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Abstract
Lighting applications account for 15% of the world's energy consumption, indicating that highly
efficient light emitting diodes (LEDs) have a tremendous potential to decrease energy usage.
While LEDs are becoming more common in applications from households to industry, a number
of improvements must be made to allow LEDs to achieve their maximum efficiency. In this
thesis, we examine InGaN/GaN multiple quantum well (MQW) LEDs, which set the industry
standard for blue/green inorganic LEDs with an external quantum efficiency of 70%. However,
these LEDs suffer from efficiency droop, a phenomenon in which the device efficiency decreases
past a certain threshold current. Additionally, the material quality suffers because lattice
mismatches introduce defects into the device.
We first examine electron energy-loss spectroscopy (EELS) as a method to investigate In
fluctuations within the quantum wells, which are thought to contribute to efficiency droop. EELS
has been extensively utilized in the literature to characterize QW composition, but as highresolution aberration-corrected scanning transmission electron microscopy (STEM) becomes the
standard, investigations of the impact of the electron beam on the sample and EELS analysis are
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required. Here, we demonstrate imaging parameters for which beam-induced carbon deposition
leads to the introduction of artifacts in EELS spectra. We find that with decreasing pixel sizes for
EELS maps, carbon accumulates on the sample, causing an increase in the multiple scattering
plasmons of carbon to interfere with the power-law background subtraction of the In pre-edge.
This effect is demonstrated across three state-of-the-art aberration-corrected STEM platforms,
showing the ubiquitous nature of carbon contamination even in the most advanced instruments.
Next, we investigate the spectral broadening around V-pit defects in InGaN/GaN MQW LEDs.
As V-pit engineering, the practice of intentionally introducing V-pits into an LED in order to
improve the efficiency, becomes more widespread, it is critical to understand the impact of Vpits on the emission spectrum of LEDs. Here, we use cathodoluminescence (CL) spectroscopy
within the S/TEM to identify three distinct regions of emission around V-pits. We identify blueshifted emission in the QWs of the V-pit sidewalls and confirm that the blue shift is due to
reduced In composition. We find blue-shifted emission in the c-plane QWs adjacent to and in
between V-pits that have been perturbed by strain-relaxation induced by V-pit formation. To take
advantage of the V-pit-induced spectral broadening of the LED emission spectrum, we present a
nanotextured device architecture based on V-pit overlap that emits broadly over a 100 nm range
and does not require a nanofabricated template.
The efficiency of InGaN-based LEDs can be improved by tackling phenomena within the
material that lead to nonradiative recombination, but efficiency can also be increased by
implementing additional structural features to the LEDs that can enhance emission, particularly
for UV LEDs that generally suffer from low efficiency. Here, we extend the energy range of
surface plasmons in aluminum nanodisks into the UV by controlling the nanodisk diameter using
high-resolution electron beam lithography. We use STEM-EELS to map the complete plasmonic
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spectrum of aluminum nanodisks from 3-120 nm in diameter, achieving surface plasmons in the
range of 2-10 eV. Additionally, investigations of the surface and volume plasmon decay at the
nanodisk boundary open up pathways for further understanding of electron beam-matter
interactions.
This thesis work is motivated by the growing need for sustainable lighting sources, and we tackle
this topic by providing new insights into a common methodology used for investigating sources
of efficiency droop, analyzing the impact of defects used for efficiency improvement on LED
emission, and by pushing the surface plasmon energies of aluminum nanostructures into the UV
for the possibility of incorporation into UV LEDs for efficiency enhancement.

