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Abstract

The indium gallium nitride (InGaN)/gallium nitride (GaN) material system is

critical for optoelectronic applications in LEDs and lasers because it has direct band

gap and large oscillator strength. In addition, the bandgap can be tuned by the alloy

composition, and the emission wavelength covers the entire visible spectrum and

extends into ultraviolet and near infrared regions. Due to the large lattice mismatch

between InGaN and GaN, a large built-in strain exists in the InGaN quantum well layer

and induces a piezoelectric field across the quantum well. The piezoelectric field leads

to the quantum-confined Stark effect, which red-shifts the emission wavelength and

degrades the recombination efficiency. It is known that nanostructures have large

surface-to-volume ratio and can help relax strain via free surfaces. In this work, we

present top-down InGaN/GaN nanostructures as an effective way to manipulate the

strain and serve as a building block to engineer the strain effect for novel optoelectronic

functionalities. First, we demonstrate that the emission colors from top-down

nanopillars can be tuned from blue to red by changing the nanopillar diameter. The

wavelength shift is well-described by an analytical model. We also demonstrate

electrical nanoLED devices based on the nanopillars. It provides a simple solution to

monolithic integration of multiple color pixels on a single chip. Second, we discuss the

XX



benefits of strain engineering for quantum light source applications. We focus on the

intrinsic control of photon polarization states via asymmetric strain. Experimental data

is provided to show that pre-defined polarization states can be achieved by engineering

guantum dot geometry and strain. Single photon emission with orthogonal polarization

states and high degree of linear polarization are recorded. It suggests the potential of

top-down InGaN quantum dots for quantum information applications. Finally, the non-

ideal factors, in our top-down quantum dots, including random alloy fluctuation and

well-width fluctuation, are discussed. These effects modify the potential landscape and

impose a fundamental limit to the quantum dot inhomogeneity, especially for ternary

alloys. A methodology to model random alloy distribution and random well-width

fluctuation is developed. The modeling results suggest that the strain-relaxation-

induced potential is the dominant effect of lateral confinement even with the presence

of random indium fluctuation and well-width fluctuation. The results are also compared

to experimental data and show very good agreement.
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Chapter 1

Introduction

Indium gallium nitride (InGaN) compound semiconductors exhibit a large energy
bandgap and have important applications in optoelectronic and electronic devices
because of their superb optical and electrical properties. In optoelectronics, because of
the direct bandgap and efficient electron-hole recombination, they are extensively used
for light emitting devices in the ultraviolet and visible wavelength range. In electronics,
the large bandgap, high heat capacity, high thermal conductivity, and robust material
properties make them suitable for high power applications. Heterostructures comprising

of InGaN and GaN typically exhibit a large strain due to lattice mismatch. The strain



has a huge impact on both electronic and optical properties of the InGaN based devices.

This thesis focuses on studying the strain in InGaN/GaN light emitting structures,

utilizing top-down nanostructures as an effective way to manipulate strain, and create

new device functionalities, including monolithic multi-color integration and emission

polarization control. In this Chapter, we will review the important technology

development of relevant InGaN light emitting devices and introduce the physics

underlying the strain and piezoelectric effects in InGaN/GaN heterostructures, which

plays a key role throughout the thesis.

1.1 InGaN/GaN for Optoelectronic Applications

Group III-nitride semiconductors including AIN, GaN, InN and their alloys have

attracted a lot of attentions in the past few decades, especially since the breakthrough

of GaN blue light emitting diodes (LEDs) in 1994 [1]. IlI-nitride semiconductors have

been widely used in optoelectronic devices because: 1) they are chemically stable and

thus provide good device reliability and long lifetime; 2) they have direct bandgap and

strong oscillator strength, which enables high photon emission efficiency; 3) the

combination of AIN-GaN-InN covers a huge wavelength range, from ultraviolet,

through visible, to infrared, and, therefore, is a great platform for various sorts of

optoelectronic light emitting devices, including LEDs and laser diodes (LDs) [2,3]. The



lattice constant, band gap, and the corresponding wavelength of AIN, GaN, and InN is

summarized in Table 1-1. Ill-nitride-based optoelectronic devices have found

widespread of applications including lighting, data storage, communications, displays,

biological assays, and quantum information technologies.

Table 1-1: Lattice constant, band gap, and the corresponding wavelength of wurtzite

AIN, GaN, and InN [4,5,6,7,8].

AIN GaN InN
Lattice constant, a (A) | 3.110 3.190 3.544
Lattice constant, ¢ (A) | 4.980 5.189 5.718
Bandgap (eV) 6.28 3.44 0.7
Wavelength (nm) 197.45 364.71 1771.43

1.1.1 Classical Light Sources

Figure 1-1(a) shows a typical LED device structure. The active region consists of

InGaN multiple quantum wells (MQWs) sandwiched between GaN quantum barriers.

Because of the smaller bandgap of InGaN compared to GaN, the QW structure confines

carriers and enhances radiative recombination. The GaN p-n junction allows high

current density into the MQWs for high light output intensity. An example of MQW



band structure is illustrated in Figure 1-1(b).

The capability of generating visible light makes I1I-nitride LEDs very valuable for
commercial applications. In order to make better products, higher output power, higher
efficiency (EQE and IQE), and a wider range of emission colors have become the main
focuses of LED research. A lot of different techniques have been reported, aiming to
improve the output power and efficiency. For example, surface texturing, substrate lift-
off, and patterned substrates have been shown to result in higher light extraction
efficiency [9,10,11]. It is also possible to obtain more directional emission by designing
special photonic structures [12]. Different epitaxial structures have also been proposed
to improve the current injection efficiency and carrier recombination efficiency, such
as the introduction of electron blocking layer [13]. Growing QWs on different crystal
facets is also a burgeoning area recently because it can potentially eliminate the

quantum-confined Stark effect in conventional c-plane QWs [14,15].

(a) (b) 4 H —— Conduction Band —————

| | —— Valence Band

Energy (eV)

-4 L L L
100 150 200 250
Z (nm)

Figure 1-1. (a) A typical LED device structure. (b) Band structure of a p-i-n LED epi-
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structure that contains five InGaN QWs.

A lot of efforts have been made to push the limit of LED emission wavelength.

Although in theory the InGaN alloy can emit wavelength covering the entire visible

spectrum, the progress of yellow- and red-emitting LEDs has been hindered by the

difficulties in epitaxial growth as the lattice mismatch increases with the indium

composition, as shown in Table 1-1. Therefore, commercial yellow and red LEDs today

are still dominantly based on III-phosphide materials. Because it is difficult to grow III-

nitride and III-phosphide materials on the same substrate, monolithic integration of R-

G-B emitters on the same chip has been challenging. Up to date, the integration heavily

relies on pick-and-place method [16], which is usually more costly and undesirable for

mass production. For easier integration, red-emitting InGaN-based LEDs are necessary

to achieve a fully IlI-nitride-based full color device. Researchers have been advancing

the metal-organic chemical vapor deposition (MOCVD) technique, trying to achieve

higher indium composition while keeping good epitaxial quality [17]. An alternative is

to carry out InGaN epitaxy on nanostructures since nanostructures are known to be able

to relax strain and alleviate the lattice mismatch issue. Successful red InGaN LEDs

based on nanostructures have been reported by several research groups [18,19,20].

Monolithic integration of multi-color nanostructural III-nitride LEDs is thus expected

to be a likely candidate to achieve full-color light-emitting chips.
5



1.1.2 Non-classical Light Sources

Non-classical light generates output that cannot be described by classical

electromagnetics, and the particle nature of photons needs to be considered because it

usually involves only few number of photons. Because of the quantum nature of light,

non-classical light sources have important applications in quantum cryptography [21],

quantum information technologies [22], precision measurements [23], random number

generation [24], and so on.

Common non-classical or quantum light sources include single atoms [25], organic

molecules [26], material defect centers [27,28], colloidal quantum dots (QDs) [29], and

semiconductor epitaxial QDs [30]. The critical feature they all share is the atom-like

discretized energy levels. The discretized energy levels make the electron-hole

recombination events associated with different energy levels easily distinguishable.

Furthermore, the optical selection rule, Al = + 1 and Am == 1, ensures that the two

excitons of an excited state to emit two photons in radiative cascade. The

aforementioned characteristics allow these non-classical light sources to generate single

photon streams.

Among various types of quantum emitters, semiconductor QDs possesses

important advantages, such as electrical operation by embedding QDs in a



semiconductor p-n junctions [31], easy integration with photonic structures [32,33,34],

potential for on-chip photonic devices [ 35, 36 ], potential to operate at

telecommunication wavelengths, and better scalability. III-As QDs are the most studied

semiconductor QD system and have been used to demonstrate single photon emission

[37], entangled photon pairs [38], and single photon spin qubit [39]. However, due to

the small exciton binding energy (1.0 meV in InAs and 4.1 meV in GaAs), III-As QD

devices require a cryogenic operating temperature, and, as a result, the applications are

limited. On the other hand, III-nitride materials have larger exciton binding energy (27

meV in bulk GaN), making high temperature operations possible [40,41,42].

1.2 Strain and Piezoelectric Field in InGaN/GaN Quantum Well Structures

InGaN MQWs grown on c-plane wurtzite GaN are the most common active layer
structure for blue and green LEDs and LDs. According to Table 1-1, the large lattice
mismatch between InGaN and GaN generates an in-plane compressive strain, which is
defined by the following equation:

£ = dGaN —aInGaN
[— .

(1-1)

amGaN
The perpendicular strain component, €,, can be calculated by the elastic constants ci3

and c33:

g, =—2%%g | (1-2)



The piezoelectric field is then obtained from:

Ppiezo = e33€; + 26318”

where e3; and e3; are the piezoelectric constants. Figure 1-2(a) illustrates the

compressive strain in InGaN and the piezoelectric field along [0001] axis. The

piezoelectric field is typically on the order of MV/cm and can cause hundreds of meV

shift in transition energy. Using Equation 1-3 and parameters in Table 1-2, the in-plane

strain and the induced piezoelectric field across the QW are calculated and summarized

in Figure 1-1 for various indium compositions. The piezoelectric field leads to a large

band tilting in the QW band structure, as shown in Figure 1-1(b), and some undesirable

consequences to device performance. For example, it results in the quantum-confined

Stark effect (QCSE): red-shift of transition energy and degradation of wavefunction

overlap integral [43]. Furthermore, it increases the local carrier concentration and

enhances carrier overflow [44] and Auger recombination [45].
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Figure 1-2. (a) Schematic illustration of the compressive strain in InGaN QW, the
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corresponding piezoelectric field and piezoelectric charges at the interface. (b) In-plane
biaxial strain and piezoelectric field in InGaN QW for various indium composition. The

strain is negative because it is compressive strain.

Table 1-2. Important elastic constants and piezoelectric constants of I1I-nitride materials

[46].

AIN GaN InN
Ci3 (N/m?) 12x10!! 10.9x10'"! 9.4x10!
Cs3 (N/m?) 39.5x10" 35.5x10!" 20x10"
es1 (C/m?) -0.6 -0.49 -0.57
e33 (C/m?) 1.46 0.73 0.97

1.3 Strain Engineering by Nanostructures

Given the strong modification of band structure due to strain and piezoelectric

effect, strain in InGaN can serve as an additional parameter to engineer the optical

properties, such as emission wavelength and polarization, if the strain profile can be

controlled. It can be achieved by applying a mechanical force but requires external

mechanical parts or actuators [47,48,49]. Another way to engineer the strain is to take

advantage of the large surface-to-volume ratio in nanostructures. Owing to the large

surface-to-volume ratio, the intrinsic strain can be relaxed via the free surface. Since

there is no lattice constrain at the free surface, the strained material can deform
9



elastically in order to reduce the total strain energy. Such phenomena have been studied

extensively [50,51], and have been leveraged to grow InGaN with a very high indium

content [ 52,53 ]. While most of the work involved bottom-up self-assembled

nanostructures, strain relaxation is also possible by top-down processes.

1.4 Thesis Overview

This thesis focuses on utilizing nanostructures to manipulate the strain profile in

the InGaN/GaN QW structure and tailor the optical properties for classical LED and

non-classical quantum light sources. The thesis is organized as follows: Chapter 2

provides detailed description of our top-down nanostructure fabrication, demonstrating

the emission wavelength tuning capability by strain engineering, and monolithic

integration of full-color LED arrays; Chapter 3 investigates the electrical nanopillar

LED structure and presents the electroluminescence and electrical properties. Chapter

4 investigates the emission polarization via asymmetric strain and the application for

polarization-controlled single photon emission; Chapter 5 discusses the random indium

fluctuation in atomic scale in InGaN and the influence on QD inhomogeneity; Chapter

6 concludes the thesis and proposes ideas for future studies.
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Chapter 2
Monolithically Integrated RGB Full Color Pixels by InGaN

Nanopillar Arrays

In this chapter we focus on InGaN nanopillar structures and show the tuning of the
emission color by engineering the strain profile. As mentioned in Chapter 1, a lot of
work has been done to explore the possibility of integrating emitters of different colors
on the same chip. Indeed, independently addressable active color pixels that are
integrated on the same chip can have applications in wearable micro-display [54,55,56],
color-tunable lighting [57], optogenetics [58], and biomedical sensing [59]. Organic
and colloidal quantum dot (QD) emitters of different colors have been assembled onto

the same chip using the pick-and-place method [60]. However, the same approach is

11



difficult to be applied to group-III nitride semiconductor emitters which have the

advantages of high power density [61] and long life time [62]. The pick-and-place

method is also considerably less scalable compared to standard semiconductor

processing technologies, such as lithography and etching. In this chapter, we showed

the possibility of integrating blue, green, and red nitride semiconductor emitter

materials on the same chip, relying only on standard thin-film epitaxy and patterning

techniques commonly used in the light-emitting diode (LED) industry without resorting

to multiple or special epitaxial steps [63,64]. The physics underlying the wavelength

tuning across the entire color space was investigated and compared to experiments. To

our best knowledge, this is the first time wavelength tuning covering all three primary

colors has been shown to be possible in InGaN materials without changing the

composition or thickness of the quantum wells (QWs).

