phosphor

paste. On the other hand, phosphor-free approaches including multicolor-emitting

quantum well structures [118, 119], multi-chip designs [120], as well as

nanostructured designs [121, 122, 123, 124, 125, 126, 127, 128] have also been

proposed. Nevertheless, these methods all require complex fabrication processes,

which are challenging to be implemented into large scale production.

In light of the advancement of 3D printing technology, the integration of 3D

printing process with InGaN-based LED is proposed in this work as a

straightforward and highly-reproducible method to improve the ηextraction as well as

to achieve white color generation. Optical and electrical characterizations including

refractive index measurement for 3D printed lens, angle-dependent

electroluminescence (EL) and output power measurements for blue and white LEDs

with 3D printed lens have been performed to examine the ηextraction as well as to

calculate the chromaticity coordinates. 3D FDTD simulations have also been

carried out to investigate the effect of various lens designs on the ηextraction.

8.2 Characterization of 3D Printed Lens

Optically transparent acrylate-based curable photopolymer has been chosen as the

lens material in this proof of concept study. The refractive index of the photopolymer

is being characterized using Woollam VASE ellipsometer. A 1-mm thick square-

shaped photopolymer with a side length of 25 mm is 3D printed on a bare silicon wafer

using Formlabs Form 2 Stereolithography (SLA) 3D printer. To be more specific, CAD

model of a 1 mm-thick square-shaped photopolymer is first designed using Solidworks

and saved as an STL file. The STL file is then geometrically sliced into a series of

2D images that will be printed on top of the next by the 3D printer. For the printing
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part, the build platform is first positioned in the tank of liquid photopolymer. For

each layer to be printed, a galvanometer scans a 405 nm violet laser beam over the

region of the liquid resin to be cured. The platform is then raised every time a layer

is cured to make room for the next layer. For each new layer, uncured resin is spread

and the laser scanning process is repeated until the whole geometry is printed. After

the final layer is cured, the 3D printed lens is post-processed by rinsing in isopropyl

alcohol to remove wet resin remaining on the surface of the wafer, followed by post-

curing in curing oven for ∼30 minutes to improve its adhesion between the printed

part and the silicon substrate.

Figure 8.1: Refractive index of 1 mm-thick acrylate-based curable photopolymer as
a function of wavelength.

The refractive index of the photopolymer as a function of wavelength is presented

in Figure 8.1. As can be seen in Figure 8.1, the refractive index of the photopolymer

at wavelength from 300 nm to 650 nm has been characterized as ∼1.48 to ∼1.57.

As an example, by applying the refractive index of the photopolymer as 1.5 into

Snell′s Law, the θc for InGaN/GaN LED emitting at 450 nm with the photopolymer

on top is determined as ∼37°. This resulted in larger photon escape cone for the

LED with photopolymer on top as compared to conventional planar LED without

98



the photopolymer (θc,planarLED ∼24°). The presence of larger photon escape cone is

desired as it enables more photons to be extracted out of the LED structure, which

in turn can lead to higher ηextraction.

8.3 Blue LEDs with 3D Printed Lens

In order to verify the effectiveness of the photopolymer in enhancing ηextraction, a

dome-shaped lens of diameter 500 µm has been 3D printed on a 500× 500 µm2 InGaN-

based blue LED device, as illustrated in Figure 8.2. The LED structure consists of

a 2.5 µm silicon-doped n-GaN layer on top of a sapphire substrate, followed by six

periods of 2.5 nm/10 nm InGaN/GaN multiple quantum wells (MQW), and capped

with a 200 nm magnesium-doped p-GaN layer. The doping concentration for the n-

and p-doped GaN is 1018 cm−3 and 1017 cm−3 respectively. 20 nm Ti / 200 nm Au

metal stack is evaporated as n-contact while 20 nm Ni / 200 nm Au metal stack is

evaporated as metal stack for p-contact. A dome-shaped lens of diameter 500 µm

is then 3D printed using Formlabs Form 2 3D printer, as described in the previous

section.

Figure 8.2: Schematic showing a 3D printed lens on an InGaN/GaN blue LED.

Figure 8.3(a) plots the output power of the blue LEDs with and without 3D printed

lens as a function of current injection. The insets show the emission of blue LEDs
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with and without 3D printed lens respectively at current injection of 4 mA. From

the output power measurement results presented in Figure 8.3(a), it clearly indicates

output power enhancement for the LED with a 3D printed lens as compared to LED

without the lens. For example, up to ∼9% enhancement in the output power can

be obtained at current injection of 4 mA. As evidenced by the angle-dependent EL

measurement results presented in Figure 8.3(b), higher light intensity can be measured

from all angles. In particular, significant output enhancement can be observed at

angles between 0° and 30°. The enhancement in the measured light output power

is attributed to the larger photon escape cone by the use of photopolymer with a

refractive index of 1.5 as well as the curvature shape of the 3D printed lens.

Figure 8.3: (a) Output power versus current injection for blue LEDs with and without
the 3D printed lens. The photomicrograph insets show the emission of blue LEDs
with (top inset) and without (bottom inset) 3D printed lens at current injection of
4 mA. (b) Angle-dependent EL measurements for blue LEDs with and without 3D
printed lens at current injection of 4 mA.

As described in the previous section, the use of 3D printed lens with a refractive

index of 1.5 on top of a planar structure blue LED can lead to a larger photon escape

cope with θc ∼37° (as compared to θc,planarLED ∼24°). This enables more photons to

enter the 3D printed lens that would have otherwise been trapped inside the LED

due to total internal reflection. Attributed to the curvature surface of the 3D printed

lens, the incident light inside the 3D printed lens would now have their own normal
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for light refraction, as illustrated in Figure 8.4. As a result, all photons from the blue

LED that has entered the 3D printed lens can be extracted out, which lead to the

enhanced light output power observed in Figure 8.3(a).

Figure 8.4: Schematic of a planar structure blue LED with a 3D printed lens showing
the refraction of light in the 3D printed lens.

3D FDTD simulations [129] have also been performed to examine the effect of

various lens designs on the ηextraction. The two lens designs investigated are depicted

in Figure 8.5(a) for a dome-shaped lens design and Figure 8.6(a) for a dome-shaped

lens on a cylinder base design. The height of the dome-shaped lens is labeled as

h, and the height of the cylinder base is labeled as d. The layer structure of the

simulated LEDs emitting at 450 nm, which consists of 200 nm sapphire substrate,

100 nm n-GaN layer, 50 nm InGaN/GaN MQW and 100 nm p-GaN layer are also

depicted in Figures 8.5(a) and 8.6(a). The refractive indexes of the GaN, InGaN

MQW, sapphire, and 3D printed lens are set as 2.5, 2.6, 1.8 and 1.5 respectively with

absorption coefficient of 10 cm−1 for GaN and 2000 cm−1 for InGaN MQW [130, 71].