Thesis supervisor: Silvija Gradebak
Title: Professor of Materials Science and Engineering
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In everyjob that must be done, there is an element offun.
You find the fun, and...snap! Thejob's a game.
~ Mary Poppins
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Foreward
This content was originally published on Medium and is reprinted here. The original article can
be found at https://medium.com/@sgoodman3I4/love-and-abuse-in-graduate-school38a26d1097ba.
The technical content of this thesis cannot possibly convey the emotion, wonder, and humanity
that are invisibly laced throughout the graphs and text of the forthcoming chapters. The soft
green glow of the microscope's fluorescent screen, the landing pad of an electron's unknowable
summersaults. The infinite shimmering web of the ronchigram that hypnotizes me as I stare into
its icy depths, or maybe its gentle flame. But sometimes the microscope becomes just a
microscope, and the images are just patterns of light and dark. When that happens, I say out loud
to myself - I am looking at atoms. These experiences are too fantastical to ever become ordinary.
But those are the good days. On the bad days, self-doubt, directionlessness, and impostor
syndrome weave themselves into my experiments and my outlook. In my second year of grad
school, I wrote a piece that was anonymously published on the now-discontinued website Letters
from GradSchool. I would like to share this piece here. It represents a moment in my scientific
career and captures my range of experiences in grad school: the good and bad, the magical and
analytical, the scientific and human. I called it "Love and Abuse in Grad School."

Inside the electron microscope, my nanostructures are being bombarded by an electron beam that
will induce electronic oscillations at their surface. Electronic oscillations that did not exist until I
fabricated structures smaller than a thousandth of the diameter of a human hair, on a membrane
tens of atoms thick. These oscillations result in emission of light from the nanostructures at
wavelengths controlled by the nanostructure size and shape. Thinking about it makes it seem less
real than it is. Light spreads out in all directions around us, from the sun, from lightbulbs, from
our phone screens. To be able to create, control, and confine light is commonplace in research,
but to really do it, to fabricate nanostructures myself and watch as they emit photons - I don't
know what could possibly be better than this.
The electron beam scans across the array of tiny triangles in nanometer-sized steps, building up a
pixel-by-pixel image based on the light emitted at each position of the beam. I watch with
anticipation as the patterns appear on the screen- light is concentrated at the tips of the triangles,
and when two tips are close to each other, interacting modes create swirled patterns in the space
between the tips. Sitting here in the dark after spending 10 hours aligning the instrument and
taking data with the same song on repeat ("Break Free" by Ariana Grande), I have no doubt that
this is what I want to do for the rest of my life. Nothing makes me happier than thinking about
the fact that I could really do this, do research, forever.
And when the experiment is over I stumble out of the lab, the now-unfamiliar light from the
incandescent bulbs of the hallway burning my eyes. My hands were steady when I removed my
millimeter-sized sample from the instrument, but now I'm shaking so badly I can't open my
water bottle. I feel like I have a stomach virus but I'm probably just hungry- it must have been
9

ten hours since I last ate. I reach down to find a granola bar in my bag and feel shooting pains in
my back. I sink to the ground, shaking, cold, and tired. I love what I do so much, but it so
quickly slips into abuse.
During one of these nights in undergrad, I distinctly remember thinking to myself: I hope I never
reach a point of physical limitation where I have to put myself before my research.
Now, as I'm finishing my second year in grad school, I can safely say that I've reached that
point. My undergraduate self would be horrified. I can hear her now- "But I prepared you for
this! I spent all night in the lab! Remember that time I got two hours of sleep for two nights in a
row without drinking coffee? You're going to throw all of that away for...your health??"
Yeah, yeah, take a seat. Let me tell you how it happened.
In my early days of research, I learned to become part of a culture where dark bags under your
eyes and a wrist brace from carpel tunnel syndrome meant you were giving your all. Colleagues
impressed each other with stories about long nights in the lab. It was understood that the worse
you looked, the harder you were working, and the better you were doing in grad school. If you
were taking care of yourself, you'd better have all of your experiments working and a paper just
accepted to Nature, or else what were you doing? If grad school was about working myself as
hard as possible, I could do that. I looked forward to it.
Then I became a graduate student and realized I had to change the way I framed my story.
I majored in chemistry as an undergrad, and my graduate program is in materials science and
engineering. I could draw the structure for any compound on the back of a bottle and tell you
how to synthesize it, but I'd never seen a phase diagram before and didn't know how to read a
stress-strain curve. So when I got my first thermo exam back and had one of the worst scores in
the class, I regretted my undergraduate major, my decision to pursue engineering, my decision to
come to MIT. I was not cut out for graduate school, and the admissions committee made a huge
mistake in accepting me. Essentially, I had impostor syndrome.
As many, many graduate students know, impostor syndrome goes beyond feeling like you're not
good enough. It's knowing for a fact that you do not deserve to be where you are because you
fundamentally do not have the capability to succeed, but you have fooled everyone around you
into thinking that you are worthy and intelligent. And your brain will do anything to convince
you that this is the case.
So, in one of the best engineering programs in the world, how do we convince ourselves that this
is true? I reasoned that my 4.0 GPA in undergrad resulted from working hard, not from being
smart. Getting straight A's really did not take any skill or innate abilities. All I had to do was
read the chapters, do the homework, go to office hours, write the lab reports, and I would learn
enough to do well on exams. I was never the kind of person to read something once and
understand it, to ace exams without studying. Anyone could have done what I did, I just had the
patience and motivation do to it, which is how I fooled everyone into believing that I was
intelligent.