2.1 Strain and Emission Wavelength

The emission wavelength of an InGaN LED comprising of a multiple-quantum-well

(MQW) active region is determined by the structure of the QW including the alloy

compositions in both the QW and barrier and the QW thickness as well as the amount

of strain in the QW. For MQWs grown on c-plane GaN, the strain in the QW can

drastically shift the emission wavelength from the bulk bandgap due to the quantum-

12



confined Stark effect (QCSE) [43]. The larger the strain, the smaller the photon energy,

as illustrated in Figure 2-1. To enable multiple emission wavelengths on the same chip,

one must be able to locally control one or more of the following three parameters: the

alloy composition of the QW, the thickness of the QW, and the strain in the QW grown

on a polar plane. Changing the QW/barrier composition or thickness requires either

multiple epitaxial steps or using selective-area epitaxy [63,64]. These changes are

limited in their spatial frequency and contrast, and therefore are difficult to be used in

applications that require ultra- small and -dense color pixels such as in displays.

Changing the strain in the QW, on the other hand, can be achieved by patterning the

QW into nanopillars [50]. Strain relaxation in InGaN/GaN nanopillars and its effects

on optical properties have been extensively studied in the past [65,66,67,68].

Wavelength shift was accompanied by an increase of the oscillator strength when the

nanopillar diameter decreases [68]. The effect becomes most pronounced when the

nanopillar diameter is around 100 nm [68,51]. As a result, a rapidly changing strain

profile across a small length scale can be easily achieved. Previously, a wavelength

shift as much as 50 nm has been observed [68]. In this work, we show that by carefully

engineering the strain profile, a wavelength shift as much as 178 nm is possible, which

is sufficient for one to tune across the RGB color space.
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Figure 2-1. Illustration of QW band structures with different strain levels and, as a
results, different photon energies. The photon energy roughly corresponds to the energy

difference between the bottom of conduction band and the top of valance band.

2.2 Strain Engineering by Nanopillar Structure

As mentioned in the previous section, many studies have shown that

nanostructures allow strain relaxation because they have large surface-to-volume ratio,

and the strain can be relaxed via the free surface. Among different nanostructures,

nanopillar or nanocolumn structure is one of the most effective [65]. It has a higher

surface-to-volume ratio compared to nanostripes and nanoholes and allows strain

relaxation along all radial directions. To explore the wavelength tuning capability by a

nanopillar structure, we employed numerical simulations using nextnano to calculate

the strain profile in the nanopillars. The simulated structure was a GaN nanopillar that

contains a 3-nm InGaN embedded 10 nm below the top surface. The nanopillar was

14



surrounded by air. The simulation considered all strain components. There are six strain

components (€), three hydrostatic terms and three shear strain terms:

&1 Exx
€, / Syy\ (2-1)

€3 €2z
84- Eyz
\85 \szx
€6 Exy

Strain is correlated to stress (o) by the Hooke’s law:
oy = CI]E], (2_2)
where C;; corresponds to the elastic constant tensor. For the wurtzite structure, the

crystal symmetry allows the elastic tensor to have the following symmetry [69]:

C11C12C13 0 0 0 €1

/ \ /612611613 00 0 \/32\ 2-3)
| C13C13C33 0 0 0 '
0 0 0Cau 0 0

\"5 0 0 0 0Cu 0 \ /

%6 000 0 0(Cix—Cz)/2

When there is no external force in the z direction (o3 = 0), and the biaxial strain
(g1 and ¢,) from lattice mismatch is symmetric, the strain in the z direction is reduced
to Equation 1-2. Based on the continuum elastic theory, the strain relaxation in
nanopillars was calculated by minimizing the total strain energy £
E=1f aedv. (2-4)

Figure 2-2(a) shows the calculated strain profile of a 20-nm diameter nanopillar. The
strain occurs mostly in InGaN and the interface between InGaN and GaN. Due to the
larger lattice constant compared to GaN, InGaN layer experienced a compressive strain
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(negative strain value), and the GaN near the interface has a tensile strain. What’s worth

noticing is that the strain profile is not uniform across the in-plane direction. There is

no strain at the sidewall because there is no constraint at the sidewall, and the material

is able to deform itself at the edge to lower the total strain energy. The strain relaxation

can extend into the core of the nanopillar and reduces the strain there. Figure 2-2(b)

shows the in-plane strain distribution along the radial direction and elucidates the strain

relaxation at the core as the diameter is decreased. For a diameter smaller than 100 nm,

the strain relaxation length reaches the center of the nanopillar and causes relaxation at

the core. Based on this calculation, strong modification of optical properties is expected

when the nanopillar diameter is less than 100 nm. It implies that by properly designing

the diameter, the strain profile can be tailored to produce desired optical properties,

such as emission color.

Furthermore, the piezoelectric field was calculated as well, based on the strain

profile. The piezoelectric polarization is determined by the piezoelectric constant tensor

and strain components [69] by

€

€, (2-5)
sz,x 0 0 0 0 €15 0 €3
szly = ( 0 0 O 615 O 0> 284
B,z €31 €31 €33 0 0 0/} 2

2g¢

There are only three independent and five non-zero piezoelectric constants by virtue of
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the symmetry of wurtzite structure, and the only nonzero piezoelectric field component

is P, .. The piezoelectric field at the center of InGaN for various nanopillar diameters

is shown in Figure 2-3. Although the nanopillar is still partially strained even when the
diameter is 10 nm, the reduced QCSE leads to a huge change of photon energy and
emission wavelength. Using AE = AF X [, where F is piezoelectric field and [ =
3nm is the thickness of InGaN layer, the change of photon energy is estimated be ~
0.75 eV when the nanopillar diameter is reduced to 10 nm. Such energy change is
sufficient to cover the entire visible spectrum and indicates that strain engineering by
designing the nanopillar dimension can be a viable approach to manipulate the emission
color. In the following sections, we will employ nextnano to solve the strain-involved
band structure and energy states in order to obtain more accurate emission wavelength,

using parameters in Table 2-1.
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Figure 2-2. (a) Distribution of in-plane strain component, &,, , in a 20-nm
Ino.12Gao.8sN/GaN nanopillar showing zero strain at the sidewall and partial strain at the

center. (b) &, along x axis for different nanopillar diameters.
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Figure 2-3. Biaxial strain and piezoelectric field at the center of Ing.12Gao.ssN/GaN
nanopillars for various diameters from nextnano simulations (Figure 2-2), showing

strain relaxation and strong reduction of piezoelectric field for small diameters.

2.3 Nanopillar Fabrication

Experimentally, we fabricated InGaN/GaN nanopillars by a top-down approach.
The samples used in this work consisted of a single InGaN QW to avoid complexity
from nonuniform emission from different QWs. The sample was grown by metal-
organic chemical vapor deposition (MOCVD) on a c-plane sapphire substrate. Typical
GaN and InGaN thin-film growth conditions were used. Two samples with nominal
indium compositions of 15% and 32% in the QW were grown. In the following, we will
refer to the high-indium composition sample as sample A and the low-indium
composition sample as sample B. To fabricate nanopillars, electron-beam lithography
and reactive ion etching were used followed by wet etching in 2% KOH solutions (using
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AZA00K photoresist developer). The wet etch helped remove surface damages due to

plasma etching and achieve a vertical sidewall profile [70]. The fabrication processes

are summarized in Figure 2-4. The scanning electron micrograph of the as-fabricated

nanopillars are shown in Figure 2-5.

Metal etching masks defined
by e-beam lithography

InGaN QW Dry etching

pe

Metal removal Anisotropic wet etching

Figure 2-4. Schematic illustration of the nanopillar process flow. Nanopillars with
different diameter and thus different emission color can be easily integrated on a single

chip by one lithography and etching step.

Figure 2-5. Top-down InGaN/GaN nanopillars of various diameters (35 nm, 90 nm, and
250 nm from left to right). The nanopillar diameters and positions were defined by the
e-beam lithography. The height (300 nm) was determined by the ICP dry etching, and

the subsequent anisotropic KOH wet etching made the sidewall vertical and left
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hexagonal marks at the base of each nanopillar.

2.4 Optical Properties of InGaN Nanopillars

Photoluminescence (PL) measurements were performed at 10 K to characterize the

emission properties of InGaN/GaN nanopillars. The measurement setup is illustrated in

Figure 2-6. Low temperature was used to enhance the signal-to-noise ratio of long-

wavelength emission from sample A. A 390-nm wavelength femtosecond mode-locked

laser with 80-MHz repetition rate and 150-fs pulse duration was used as the excitation

source. The incident angle was 50° from the normal direction of sample surface, and

the spot size was ~40 pum in diameter. The emission spectra were acquired by a

monochromator and a cryogenically cooled charged coupled device (CCD) with a

spectral resolution of 0.1 meV at 400-nm wavelength. The real-time images of

nanopillar emission were taken by a color CCD.

Figure 2-7 shows the emission spectra for sample A at various nanopillar diameters.

The blue-shift of wavelength as diameter reduced is clearly seen. Figure 2-8(a) shows

the letters “MICHIGAN” composed of nanopillars of different diameters. The SEM

images of the nanopillar pixels are in Figure 2-8(b). It can be seen that the wavelength

tuning spans the RGB color space and the emission color can be varied rapidly within

a sub-micron length scale.
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Figure 2-7. PL spectra acquired from nanopillar arrays with different diameter. The

blue-shift as the diameter reduced was clearly seen.
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(b)

10 um
Figure 2-8. (a) Real-time image of full-color emission from nanopillars acquired by
color CCD. (b) The SEM images of nanopillar pixels composing the “MICHIGAN".

Figure 2-9 shows the emission wavelength versus the nanopillar diameter and the

comparison to the theoretical calculations. In our theoretical model, the emission

wavelength was calculated based a strain profile that minimizes the total strain energy

in the nanopillar under the continuum elasticity approximation. After the strain profile

in the InGaN QW was obtained, the band structure was calculated based on a six-band

k-dot-p model using nextnano, that is the interaction between the conduction band and

the valence bands was ignored. The emission wavelength was then determined by

solving the Schroedinger’s equation under the effective mass approximation. No

screening of the piezoelectric field was considered which would be important when the

carrier concentration in the InGaN region becomes very high. To elucidate the physics

of strain relaxation, the numerical results were fitted with an analytical equation below
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that was obtained under the same continuum elasticity approximation but considered

only one radial direction of the InGaN QW [68].

Epn = Eg — By (1 — sech(kR)) (2-6)

In equation (1), E,p, isthe photon energy, E, is the bulk InGaN bandgap without
any strain, B,, is the amount of red shift in photon energy in a fully strained
InGaN/GaN QW due to the quantum-confined Stark effect, and R is the radius of the
nanopillar. The good agreement between equation (1) and numerical results suggests
the dominant role of strain relaxation in the radial direction on the emission wavelength
of the QW. The fitting parameter 1/x can be interpreted as a characteristic length for
strain relaxation. Physically, 1/x corresponds to the depth of strain relaxed region
from the circumference of the nanopillar. k depends on the elastic properties of InGaN
[68]. Comparing theoretical result to the measurements, sample B shows a good
agreement. However, sample A shows a significant deviation between the calculated
emission wavelength from the measurement. In order to obtain a good fit, a larger 1/x
than predicted from continuum elasticity model is needed, assuming the same elasticity
constants for both samples. This suggests that either 1) the elasticity constants depend
on the indium composition or 2) more relaxation than the theoretical value occurred.

More strain relaxation was also confirmed by the fact that the emission wavelength did
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not blue-shift further for QD diameter below 40 nm from sample A. It manifested that

the nanopillars were already fully strain relaxed.
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Figure 2-9. Diameter-dependent wavelength of sample A and B and the theoretical

modeling by nextnano. For sample A, the nextnano predicted % = 13.6 nm while the

= 12.4 and 14.5 nm based on

e

experimental data suggested 31.3 nm. For sample B,

nextnano and experimental data respectively.
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Figure 2-10. Diameter-dependent PL intensity and the theoretical curves based on the

1-D strain model.