The simulation domain is set to 5× 5 µm2 with a non-uniform grid size of 10 nm in the

bulk and 2.5 nm at the edge [71]. The perfectly matched layer boundary condition

is applied to all the boundaries of the simulated structure. A single dipole source
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Figure 8.5: (a) Schematic side view of InGaN LED with dome-shaped lens; (b) far-
field radiation pattern for conventional InGaN LED (b) without lens, with dome-
shaped lens of (c) h = 0.6 µm, (d) h = 1 µm, and (e) h = 1.3 µm.

with emission wavelength 450 nm is placed at the center of the active region, and a

power monitor is placed at 200 nm away from the top of the simulated structure to

monitor the light output power radiated out of the simulated device. Only transverse

electric (TE)-polarized light (major electric field travels in the in-plane direction)

is considered in this study since emission from InGaN-based active region has been

reported to be primarily TE-dominant [113]. The ηextraction is calculated as the ratio

of the light output power measured by the power monitor to the total power dissipated

by the dipole source in the active region while the ηextraction ratio (ηratio) is calculated

by normalizing the ηextraction obtained from the LED with a 3D printed lens to the

conventional LED without 3D printed lens.

The far-field radiation pattern for conventional LEDs without 3D printed lens

are plotted in Figures 8.5(b) and 8.6(b) where typical Lambertian radiation pattern
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Figure 8.6: (a) Schematic side view of InGaN LED with dome-shaped lens on cylinder
base; far-field radiation pattern for conventional InGaN LED (b) without lens, with
dome-shaped lens on cylinder base of (c) h = 0.3 µm, d = 0.2 µm, (d) h = 0.5 µm,
d = 0.5 µm, (e) h = 0.3 µm, d = 1 µm, and (f) h = 1 µm, d = 0.3 µm.

with angular (θ) dependent and symmetrically azimuthal (φ) distribution has been

expected. By integrating a 3D printed lens with a refractive index of 1.5 on top of

the InGaN LED, the same Lambertian radiation pattern can be observed for both

lens designs, as depicted in Figures 8.5(c) – 8.5(e) and Figures 8.6(c) – 8.6(f). In

particular, higher radiation intensity can be observed at the center region, which

eventually contributes to larger ηextraction than the conventional LEDs without 3D

printed lens. From the ηratio indicated in Figures 8.5(c) – 8.5(e) for LEDs with

the dome-shaped lens of various h, the enhancement in the ηextraction is observed to

increase when the h is getting larger. Specifically, the ηratio is calculated to increase

from 1.35-times to 1.61-times when h changes from 0.6 µm [Figure 8.5(c)] to 1.3 µm

[Figure 8.5(e)].
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For the case of LEDs with a dome-shaped lens on a cylinder base, the same

phenomena can also be observed where the ηextraction increases when the total height

of the lens (h + d) is increasing. For instance, the ηratio is calculated to increase

from 1.19-times to 1.55-times when the total height of the lens changes from 0.5 µm

[Figure 8.6(c)] to 1.3 µm [Figure 8.6(f)]. However, when comparing the radiation

plots and ηratio of Figures 8.5(e), 8.6(e) and 8.6(f) where the total height of the lens

is 1.3 µm, it is obvious that d parameter has less effect than h parameter on the

ηextraction. This implies that the curvature shape of the lens is more critical than the

total height of the lens in enhancing the ηextraction. To be more specific, the calculated

ηratio for LEDs with 1.3 µm total lens thickness increases from 1.32-times at h = 0.3

µm, d = 1 µm [Figure 8.6(e)] to 1.55-times at h = 1 µm, d = 0.3 µm [Figure 8.6(f)],

and 1.61-times at h = 1.3 µm, d = 0 [Figure 8.5(e)]. Another comparison is the LEDs

with a total lens thickness of 1 µm where the ηratio with lens design of h = 0.5 µm,

d = 0.5 µm [Figure 8.6(d)] is only 1.42-times while ηratio for LEDs with lens design

of h = 0.5 µm, d = 0 [Figure 8.5(d)] is determined to be 1.58-times.

Based on the results obtained from the FDTD analysis, two conditions related to

the lens design have been exemplified: 1) the use of 3D printed lens with higher

refractive index (n lens = 1.5) than air medium (nair = 1) is resulting in larger

photon escape cone in the GaN/lens interface that can help to extract more photons

out of the LED structure, and 2) the curvature shape of the 3D printed lens, which

can help to enhance the light scattering effect, is more critical than the total lens

thickness in light extraction. These two design considerations can be tuned easily by

the use of 3D printing technology as the parameter h and d can be changed by

modifying the CAD file while the simplicity in changing the photopolymer type in

the 3D printer enables the possibility of experimenting with different lens materials

of various refractive indexes. In addition, the use of the 3D printed lens as an

encapsulation for LED devices can also achieve white color emission by mixing the
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photopolymer with phosphor, which removes the need for extended fabrication

procedure.

8.4 White LEDs with 3D Printed Lens

Based on the promising results obtained from blue LEDs with a 3D printed lens, the

possibility of achieving high-efficiency white LEDs using 3D printed lens has been

investigated. In pursuance of achieving white color emission, the mixture of

photopolymer with yellow phosphor powder is 3D printed on blue LED devices.

Commercial Ce-doped YAG phosphor powder with peak emission at 551 nm and an

average particle size of 18 µm is used in this study. As it is impractical to prepare a

large tank of photopolymer with phosphor powder mixture for the Formlabs Form 2

SLA 3D printer in this proof of concept study, System 30M 3D printer (Hyrel3D,

USA) equipped with a standard SDS-5 extruder is used instead. The apparatus has

a stepper motor with a gear reduction system to produce a low flow rate of the ink.

The ink (a mixture of photopolymer and yellow phosphor powder in the ratio of 2:1

prepared using a mixer at 4000 rpm for 30 minutes) is loaded into a 5 cubic

centimeter syringe and mounted on the SDS-5 extruder. A 34 gauge luer lock

dispensing needle is used to print the desired pattern onto the blue LED devices.

Parameters such as flow rate, standoff distance, and translational speed can be

optimized based on the ink properties and lens design, which enable mass

customization on a large scale. In addition, this printing process can also be easily

transformed from the lab-scale process into large scale production through

automation, for example, by defining how many times to repeat the printing process

after the stepper motor moves for a certain distance.

Figure 8.7(a) shows that white color emission can be achieved from the blue LED

by the use of the mixture of photopolymer and phosphor powder as 3D printed lens.
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Figure 8.7: (a) White color emission from the proposed white LED with 3D printed
lens; (b) EL intensities for white LEDs with 3D printed lens under various current
injections; (c) Color coordinates of the light emission for white LEDs with 3D printed
lens under various current injection on the CIE 1931 color space chromaticity diagram.

The EL intensities at various current injection presented in Figure 8.7(b) exhibit

dual-wavelength emission peaks at ∼440 nm and ∼530 nm, which are critical for

color mixing to achieve white color emission. To further demonstrate the white light

emission from the proposed white LED with the 3D printed lens, the location of the

light at various current injections are shown in the Commission Internationale de

l’Eclairage (CIE) 1931 color space chromaticity diagram. As indicated in the CIE

diagram, the coordinates are essentially in the white region as the current changes

from 10 mA to 20 mA. In particular, the CIE coordinates are primarily located

around (0.27, 0.32) with correlated color temperature (CCT) ∼8900 K at 10 mA, and

approximately (0.26, 0.32) with CCT∼9200 K at 20 mA, which is comparable to those

nanostructured white LEDs, for example, disk-in-wire LEDs with CIE coordinate of

(0.29, 0.37) at 50 A/cm2 [127].
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8.5 Conclusion

In summary, the integration of 3D printed lens with InGaN-based LED for enhanced

ηextraction and white color emission has been proposed and investigated in this study.