10

was even warned about this. During graduate student orientation, there was a presentation about
"impostor syndrome" and how being surrounded by so many amazing people might lead us to
believe that we have tricked the rest of them into thinking we belong here. But the thing is, if you
really believe you're an impostor, being warned about it isn't going to help. You're just going to
think to yourself, sure, everyone else might have impostor syndrome, but I'm truly not good
enough. I am the real impostor. And every single person who tells you, "I'm sure it will be fine,"
"You'll do great," "I believe in you," that makes it worse because you know you're tricking them
too, and you will eventually let them down.
I

So impostor syndrome further fueled my desire to physically drain myself until I was convinced
that anyone who saw me had to believe I was working hard, since I didn't have the grades to
show it. Somehow I was here, and if I was going to keep up the act, I'd better be convincing.
Now I'm a Ph.D. candidate, and changing my mentality was what allowed me to pass both my
qualifying exams.
A few months before my written quals, I got to the point where I felt like I couldn't hide
anymore. I wanted to tell everyone that I didn't belong here and wasn't good enough and would
never make it. I couldn't keep tricking them anymore. So I emailed one of my mentors from an
undergrad internship who was here at MIT, asking if he could meet up with me. I told him
everything and asked him if I should seriously consider leaving MIT before it was too late.
And he told me he felt the exact same way his first year. For every single thing I said, he had his
own version of that story, of what he told himself to convince himself that he wasn't going to
make it. He said that the only way to get through it was to force yourself to get rid of those
notions, no matter how much you believe them. Somehow, hearing from someone else who went
through the exact same thing finally made me start to believe that what I was telling myself
might not be true.
When you're faced with a month of studying for a six-hour exam, there's no way you can get
through that if you don't believe you can succeed. On the one hand, relentlessly telling yourself
that you won't make it isn't exactly conducive to success. But it can go beyond that, because
when you hate yourself so much for not being good enough, you push yourself further and
further beyond your physical limits because you lose sight of your self-worth. I cared so much
about the outcome of my work that it made me fear I wasn't good enough, which led me to
overcompensate by abusing myself. I think this is part of how we create a culture where care for
oneself competes with passion for one's work.
When a material is stretched and it snaps back to its original shape, we call that elastic
deformation. But if the material gets stretched so much it doesn't go back to the way it was,
that's called plastic deformation. Sometimes I think I am plastically deformed.
If we believe in ourselves and take care of ourselves, maybe we can tell a new story to the
students we mentor. Can we tell a story about trial and error, mistakes we've made, experiences
we've learned from? We can show them our scars; research is brutal, and they will inevitably
experience despair at some point in their careers. But can we also teach them that their love for
11

research doesn't have to be syphoned out of a finite pool of respect they're allowed to show
towards themselves? Can we demonstrate to them that taking care of yourself doesn't mean you
care less about your work?
If I become a professor, I want to hang Justus Gustav van Bentum's painting "The Explosion in
the Alchemist's Laboratory" in my office. I saw this painting for the first time in the Chemical
Heritage Foundation museum in Philadelphia, and I instantly identified with its subject. An
alchemist watches in horror as his experiment explodes on the kitchen table, while his family
shields themselves from the flames. On a basic level, every researcher can relate to the wreckage
left behind by a failed experiment. But on another level, I think this painting is representative of
what can happen when we don't realize the toll that our work is taking on our lives, until it's too
late. Can we change the culture of grad school before it explodes in front of us?