Figure 2-10 shows the emission intensity as a function of the nanopillar diameter,
both from experiments and numerical calculations. Overall, sample A emitted much
lower intensity because of more defects generated during InGaN epitaxy growth of such
high indium composition. To investigate the diameter-dependent behavior, we
combined the aforementioned 1-D strain model and 1-D wavefunctions to calculate the
wavefunction overlap integral for various diameters, aiming to provide a simple and
accurate model to theoretically estimate emission intensity from nanopillars. The
1/k obtained from Figure 2-9 was employed to calculate the strain in the QW for
various nanopillar diameters based on the 1-D strain model, using the equation below
[68]:

€ = &y(1 — sech(kR)) . (2-7)
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The calculated strain was then used as the input parameter to construct the 1-D band
structure of the QW structure that allows us to solve for the wavefunction of the 1%
electron and hole state and the corresponding wavefunction overlap intergral. As the
nanopillar diameter decreases, the strain relaxation becomes more prominent, and the
wavefunction overlap integral increases, which leads to larger oscillator strength and
higher emission intensity. The optical effect due to nanopillar geometry was also taken
into account at this point. The diameter-dependent optical efficiency included the
absorption efficiency, Purcell effect, and collection efficiency, as discussed in
Reference 68. The relative values of emission intensity was subsequently obtained from
multiplying the wavefunction overlap integral by the optical efficiency for various
diameter. The results are shown in Figure 4. Despite the simplified model, the
theoretical results fit the measured emission intensity qualitatively well. The larger
1/x of sample A implied more effective strain relaxation, and, therefore, the emission
intensity began to increase rapidly at a larger diameter compared to sample B, which
had a smaller 1/x. As can be seen from both theoretical curve and experimental
intensity, sample A showed stronger intensity enhancement as the diameter approached
100 nm and below. The intensity peaked at 40 nm because nonradiative recombination
at nanopillar sidewall began to dominate for smaller diameters [68]. As for sample B,
the model predicted that the intensity would benefit from strain relaxation at ~ 50 nm.
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However, it can hardly be seen in the experimental data. It is likely due to the fact that
nonradiative recombination also occurred for such small diameters and decreased the

emission intensity.
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Figure 2-11. Power-dependent PL spectra of 40-nm, 70-nm, and 800-nm nanopillar
arrays. PL emission originated from the center region of nanopillars, localized states,
and defects (yellow band) is labeled.

Lastly, in Figure 2-11, we compared the emission spectra for the RGB pixels
shown in Figure 2-8. Multiple peaks were observed in each spectrum. The peaks

corresponding to around 550 nm wavelength are common for all three colors and were
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assigned to the yellow luminescence (YL) commonly observed in nitride

semiconductors. Peaks P are emission from the center of the nanopillar. Peaks P> are

likely emission from localized states (e.g. due to indium composition or well width

fluctuation) because their linewidths remain nearly constant with an increasing

excitation intensity and intensity saturated quickly. No emission from the edge seemed

to be observable from our samples as opposed to what was reported previously [71].

2.5 Conclusion

In summary, we designed the diameters of InGaN GaN nanopillars to generate

desired strain profile and emission wavelength and achieved full-color emission from

monolithically integrated arrays fabricated by a top-down approach. The diameter,

height, and position of the nanopillars were precisely controlled by the top-down

approach, which also allowed effective strain relaxation, reduced piezoelectric field,

and wavelength tuning from red to blue. Photoluminescence measurements were

carried out at 10 K. The PL spectra and real-time CCD images proved that nanopillar

arrays indeed emitted red, green, and blue colors. We also applied our previously

developed 1-D strain model to analyze the diameter-dependent wavelength and

emission intensity. The characteristic length, 1/k, was proved to be a useful parameter

to describe the degree of strain relaxation and predict the optical properties.
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Table 2-1. Parameters used throughout the dissertation for semiconductor modeling.

GaN InN GaN InN
a (nm) 0.3189 0.3545 D, (eV) 4.5 4.5
¢ (nm) 0.5185 0.5703 D; (eV) 8.2 8.2
E; (eV) 3.51 077 D, (eV) -4.1 4.1
A (eV) 0.01 0.04 Ds (eV) -4.0 -4.0
Ao (eV) 0.017 0.005 Dy (eV) -5.5 5.5
ml 0.206 0.07 C.1 (GPa) 390 223
mg 0.202 0.07 Ci» (GPa) 140 115
mh, 1.1 1.63 Ci3 (GPa) 106 92
mp, 1.6 1.63 Cs3 (GPa) | 398 224
A, -7.21 -8.21 C4s (GPa) 105 48
A, -0.44 -0.68 e1s (C/m?) |[-0.30 -0.48
As 6.68 7.57 e3; (C/m?) |[-0.35 -0.57
A, -3.46 -5.23 e33 (C/m?) | 1.27 0.97
As 3.4 -5.11 P, (C/m?) | -0.034 -0.042
Ag 4.9 -5.96 B _ 1.4

bowing factor

D; (eV) -3.7 -3.7
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Chapter 3
Pixelated Multi-Color LED Array via Strain Engineering in

InGaN

One common challenge of nanostructure-based LEDs is proper metal contact
formation for electrical operation. The non-planar nature of nanostructures can make
uniform metal deposition difficult. Moreover, a lot of self-assembled nanostructures are
grown randomly on the sample surface without well-defined positions and heights. It
makes device integration even more challenging. In this Chapter, we will present a
metallization scheme that can be applied to the nanopillar LEDs and demonstrate
pixelated multi-color nanopillar-based LEDs. Some successful multiple color devices

have been reported, using bottom-up MBE InGaN/GaN nanowires and colloidal II-VI
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QD arrays [53,60,63]. However, these materials either lack the scalability for pixelated

LED arrays or require complicated manufacturing processes that can not be easily

adopted for commercial products. In this work, we showed that via strain engineering

in InGaN quantum wells grown by standard epitaxy, one can develop a scalable

fabrication scheme to make monolithically integrated and electrically driven multi-

color LED arrays. Each LED consists of an array of InGaN/GaN nanopillars that are

formed by lithography and etching. The emission color of each LED device can be

controlled by the diameter of the constituent InGaN nanopillars.

3.1 Fabrication of Electrically-Driven Nanopillar LEDs

The proposed electrical contact fabrication scheme is illustrated in Figure 3-1.

After defining nanopillars following the approach shown in Figure 2-4, we deposited

50-nm Si3N4 by PECVD at 200°C as the insulating layer. In order to planarize the

sample, we spin-coated spin-on-glass (SOG 500F, Filmtronics Inc.) and annealed it at

400 C for one hour in N> ambient to get rid of the solvent and harden the SOG. The

resultant thickness of SOG was ~ 600 nm. A plasma etching was subsequently

performed to expose the p-GaN region. The plasma etching species were mainly

fluorine radicals and etched both SOG and Si3N4. Typically ~ 50 nm of p-GaN was

exposed as a result of slight over-etch in order to ensure that all nanopillars were
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exposed. Figure 3-2 shows the SEM image of a nanopillar array after the plasma etch-
back.

To form the p-GaN/metal contact, we deposited Ni/Au (8 nm / 8 nm) by e-beam
evaporator (Cooke evaporator). The sample was mounted at a 60° angle and rotated
during the deposition for better coverage on the sidewall of nanopillars. The Ni/Au was
annealed at 500 ‘C for five minutes in an ambient consisting of an O2/N, mixture (1:4).
The oxygen preferentially oxidized the Ni and formed NiOx which is a p-type
semiconductor with a lot of nitrogen vacancies. Also, as nickel atoms diffused toward
the top, the gold layer became gold islands in direct contact with p-GaN, and gallium
atoms out-diffused from p-GaN, leaving Ga vacancies that were p-type dopants and
increasing the p-doping level at p-GaN surface [ 72]. In addition, the Ni/Au film became
semi-transparent after the oxidation [72,73] improving light extraction from the top
surface. To form the n-GaN/metal contact, we carried out buffered HF wet etching to
remove SOG and Si3Ny to open a window on n-GaN surface and deposited Ti/Au (10
nm / 250 nm) as n-type electrode by e-beam evaporator (Enerjet evaporator). The final

device structure is shown in Figure 3-3.
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InGaN/GaN nanopillars 50-nm SizN, Spin-on-glass coating

Deposition of p- and n-contacts Etch-back

Figure 3-1. Process flow of nanopillar LED arrays.

I | 1
5.0kV 10.7mm L-x350k 400nm

Figure 3-2. SEM image of a nanopillar array after plasma etch-back showing the p-GaN
tips, Si3Ns insulating layer, and SOG planarization layer.
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blue emitting array
green emitting array

Figure 3-3. Schematic of the nanopillar LED structure.

3.2 Electroluminescence of Nanopillar LEDs

In our experiment, we used a green-emitting c-plane InGaN MQW sample

comprising of a standard LED epistructure with six InGaN MQW s sandwiched between

p-GaN and n-GaN. Electroluminescence was observed at room temperature under

current injection. The real-time images of electroluminescence of 65-nm, 100-nm, and

I-um nanopillar arrays are summarized in Figure 3-4. The blueshift of emission

wavelength was clearly observed in these images. The 1-pum nanopillars resembled the

planar QW and emitted green light, while the 65-nm nanopillars were strain-relaxed

and emitted blue light. The emission spectra at different current density were measured

by a spectrometer (Ocean Optics USB2000+) in an integration sphere at room

temperature, as shown in Figure 3-5. The current density was calculated based on the

total cross-sectional area of the nanopillars. The peak wavelengths of 1-um and 65-nm
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nanopillars were 510 nm and 478 nm, respectively. Together with the CCD images,

multiple color emission from a single LED chip was demonstrated.

Figure 3-4. Real-time images of the electroluminescence from nanopillar LED arrays.

The nanopillar diameter from left to right is 65 nm, 100 nm, and 1 pm respectively. The
size of each array is 100 pm X 100 um. The pitch between nanopillars was 300 nm for

65-nm and 100-nm arrays and 3 pm for 1-um pillars.
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Figure 3-5. The emission spectra of (a) 1-um and (b) 65-nm nanopillar arrays under
different current injection level. The spectra showed multiple peaks as a result of
interference fringes caused by reflection at air/GaN and GaN/sapphire interfaces. The

EL intensity at very low current density was magnified by 10X for clarity.
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The wavelengths at different current densities were obtained by fitting the spectra
with Gaussian functions and summarized in Figure 3-6(a). For the 1-um nanopillar
array, the wavelength was 515 nm at the low current density and showed an obvious
blueshift as the current density increased. This is because the free carriers screen the
piezoelectric field and reduce the QCSE [66]. The results suggest that there is a large
strain in 1-um nanopillars. In contrast, the 65-nm nanopillars only showed 3-nm
wavelength shift, from 482 nm to 479 nm, as the current density was initially increased
to 6 A/cm?, and the wavelength remained the same at a larger current density. It proved
that 65-nm nanopillars were already partially strain-relaxed, and a small amount of free
carriers was sufficient to screen the piezoelectric field completely.

The strain and piezoelectric effect also affected the spectral linewidth. The full
width at half maxium (FWHM) of the electroluminescence spectra was recorded at
various current densities. In Figure 3-6(b), we observed very different power dependent
behaviors of FWHM from 1-um and 65-nm nanopillar arrays. For the 1-um nanopillars,
the FWHM decreased as the current density increased. This is again due to the screening
of the piezoelectric field which is known to increase the emission linewidth [74,75].
For the 65-nm nanopillars, the FWHM had huge error bars at low current density
because the intensity was weak and the fitting was more difficult. Regardless, the

FWHM first decreased and reached a minimum at 6 A/cm?, which was the current
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density required to fully screen the piezoelectric field (Figure 3-6(a)). Therefore, this

FWHM narrowing was attributed to the screening of piezoelectric field. As the current

density increased further, the FWHM of 65-nm nanopillars broadened because of the

band filling effect.
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Figure 3-6. (a) Peak wavelength of 1-um and 65-nm nanopillar LEDs at various current

density. Because of the interference fringes, we fitted the spectra with Gaussian

functions in order to obtain accurate peak wavelength. The error bars correspond to the

fitting errors. (b) The FWHM of electroluminescence spectra from fitted data.

In Figure 3-7, we show the integrated intensity at various current density. In Figure

3-7(a), the integrated intensity is observed to be linear at low injection level for 1-um

nanopillars and shows a slight degradation of efficiency as the current density increases.

This is attributed to strain-related efficiency degradation, such as electron leakage

[44,76]. As for 65-nm nanopillars, the light output is almost linearly proportional to the

injection level and shows no efficiency degradation in the current range used in the
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measurement. The results echoed previous studied based on bottom-up nanowires
[77,78]. In addition, we observed much lower light output from 65nm nanopillars. The
ratio of areal emission intensity, Ijym/lgsnm, is shown in Error! Reference source
not found.(c), representing the ratio of QE, M1,m/Mesnm, at various current densities.
At low current injection level, nq,y, was higher than ngspy, by two orders of
magnitude. As the injection level increased, M., degraded, and the QE ratio dropped.
To simplify the discussion, we focus on low injection level for the following discussion.
The large QE difference at low injection suggested that 65-nm nanopillars had very low
QE, and 1-um had very high QE. Based on previously developed model [79], at room
temperature the dominant nonradiative recombination mechanism in 65-nm nanopillars
is carrier thermalization and recombination at sidewall traps. Following Reference 79,
the thermalization rate, Y, can be derived using %2 Vge ¢P8/KT  where Vj is the
thermal velocity, and ¢p is the potential barrier from the center of the nanopillar to
the sidewall. ¢y is caused by strain relaxation in the radial direction and was
determined by fitting the diameter-dependent wavelengths to be 151.5 meV in this study.
¢, and c3 values were obtained from Reference 79 to be 0.002 and 0.33 respectively.
The derived V¢pp, 15 0.94 GHz and much faster than the radiative decay rate, which is
estimated to be 0.012 GHz according to the calculated wavefunction overlap and

Fermi’s golden rule. The resultant QE, Mgsnm, was 1.26% for 65-nm nanopillars, and
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it would be even lower if the bulk nonradiative decay is also considered. To estimate
N1um» W€ have to take into account the carrier diffusion length. When the carriers are
within the diffusion length from the sidewall, the above thermalization model can be
applied, and y;p,, is calculated by replacing the diameter term, D, with two times of
the diffusion length, L, and the equation becomes ;—iVBe_%‘l’B/ KT The overall N1um
was calculated by averaging the QEs in the areas where carriers can diffuse to the
sidewall and areas close to the core where carriers suffer from only bulk nonradiative
recombination. Assuming 100-nm diffusion length [80], n;,m was derived to be 66%,
assuming no bulk nonradiative recombination. Comparing the derived Mgz, and
N1um, Obviously Nes,mwas overestimated. It implied that the junction temperature of
65-nm nanopillars was higher than the room temperature. Our calculation revealed that
the junction temperature of 65-nm nanopillars was 433K. Another possibility was that
the interface quality with InGaN and PECVD Si3N4 was poor, and, therefore, ¢, was

high. The impact of surface passivation on ¢, requires further investigations.
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Figure 3-7. Emission intensity of (a) 1-pm and (b) 65-nm nanopillars at various current
density. (c) The ratio of emission intensity, I1,m/lgsnm, Which represents the ratio of

QE at various current density.