As a proof of concept study, a dome-shaped lens of diameter 500 µm with a refractive

index of 1.5 has been 3D printed on a blue LED device, where ∼9% enhancement

in the light output power at current injection of 4 mA has been observed. FDTD

analysis of various lens designs that show up to 1.61-times enhancement in ηextraction

has confirmed the feasibility of using the 3D printed lens to improve the ηextraction.

In addition, white color emission has also been demonstrated from a blue LED with

a 3D printed lens by mixing the photopolymer with yellow phosphors. Specifically,

chromaticity coordinate of (0.27, 0.32) and CCT ∼8900 K has been reported at

current injection of 10 mA. It is anticipated that the proposal of the integration of

3D printed lens with nitride-based LEDs presented in this study could open the door

to cost-effective and scalable processes in realizing next-generation high-efficiency and

high-brightness III-nitride LEDs.
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Chapter 9

White LEDs with Ternary InGaN

Substrate

In this chapter, the use of ternary InGaN substrate for high-efficiency monolithic

tunable white light-emitting diodes (LEDs) has been investigated. Nanostructure

engineering has been conducted in the multiple quantum wells (MQW) active region

for LEDs on ternary InGaN substrate to achieve white color illumination.

Simulation studies showed that the proposed and optimized white LED device

structures exhibited ∼2 times larger external quantum efficiency (ηEQE) and higher

light output power as compared to conventional InGaN/GaN LEDs on GaN

substrate. The chromaticity coordinates and correlated color temperature (CCT) of

the proposed white LEDs on ternary substrate also demonstrated comparable

results with those nanostructured white LEDs.

9.1 Introduction

Solid-state lighting based on white color LEDs is considered as the next-generation

illumination system due to the high efficiency and reliable device performance.

Conventionally, GaN-based blue-emitting LED is coated with yellow phosphor to
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convert part of the blue emission to longer wavelength (λ) for white light

generation [131, 120, 132, 133]. However, these phosphor-converted (PC) white

LEDs exhibit large Stokes loss (∼10 to ∼30%) due to the wavelength

down-conversion [133]. Additionally, those PC-LEDs suffer from stability issues

such as phosphor-aging, packaging cost issues, and dependency on the efficiency of

GaN-based LEDs [133]. Meanwhile, “multichip” approach [120] has also been

proposed for white-color generation by combining red, green and blue (RGB)

monochromatic LED chips, which demonstrates several significant advantages over

PC-LEDs. However, this approach suffers from significantly increased cost from

additional processing steps for chips integration and the need for driver circuitry.

Thus, the pursuit of high-efficiency, cost-effective, and monolithic white LEDs

has attracted tremendous attention [126, 127, 134, 124, 135]. Previous works have

reported the possibility of fabricating phosphor-free monolithic white LEDs by

stacking multi-color-emitting InGaN/GaN quantum wells (QWs) on GaN

substrate [136, 137, 138, 119, 134]. However, it is very challenging to incorporate

high In-content into InGaN/GaN QWs on GaN substrate, which is critical for green

and yellow emission wavelengths, due to charge separation issue from large

lattice-mismatch strain [130, 139]. On the other hand, nanostructure engineering

approaches such as the use of quantum dots [125, 124], nanowires [140, 126, 127],

pyramids [135, 128, 123] and patterned substrates [141, 142] have also been pursued

previously to achieve white LEDs. Nevertheless, these methods all require complex

fabrication processes which are challenging to be implemented into large scale

production. Therefore, alternative cost-effective and high-efficiency solutions are in

great demand for white LEDs.

Recent studies have pointed out that the use of ternary InGaN substrate for

InGaN/InGaN QW LEDs could lead to promising light output covering the entire

visible spectrum [143, 144]. Up to ∼3 times enhancement in spontaneous emission
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rate for λ ∼ 450 – 645 nm as compared to conventional InGaN/GaN QWs on GaN

substrate has been reported. Additionally, experimental works reporting successful

growth of high In-content ternary InGaN substrate [145, 146, 147, 148, 149] would

enable the growth of InGaN LEDs on ternary substrates. Specifically, recent works by

Hoffbauer and coworkers have demonstrated the growth of high quality InGaN films

on sapphire, with In-content up to 40% and film thickness up to 1 µm [148, 149],

using molecular beam epitaxy. Thus, it is anticipated that those ternary substrates

would be suitable for InGaN-based green and yellow emitters, which would be of great

interest for feasible monolithic white LEDs.

9.2 Numerical Simulation of White LEDs with

Ternary InGaN Substrate

Advanced Physical Models of Semiconductor Devices (APSYS), a 2D/3D software

modeling package developed by Crosslight Software Inc., has been employed to

analyze the optical and electrical characteristics of the white LEDs on ternary

InGaN substrate. APSYS models the optical and thermal properties of

semiconductor devices based on finite element analysis by solving Poisson’s equation

and current continuity equations. The band structures and radiative recombination

rates are solved self-consistently with k ·p the quantum mechanical solver by taking

into consideration carrier transport effect, valence band mixing, strain effect,

spontaneous and piezoelectric polarizations, and carrier screening effect. All band

parameters used in the simulation were taken from Refs. [150, 151]. The band offset

ratio (∆Ec:∆Ev) for all layers was set as 0.7:0.3, and the surface charge density was

set as 50% of the theoretical values [152]. The operating temperature was assumed

to be 300 K.

110



Figure 9.1: Schematics of monolithic white LEDs consist of 3 nm InGaN MQWs with
6 nm In0.15Ga0.85N QBs on ternary In0.15Ga0.85N substrate. 1 nm thin GaN barrier is
inserted to surround the blue QW located closer to p-region for LED (A) and LED
(B). LED (C) without thin barriers is used as a reference device.

Two monolithic white LED structures with vertical injection configuration shown

in Figure 9.1 [LED (A) and LED (B)] have been proposed and studied. The LED

device without any nanostructure engineering [LED (C)] is used as a reference. LED

(A) is composed of two blue-emitting QWs and two yellow-emitting QWs while LED

(B) and LED (C) are composed of three blue-emitting QWs and one yellow-emitting

QW. The 0.4 µm thick n-In0.15Ga0.85N layer (n-doping = 5 × 1018 cm−3) is used

as the substrate of the device, followed by four periods of 3 nm InxGa1−xN QWs

(x = 0.2 or 0.25 for blue emission and x = 0.38 for yellow emission) with 6 nm

In0.15Ga0.85N quantum barriers (QBs), and a 200 nm p-In0.15Ga0.85N layer (p-doping

= 1.2 × 1018 cm−3). Note that the strain in InGaN/InGaN QW on ternary InGaN

substrate can be reduced by up to ∼75% as compared to conventional InGaN/GaN

QW on GaN substrate, as pointed out by previous work [144]. The significantly

decreased strain resulted in a substantial reduction of piezoelectric polarization field

and internal electrostatic field in the QWs, and consequently led to the suppression

of the charge separation effect. Thus, the ternary In0.15Ga0.85N substrate has been

employed in this study for all the proposed LEDs. The background doping in the
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active region is assumed as 5 × 1016 cm−3. For both LED (A) and LED (B), a 1 nm

thin GaN barrier has been inserted to surround the blue-emitting QW (in this case,

the 6 nm In0.15Ga0.85N QB is replaced with 5 nm In0.15Ga0.85N QB and 1 nm GaN

thin barrier) located closer to the p-InGaN layer for improved carrier confinement in

the blue-emitting QWs.