The Explosion in the Alchemist's Laboratory, by Justus Gustav van Bentum (Leiden 1670-1727)
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Chapter 1 - Introduction
1.1 Motivation
1.1.1 Global need for sustainable lighting sources
Considering the 1 billion people across the world living without access to electricity, one of the
United Nations' Sustainable Development Goals is to ensure universal access to modem energy
by 2030.1 From 2000 to 2016, 700 million people gained electricity access, and as electrification
continues at a rapid pace, it becomes increasingly important to consider how to produce and use
this energy sustainably. 2
Lighting applications account for 15% of the world's electricity consumption, and thus represent
a significant slice of the energy pie that could be reduced with the implementation of more
efficient lighting technologies.3 Light emitting diodes (LEDs) are one of the most energyefficient light sources and use up to 75% less energy than traditional incandescent lighting
(Figure 1.1). In fact, the US Department of Energy (DOE) states that "widespread use of LED
lighting has the greatest potential impact on energy savings in the United States." 4

Incandescent

~2=[970%

~]<I20%

~5%
Fluorescent

LEDs

Figure 1.1: Wall plug efficiency of incandescent, fluorescent, and LED lightbulbs.

LEDs are also one of the most rapidly improving lighting technologies. The highest efficiency
LEDs today produce up to 170 lumens per watt, while in 2012, LEDs were producing only 60
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lumens per watt. 5 6 The rapid penetration of LEDs into the global lighting market is also
extremely promising - in 2018, the market share of LEDs in global residential lighting sales was
40%, up from 5% in 2013.7
Despite the rapid improvement in LED technology in recent years, there are challenges that are
yet to be overcome that can improve the efficiency of these devices to an even greater extent.
Examining the trends in implementation of LEDs sheds insight on the types of improvements
that still need to be made.
1.1.2 Making the switch to LEDs
The US Department of Energy's 2017 report on Adoption of Light-Emitting Diodes in Common
Lighting Applications discusses the progress that has been made throughout the US in switching
from incandescent, halogen, fluorescent, and high-intensity discharge lighting to LEDs. The
DOE predicts that by 2035, LEDs will represent 86% of all lighting sales. However, progress in
LED adoption has been faster in some applications than in others.
Figure 1.2 shows the number of LED unit installations by type in 2016. A-type lighting, the most
commonly used lightbulb for general lighting, represents almost half of the LED installations,
with downlighting (lights shining downward from the ceiling, generally for commercial use)
being the application for which the second-largest number of LED lightbulbs were installed.
These two applications both generally use low power and are found indoors. On the other hand,
the applications that represent the smallest percentage of LED installations require high power
such as parking garage, street/roadway, parking lot, and low/high bay lighting (used to illuminate
large areas such as retail stores, warehouses, and manufacturing facilities.) As will be discussed
in Section 1.3.1, the efficiency of LEDs at high power lags behind the efficiency at low-power,
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so improving the efficiency of LEDs in the high-power regime for use in large-area and outdoor
applications could result in significant energy savings in the US.

Total 2016 LED
Installations = 874 Million
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000,0
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2.4%

Parking Lot
08%
Low/High Bay
1,0%

Figure 1.2: 2016 LED unit installations by application. Adapted from 2017 DOE report on
Adoption of Light-Emitting Diodes in Common Lighting Applications.9

In addition to improving the high-power efficiency of LEDs, another advancement in LED
technology that would significantly reduce energy consumption is the use of connected controls
in lighting systems. Connected lighting systems have "integrated sensors and controllers that are
networked," meaning that lightbulbs can communicate with each other and sense changes in
environment to reduce time that the lighting systems are in use.9 In 2016, connected controls
saved 11.4 tBtu, but this is only a small fraction of the total 469 tBtu that were saved from LED
installation in 2016.9
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Figure 1.3 shows the energy savings that could have been achieved in 2016 if all installed LEDs
operated at top-tier efficiency compared to the energy savings that could have been achieved if
connected controls were implemented in all LED installations. The use of connected controls
could have increase energy savings by 1974 tBtu. 9
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Figure 1.3: LED energy savings in 2016 if all LEDs operated at top-tier efficiency, compared to
potential energy savings if connected controls were implemented. Adapted from 2017 DOE
report on Adoption of Light-Emitting Diodes in Common Lighting Applications.9