3.3 Electrical Characteristics of Nanopillar LEDs

I-V measurements were performed at room temperature using the Keithley 4200
semiconductor characterization system. Nanopillars LEDs exhibited diode behaviors as
shown in Figure 3-8(a) and (b). The I-V characteristics can be well explained by the
equivalent circuit in the inset of Figure 3-8 (c). The p-contact is modelled by a reversed
Schottky junction. At reverse applied bias, the Schottky p-contact diode was turned on
and allowed large current. The current was limited by the trap-assisted tunneling

leakage current through the MQW using the following equation [81,82]:

-B
lrew = AWV +Vy)*/2 exp (57577), (3-1)
where V is the magnitude of reverse bias; Vy is the tunneling barrier height in voltage
and equal to the band gap energy at reverse bias; A and B are fitting parameters. For 1-

um nanopillars, we obtained A = 0.037 A-V32.cm and B = 10.85 VV¥2, while A = 0.469

A-V32.cm?and B = 14.98 VY2 for 65-nm nanopillars. Such trap-assisted leakage
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current at reverse bias was commonly observed from GaN LEDs and was attributed to
the high defect density in GaN material [83,84]. At around 0 V, the I-V characteristics
was symmetric, indicating that the current was dominated by the leakage current
through the shunt resistance. It can be simply fitted to the | = V/Rs equation. The fitting
results suggested that Rs = 5.68x10° and 6.03x10° Q-cm? for 1-um and 65-nm
nanopillars respectively. The most likely shunt leakage path was the interface between
nanopillar surface and SisN4 and/or dislocations that extended from n-GaN to p-GaN.
Although 65-nm nanopillars had larger sidewall area, the 1-pum nanopillar array showed
larger shunt leakage current. It indicated that the shunt leakage was mainly via the
dislocations, as the 1-pm nanopillar array indeed had larger total cross-section area and,
thus, more dislocations. Nonetheless, the shunt leakage current became negligible as
the voltage was increased, and it implied effective insulation by SisN4. At forward bias,

the following diode equation was applied:

lror = Iy €Xp (%) (3-2)
Note that even at 8 V, the current was still exponential to the voltage with the same
quality factor, showing no sign of series resistance. Hence we omitted the series
resistance in the model. The fitting rendered quality factors of 33.4 and 31.6 for 1-um
and 65-nm nanopillar arrays. These values are much larger than typical InGaN LEDs.
It was mainly attributed to the Schottky contact at the p-GaN surface because the p-

41



GaN region was damaged by plasma during SOG etch-back, and Fermi level pinning

occurred, leading to a large Schottky barrier. When the LED was forward biased, the

Schottky junction was at reverse bias. For reverse-biased Schottky junction, the current

is mainly tunneling current and can be described by the equation [85]:

= .- CAZT W av )
I, =1, exp ( = ) Iy - exp (nlkT), (3-3)
ho[N : .
where ¢’ = ﬁgh(s_o) and &, = q? m—fe. €' is a characteristic energy of the
kT kT

tunneling current. It is related to the tunneling barrier thickness and, therefore, governed
by the band bending and doping concentration, Na. By assuming that the hole
concentration, Ny, in p-GaN was 8x10'7 cm™ and hole effective mass equals mo, the
ideality factor n is 27. In addition, we have also characterized a planar LED structure
made from the same MQW wafer and found n» to be ~ 8. It agreed with the typical
ideality factor of InGaN MQW LEDs and was attributed trap-assisted tunneling. Based
on the equation, YV = kq—T . lni - »'n, the overall ideality factor (n) was then the
summation of the ideality factor of the reverse-biased Schottky contact (n;) and that of
the forward-biased p-i-n junction in nanopillars (n2). The summation of n; and n2 was
then in good agreement with the overall ideality factor, n, obtained from the fitting of
nanopillar LEDs. Furthermore, the turn-on voltage of nanopillar LEDs was around 5.5
~ 6 V. The turn-on voltage was defined as the voltage at which the current was 20 mA

per mm? or 2 A/cm? according to conventional LED standard. The turn-on voltage was
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slightly higher than planar MQW LEDs because of the Schottky contact. Possible
strategies to heal the plasma damage should be explored in the future to reduce the turn-

on voltage and contact resistance.
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Figure 3-8. (a) and I-V of 1-um and 65-nm nanopillar arrays and the fitting results of
different current components. (c) The equivalent circuit model for nanopillar LEDs.

3.4 Conclusion

In summary, we successfully demonstrated electrically driven multi-color
nanoLEDs that were monolithically integrated on one single chip and fabricated by a
scalable top-down approach. The emission wavelength of was blue-shifted from 515
nm to 480 nm as a result of diameter reduction. Note although electron-beam
lithography was used in this study to facilitate the sample fabrication, the nanopillar
dimensions shown in this study can be readily produced by photolithography
techniques used in current semiconductor industry. The electrical characteristics were

also analyzed and revealed a turn-on voltage about 5.5 ~ 6 V and effective sidewall
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insulation. The turn-on voltage can be further improved if the plasma damage issue and

the resultant Schottky p-contact are properly addressed.
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Chapter 4

Polarization-Controlled Single Photons from Elliptical QDs

In this chapter, we present top-down InGaN QDs based on the same nanopillar
process described in Chapter 2. When the nanopillar diameter is below 40 nm, the
confinement in the InGaN nanodisk is strong enough to make it behaving like a QD,
which exhibits discrete energy states and can generate single photon emission. While
most of the QD fabrication methods are bottom-up, the top-down fabrication approach
endows us certain advantages that are important for QD applications. The top-down
approach guarantees optimal controllability of QD positions and geometries, which is
essential for device integration and quality control. In this chapter we will focus on
engineering QD geometry in order to intentionally generate anisotropic strain profile
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and manipulate the polarization state of single photons.

4.1 Strain Relaxation and Quantum Confinement of the Top-Down InGaN QD

Before jumping into the polarization properties, we review the important basic
knowledge of our top-down InGaN QDs in this section. Following the nanopillar
fabrication processes as described in Chapter 2, we were able to fabricate InGaN
nanodisks with diameter as small as 20 nm. It resembled the bottom-up axial quantum-
dot-in-wire structures. The QD-like PL was first observed in 2011 from our top-down
InGaN QDs [86]. Later on, the QD nature and the single photon emission were verified
[87]. Such results were rather surprising because 1) the lateral dimension of our QDs
was much larger than the exciton Bohr radius of GaN which is 3 nm, and 2) the QDs
were optically active in spite of the etched sidewall. Based on the Bohr model for a
hydrogen atom, the Bohr radius, ap, describes the size of the electron-hole pair that
forms an exciton and can be calculated based on:

_ Amegeh?

ap = T (4-1)

MeMp

where u = is the reduced mass, and € is the relative permittivity of the QD
h

e

material. The bulk Bohr radii of some common QD materials are listed in Table
1-1Table 4-1. Usually the Bohr radius is deemed as an indicator of the QD size required
to strongly confine an electron and a hole to form an exciton. Apparently, our top-down
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QDs had physical diameters much larger than the Bohr radius yet still exhibited the
QD-like behavior. This is because the real confinement came from the nonuniform
piezoelectric field in the radial direction as a result of the strain relaxation. The strong
piezoelectric field at the center and weak piezoelectric field at the edge created a
potential valley at the QD center that greatly enhanced the confinement. The potential
can be expressed analytically by the following equation [68]:

o(r) = Bm(l — sech(Kr)), (4-2)
where B,, corresponds to the exciton energy difference between fully strained and
fully relaxed InGaN, and 1/x is the characteristic length of strain relaxation. The
potential can also be mapped out numerically by solving eigenstates in QWs under
specific strain conditions that corresponded to the strain at various radial positions. Both
the analytical and numerical results are shown in Figure 4-1 and found to be in good
agreement with each other. Such potential profile resulted in an effective diameter that
was much smaller than the physical diameter. The effective diameter can be estimated
by a particle-in-a-circular-box model, where the energy increase due to quantization is:

AE = AE, + AE,. (4-3)
In the above equation, AE, corresponds to the quantization in the growth direction.
Because of the piezoelectric field, AE, was obtained by solving energy states in a 1-D
triangular well. Similarly, AE, was derived by solving energy states in a circular well.
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Circular potential well and eigenstates can be readily solved analytically. Assuming
zero potential in the well, the first energy state can be determined to be [88]:

AE, = AE, + AE, = 22901 G+ o) (4-4)
where R* represents the effective radius. The derived effective diameters, D* = 2R,
for various physical QD diameters are shown in Figure 4-2. The results revealed that
the strain-relaxation-induced potential valley, as illustrated in the upper panel of Figure
4-2, enhanced the lateral confinement. For physical QD diameters larger than 10 nm,
the effective diameters are always smaller than the physical diameters. Higher indium
composition leads to smaller effective diameter because the potential valley is deeper.
Moreover, it can be clearly seen that 20 ~ 30-nm QD diameters are the most ideal
because they can be reliably patterned by the e-beam lithography and maintain small
effective diameters. Moreover, the carriers can be kept away from the etched sidewall,
and the probability of nonradiative recombination can therefore be reduced. As the
physical diameter is decreased to 10 nm or even smaller, there is only a small amount
of strain remaining in the QDs, and the physical diameters start to dominate. Meanwhile,
strong nonradiative recombination is expected to occur for sub-10-nm diameters since
there is no potential barriers between the carriers and surface states.

In addition to the confinement due to strain-induced potential, strong Coulomb

repulsion between electron-electron and hole-hole increases the energy of multi-exciton
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states and makes them less favorable. The anomalous negative biexciton binding energy,
EP. = E, — E,, has been investigated and attributed to the piezoelectric field [89],
which forces electrons (holes) to pile up at one side of the InGaN/GaN interfaces and
enhances the Coulomb repulsion energy. The negative biexciton binding energy has
also been observed from our top-down QDs [68]. Furthermore, since the multi-exciton
states possess higher energy, they can hop to surface states more easily and exhibited
lower QE compared to excitons. Such behavior can favor single photon emission from

the exciton state and has been discussed in detail previously [90].

Table 4-1. Bulk Bohr radii of common III-V semiconductor materials.

AIN GaN InN InAs GaAs

ap (nm) | 1.2 2.1 7.1 34 15
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Figure 4-1. Strain-relaxation-induced potential profile of a 30-nm Ing.15Gao.ssN QD
along the radial direction. The nextnano modeling results (red curve) indicates a
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Figure 4-2. Effective diameters derived from AE,., using the particle-in-a-circular-box
model. The schematic illustration of lateral potential profiles in QDs of different sizes
is also shown in the upper panel. The dotted lines represent the 1% energy states and the
wavefunctions. The left schematic shows that the confinement is due to the infinite
barrier at the QD sidewall when D < 10 nm; the middle schematic represents the case

when the effective diameter was equal to the physical diameter when D ~ 10 nm; the
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right schematic shows the confinement by the strain-induced potential valley when D
> 10 nm. Please note that the effective diameter was larger than the physical diameter
at D = 5 nm because the concave potential profile lowered the AE, and lead to D*

slightly larger than D.

4.2 Polarized Single Photons by Semiconductor QDs

On-demand single photon sources play a key role in quantum science and

technologies [91]. Advances in materials synthesis in recent years have led to a variety

of potential candidates for single photon sources with properties suitable for practical

applications including room temperature operation [92,93,42], high repetition rate

[42,94,95,96], low time jittering [96,97], electrical operation [31,92,94,96,98], and

chip-scale platform [35]. In these applications, the ability to control and modulate the

polarization of each output photon from single photon sources is crucial to be able to

encode information [91,99,100]. Moreover, the control of the single photon polarization

will be beneficial for photonic circuit optimization and useful for single photon sources

coupled to external structures such as photonic crystal cavities and plasmonic

waveguides in  which the coupling is often polarization-sensitive

[99,101,102,103,104,105]. A single photon source with a programmable polarization

state can eliminate the need of external polarization optics to reduce the system

complexity and preserve the brightness of the single photon output.

The polarization properties of QD emission are determined by the symmetry of
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the electron and hole wavefunctions in the excitonic state. For QDs grown along the

[001] or [0001] direction of the zinc-blend or wurtzite lattice as in most cases, the

heavy-hole wavefunction possesses an axial symmetry around the growth direction

[106]. As a result, excitonic emission involving the pure heavy-hole state, e.g. in a

compressively strained QD with symmetric in-plane strain field, generates un-polarized

photons. The polarization control from self-assembled QDs is generally difficult due to

the complex interaction of the substrate, growth conditions, and growth mechanisms

although a limited degree of control has been shown utilizing the underlying crystal

symmetry of the substrate [107,108,109]. To generate a deterministic polarization state,

one can break the symmetry by modifying the photon local density of states (LDOS)

[99,101,110,111] or introducing deterministically asymmetric strain fields to the QDs

[48,112,113]. However, the number of polarization states that can be generated by

LDOS engineering can be very limited and the effectiveness highly depends on the

underlying crystal symmetry, QD geometry, and the quality of complicated cavity

structures. The use of asymmetric strain fields can alleviate some of these constraints.