9.2.1 Band Structures and Carriers Distributions

The characteristics of the three InGaN/InGaN LEDs with ternary InGaN substrate

at current density (J) of 100 A/cm2 are analyzed and compared. Figure 9.2(a) plots

the conduction bands and electron concentrations, and Figure 9.2(b) plots the

valence bands and hole concentrations for all investigated devices. The

corresponding bandgaps of GaN, In0.15Ga0.85N, In0.2Ga0.8N, In0.25Ga0.75N and

In0.38Ga0.62N are calculated as 3.437 eV, 2.839 eV, 2.654 eV, 2.475 eV and 2.044 eV

respectively. As can be observed from Figure 9.2, majority of the carriers are

populating the yellow QW for LED (C) with peak electron and hole concentrations

of 82 × 1018 cm−3 and 114 × 1018 cm−3 respectively while negligible amount of

carriers are populating the blue QWs. Since the blue QW has smaller effective

barrier height (hc for conduction band and hv for valence band) as compared to the

yellow QW, the latter forms a strong local minimum in the MQWs active region,

which is localizing carriers strongly and leading to poor carrier concentrations in the

blue QWs. The insertion of the GaN thin barriers [the case of LED (A) and LED

(B)] solves this issue by increasing hc of electrons from 259 meV in LED (C) to 490

meV in both LED (A) and LED (B), and hv of holes from 223 meV in LED (C) to

371 meV in both LED (A) and LED (B). As a result, the carrier population in the

blue-emitting QWs has been enhanced significantly, as shown in Figure 9.2.

The peak electron and hole concentrations in the blue-emitting QW is 40 × 1018

cm−3 and 48 × 1018 cm−3 respectively for LED (A) and 32 × 1018 cm−3 and 41 ×
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Figure 9.2: Simulated (a) conduction band structures and electron concentrations
and (b) valence band structures and hole concentrations of InGaN/InGaN MQWs
white LEDs on ternary InGaN substrate at J = 100 A/cm2.

1018 cm−3 respectively for LED (B), and the peak electron and hole concentrations

in the yellow-emitting QW is 30 × 1018 cm−3 and 54 × 1018 cm−3 respectively for

LED (A) and 27 × 1018 cm−3 and 45 × 1018 cm−3 respectively for LED (B). This

balanced carrier concentration in the MQWs active region is expected to lead to

balanced light output in both blue and yellow spectral regimes, which would enable

proper color-mixing to achieve white illumination.
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9.2.2 Spontaneous Emission Spectra

To demonstrate the optical properties of the proposed white LEDs, Figure 9.3 plots

the simulated spontaneous emission spectra of LEDs (A), (B) and (C) at J = 100

A/cm2. The insertion of the GaN thin barrier effectively leads to dual-wavelength

emissions in blue and yellow. Specifically, both LEDs (A) and (B) show the blue

peak spontaneous emission wavelength (λpeak) ∼ 480 nm due to the enhanced carrier

populations in the blue QWs. The yellow peak for both LEDs is obtained with λpeak ∼

580 nm. Note that as a comparison, LED (C) shows a single green emission peak with

λpeak ∼ 560 nm and the full-width half maximum (FWHM) ∼62 nm, which can be

attributed from the recombination of excited states since a considerably large amount

of carriers are collected by the yellow QW. The spontaneous emission spectrum from

the LED (C) also proves that it is very important to have the GaN thin barrier

insertion in order to achieve white color illumination. Furthermore, the design of the

MQWs active region from the LED (A) and LED (B) also shows the flexibility in

terms of combining the blue and the yellow QWs, which would be ideal for large scale

device manufacturing purpose.

9.2.3 Light Output Powers and External Quantum

Efficiencies

The simulated light output power, current-voltage (IV) characteristic and relative

ηEQE of the investigated monolithic white LEDs as a function of J are shown in

Figure 9.4. Here, the extraction efficiency, monomolecular coefficient A, and Auger

coefficient C are employed as 70%, 106 s−1 and 1034 cm6s−1, respectively [152]. In

general, all three LEDs on ternary InGaN substrate exhibit promising light output

power and ηEQE due to significantly reduced internal electrostatic field. The light

output powers of ∼134 mW, ∼170 mW and ∼139 mW has been obtained for LED
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Figure 9.3: Simulated spontaneous emission spectra of InGaN/InGaN MQWs white
LEDs on ternary InGaN substrate at J = 100 A/cm2.

(A), LED (B) and LED (C) respectively at J = 250 A/cm2, as shown in Figure 9.4(a).

Note that the increased turn-on voltage (∼2.7 V) for both LEDs (A) and (B) are due

to increased series resistance as compared to LED (C) (∼2.1 V), which is attributed

from the larger barrier height induced by the insertion of the GaN thin barriers.

From the relative ηEQE plot in Figure 9.4(b), it shows that both LEDs (A) and

(B) on ternary substrate have the peak ηEQE (∼50%) with J ∼ 10 – 15 A/cm2,

which is significantly higher than that of InGaN/GaN monolithic white LEDs on

conventional GaN substrate (ηEQE ∼ 20%) [137]. Despite the fact that LED (C)

shows a higher ηEQE peak (∼68%) at J ∼ 25 A/cm2, it has a much severe droop

towards higher current densities, which is attributed from poorer carrier confinement

due to the absence of the GaN thin barrier design. More importantly, only green

color illumination can be obtained from LED (C) while white color illumination can

be achieved by LEDs (A) and (B) with comparable output power and ηEQE.
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Figure 9.4: Simulated (a) light output powers and IV characteristics, and (b) relative
ηEQE for InGaN/InGaN MQWs white LEDs on ternary InGaN substrate as a function
of current density at room temperature.

9.2.4 Chromaticity Coordinates and Color Temperatures

Figure 9.5 shows the locations of the light emission for the investigated monolithic

white LEDs on ternary substrates on the Commission Internationale de l’Eclairage

(CIE) 1931 color space chromaticity diagram at various injection current levels. As

indicated on the CIE diagram, the coordinates for LED (A) and LED (B) are

essentially in the white region at various current injection levels while the

coordinates for LED (C) are located in the green region. This again implies that the

insertion of thin GaN barriers surrounding the blue QW adjacent to the yellow QW

is essential for white color generation. The CIE coordinates are relatively constant,
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Figure 9.5: Color coordinates of the light emission for the investigated monolithic
InGaN/InGaN MQW white LEDs on the CIE 1931 color space chromaticity diagram
from 50 A/cm2 to 150 A/cm2. The CIE coordinates for InGaN/GaN white LED on
GaN substrate [119] and nanowires white LEDs [126], [127] at 50 A/cm2 are also
shown in the figure.

approximately (0.30, 0.28), for LED (A) with current density up to 150 A/cm2

whereas for LED (B), it moves from (0.30, 0.28) to (0.26, 0.22) as current increases

from 50 A/cm2 to 150 A/cm2. Both LED (A) and LED (B) exhibit minor blue-shift

with increased injection current due to quantum confined Stark effect.