In order to more easily integrate LEDs into systems including other sensors and controls,
integration on silicon substrates is critical because silicon is the standard substrate used in
electronics. Currently, the highest efficiency LEDs are fabricated on sapphire substrates, which
results in fewer defects in the devices. Understanding defects that form when LEDs are
fabricated on silicon can help move LED technology towards high-efficiency LEDs grown on
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silicon, which would facilitate integration of connected controls and result in immense energy
savings.
1.1.3 Expanding LEDs into non-traditional target wavelengths
For indoor and outdoor lighting applications, it is required to combine LEDs emitting at
wavelengths visible by human eyes - namely, the visible spectrum from violet (-380 nm) to red
(-740 nm). However, LEDs have applications that go beyond visible lighting. Ultraviolet (UV)
wavelengths are also currently being targeted for sanitization, anti-counterfeiting, UV curing,
and more.
The environmental impact of using UV-LEDs instead of other UV lighting sources such as UV
lamps goes beyond energy savings. Most UV lamps use mercury, while UV LEDs do not. In
addition, UV LEDs have longer lifetimes than UV lamps, resulting in less waste. 0 However, one
of the current challenges with LEDs in the UV regime is the decrease in efficiency at UV
wavelengths due to the formation of defects during crystal growth. Understanding how to
mitigate defects or utilize materials that would compensate for the decrease in efficiency would
make UV LEDs a more attractive alternative to UV lamps.

1.2. How LEDs work
Unlike incandescent or fluorescent lightbulbs that produce light via excitation of a filament or
vapor, LEDs operate based on the principle of electroluminescence. This section will explain the
basic principles of LED operation, discuss common LED materials and design architectures, and
introduce the type of LED investigated in this thesis. Readers familiar with p-n junctions,
doping, and basic principles of LED operation may prefer to skip to section 1.2.2.
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1.2.1 Basic principles
LEDs are based on semiconductor materials, which have conductivities that fall in between that
of metals (104 1m) and insulators (10-6 fm). The unique properties of semiconductors are a
result of their band structure. In crystalline materials, the discrete atomic orbitals become
broadened due to the strong interactions between atoms in the periodic lattice. Therefore, instead
of having discrete energy levels, crystals have a broad range of allowed energy levels called
bands, separated by gaps of prohibited energy levels. The band gap is the amount of energy
required to promote an electron from the top of the low-energy band (valence band) to the
bottom of the high-energy band (conduction band) (Figure 1.4a). While insulators have a large
bandgap, metals have essentially no bandgap, which allows for the movement of electrons.
Semiconductors have bandgaps in between that of a metal and an insulator. When an electron is
promoted across the band gap, a positively charged hole is left behind in the valence band, and
an extra electron now sits in the conduction band (Figure 1.4b).
b)

a)
Conduction
Band

Band Gap

electron
hle

Valence
Band

Figure 1.4: a) Simplified schematic of a semiconductor, showing the valence band, conduction
band, and band gap. b) When an electron is promoted from the valence band to the conduction
band, a positively charged hole is left behind in the valence band.