The strain field can be modified by a mechanical force such as from a piezoelectric

actuator [48] or by changing the QD geometry [112,113]. Quantum dots have

previously been fabricated at the tips of pyramidal structures that were pre-strained

along a specific direction to intrinsically control the photon polarization [112]. But the
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large pyramidal structure can potentially make it difficult to integrate with other

photonic structures such as optical cavities. Moreover, the degree of control for the

polarization direction is still limited by the crystal symmetry with this approach. For

example, QDs grown on hexagonal pyramids will not be able to generate both 0 and

45° polarizations on the same chip.

The other consideration for the polarization property of QD emission is the degree

of linear polarization (DLP) which measures how pure the photon polarization state is.

When the strain field and/or the quantum confinement become asymmetric, valence

band mixing occurs. The strength of valance band mixing is determined by the degree

of anisotropy and the energy differences between different valance bands. The energy

differences between valance bands are governed by material properties, such as

deformation potential, spin-orbit interaction, and crystal-field splitting if it is wurtzite

structure [106]. For strained wurtzite crystals, such as group IlI-nitride semiconductors,

the weak spin-orbital interaction, Eso, leads to a small energy splitting between heavy-

hole and light-hole bands (or A and B valance bands) and strong valance band mixing

[114,115]. As a result, single photon emission with a high DLP has been reported in

group-III nitride QDs [114,115,116,117,118,119].
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4.3 Elliptical InGaN QDs by Top-Down Approach

In this work, we overcame the limitations on polarization control described above
by using a top-down approach, which enabled us to precisely control the QD geometry
and the symmetry of the strain field. Using elliptical group-III nitride QDs, we were
able to show single photon generation in an arbitrarily pre-programmed polarization
state. The elliptical geometry allowed asymmetric lateral quantum confinement and
asymmetric strain relaxation via free surface at the sidewall. Both anisotropy in
quantum confinement and strain resulted in mixing between valance band states and
changing the composition of hole states [114]. As a result, the 1* hole state generates
emission polarization along the elongated axis. In our experiment, we attributed
anisotropic strain relaxation as the dominant cause given the relatively large size of the
QDs and hence weak in-plane quantum confinement. In other words, the anisotropy of

in-plane strain, €, affected the degree of polarization as it appears in the off-

~ &y,
diagonal term of valance band Hamiltonian [114], and &, + €,, determined the
emission wavelength as it leads to piezoelectric field and QCSE. One example of the
elliptical QD and its anisotropic strain distribution is shown in Figure 4-3. The degree
of linear polarization was also influenced by the energy separation between the valance
bands because it determined the strength of valance band mixing and was closely

related to the spin-orbit interaction energy Es, for a wurtzite lattice structure [114]. The
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Eso was estimated to be 15.7 meV in the Inp.11GaogoN material, and such small Eso

compared to other semiconductor QD systems implied more effective valance band

mixing and superior degree of polarization. In our experiments, the measured DLP

exceeded 0.9 for QDs exhibiting high lateral aspect ratios, making these photons a

suitable candidate for qubits without the need for external polarization optics.

Compared to QDs fabricated from a bottom-up approach, the top-down approach

adopted in this work offered unprecedented control over the QD properties including

positions and emission wavelengths. The lack of wetting layers for the top-down QDs

can also reduce the background noise in single-photon emission [113].

Disk-shaped InGaN QDs with GaN barriers were used in this study. Compared to

binary GaN QDs, the use of InGaN alloys shifts the emission wavelength from

ultraviolet to visible and improves the sensitivity of single photon detection with silicon

based avalanche photodiodes. Elliptical QD geometry was achieved using a lithography

and etching process [120]. A sample consisting of a single unintentionally-doped (uid)

Inp.11Gao.g9oN quantum well and a uid 10-nm GaN barrier layer was epitaxially grown

on a 3-um thick GaN template on c-plane sapphire using metal-organic chemical vapor

deposition. The sample was then patterned by electron-beam lithography (JEOL JBX-

6300FS) using the 950-PMMA A2 photoresist (PR). After PR development, chromium

was deposited by e-beam evaporator (Enerjet Evaporator) and lifted off. Inductively-
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coupled plasma reactive ion etching (ICP-RIE) using LAM9400 with Cl> and Ar was
employed to form GaN nanopillars with one InGaN QD embedded in each nanopillar.
No indium clustering was found in the InGaN region from the atom-probe tomography
[121]. The optical properties of the top-down QDs have been studied before and
reported elsewhere [87, 90]. Single photon emission has been observed up to 90 K in
as-etched and unpassivated InGaN/GaN QDs fabricated using the same method thanks

to the large exciton binding energy and low surface recombination velocity [122].
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Figure 4-3. £,, and ¢, along the x and y axis for a 22-nm x 36-nm elliptical InGaN
QD. The strain was anisotropic (g,, < &yx) because the strain was more relaxed along
the short axis. The difference in &, and €, lead to valence band mixing and

preferential emission polarization.

4.4 Valence Band Mixing by Anisotropic Strain
As the QD structure is etched, strain relaxation is expected and an elliptical QD

shape leads to an asymmetric strain field inside the QD. To compare the optical
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properties of elliptical InGaN QDs among different materials, numerical simulations
were performed using nextnano [123] software and parameters in Table 2-1. The
valence band and conduction band states were simulated based on the 6x6 k-p model
and the single-band Schrodinger equation, respectively. The strain-involved
Hamiltonian was solved in px, py, and p: basis, denoted as |[X>, [Y>, and |Z>. After the
envelope functions associated with | X>, [Y>, |Z>, and the electron state |S> were solved,
the matrix elements associated with x, y, and z polarizations were derived using the

following equations [124]:
. 2
x-polarized: |My|? = (Welpxl Pal* = [(SIpxX)I?|{0e]|0nx)]

2 2
y-polarized: |My|2 = [(We|py|¥h)| = |(S|py|y)|2|(‘/’e|‘ph.y)|
z-polarized: |Mz|2 = |(Lpe|pz|lluh)|2 = |(S|pzlz)|2|<<pe|(ph,z)|2

where p,, p,, and p, are momentum operators, S,X,Y, and Z are the Bloch bases,
@. and @, are the envelope functions of the electron and hole states respectively, and
We=¢, S and W, = @px - X+ @py Y+ @p, - Z. Spin degeneracy and Coulomb
interaction were not included in our simulations. The z axes were assumed to be the
[0001] and [001] directions for wurtzite and zinc-blende QD materials, respectively.
Material parameters were taken from Refs. 125, 126, 127, and 128. The DLP was

determined by:



Figure 4-4 compares the calculated DLP for different QD materials. As expected,

InGaN/GaN exhibits higher DLP than other QD materials because of small energy

splitting between heavy-hole and light-hole bands. For the simulated QD structure, the

energy splitting is 18 meV for InGaN at the I" point while it is 71 meV for InP and even

larger for others. A near unity DLP is possible for elliptical InGaN/GaN QDs with a

high lateral aspect ratio.
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Figure 4-4. The calculated degree of polarization (DLP) of elliptical QDs for a variety
of different semiconductors as a function of QD lateral aspect ratio which is defined as
the length ratio between the long and short axes. The short axis is fixed at a constant 22
nm which is the same as the short axis length of QDs used in experiments in this work.

The QD and barrier materials are given in the graph.

4.5 Polarization Properties of Elliptical InGaN QDs
To study the relationship between the QD geometry and emission polarization in
experiments, elliptical QDs with different dimensions, lateral aspect ratios, and
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orientations were patterned. Two QD-QD spacing, 300 nm and 5 pm, were used to
enable ensemble and single-dot measurements, respectively. The top-view scanning
electron micrograph of as-fabricated elliptical InGaN QDs embedded in GaN
nanopillars is shown in Figure 4-5 for four different QD orientations, 45° apart. The
dimensions of the InGaN QDs were inferred from the diameters at the top of the GaN

nanopillars and the sidewall slanting angle as illustrated in Figure 4-5(a).

(a)

73 nm

Figure 4-5. (a) The schematic of the elliptical QD synthesized by a top-down process.
The disk-shaped InGaN QD is sandwiched by GaN barrier materials. (b) The top-view

scanning electron micrographs of four different QD orientations: 0°, 45°, 90°, and 135°.

The polarization properties of QD emission were measured by polarization-

resolved micro-photoluminescence (p-PL). A 390-nm wavelength femtosecond mode-

locked laser with 80-MHz repetition rate and 150-fs pulse duration was used as the

excitation source. It had an incident angle ~ 50° from the normal direction of sample

surface, and the spot size was ~ 40 um in diameter. A pair of confocal lenses and a
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pinhole were inserted when single QD measurement was carried out. The pinhole
allowed spatial selection of a circular area with a 0.8-um diameter. The spectral
resolution was 0.1 nm at 400-nm wavelength. The combination of a rotating half wave
plate and a fixed linear polarizer was used to resolve the spectra at different polarization
angles. The second-order photon correlation (g®)) was measured using a Hanbury
Brown-Twiss interferometer. All measurements were performed at 10 K. The detailed
description of u-PL setup and the numerical fitting model for g® can be found in Ref.
68.

Figure 4-6(a) and (b) show the polarization-resolved emission spectra of two QDs
(QD A and QD B) at different polarization angles and the polar plots of normalized
integrated PL intensity. The two QDs were designed to have orientations orthogonal to
each other. The zero-degree, orientation of QD A, was chosen arbitrarily and not aligned
to any particular crystal plane. The excitation intensity was 102 W/cm?. The designed
dimensions of both QDs were 22 nm by 36 nm for their short and long axes, respectively
with a lateral aspect ratio of 1.64. The spectra revealed a highly polarized exciton
emission peak at 2.979 and 2.958 eV for QD A and B respectively and an optical-
phonon peak of which the energy was ~ 90 meV lower than the exciton peak [129]. The
exciton emission peak was selected for polarization analysis. The photon polarization
and DLPs from QD A and B were obtained using the fitted polar plots. With a 95%
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confidence interval, the photon polarizations were determined to be -0.8° = 1.9° and
98.7° £ 4.5° for QD A and B respectively; the DLP ranges were determined to be from
0.83 to 0.98 and 0.80 to 1.00 for QD A and B, respectively. The polarized intensity of
QD B showed more deviation from the fitting curve because the emission intensity from
QD B fluctuated during the measurement. Photon antibunching was confirmed from
both QDs as shown in Figure 4-6(c). While the measurement was done with pulsed
laser excitation, the long carrier lifetime due to built-in polarization field lead to
significant overlap between neighboring peaks in g® plots [68]. In addition, the bi-
exciton emission peaks can not be well resolved and separated from exciton peaks given
that the linewidth was comparable to the energy difference between exciton and bi-
exciton [130]. The peak overlap and possible bi-exciton emission were accounted for
in the g® fitting model attributed to the dark current of the detector [68]. The fitting
rendered g®(0) = 0.26 for QD A and 0.32 for QD B without subtracting any background.
The non-zero g?(0) values were accounted by coincidence counts involving detector’s

dark noise and bi-exciton emission [68].
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Figure 4-6. (a) Polarized PL spectra from QD A and B at various polarization angles.
(b) Polar plots of normalized PL intensity of QD A (blue) and B (red) and the
corresponding fitting curves (dotted lines) using Znin+(Imax - Inin)cos*(0 — O,er) Where 0yer
was the fitted polarization angle. The degree of polarization (DLP) was calculated based
on (Inax - Imin) | (Inax + Imin) from the fitting curves. (c) g?(t) of QD A and B subjected
to 102 W/cm? of excitation intensity. The peaks shown in the g data are noisy due to
the long QD lifetime which was comparable to the laser repetition time of 12.5 ns. The
g® fitting rendered lifetime values 13.7 = 3.45 ns and 9.3 £ 1.25 ns for QD A and B
respectively. (d) Time-resolved PL and the fitting (red curves) resulted in 14.6 = 0.46
ns and 11.1 + 0.42 ns lifetime.
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Figure 4-7 summarizes the polarization angle and DLP measured from both QD
arrays (Figure 4-7(a)) and individual QDs (Figure 4-7(b)). In the QD array
measurements, the laser excitation beam covered about 10* QDs. In the single-dot
measurements, a total of 60 QDs were randomly selected from five different QD
orientations. The results showed a good correlation between the polarization angle and
the QD orientation although there was a 13° standard deviation in the polarization angle
from the single-dot measurements. The measured polarization direction of QD
ensembles showed good correlation with the designed QD orientation. The DLP is
primarily determined by the QD lateral aspect ratio. All QDs were designed with the
same lateral aspect ratio of 1.64 although processing variations can cause the aspect
ratio to deviate from the design. The SEM measurements showed the resulting lateral
aspect ratio had a standard deviation of 0.25. This, in combination with inhomogeneity
of QD shape, resulted in a lower DLP (0.60 = 0.05) observed for the QD arrays than the

DLP for individual QDs (0.72 + 0.17).
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Figure 4-7. The measured polarization angle and DLP as a function of the designed QD
orientation angle: (a) and (b) correspond to measurements of QD arrays and individual
QDs, respectively. In (b), twelve QDs were randomly selected from each QD array of
a specific orientation angle, and the solid curve corresponds to the median values
of polarization angles and DLPs for each QD orientation angle. In calculating DLP of
QD ensembles, we considered polarized intensity at photon energy higher than 2.85 eV
to avoid contamination signals from unetched InGaN regions, which can be resulted
from metal debris left on the sample surface after lift-off. For single QD calculation,
we considered the intensity within the full-width-at-half-maximum of single QD

emission peaks.