For the investigated monolithic white LED structures, the corresponding CCTs

at 50 A/cm2 are obtained as ∼8200 K for LED (A) and ∼8800 K for LED (B),

which are appropriate for general illumination purpose [131, 133]. The CCT values

from LEDs (A) and (B) are also comparable with those of nanostructure white LEDs

(∼4500 – 6500 K) [126, 127]. For comparison purpose, Figure 9.5 also summarizes

the CIE coordinates for InGaN/GaN-based white LEDs on GaN substrates [(0.32,

0.41) at 50 A/cm2] [119] and nanostructure white LEDs [(0.35, 0.37) and (0.29, 0.37)
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respectively for dot-in-wire LEDs [126] and disk-in-wire LEDs [127] at 50 A/cm2].

These results suggest that the proposed monolithic white InGaN/InGaN MQW LED

structures can achieve stable white color illumination and promising efficiency while

only require standard device fabrication processes.

9.3 Conclusion

In summary, high-efficiency phosphor-free monolithic white LEDs with

InGaN/InGaN QWs on ternary InGaN substrate are proposed and analyzed.

Simulation studies show that by integrating blue- and yellow-emitting

InGaN/InGaN MQWs with an engineered structures on ternary InGaN substrate,

large output power (∼170 mW) and high ηEQE (∼50%) can be achieved for stable

white illumination at various current injections at room temperature. The results

also demonstrate the importance of nanostructure engineering for InGaN/InGaN

MQWs LEDs on ternary InGaN substrate for white light emission. The

chromaticity coordinates around (0.30, 0.28) and CCT ∼8200 K can be obtained at

J = 50 A/cm2 for the tunable white LED structures with engineered active region in

this study. Thus, it is expected that the monolithic InGaN/InGaN MQW white

LED devices based on InGaN ternary substrate would serve as a promising

candidate for high-efficiency and cost-effective solid-state lighting applications.

Further experimental studies to investigate the optimized structure as well as the

optimized growth are required for enabling the advantages presented in this study

for InGaN/InGaN MQWs white LEDs on ternary InGaN substrate.
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Chapter 10

Summary and Future Work

This dissertation describes a body of work investigating light extraction efficiency

(ηextraction) for nanostructured III-nitride light-emitting diodes (LEDs). In

particular, comprehensive studies on the polarization-dependent ηextraction for

AlGaN-based flip-chip UV LEDs with microdome-shaped patterned sapphire

substrates (PSS) and AlGaN-based nanowire UV LEDs have been performed.

Plasmonic nanowire green LED structure has also been proposed and investigated

for enhancing the LED performance via surface plasmon polaritons (SPPs).

Nanosphere lithography and KOH-based wet etching process have been developed

for the top-down fabrication of III-nitride nanowire LEDs. In order to achieve white

light emission, integration of three-dimension (3D) printing technology with LED

fabrication as well as novel LED structures employing ternary InGaN substrate have

also been discussed.

10.1 UV LEDs with Patterned Sapphire Substrate

Patterned sapphire substrate (PSS) has been widely used for III-nitride emitters in the

visible region while there are still very limited works exploring the light extraction

mechanism for III-nitride ultraviolet (UV) LEDs. My work has investigated the

119



transverse-electric (TE)- and transverse-magnetic (TM)-polarized ηextraction for 230

nm and 280 nm flip-chip UV LEDs with microdome-shaped array patterning on the

sapphire substrate. In particular, three types of PSS have been analyzed: bottom-side

PSS, top-side PSS, and double-sided PSS. The results show that microdome-shaped

PSS is particularly efficient in enhancing TM-polarized ηextraction where up to ∼4.5-

times and ∼2.2-times can be obtained for 230 nm and 280 nm flip-chip UV LEDs

with bottom-side PSS respectively, and∼6.3-times and∼1.8-times for 230 nm and 280

nm flip-chip UV LEDs with top-side PSS respectively. The significant improvement

obtained in the TM-polarized ηextraction is attributed to the enhanced scattering effect

introduced by the microdome-shaped array that enables the TM-polarized photons

to escape from the LED structure. As a result, the use of double-sided PSS could

result in even higher TM-polarized ηextraction where up to ∼11.2-times and ∼2.6-times

improvement can be achieved for 230 nm and 280 nm flip-chip UV LEDs respectively.

Accordingly, higher ηEQE from UV LEDs employing PSS is expected as a result of

dominant TM-polarized spontaneous emission and larger TM-polarized ηextraction. On

the contrary, the use of the microdome-shaped PSS does not lead to enhanced TE-

polarized ηextraction for both the 230 nm and 280 nm flip-chip UV LEDs. The PSS

is actually acting as a reflector that reflect majority of the TE-polarized light back

into the structure. Consequently, lower TE-polarized ηextraction for flip-chip UV LEDs

with microdome-shaped PSS as compared to flip-chip UV LEDs with flat sapphire

substrate has resulted.

The analysis presented in this study is intended to shed light on the design of

flip-chip UV LEDs with nanostructure PSS for both mid- and deep-UV regimes to

achieve high-efficiency AlGaN-based UV LEDs. Further analysis and comparison on

various types of nanostructure patterning such as triangle, trapezoid and nano-hole

arrays can also be performed to provide a more comprehensive insight into the use

of nanostructure PSS for UV LEDs. In addition, the experimental realization of the
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proposed UV LEDs with nanostructure PSS, including etching procedure to create

nanostructure PSS followed by fabrication into LED devices can also be carried out

in the future.

10.2 Nanowire UV LEDs

Nanowire LED structure is beneficial for extracting TM-polarized output attributed

to its large surface-to-volume ratios, which is particularly important for high

Al-composition AlGaN quantum well (QW) emission that is primarily

TM-dominant. My work has been attempted to develop nanosphere lithography

method to form III-nitride nanowires via top-down etching, followed by wet etching

in AZ 400K solution to remove nanowires sidewall surface damage arisen from the

plasma etch. The current reactive ion etching (RIE) recipe reported in this

dissertation has not been optimized for fast etch rate and forming nanowires

without taper base. Further optimization of the etch recipe by altering the gases

flow rates, chamber pressure and RF power would be necessary in order to resolve

these issues. On the other hand, results on current wet etching study show that AZ

400K solution with a concentration of 40%, at temperature of 45°C is adequate to

achieve smooth nanowires with crystallographic base after etching for 30 minutes.

Future study investigating the effects of various RIE conditions (which will result in

various profiles on the nanowire sidewalls) on the AZ 400K wet etching may be

necessary.

In addition, theoretical analysis of the polarization-dependent ηextraction of 230

nm AlGaN-based nanowire LEDs has also been investigated using 3D FDTD

method. Results show that up to ∼48% TM-polarized ηextraction and ∼41%

TE-polarized ηextraction can be obtained for 230 nm UV LEDs with nanowire

structure as compared to ∼0.2% TM-polarized ηextraction and ∼2% TE-polarized
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ηextraction from the conventional planar structure. Smaller nanowire D (< 60 nm)

enables more TM-polarized photons to leak out through the nanowire sidewall that

results in higher ηextraction while increases the nanowire H beyond 800 nm has less

impact on the ηextraction. Additionally, investigation on various passivation layers

materials and thicknesses also show that thick SiO2 or AlN (> 75 nm) passivation

layer can result in enhanced ηextraction as compared to SiNx and thinner SiO2 or AlN

(< 75 nm). Future work to address the impact of various nanowire design within an

array of nanowires such as uniformity in nanowire diameter, height, spacing and

peak emission wavelength as well as QW position is desired in order to provide more

comprehensive modeling of the nanowire LED performance.