Changing the concentrations of electrons and holes in a semiconductor changes the Fermi level
of the material, which represents the allowed filling of a band at a particular temperature. The
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technique of adding electrons or holes to a semiconductor is called doping. If phosphorous,
which has 5 valence electrons, is introduced into a lattice of silicon atoms, each containing 4
valence electrons, there will be an additional electron present in the crystal lattice. A
semiconductor that has been doped with electrons is called an n-type material. Likewise,
replacing an atom in the crystal lattice with an atom that has fewer electrons than the host atoms
is called p-type doping (Figure 1.5).
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Figure 1.5: a) N-type doping creates an excess of electrons in the semiconductor. b) P-type
doping creates an excess of holes.
The active region of an LED, or the region that is responsible for light emission, consists of a p-n
junction, in which a p-type and an n-type material are placed in contact, causing the Fermi levels
to align. Figure 1.6 demonstrates the stages of electron and hole movement once the two
materials are placed in contact. First, due to the difference in concentration of electrons and holes
on either side of the interface, electrons in the n-type region will diffuse to the p-type side, and
holes in the p-type material will diffuse to the n-type side. However, when an electron migrates
from the p-side to the n-side, it leaves behind a positively charged lattice point, and likewise,
holes leave behind negatively charged lattice points. An electric field builds up due to the
stationary charges that are now exposed in the crystal lattice. Now that there is an electric field
present which opposes the direction of the diffusion, holes are sent back to the p-side and
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electrons are sent back to the n-side. This process is referred to as drift. The balance of diffusion
and drift creates a depletion region at the interface, through which no net movement of carriers
will occur unless an external bias is applied.
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Figure 1.6: a) N-type semiconductor separated by a barrier from p-type semiconductor. b) When
the barrier is removed, electrons in the n-side will migrate towards the p-side, and holes in the pside will migrate towards the n-side. c) When electrons move into the p-side, they leave behind
empty lattice sites that carry a positive charge. Similarly, when holes migrate out of the p-side,
they leave behind negatively charged lattice sites. This establishes a depletion region and an
electric field from the n-side to the p-side.

When a forward bias is applied (i.e. when a positive potential is applied to the p-side), the
potential barrier required for carriers to move across the device is reduced and carriers are
injected into the device. Electrons are then directed to the p-region, and holes are directed to the
n-region. Now, the drift current exceeds the diffusion current, and the recombination of electrons
and holes produces light (Figure 1.7). Thus, the wavelength of an LED depends on the band gap
of the semiconductor material.
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b) Forward bias

a) No external bias
Depletion region

electrons
hV
electrons

EF

holes

n-type

p-type

Figure 1.7: a) Band diagram of a p-n junction under zero external bias. The dashed line
represents the Fermi level (EF). b) Under forward bias, the potential between the n and p regions
decreases in energy, allowing electrons and holes to recombine and emit light.

1.2.2 LED materials and design architectures
The first LEDs, developed in the 1960s, emitted in the near-infrared and utilized GaAs as the
active layer." The ability to dope GaAs with phosphorous, aluminum, and eventually nitrogen
led to the extension of GaAs-based LED wavelengths from the near-infrared to orange and
yellow.' 2 The late 1980s and early 1990s saw the development of high-quality growth processes
for GaN and improvements in p-type doping of GaN, which enabled the production of LEDs in
the blue/violet range, although they suffered from low efficiency.

3

In 1994, Nakamura et al.

developed high-efficiency blue InGaN LEDs using InGaN, which resulted in a paradigm shift for
the LED community and paved the way for the development of white LEDs by combining red,
green, and blue. Currently, InGaN-based LEDs are the standard for blue/green LEDs, reaching
internal quantum efficiencies greater than 70%.14,1s Figure 1.8 summarizes the bandgaps
achieved by utilizing different semiconductor materials.
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Figure 1.8: LED bandgap energy versus relative eye sensitivity is plotted on top of the bandgaps
of common LED materials.16

In addition to material choice, it is important to design the active region in such a way that
maximizes the efficiency of the device. A single p-n junction that uses the same type of
semiconductor for both the p-type and n-type material is called a homojunction. Homojunctions
do not make particularly efficient LEDs - the p-type and n-type layers have the same bandgap,
so photons emitted in the active region could be re-absorbed by the p-type layer before they are
able to escape the device. 7"8

Heterojunction LEDs solve this problem by utilizing different

semiconductors for the p-type and n-type layers. In this case, the layer through which the
photons must escape can have a wider bandgap than the emitted photons and thus can be
transparent to the photons. 17"