Another observation made throughout the measurements (e.g. the data shown in

Figure 4-7) was that there was not a single orientation angle of the QD that showed a

significantly higher DLP. Given that the orientations of elliptical QDs were not

intentionally aligned to any crystal orientation, the similar DLP values for different

orientations suggested that the polarization properties were not sensitive to the

underlying crystal symmetry. If it were the case, QDs oriented along 45° and 135° would

express slightly different properties than QDs oriented along 30° and 60° in Figure 4-7(a)
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due to the six-fold symmetry of the wurtzite lattice on the c-plane. Furthermore, in
comparison to another set of data points from a different sample, we did not observe a
systematic dependence of the polarization angle fluctuation or DLP variation on the QD
orientation. Since the polarization of InGaN QDs is highly sensitive to QD geometry,
the variation of DLP and polarization angle can be easily generated by sample
fabrication errors. In addition, from single-dot measurements (Figure 4-7(b)), the
average photon energies and the standard deviation at different QD orientations were
2.979 £0.024, 2.968 = 0.019, 2.971 £ 0.015, 2.971 £ 0.044, 2.968 + 0.033 eV for 0°,
30°, 45°, 60°, 90°, respectively. The spectral linewidths were 17 + 5,22 £ 8, 18 + 6, 19
+ 6, 21 £ 7 meV for 0° 30° 45° 60° 90° respectively. There was no systematic
dependence of the spectral properties of QDs on their orientations. Such result implied
that the spectral and polarization properties of elliptical InGaN QDs are independent of
QD orientation due to the highly symmetric nature of c-plane in the wurtzite lattice, and
we can generate any arbitrary polarization angle with a high DLP from the top-down
elliptical QDs on one single chip without any of the existing limitations in some of the
bottom-up approaches [112]. Besides, we have not observed an obvious dependence of
DLP on the excitation power up to 250 W/cm? nor any influence on the polarization
properties of the QD emission from the linear polarization of 390-nm pump laser, which
was along the 0° direction.
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To further understand the correlation between QD geometry and DLP and the

origin of variations, we carried out SEM to characterize the actual geometry of seven

QDs for which we also did polarization measurements. In this way, we were able to

precisely investigate the QD geometry and the resultant DLP and compare the

experimental and theoretical DLP values, as shown in Figure 4-8. The seven QDs were

from the same array, having the same nominal lateral aspect ratio of 1.64, but ended up

with different geometry because of process variation. The measured DLP values agreed

qualitatively with theoretical values, revealing that the theoretical model was accurate,

and the polarization was caused by asymmetric strain and valence band mixing. For

most experimental data points, the DLP values were lower than theoretical ones because

of non-ideal strain relaxation and deviation of actual QD geometry from simulated

elliptical shape. Moreover, to understand the QD geometry variation statistically, the

true orientations and lateral aspect ratios of 80 QDs were analyzed by SEM. The 80

QDs were designed to have the same nominal lateral aspect ratio, 1.64, but ended up

having slightly different geometry because of process variation. The standard deviation

of QD lateral aspect ratio was found to be 0.25. This corresponds to 0.16 standard

deviation in DLP according to Figure 4-8. Figure 4-9(a) shows an example of a QD

exhibiting a near circular shape due to patterning errors. The variation in the DLP

attributed to the variation in the QD lateral aspect ratio agreed well with the individual
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QD measurement results shown in Figure 4-7(b). However, SEM images revealed 6°

standard deviation in QD orientation, while the u-PL measurement showed 13° standard

deviation in the polarization angle. To further investigate the origin of this discrepancy,

two QDs that showed obvious irregularity were singled out and measured for their

optical properties. The SEM images of these two QDs are shown in Figure 4-9(b) and

(c). It can be seen that these QDs exhibit orientations and shapes that deviate from the

designed elliptical shape and direction. Compared to the QD in Figure 4-9(b), the QD

in Figure 4-9(c) was oriented 17° clockwise. However, there was a 29° difference in the

measured polarization angle between these two QDs. Therefore although the

polarization angle mostly tracks the QD orientation, there are cases this tracking fails.

It is likely that the QD geometry, when deviated from the ideal elliptical shape, plays a

role in shifting the polarization angle which is determined by the strain field in the

InGaN region.
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Figure 4-8. The comparison of the calculated and measured DLP as a function of the

The vertical error bars correspond to the errors of DLP fitting.

Figure 4-9. The top-view SEM images and the polar plots of the polarization properties

of three QDs exhibiting irregular orientations or/and shapes compared to the designed
parameters due to patterning variations. The SEM images are more blurry compared to
those shown in Figure 2(b) because the chromium etch masks have been removed
before imaging was performed in this figure in order to reveal the true shape of the top
surface of the nanopillar. The contrast was hence very poor. (a) shows a QD whose
shape has become almost circular and (b) and (¢) show two QDs with orientations
deviated from design. All three QDs were designed to be 22 nm (36 nm) for their short
(long) axes and oriented along 0°, which corresponds to the vertical direction in the

image. They ended up with different geometry because of process errors.

68




(b)

1

—>

polarization trigger

Figure 4-10. (a) Schematic illustration of a polarization control scheme that includes
two elliptical QDs with orthogonal orientations. By controlling trigger signals of the
two QDs individually, single photons with orthogonal polarizations can be generated
and coupled to the communication channel by a lens. (b) Schematic illustration of 4
elliptical QD single photon emitters generating 4 different polarizations as 2 basis sets
for polarization encoding. QDs are embedded in nanopillars that are coated with an
insulating layer. The top surface of the nanopillars are in contact with top electrodes.

Bottom electrodes are not shown in the graph.

4.6 Conclusion

In summary, site-controlled elliptical InGaN QDs were fabricated and polarized

single photon emission was observed. The polarization direction is completely

controlled by the orientation of the QD and is insensitive to the underlying crystal

symmetry. The DLP is high and can approach unity when the QD lateral aspect ratio is

close to two. Polarization properties from both QD arrays and individual QDs were

analyzed. Excellent correlations between the QD geometry and the polarization

property were found. The measured DLP agreed well with theoretical models.

Deviation of the polarization direction from the nominal QD orientation has been
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largely attributed to patterning errors originating from lithography and etching. The top-

down approach offered an unprecedented degree of control over the QD position and

emission wavelength not easily attainable from a bottom-up approach. Because the

polarization control is an intrinsic property of the elliptical QD without the assistance

of any external structures, multiple QDs of different polarizations can be placed in close

proximity. Electrically driven single photon devices can also be readily made with

proper planarization and metal contacts [131]. It allows each QD to be individually

addressable and enables the control of output polarization. Figure 4-10(a) illustrates a

simple scheme to produce a stream of single photons with orthogonal polarizations by

individually triggering two elliptical QDs, such as QD A and B in Figure 3, and coupling

the single photons into a single communication channel. Figure 4-10(b) shows a

potential design for an electrically driven quantum-key-distribution (QKD) transmitter.

It consists of four elliptical QDs generating 0°, 45°, 90°, and 135° polarizations as two

orthogonal bases for the polarization encoding following the BB84 protocol [21]. The

proximity of these QDs can also greatly simplify the coupling of the QD output to a

single communication channel, and the output polarization can be programmed by

individually operating each emitter. The security concern arising from wavelength

inhomogeneity of these four QDs can be addressed by, for example, randomizing the

emission wavelength slightly by applying electrical pulses or placing heating pads
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nearby.
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Chapter 5
Fundamental Limit of InGaN QD Inhomogeneity Caused by

Random Alloy and Well-Width Fluctuations

In alloy systems, when there are multiple kinds of cation or anion atoms present
in the system, the local alloy composition can fluctuate even if the material forms a
perfect single crystal without any defect. This is because the distribution of different
cation (anion) atoms is not uniform at the atomic scale. The probability of a particular
type of cation (anion) atoms to occupy a lattice site is simply equal to its mean fraction
in the material. This is called the random alloy fluctuation. Being a ternary alloy, InGaN
material is no exception. Indium atoms occupy cation sites, but there is no restriction

on which cation sites in the unit cell should be indium atoms. In this Chapter, we will
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discuss the impact of random alloy effect on InGaN LED and QDs and our endeavor of

random alloy simulation, aiming to shed light on the intrinsic inhomogeneity of ternary

alloy QDs. In addition, we will also discuss well-width fluctuation, which is caused by

the non-uniformity of QW epitaxy growth.

5.1 Random Alloy Fluctuation in InGaN

A lot of material characterizations have been done and revealed that epitaxially

grown InGaN, as a ternary alloy, is nonuniform at the atomic scale, and the distribution

of indium atoms follows the binomial distribution as a result of random indium atoms

in group-I1I atom sites[132,133]. The binomial distribution is described by the equation

below:

P(n,N,p) = p"(1—-p)N ", (5-1)

n!(N-n)!
where n is the number of indium atoms, N is the total number of Ill-atom sites, and p
is the probability of having indium atoms at a IlI-atom site. Aside from this random
indium fluctuation caused by the nature of ternary alloys, there has been no evidence
of indium clustering in InGaN epitaxy layers. However, the random alloy effect was
often overlooked in theoretical analyses until recently. Theoretical modeling of random
indium distributions in quantum wells suggested that the random alloy effect can lead

to carrier localization [134] inhomogeneous broadening [ 135], efficiency droop
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[136,137], and reduced turn-on voltage [136,137] of LED devices. While the

aforementioned reports were all about QW-based LED devices, in this study we focused

the influence of random alloy effect on InGaN quantum dots (QDs). As InGaN QDs

has been deemed as promising quantum light sources, understanding how random alloy

effect impacts the optical properties of InGaN QDs is vital.

5.1.1 Atom Probe Tomography of InGaN

Among different material characterization techniques, atom probe tomography

(APT) has been proven to be a powerful tool of analyzing material composition at the

atomic scale [138]. Atom probe tomography of MOCVD-grown InGaN has been

carried out and found that the indium atom distribution agreed with theoretical binomial

distribution. For our study, we also performed atom probe tomography on the InGaN

QW samples we used for QD fabrication. One example is shown in Figure 5-1. The

variation of indium composition in the nanometer scale is clearly seen, and the

histogram reveals that the distribution is indeed binomial. It proves that the indium

distribution in our samples can be considered as random alloy, and the distribution of

indium atoms is determined solely by the probability.
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Figure 5-1. (a) Distribution of indium composition in an InGaN QW acquired by atom
probe tomography. The bin size is 1.5 nm % 1.5 nm x 0.75 nm, which corresponds to
74 Ga or In atoms. (b) Histogram showing the number of data points having different
In compositions. The theoretical binomial distribution with sample size, N=74, is also

shown (black curve).

5.2 Well-Width Fluctuation of InGaN QW

Unlike the random alloy fluctuation, which is intrinsic to ternary alloys, well-

width fluctuation is determined by the epitaxial growth technique and it can be

potentially eliminated if the epitaxy is controlled perfectly. With modern MOCVD

technology, 1-ML well-width fluctuation has been observed in MOCVD InGaN QW by

atom probe tomography [133]. It has been shown that while the lower InGaN/GaN is

flat, the upper interface is not. Plateaus that are 1 ML in height and 5 ~ 10 nm in lateral

dimensions were found at the upper interface. Due to the built-in piezoelectric field in

wurtzite InGaN QW, QW width significantly affects the photon energy and

wavefunction overlap integral. Theoretical work has been performed to look into this

issue and revealed that the 1-ML plateaus indeed can help localize electron
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wavefunctions and affect the emission spectra [134,135]. Since our InGaN QDs were

made from a MOCVD InGaN QW, the well-width fluctuation can also contribute to

part of the inhomogeneity.

5.3 Methodology of Numerical Modeling

In this section we introduce the methodology we used to model the random alloy

and well-width fluctuation.

5.3.1 Random Alloy Fluctuation

To generate random indium distribution and mimic random alloy fluctuation, we

used a random number generator to randomly assign indium atoms to different areas in

the QD. First, we constructed a 3-D cubic grid and randomly assign indium atoms to

grid points, as illustrated in  Figure 5-2(a). The probability of having one indium atom

on a grid point was equal to the nominal indium composition. Given that the indium

composition was not a step function in the growth direction, the nominal indium

composition was assumed to follow Gaussian distribution with ¢ = 1.5 nm, one half of

the QW width [137]. The Gaussian distribution and the results from random number

generator are shown in  Figure 5-2(b). The averaged indium composition in the QW

was 14% in order to match the photon energy observed in experiments and the indium
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composition acquired from APT (Figure 5-1). Secondly, we averaged over 125 grid
points to calculate the local indium composition and produce a smoother potential
landscape. The as-generated random indium distribution is shown in  Figure 5-2(c¢).
Please note that the generated indium distribution had some small sharp features and
was not as smooth as the APT data. This is because the APT data underwent a
delocalization algorithm to compensate the uncertainty of atom positions, which

smoothed out the indium distribution.

(a) 0.3 nm (b) — Gaussian function, o = 1.5 nm

® Randomly indium mapping

.
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Figure 5-2. (a) Illustration of the grid representing atomic sites and the randomly
assigned indium atoms. (b) The Gaussian distribution of indium composition in the 3-
nm QW, and the mean indium composition at various Z position based on random

number generator. (¢) As-generated random indium distribution.

The simulated QD geometry was an axial InGaN nanodisk in a GaN nanowire.