10.3 Plasmonic Nanowire LEDs

The use of surface plasmon polaritons (SPPs) has been reported previously as a

mean to improve the ηIQE and ηextraction of III-nitride plasmonic LEDs with planar

structure. My work has proposed the use of nanowire structure for III-nitride

plasmonic LEDs as the large sidewall surface area of the nanowire enables the

exposure of the active region to interact with the SPPs, and eliminate the

requirement of a thin p-type layer. My work has reported a preliminary study on

III-nitride plasmonic nanowire green LEDs structure coated with 5 nm of Al2O3 as

a dielectric layer and various Ag cladding layer thicknesses using 3D FDTD method.

The results show that a Purcell factor of ∼80 can be obtained for the investigated

plasmonic nanowire LEDs with ηextraction ∼65% when the Ag thickness > 60 nm.

Thinner Ag suffers from lower ηextraction due to the lower reflectance from the thin

metal film despite higher Purcell factor can be achieved.

Both the ηextraction and Purcell factor are inferred to be uncorrelated with the

thickness of the Ag cladding layer > 60 nm, which is desired due to the complication
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in controlling the metal thickness through evaporation. Future analysis on smaller

nanowire diameters, various dielectric layer materials such as SiO2 and TiO2, as well

as various designs of the nanowire, for instance, torchlight-shaped nanowires, are

essential to provide a comprehensive analysis on the use of nanowire structure as

plasmonic LEDs to enhance the LED performance. It is important to note that high

Purcell factor does not indicate enhancement in ηIQE as the latter is also depending

on the probability of photons extraction from the SPs energy. Therefore, theoretical

analysis can serve as a guidance on the design of plasmonic nanowire LEDs in order

to obtain large ηextraction and high Purcell factor while future experimental study is

necessary to examine the decay rate of the SPPs.

10.4 3D Printed Lens on InGaN LEDs for White

Color Emission

In light of the advancement of 3D printing technology, the integration of 3D printing

process with InGaN-based LED is proposed in this dissertation as a straightforward

and highly-reproducible method to improve the ηextraction as well as to achieve white

color generation. As a proof of concept study, optically transparent acrylate-based

photopolymer with a refractive index of ∼1.5 has 3D printed in as dome-shaped lens

on blue LED devices. Power measurements on the blue LEDs with 3D printed lens

show that up to ∼9% enhancement in the light output power at current injection

of 4 mA can be observed as compared to blue LEDs without the 3D printed lens.

FDTD analysis of various lens designs that show up to 1.61-times enhancement in

ηextraction has confirmed the feasibility of using the 3D printed lens to improve the

ηextraction. In addition, white color emission has also been demonstrated from a blue

LED with a 3D printed lens by mixing the photopolymer with YAG:Ce phosphor

powder. Specifically, chromaticity coordinate of (0.27, 0.32) and CCT ∼8900 K has
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been reported at current injection of 10 mA. It is anticipated that the proposal of the

integration of 3D printed lens with nitride-based LEDs presented in this study could

open the door to cost-effective and scalable processes in realizing next-generation

high-efficiency and high-brightness III-nitride LEDs.

10.5 Monolithic White LEDs with Ternary InGaN

Substrate

Previous studies have pointed out that the use of ternary InGaN substrate for

InGaN/InGaN QW LEDs could lead to promising light output covering the entire

visible spectrum attributed to smaller lattice mismatch as compared to conventional

InGaN/GaN QWs on GaN substrate. In my work, the use of ternary InGaN

substrate for high-efficiency monolithic tunable white LEDs has been investigated.

Nanostructure engineering has been conducted in the multiple QW (MQW) active

region for LEDs on ternary InGaN substrate to achieve white color illumination.

Simulation studies show that by integrating blue- and yellow-emitting

InGaN/InGaN MQWs with engineered structures on ternary InGaN substrate, large

output power (∼170 mW) and high external quantum efficiency (∼50%) can be

achieved for stable white illumination at various current injections at room

temperature. The results also demonstrate the importance of nanostructure

engineering for InGaN/InGaN MQWs LEDs on ternary InGaN substrate for white

light emission. The chromaticity coordinates around (0.30, 0.28) and CCT ∼8200 K

can be obtained at current injection of 50 A/cm2 for the tunable white LED

structures with an engineered active region in this study. Thus, it is expected that

the monolithic InGaN/InGaN MQW white LED devices based on InGaN ternary

substrate would serve as a promising candidate for high-efficiency and cost-effective

solid-state lighting applications. Further experimental studies to investigate the
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optimized structure as well as the optimized growth are required for enabling the

advantages presented in this study for InGaN/InGaN MQWs white LEDs on

ternary InGaN substrate.
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Appendix A

Finite-Difference Time-Domain

Method

In this chapter, the algorithm of Finite-Difference Time-Domain (FDTD) method is

discussed, followed by the calculation of light extraction efficiency (ηextraction), far-

field radiation pattern and Purcell factor (FP ). The simulation settings for each of

this calculation are also discussed here.

A.1 Finite-Difference Time-Domain Algorithm

FDTD calculation is a commonly used technique in studying the propagation of

photons in micro and nano-scale structures in response to a given electromagnetic

excitation by solving Maxwell’s equations with specific boundary conditions based

on Yee cell. Maxwell’s equations describe a situation in which the temporal change

in the electric field field is dependent upon the spatial variation of the magnetic

field, and vice versa. The Maxwell’s curl equations are expressed as equation (A.1)

as followed:

∂
−→
E

∂t
=

1

ε
5×
−→
H (A.1a)
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∂
−→
H

∂t
=

1

µ
5×
−→
E (A.1b)

where
−→
E is the electric field,

−→
H is the magnetic field, ε is the medium permittivity

and µ is the permeability. In three dimensions, the Maxwell’s curl equations can be

expressed in Cartesian coordinates as six scalar equations:

∂Ex

∂t
=

1

ε

(
∂H z

∂y
− ∂H y

∂z

)
(A.2a)

∂E y

∂t
=

1

ε

(
∂H x

∂z
− ∂H z

∂x

)
(A.2b)

∂E z

∂t
=

1

ε

(
∂H y

∂x
− ∂H x

∂y

)
(A.2c)

∂H x

∂t
=

1

µ

(
∂E y

∂z
− ∂E z

∂y

)
(A.2d)

∂H y

∂t
=

1

µ

(
∂E z

∂x
− ∂Ex

∂z

)
(A.2e)

∂H z

∂t
=

1

µ

(
∂Ex

∂y
− ∂E y

∂x

)
(A.2f)

Three-dimensional (3D) FDTD method numerically solves the Maxwell’s curl

equations by discretizing the equations in spatial and temporal grids. The simulated

structure is divided into small cubic blocks (Yee cells) at the beginning of the

simulation, then the electric field and magnetic field at each grid point are

computed at a certain instant in time. Figure A.1 shows the electric field and

magnetic field components interlace in three spatial dimensions in a Yee cell with

grid points spaced ∆x, ∆y, and ∆z apart. Note that the magnetic field components

are computed at points one-half grid spacing from the electric field components.

The time interval, ∆t, in calculating the electromagnetic field components at each

grid points is determined by the mesh size and speed of light. During simulation,

the electric field components in a volume of space are first computed at time
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Figure A.1: Yee cell showing the electric field (Ex, Ey, Ez) and magnetic field (Hx,
Hy, Hz) components with grid points spaced ∆x, ∆y, and ∆z apart.

t=n∆t, where n is an integer representing the compute step, then the magnetic field

components in the same spatial volume are computed at t=(n+1)∆t based on the

previously computed magnetic field components and the newly updated electric field

components. This alternating computation of electric and magnetic fields at

subsequent ∆t intervals at a given grid point are repeated in a leapfrog manner

until desired transient or steady-state electromagnetic field behavior is achieved.

Figure A.2 illustrates the basic flow of performing 3D FDTD simulation using

RSoft FullWAVE developed by Synopsys, Inc. It primarily consists of three steps:

setup simulation input files, running simulation, and output results. To begin with,

a device structure of interest is built. Next, material properties including relative

permittivity ε(r , ω) and relative permeability µ(r , ω), or refractive index n(λ) and

absorption coefficient α(λ) for each layer is defined. Then, the simulation domain

and spatial grid sizes are defined to construct a mesh grid. The grid spacing is
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typically set to < λ/10 where λ is the wavelength in the material to ensure accurate

and efficient FDTD calculation. Non-uniform grid size is also employed to allow the

smallest feature of the fields to be simulated. In addition, the grid spacing is also

related to the time-step ∆t through the following Courant condition:

c∆t <
1√

(1/∆x2 + 1/∆y2 + 1/∆z2)
(A.3)

where c is the velocity of light. The Courant condition must be satisfied in order

to obtain a stable simulation. Afterwards, initial launch condition (electromagnetic

field excitation) at time t=0 and monitors to record information generated during

simulation are defined. Finally, boundary conditions and stop criteria are defined.

Perfectly Matched Layer (PML) boundary is typically used to act as a highly lossy

material that absorbs all incident energy without producing reflections.

Figure A.2: Flow chart of FDTD simulation.

A.1.1 Calculation of Light Extraction Efficiency

Light extraction efficiency (ηextraction) can be determined by taking the ratio of total

extracted power (P extracted) to the total power of the dipole source (Pdipole), as
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expressed in the following equation:

ηextraction =
Pextracted
Pdipole

(A.4)

During simulation setup, a two-dimensional (2D) plane monitor is typically set at

λ/n(λ) away from the emission surface to calculate the extraction power while a 3D

volume monitor surrounding the point source is used to calculate the total launch

power. The monitor then calculates the net power passing through the monitor

surface by integrating Poynting vectors using the following power integral equation:

E(ω) =
1

2

∫
real (P (ω)) dS (A.5)

where E is the calculated energy, P(ω) is the Poynting vectors depending on the

light angular frequency and dS is the surface normal. The Poynting vectors can be

determined from the electric field component
−→
E (ω) based on the planewave

approximation:

P (ω) = n(ω)

√
ε0
µ0

∣∣∣−→E (ω)
∣∣∣2 (A.6)

Figure A.3 and Figure A.4 show an example of the parameter setting window

for defining the Pdipole and the P extracted respectively in the RSoft simulation tool.

The monitors have been assigned a unique name – “Zlaunch pow” for Pdipole and

“Zmax pow” for P extracted – for easier reference, as depicted in dash-line circle labeled

“1” in both figures. The dimension for the monitors are defined by the “Width”,

“Height”, and “Length” fields in dash-line circle labeled “2”. The Pdipole monitor is a

3D monitor with the side length set to four grid points along the X, Y and Z direction

for the “Width”, “Length”, and “Height” fields respectively. The P extracted monitor

is a two-dimensional (2D) monitor that is defined to have the same size as the plane

of interest. For the example shown in Figure A.4, the monitor is intended to collect
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Figure A.3: Parameter setting window for Pdipole monitor.

power at the top of the simulation structure. Therefore, the monitor dimension is set

to a number defined by “width” and “length” for the field of “Width” and “Length”

respectively while the “Height” is set to 0. The location of the monitors are indicated

in the fields in the dash-line circle labeled “3”. The Pdipole monitor is defined to

surround the dipole source while the P extracted monitor is placed at one grid point

below the simulated region along the +Z direction. FFT analysis has been chosen

for the power monitors, as depicted in the dash-line circles labeled “4” and “5” in

Figure A.3 and Figure A.4.

A.1.2 Calculation of Far-Field Radiation Pattern

Far-field projection is calculated based on the steady-state near-field data obtained

from the simulation. The far-field profile is typically calculated on a hemispherical

surface located at distance r away from the simulated structure and the far-field

radiation pattern is plotted as if looking straight down on the hemisphere. The

intensity of far-field radiation pattern can be determined through the power integral
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Figure A.4: Parameter setting window for P extracted monitor.

equation in spherical coordinates as followed:

E(ω) =
1

2

∫ ∫
(P (θ, φ)) r2sin(θ) dθdφ (A.7)

where θ is the polar angle, φ is the azimuthal angle and r is the radius of the

hemisphere.

Figure A.5 shows the parameter setting window to define an electric field monitor

in the RSoft simulation tool. The example shown is a 2D X-Z monitor with dimension

defined by the parameters in dash-line circle labeled “2” located at position indicated

by the parameters in dash-line circle labeled “3”. DFT analysis (dash-line circle

labeled “4”) has been chosen for this electric field monitor, and the amplitude and

phase spatial output of Ex, Ey, and Ez will be recorded (dash-line circles labeled “5”

and “6”).
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Figure A.5: Parameter setting window for electric field monitor.

A.1.3 Calculation of Purcell Factor

Purcell factor (FP ) define the emission rate enhancement of a spontaneous emitter

inside a cavity. In general, FP can be calculated as followed:

FP =
Pdipole
Psource

(A.8)

where Pdipole is the actual power radiated by a dipole source in the simulated structure

and P source is the power that would be radiated by a dipole source in a bulk material

with the same refractive index as the active region. As the excitation source is

typically normalized to ‘Unit Power’, the FP calculation can then be simplified as

the average launch power as followed:

FP =
1

NsourceNpolarization

∑
substackNsourceNpolarization

Pdipole (A.9)
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where N source is the number of point sources and N polarization is the number of current

directions simulated.

Therefore, the FP in the RSoft simulation tool can be obtained by taking the

average of the value recorded by the Pdipole monitor discussed in Section A.1.1 for all

simulated polarization directions and the dipole sources.
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Optical Properties of Indium Gallium Nitride / Gallium Nitride Nanodisk-in-
Rod Heterostructures. ACS Nano, 9(3):2868–2875, 2015.

[97] Cheng Liu, Yu Kee Ooi, and Jing Zhang. Proposal and physics of AlInN-delta-
GaN quantum well ultraviolet lasers. Journal of Applied Physics, 119(8):083102,
2016.

[98] Wei Guo, Meng Zhang, Animesh Banerjee, and Pallab Bhattacharya. Catalyst-
free InGaN/GaN nanowire light emitting diodes grown on (001) silicon by
molecular beam epitaxy. Nano Letters, 10(9):3356–3359, 2010.

[99] Wei Guo, Meng Zhang, Pallab Bhattacharya, and Junseok Heo. Auger
recombination in III-nitride nanowires and its effect on nanowire light-emitting
diode characteristics. Nano Letters, 11(4):1434–1438, 2011.