Such structure was common for various QD systems [139,140,141,142], and single

photon emission has been observed [143,87], The diameter of nanowire used in the

simulations was 30 nm, and the thickness of InGaN layer was 3 nm, as illustrated in

Figure 5-3(a). The nanowire was surrounded by air to allow strain relaxation via the
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sidewall free surface. The wavefunctions and energy states of conduction band and
heavy-hole band were solved for 30 different indium distribution scenarios by
semiconductor simulation software, nextnano®, under the effective mass approximation
[144]. Strain relaxation and piezoelectric field were included for potential profile
calculation, and Coulomb interaction was considered for wavefunction and energy state

calculation. Lattice and band parameters are listed in Table 2-1.

Air
GaN
30 nm
ﬁxG.a(l_x,i I3 nm
GaN
X =14%

Figure 5-3. InGaN dot-in-wire geometry for numerical simulations.

5.3.2 Well-Width Fluctuation

Separate simulations were performed to investigate different well-width

fluctuation configurations. 30 different well-width fluctuation configurations were

created in the way similar to that described in 5.3.1. The indium composition was also

assumed to be Gaussian in the Z direction and uniform in X and Y directions. We
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considered = 2 ML fluctuation and randomly assigned -2 ML, -1 ML, 0, 1 ML, or 2 ML

fluctuation to each grid point at the upper InGaN/GaN interface [133]. We assumed that

the fluctuation followed a normal distribution and oy r = 2 ML, that is, the

probability of 0, =1 ML, and +2 ML fluctuation corresponds to 38.2%, 15%, and 15.9%

respectively, according to the normal distribution. Figure 5-4(a) shows one example of

the randomly generated well-width fluctuation mapping. Experimental observations

revealed that at the upper InGaN/GaN interface, the lateral dimension of each plateaus

is 5 — 10 nm [133]. To smooth out the fluctuation as seen in Figure 5-4(a) and generate

plateaus or recess of similar size, the well-width fluctuation at each grid point was

averaged over 5-nm x 5-nm area. The averaging process resulted in a continuously

varying values at each grid point, as shown in Figure 5-4(b). Since the well-width

fluctuation was discretized and only 0, +1 ML, and +2 ML were allowed, the fluctuation

values at grid points were sorted and assigned to be 0, £1, or £2 by setting proper

thresholds so that they still followed the normal distribution. The final result (Figure

5-4(c)) was then used to construct the simulation input.
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Figure 5-4. (a) Randomly assigned -2, -1, 0, 1, and 2 ML fluctuation to a square grid
with grid size 0.5 nm. (b) Moving average of (a) over 5-nm X 5-nm area for each grid
point. (c) Final results of the randomly generated well-width fluctuation by re-sorting
data in (b) into discrete -2, -1, 0, 1, and 2 ML fluctuations.

5.4 Fundamental Inhomogeneity of Wurtzite InGaN QDs

In this section we discuss the inhomogeneity imposed by the random alloy

fluctuation, well-width fluctuation, and possible diameter variation due to process

errors. To simplify the discussion, we neglected the global indium fluctuation and well-

width nonuniformity. That is, we assumed all QDs have identical mean indium

composition and mean well-width. For our top-down QDs, the InGaN layer was grown

by MOCVD. Although some concentric nonuniformity was expected across the entire

wafer, since the measured single QDs were all made in a 30 um x 30 um area, it was

reasonable to assume that the mean indium composition and well-width were uniform

between the QDs.

5.4.1 Inhomogeneity due to Random Alloy Effects

To statistically study the intrinsic inhomogeneity imposed by random alloy
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fluctuation, simulations based on 30 different randomly generated configurations were
performed. The 1% electron and hole states were obtained by solving the Schroedinger
equations of conduction band and heavy hole band separately under the effective mass
approximation. Coulomb interaction between the electron and hole was also considered
using the Hartree approximation. Figure 5-5(a) shows the histograms of calculated
photon energy and also the experimental data acquired by single QD PL. The random
alloy effect leadsto Ep, =2.8542eV and AEg, =10.79 meV. The dash line in Figure
5-5(a) represents the photon energy, E;goq;, 2.8682 €V, in the ideal case: the indium
composition was uniform in the x-y plane but Gaussian in the z direction for fair
comparison. For most cases, the presence of indium rich regions due to random alloy
effect created local potential minimums in the QW and, hence, lowered the photon
energy. In average, the random alloy effect lowered the photon energy by 14 meV. Only
for very few cases, the mean indium composition was much lower than the nominal
value 14%, and the photon energy turned out to be slightly higher even with random
indium fluctuation. What’s more important is the standard deviation, AEg,. The
random alloy fluctuation induced 10.79-meV variation in photon energy between QDs.
It was a result of natural randomness in ternary alloy and the fundamental limit of
inhomogeneity for wurtzite InGaN QDs.

In addition to photon energy, another important characteristics is the
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recombination rate. According to the Fermi’s golden rule, the radiative recombination
rate is described by the equation:

neffezEexPczv

Yrad = |<<pe|<ph>|27 (5-2)

2mm3egh?c3
where n.sr is the effective refractive index and was assumed to be one since the
nanopillars were surrounded by air; E,, is the exciton energy; P2,/(2my) =16.1 eV
is the linear interpolation of the Kane energy of wurtzite GaN and InN [145];
{@.lpp)|? is the wavefunction overlap integral. Using equation 5-2 and the
wavefunction overlap integral obtained from simulations, we were able to calculate the
radiative recombination rate (Figure 5-6(b)). Moreover, our previous studies confirmed
the existence of both radiative and nonradiative recombination for the top-down InGaN
QDs even at 10 K [90]. The nonradiative recombination is attributed to the tunneling
of exciton from the center of QDs to the sidewall. The tunneling rate is determined by
the radial position of exciton, the potential barrier in between the exciton and QD
sidewall, and the available recombination sites at the sidewall. Using the Wentzel-
Kramers-Brillouin approximation, it can be described by the following equation [90]:

2v2m
yrnl = %e_ A f ¢(r)d7", (5_3)

where c; corresponds to the recombination probability at the sidewall; 1/R accounts for

the surface-to-volume ratio; the exponential term represents the tunneling probability,

and ¢(r) describes the potential profile. For wurtzite InGaN QDs, strain relaxation
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leads to a nonuniform piezoelectric field and a confinement potential in the radial
direction, ¢(r), which can be analytically expressed as [68]:

¢(r) = By, (1 — sech(kr)). (5-4)
To estimate the the nonradiative recombination rate, we derived the radial position, 7,,,
Teme+TRmy

— where 7 represents the expectation value of radial

of the exciton using -
etmy

position. 7, and 75, are summarized in Figure 5-6(a). Figure 5-6(b) visualizes the
distribution of 7, and 7, inside a 30-nm QD, represented by the blue circle. Plugging
7., and parameters from Reference 90 into Equations 5-3 and 5-4, we calculated the
nonradiative and radiative decay rate (Figure 5-6(c)). The total decay rate was the sum
of radiative rate and nonradiative rate and compared with the experimental TRPL data
in Figure 5-5(c). Despite that few QDs showed much faster decay rate in experiments,
most of the experimental data agreed with the simulation results very well, indicating
that most of the variation was caused by random alloy effect. Also, compared to uniform
indium distribution (dash line in Figure 5-6(c)), random indium fluctuation leads to
faster decay rate, meaning that although the piezoelectric field separates the electron
and hole in the z-direction, they still tend to stay together in the lateral direction, and

random alloy effect helps provide an even stronger confinement.
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Figure 5-5. (a) Histograms of photon energy from experimentally measured single QDs
(lower) and 30 simulated QDs random indium distribution (upper). (b) Histograms of
total decay rate from TRPL and simulated random indium distribution. The dash lines
represent the photon energy and total decay rate of uniform indium distribution, without
random alloy effect.
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Figure 5-6. (a) Expectation values of the electron and hole radial positions of 30
simulated QDs with different indium fluctuations. (b) Visualization of (a) in a 30-nm
QD (the blue circle). (c) The radiative and nonradiative decay rate of the 30 simulations.

The dash line represents the radiative rate when the indium composition is uniform.
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Figure 5-7. (a) and (b) Correlation between radiative decay rate, photon energy, and the
radial position of excitons. The dash lines correspond to the photon energy and radiative
rate at various radial positions derived based on the strain-induced potential profile. The
dash line in (a) is intentionally offset to align with scattered data points for easy
comparison. (c) The correlation between the carrier localization length and the radial
positions. (d) The correlation between the radiative recombination rate and the
localization length of the 1% electron state.

The strong bond between electron and hole can also be seen in Figure 5-6(a). For
all simulations, regardless of the indium distribution, 7, — 15, was found to be smaller
than 2 nm because the electron and hole were always bonded. Moreover, since the
electron has a smaller effective mass, and the band offset induced by the random alloy

effect is larger in the conduction band, the electron is more sensitive to the indium
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fluctuation, and the position 7, varies more. On the other hand, the hole is less affected

by the indium fluctuation and is more likely to stay at the center of the QD. However,

the Coulomb force is sufficiently strong that the hole is pulled toward the electron and,

hence, 73, follows 7, as shown by all simulations. Another observation is that, for all

30 simulations 7, and 7, are less than 8 nm although the QD radius is 15 nm. This is

due to the confinement provided by the strain relaxation and nonuniform piezoelectric

field [68]. While the random alloy effect creates some indium-rich regions in the QD

and modifies the potential landscape, the piezoelectric field at the center is still

dominant and keeps the wavefunctions close to the center. It also helps suppress the

tunneling assisted nonradiative rate (Figure 5-6(b)) even though the nanopillar sidewall

has not been passivated in our experiments.

In addition, we studied the correlation between photon energy, radiative decay rate,

and the position of excitons, as shown in Figure 5-7(a) and (b). The correlation between

photon energy and exciton positions was the direct consequence of strain-relaxation-

induced potential profile: lower (higher) potential at the center (edge) because of larger

(smaller) strain and the corresponding piezoelectric field. The radiative decay rate and

the exciton positions exhibit a correlation: a large 7,, suggests more wavefunction

overlap as the piezoelectric field is weaker. The other factor that governs the radiative

rate is the extent of the electron wavefunction. The hole wavefunction always shows a
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smaller extent because of its heavier mass. When the electron wavefunction is also more
localized, the wavefunction overlap integral increases. The degree of localization can
be quantified by the localization length, which was calculated as follows:

@2 = 10 = P, (5-5)
where

o) = [ riyiear. (5-6)

The calculated localization lengths for the electron (Ar,) and hole (Ary,) are presented
in Figure 5-7(c). As expected, Ary, is always smaller than Ar,. Moreover, Ary, is not
sensitive to 1,,, whereas Ar, tends to decrease as 1,, increases. It can be understood
as follows: to pull carriers further away from the center, a stronger indium clustering
effect is required, and it accompanies stronger localization of electron wavefunctions.
The strong dependence of the radiative rate and the electron localization length is
confirmed in Figure 5-7(d).

To further illustrate the strong bonding between electron and hole in an exciton
and the localization effect, several examples of carrier probability density distribution,
[{@.|@p)|?, are presented here. Figure 5-8 shows the probability density distribution of
the 1% electron and hole state for a 30-nm InGaN QD with uniform indium distribution.
The wavefunctions are concentrated at the center as expected. With random alloy effect,
the wavefunctions are modified, as shown in Figure 5-9. The electron wavefunction is
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significantly modified by the random alloy effect as shown by the distorted probability

density distribution in Figure 5-9(a) and (b). Moreover, comparing the indium

distribution at the upper InGaN/GaN interface (Figure 5-9(d)) and the probability

density distribution (blue dash line in Figure 5-9(d)), we found that the electron

wavefunction did not localize in a specific indium-rich region (red regions in Figure

5-9(d)). Instead, it is the collective effect of several indium-rich regions that determine

the electron wavefunction. As for the hole wavefunction, it does not reside in any

indium-rich region, and the distribution is less affected. It agrees with the previous

conclusion that the hole wavefunction changes mainly because of Coulomb interaction.

The electron and hole wavefunction also allow us to study the fluctuation in

radiative recombination rate. For most cases, the radiative recombination rate was

shown to be enhanced by the random alloy effect, but two cases in Figure 5-8(b)

actually exhibited slower recombination rates. The enhancement of radiative

recombination can be explained by the localization effect. One example is shown in

Figure 5-10, where the electron wavefunction is highly localized in a highly indium

rich region that is 2~3 nm in size. Such localization results in large wavefunction

overlap integral and fast radiative rate, which is 0.125 GHz while the average radiative

rate is 0.096 GHz. On the contrary, if the electron wavefunction is more spread out, as

in the case shown in Figure 5-11, the electron-hole wavefunction overlap decreases,
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and the radiative rate reduces.
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Figure 5-8. Isosurface of the probability density distribution (square of wavefunction)
of the 1% electron and hole state for a 30-nm InGaN QD with uniform indium
distribution in the x-y direction and Gaussian distribution in the z direction. The

isosurface corresponds to one standard deviation.
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Figure 5-9. (a) One example (configuration #6) of the simulated probability density
distribution with random alloy effect. (b) and (¢) The contour plot showing the 1% state
electron and hole probability density at a constant z slice where the wavefunctions
peaked. (d) and (e) The contour plot of indium composition at the upper and lower
InGaN/GaN interface. The blue dash line in (d) and (e) correspond to the contour line
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of the electron and hole wavefunction at one standard deviation, respectively. The white

dash line in (b), (¢), (d), and (e) outlines the wavefunctions when the indium distribution

1s uniform.
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Figure 5-10. Simulated random alloy configuration #2 that showed strong localization
effect and faster radiative decay rate. (a) isosurface of the electron and hole probability
density distribution. (b) and (c) The contour plot showing the 1% state electron and hole
probability density at a constant z slice where the wavefunctions peaked. (d) and (e)
The contour plot of indium composition at the upper and lower InGaN/GaN interface.
The blue dash line in (d) and (e) correspond to the contour line of the electron and hole
wavefunction at one standard deviation, respectively. The white dash line in (b), (¢), (d),

and (e) outlines the wavefunctions when the indium distribution is uniform.
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Figure 5-11. One example (configuration #5) of simulated random alloy configuration
that showed more spread-out electron wavefunction and slower radiative decay rate. (a)
isosurface of the electron and hole probability density distribution. (b) and (c¢) The
contour plot showing the 1% state electron and hole probability density at a constant z
slice where the wavefunctions peaked. (d) and (e) The contour plot of indium
composition at the upper and lower InGaN/GaN interface. The blue dash line in (d) and
(e) correspond to the contour line of the electron and hole wavefunction at one standard
deviation, respectively. The white dash line in (b), (c), (d), and (e) outlines the

wavefunctions when the indium distribution is uniform.