[100] Q Wang, J Bai, Y P Gong, and T Wang. Influence of strain relaxation on the
optical properties of InGaN/GaN multiple quantum well nanorods. Journal of
Physics D: Applied Physics, 44(39):395102, 2011.

[101] G Jacopin, L Rigutti, S Bellei, P Lavenus, F H Julien, a V Davydov,
D Tsvetkov, K a Bertness, N a Sanford, J B Schlager, and M Tchernycheva.
Photoluminescence polarization in strained GaN/AlGaN core/shell nanowires.
Nanotechnology, 23(32):325701, 2012.

[102] Chao Zhao, Tien Khee Ng, Aditya Prabaswara, Michele Conroy, Shafat
Jahangir, Thomas Frost, John O’Connell, Justin D Holmes, Peter J Parbrook,
Pallab Bhattacharya, and Boon S Ooi. An enhanced surface passivation effect
in InGaN/GaN disk-in-nanowire light emitting diodes for mitigating Shockley-
Read-Hall recombination. Nanoscale, 7(40):16658–65, 2015.

[103] Hieu Pham Trung Nguyen, Shaofei Zhang, Ashfiqua T. Connie, Md Golam
Kibria, Qi Wang, Ishiang Shih, and Zetian Mi. Breaking the carrier injection
bottleneck of phosphor-free nanowire white light-emitting diodes. Nano Letters,
13(11):5437–5442, 2013.

[104] Yang Kuo, Chun-Han Lin, Horng-Shyang Chen, Chieh Hsieh, Charng-Gan Tu,
Pei-Ying Shih, Chung-Hui Chen, Che-Hao Liao, Chia-Ying Su, Yu-Feng Yao,
Hao-Tsung Chen, Yean-Woei Kiang, and Chih-Chung Yang. Surface plasmon
coupled light-emitting diode: Experimental and numerical studies. Japanese
Journal of Applied Physics, 54(2S):02BD01, feb 2015.

144



[105] Chun-Han Lin, Chieh Hsieh, Charng-Gan Tu, Yang Kuo, Horng-Shyang Chen,
Pei-Ying Shih, Che-Hao Liao, Yean-Woei Kiang, C. C. Yang, Chih-Han Lai,
Guan-Ru He, Jui-Hung Yeh, and Ta-Cheng Hsu. Efficiency improvement of
a vertical light-emitting diode through surface plasmon coupling and grating
scattering. Optics Express, 22(S3):A842, may 2014.

[106] Cheng-Hsueh Lu, Chia-Chun Lan, Yen-Lin Lai, Yun-Li Li, and Chuan-Pu Liu.
Enhancement of Green Emission from InGaN/GaN Multiple Quantum Wells via
Coupling to Surface Plasmons in a Two-Dimensional Silver Array. Advanced
Functional Materials, 21(24):4719–4723, dec 2011.

[107] Giuseppe Y. Mak, W. Y. Fu, Edmund Y. Lam, and H. W. Choi. Metallic
nanoparticle array on GaN by microsphere lithography. physica status solidi
(c), 6(S2):S654–S657, jun 2009.

[108] Jun-Ho Sung, Bo-Soon Kim, Chul-Hyun Choi, Min-Woo Lee, Seung-Gol Lee,
Se-Geun Park, El-Hang Lee, and O. Beom-Hoan. Enhanced luminescence of
GaN-based light-emitting diode with a localized surface plasmon resonance.
Microelectronic Engineering, 86(4-6):1120–1123, apr 2009.

[109] Dong-Ming Yeh, Chi-Feng Huang, Cheng-Yen Chen, Yen-Cheng Lu, and C C
Yang. Localized surface plasmon-induced emission enhancement of a green
light-emitting diode. Nanotechnology, 19(34):345201, aug 2008.

[110] Min-Ki Kwon, Ja-Yeon Kim, Baek-Hyun Kim, Il-Kyu Park, Chu-Young Cho,
Clare Chisu Byeon, and Seong-Ju Park. Surface-Plasmon-Enhanced Light-
Emitting Diodes. Advanced Materials, 20(7):1253–1257, apr 2008.

[111] Koichi Okamoto, Isamu Niki, Alexander Shvartser, Yukio Narukawa, Takashi
Mukai, and Axel Scherer. Surface-plasmon-enhanced light emitters based on
InGaN quantum wells. Nature Materials, 3(9):601–605, 2004.

[112] Koichi Okamoto. Surface Plasmon Enhanced Solid-State Light-Emitting
Devices. Springer New York, New York, NY, 2010.

[113] J. Shakya, K. Knabe, K. H. Kim, J. Li, J. Y. Lin, and H. X. Jiang. Polarization
of III-nitride blue and ultraviolet light-emitting diodes. Applied Physics Letters,
86(9):091107, 2005.

[114] C. Wiesmann, K. Bergenek, N. Linder, and U.T. Schwarz. Photonic crystal
LEDs - designing light extraction. Laser & Photonics Review, 3(3):262–286,
2009.

[115] Dongwoo Kim, Hyoyoung Lee, Namgil Cho, Younjoon Sung, and Geunyoung
Yeom. Effect of GaN microlens array on efficiency of GaN-based blue-light-
emitting diodes. Japanese Journal of Applied Physics, Part 2: Letters, 44(1-7),
2005.

145



[116] Rui Zhang, Hang Lin, Yunlong Yu, Daqin Chen, Ju Xu, and Yuansheng Wang.
A new-generation color converter for high-power white LED: Transparent Ce3+:
YAG phosphor-in-glass. Laser and Photonics Reviews, 8(1):158–164, 2014.

[117] Yukuan Chu, Chunyu Chen, and Chingfu Tsou. A Silicon-Based LED Packaging
Substrate With an Island Structure for Phosphor Encapsulation Shaping.
IEEE Transactions on Components, Packaging and Manufacturing Technology,
5(2):155–162, feb 2015.

[118] Yu Kee Ooi and Jing Zhang. Design analysis of phosphor-free monolithic white
light-emitting-diodes with InGaN/ InGaN multiple quantum wells on ternary
InGaN substrates. AIP Advances, 5(5):057168, 2015.

[119] Chih Feng Lu, Chi Feng Huang, Yung Sheng Chen, Wen Y. Shiao, Cheng Y.
Chen, Yen Cheng Lu, and Chih Chung Yang. Phosphor-free monolithic
white-light LED. IEEE Journal on Selected Topics in Quantum Electronics,
15(4):1210–1217, 2009.

[120] M.H. Crawford. LEDs for Solid-State Lighting: Performance Challenges and
Recent Advances. IEEE Journal of Selected Topics in Quantum Electronics,
15(4):1028–1040, 2009.

[121] Young Chul Sim, Seung Hyuk Lim, Yang Seok Yoo, Min Ho Jang, Sunghan
Choi, Hwan Seop Yeo, Kie Young Woo, Sangwon Lee, Hyun Gyu Song, and
Yong Hoon Cho. Three-dimensional GaN dodecagonal ring structures for
highly efficient phosphor-free warm white light-emitting diodes. Nanoscale,
10(10):4686–4695, 2018.

[122] Nan Guan, Xing Dai, Agnès Messanvi, Hezhi Zhang, Jianchang Yan, Eric
Gautier, Catherine Bougerol, François H. Julien, Christophe Durand, Joël
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