5.4.2 Inhomogeneity due to Well-Width Fluctuations

Simulations based on 30 different randomly generated well-width fluctuation
configurations were performed as well. Figure 5-12(a) shows the histograms of
calculated photon energy and also the experimental data acquired by single QD PL. The
well-width fluctuation resulted in Eyyr = 2.8690 eV and AEyy, = 8.83 meV, based
on the assumed 2-ML variation. Eyyr was almost identical to E;z.4;, Which was
2.8682 eV. AEyyp was slightly smaller than AER, and much smaller than AE,,,,
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even if we intentionally increased the variation to 2 ML, instead of the experimentally
observed 1 ML. As for the decay rate, Yy wr was almost equal to ¥;4.q; and slower
than yg,4. It indicated that the WWF-induced localization effect was not prominent.

In order to further understand the photon energy and recombination rate
distribution, we analyzed the electron and hole position and the recombination rate for
each simulated configurations in Figure 5-13. In Figure 5-13(a), the electron and hole
clearly showed the strong tendency to stay at the center of QDs, thanks to the strain-
relaxation induced potential. In other words, only the WWF around the center area
matters. Since the probability of having thicker and thinner QW at the center was
identical, the averaged photon energy was identical to the ideal case without WWEF.

The expectation value of the electron and hole positions and the decay rate are
summarized in Figure 5-13. In Figure 5-13(a) and (b), the electron and hole clearly
show the strong tendency to stay at the center of QDs as the radial positions are always
within 5-nm range around the center. Again, thanks to the good confinement, the
radiative recombination rate is much larger than the nonradiative (tunneling) rate in
Figure 5-13(c). Also, similar to photon energy, while the radiative rate fluctuated, the
mean value is almost the same as ¥,qq igeq; (dash line in Figure 5-13(c)).

Furthermore, we observe a correlation between the radial positions of exciton, the
photon energy, and the radiative rate (Figure 5-14(a) and (b)). The correlation can be
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explained by the following. When the well-width is thicker at the center, carriers are

trapped at the center because of the piezoelectric field. The QCSE red-shifts the photon

energy, and the radiative rate is reduced. When the well-width is thinner at the center,

the electron wavefunctions are pushed away from the center. As discussed in the

previous section, as carriers move away from the center, the photon energy and the

radiative rate increase because of the strain relaxation. We also observe that while the

electron wavefunctions are pushed away from the center, they are also squeezed toward

the hole wavefunctions in the z direction. Therefore, the photon energy and radiative

rate increase faster than what is predicted solely by the strain relaxation effect (dash

lines in Figure 5-14(a) and (b)). It was verified by calculating the mean QW-width in

the regions enclosed by the electron wavefunctions and the strong correlation to the

photon energy and the radiative decay rate in Figure 5-14(c) and (d). Figure 5-15 is one

example of the simulation results, demonstrating that the electron wavefunction is off-

centered because the central well width is thinner.
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Figure 5-14. (a) Dependence of radiative rate on the exciton radial position. (b)

Dependence of photon energy on the exciton radial position. The dash lines in (a) and

(b) correspond to the photon energy and radiative rate solved based on the strain and

potential at different radial positions. (c) The correlation between the photon energy

and the effective QW width, which is the averaged QW width over an area enclosed by

the isosurface of [y.]? = 0.1 x max(|y.|?).
radiative rate and the effective QW width.
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Figure 5-15. (a) Well-width fluctuation at the upper InGaN/GaN interface of simulated

WWEF configuration #25. The colors in the contour plot represent the variation in well-
width in the unit of monolayer. The white dash line corresponds to one standard
deviation of the electron probability density. (b) Probability density distribution of the

1* electron state based on the well-width fluctuation in (a).

5.4.3 Inhomogeneity due to Diameter Fluctuation

Diameter fluctuation caused by process errors can also occur among QDs. To study
the effect of diameter fluctuation, we carried out simulations of 28-nm, 30-nm, and 32-
nm QDs without either the random alloy effect nor the well-width fluctuation. The
InGaN QW was assumed to be uniform in the x-y plane and Gaussian in the z direction
for fair comparison. The results are shown in Figure 5-16. As expected, the photon
energy and decay rate increase as the diameter is reduced. Based on SEM
characterizations of 30-nm circular nanopillars, the standard deviation of the nanopillar
diameter was found to be 1.7 nm in experiments. Assuming linear dependence of
photon energy and decay rate on the diameter, a 1.7-nm diameter fluctuation leads to
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AEpr = 10.7 meV and Aypr = 0.0123 GHz. AEpr was comparable to AEgR,, but

Aypr was much smaller than Ayg, as the random alloy effect strongly modifies the

wavefunctions.
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Figure 5-16. Diameter-dependence of (a) Photon energy and (b) decay rate.

5.4.4 Overall Inhomogeneity of Wurtzite InGaN QD
The experimental and theoretical results are summarized in Table 5-1. Considering

all three effects (random alloy, well-width fluctuation, and diameter fluctuation), the

total variation was calculated by A = /02, + 6%y + 024. Experimentally, we
observed much larger variation in photon energy and decay rate. It can be attributed to
the global variations that were not taken into account and the nonradiative
recombination that was not well-described by the tunneling model, such as defects
inside QDs. In the parenthesis are the mean values and standard deviations when the
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outliers (E >2.95 eV and y > 0.2 GHz) were excluded. The photon energy variation

matched with simulations very well, whereas the decay rate variation was still much

larger than the estimation by simulation. The discrepancy was ascribed to the lack of

precise information on nonradiative recombination.

Table 5-1. Summary of photon energy and decay rate of wurtzite InGaN QDs acquired

from PL measurements and simulations.

E (eV) AE (meV) y (GHz) Ay (GHz)
Experiment 2.8893 30.4 0.1462 0.1085
(2.8834) (20.8) (0.1241) (0.036)
Random Alloy 2.8542 10.8 0.1002 0.0162
Well-Width Fluctuation | 2.8690 8.8 0.0810 0.0072
Diameter Fluctuation | 2.8682 10.7 0.0627 0.0123
Total Variation 17.6 0.0216

5.5 Conclusion

In summary, we developed methodologies to model random alloy effect and well-

width fluctuation in InGaN QDs and investigated the resulting inhomogeneity. In terms

of photon energy, the random alloy effect, well-width fluctuation, and diameter
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fluctuation showed similar contributions (~ 10 meV) to the total variation. As for the

recombination rate, the random alloy effect was identified as the main factor for

inhomogeneity. The simulation results were in good agreement with experimental data

acquired from the PL and TRPL measurements of single QDs. Some outliers were

observed from experiments and explained by the global variation of QW width and

indium composition that were not considered in the simulation.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this work we have demonstrated that InGaN/GaN nanopillar structures are very
effective in strain relaxation, and the strain can be engineered by the nanopillar diameter
and geometry. The strain engineering provided an additional design parameter and
enabled novel functionalities of light emitting device.

First, we developed a top-down approach that combined e-beam lithography, ICP
dry etching, and anisotropic KOH wet etching to fabricate vertical GaN nanopillars
with embedded InGaN nanodisks. The top-down approach has several advantages over

bottom-up or pick-and-place methods including but not limited to low cost, scalability,
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optimal control of the positions, dimensions, and shape of the nanopillars. By tailoring

the dimension and strain, we showed that top-down wurtzite InGaN/GaN nanopillars

made from a planar QW wafer exhibited a wavelength tuning range from 473 nm to

654 nm, covering R-G-B three primary colors. The blue-shift of wavelength as the pillar

diameter decreased was a result of strain relaxation and reduced piezoelectric field. To

show the feasibility of nanopillar-based devices, we have also developed a planarization

and metallization scheme. Despite the large contact resistance and turn-on voltage (6

V), multi-color electroluminescence was observed at room temperature under electrical

injection. The electrical characteristics were well described by an equivalent circuit

involving a Schottky diode, representing the Schottky contact at p-GaN/metal interface.

Furthermore, we investigated the difference between EL properties, such as wavelength,

FWHM, and intensity, between nanopillars and pm-pillars and found them in good

agreement with the strain relaxation theory. Such multi-color LEDs can be very useful

as compact multicolor light sources for applications including microdisplays, integrated

light sources for biofluorescence arrays, and lab-on-chip devices.

Secondly, we demonstrated preprogrammed polarization of single photons via

strain engineering. The small dimension of nanopillars and the strain-relaxation-

induced nonuniform potential allowed strong exciton confinement and single photon

emission. On top of that, we intentionally fabricated nanopillars with elliptical cross-
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section and utilized the anisotropic strain to manipulate emission polarization. We
successfully achieved single photon emission (g®(0) < 0.5) with orthogonal
polarization states from two QDs with orthogonal elliptical geometry. The degree of
linear polarization was larger than 0.9. We also provided solid proof of the strong
correlation between wurtzite InGaN QD geometry and emission polarization and
showed DLP as a function of lateral aspect ratio. The results suggested wurtzite InGaN
QD as a promising candidate for quantum light source emitting single photons with
definitive polarization states for quantum information applications.

Thirdly, we theoretically studied the QD inhomogeneity. We considered random
alloy effect, well-width fluctuation, and diameter fluctuation and found that random
alloy effect and diameter fluctuation were the dominant factors of photon energy
inhomogeneity. Both contributed ~ 11 meV to the photon energy inhomogeneity. As for
inhomogeneity in radiative decay rate, we identified random alloy effect as the main
cause because it strongly modified the electron wavefunctions. We also showed that the
strain-relaxation-induced potential profile in the x-y directions provided strong
confinement and kept carriers close to the center of QDs even when indium clustering
and well-width fluctuation were present. This study shed light on the fundamental limit
of InGaN QD inhomogeneity imposed by the random alloy effect and how close our

QDs were to the fundamental limit given that the well-width and diameter were not
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perfectly controlled. In addition, the results suggested that for applications that require

an extremely fine control of QD properties, QDs made of single chemical elements or

binary alloy materials would be better candidates, or the dynamic tuning of QD

properties by mechanical, electrical, or magnetic means would be necessary to

compensate the inhomogeneity.

6.2 Future Work

The first part of this thesis regarding multicolor nanopillar LEDs lays the

foundation for device fabrication and design. The results enable better prediction and

easier design for specific color or wavelength requirement once the original QW

emission wavelength and the elastic property (1/x) are known. The electrical operation

at room temperature serves as a proof-of-concept for practical applications. To advance

this technology, further optimization of fabrication processes is required in order to

reduce the contact resistance and increase the brightness. Currently the contact

resistance is high because the p-GaN was damaged during the etch-back. It makes the

turn-on voltage high and limits the injection current. To tackle this issue, some post-

etch treatments are needed to recover the p-GaN quality, or a different

planarization/etch-back scheme has to be used to avoid the damage. Aside from

optimizing the processes, taking the nanoLED technology to a system level is important
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and can bring to interesting applications. One obvious future application is

microdisplays. Demonstration of a multi-color microdisplay panel that is capable of

showing simple images dynamically can greatly increase the application value. Hybrid

integrations, such as nanoLEDs for biosensors or near-field imaging systems, are also

fast-growing areas worth working on.

In terms of the QD single photon sources, we have showed the strength of the top-

down approach for polarization control. But the experiment was done by PL, which

limits practical applications. The obvious next step would be electrical operation by

adopting the planarization and metallization scheme proposed in Chapter 3. In addition,

the capability of generating single photons with predefined polarization states is helpful

and valuable for on-chip integrations with polarization sensitive components, e.g. the

coupling with polarization sensitive waveguides or cavities [146,147]. Such coupling

has been discussed theoretically but hard to achieve in experiments due to the lack of

proper quantum light sources or the difficulties in integration. Our QDs can help

overcome the obstacles because they provide solutions to on-chip polarized single

photon sources that can be easily integrated with cavities or waveguides by top-down

approaches.

Finally, the theoretical analysis regarding random alloy and other non-ideal effects

suggests that, in order to eliminate the inhomogeneity among QDs , either binary alloys
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or the capability of dynamic tuning are required. Possible binary alloys include GaN,

InN, and other II-VI QDs. Among these, GaN and ZnO are the most promising for high

temperature single photon sources due to their large exciton binding energy [148].

However, from the perspective of electrical operation, GaN has a huge advantage

because reliable p-type doping in ZnO has not been found yet [149]. Therefore, top-

down GaN/AIN can be worth studying. In terms of dynamically tuning the properties

of individual QDs, one easy scheme is to fabricate metal electrodes around single QDs

and utilize the Stark effect to manipulate photon energy dynamically [150].
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