8

In a homojunction, minority carriers can diffuse out of the

depletion region before having the opportunity to recombine and emit light. Heterojunctions
mitigate this effect by creating a barrier to the flow of minority carriers towards the higher
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bandgap side. In this way, more of the carriers stay near the junction, so the injection efficiency
6
is effectively increased. "19

The probability of radiative recombination can be even further increased through use of a double
heterojunction which confines carriers in a p-type low-bandgap material sandwiched between ntype high-bandgap materials (Figure 1.9).18 The potential barriers created by both interfaces
prevent carriers from diffusing out of the low-bandgap material, which increases recombination.
Furthermore, injection can occur from both n-type regions, increasing the number of carriers that
are available to recombine. 20
N-type

High E9

P-type

N-type

Low

High E8

E.

Figure 1.9: In a double heterostructure, a low-bandgap material is sandwiched between two
higher-bandgap materials, confining the carriers.

A special case of a double heterojunction called a quantum well (QW) is created when the active
layer is extremely thin. By making the thickness of the active layer smaller than the de Broglie
wavelength of an electron, the carriers are confined to such an extent that discrete energy levels
arise, which blue-shifts the emission of the device (Figure 1.1Oa). The quantum confinement
introduced here results in increased overlap of the electron and hole wavefunctions, which even
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further promotes recombination. 2 1A system with repeating units of quantum wells sandwiched
between barriers is referred to as a multiple quantum well (MQW) (Figure 1.1Ob). These
structures will be discussed in detail in the next section.

Single QW

Multiple QW

Figure 1.10: A single QW is a double heterojunction in which the low-bandgap material has a
thickness less than the de Broglie wavelength of an electron. A multiple QW consists of a series
of thin layers of a low-bandgap material sandwiched between layers of a high-bandgap material.

1.3 InGaN/GaN Multiple Quantum-Well LEDs - Advantages
The majority of this thesis will focus on InGaN/GaN multiple quantum-well (MQW) LEDs,
which consist of InGaN quantum wells sandwiched between layers of GaN barriers (Figure
1.11). They are incredibly promising as sustainable replacements for incandescent and
fluorescent bulbs, as they have reached efficiencies of more than 70% and are continuing to
rapidly improve.14,1 5Advantages to InGaN/GaN MQW LEDs include the increase in efficiency
due to the MQW structure, their wavelength tunability based on indium content, and their high
defect tolerance.
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Barrier

x

Figure 1.11: Structure of the InGaN/GaN MQW LEDs used in this work. The active region
consists of InGaN QWs separated by GaN barriers.

Multiple quantum well structure
The MQW structure allows for increased current spreading along the lateral direction of the
device (x direction in Figure 1.11).22The lateral spread of current avoids the issue of current
crowding, which induces localized overheating and degrades the device performance.2 3
Wavelength tunability
GaN is most stable in a wurtzite lattice at room temperature (Figure 1.12), although it can also
take the form of zincblende and rock salt. GaN has a bandgap of 3.4 eV at room temperature,
emitting in the UV region of the electromagnetic spectrum. Introduction of indium into the
lattice in place of gallium creates the ternary alloy InGaN and decreases the bandgap compared
to GaN. By tuning the composition of indium in the InxGaNi- alloy, the bandgap can be tuned
between that of GaN (3.4 eV) and InN (0.69 eV), creating emission that spans from the UV to
the infrared.
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Figure 1.12: InGaN crystal lattice. Yellow represents In or Ga lattice sites, and white represents
N lattice sites.

High defect tolerance
InGaN-based LEDs can function at high external quantum efficiency (EQE) while supporting a
high defect density. 2 4 This is in contrast to GaN-based LEDs, whose performance drastically
decreases at high defect densities. InGaN's high defect tolerance will be elaborated on in Section
1.3.3.

1.4 Challenges for InGaN/GaN Quantum-well LEDs
Despite the continuous advancements in InGaN/GaN MQW LEDs, there are a number of
challenges preventing these devices from reaching their maximum performance and from being
more widely deployed. The main issue facing the performance of InGaN-based LEDs is
efficiency droop, which will be discussed in the following section with a particular focus on the
contributions of material inhomogeneities to efficiency droop.
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Another issue facing InGaN-based LEDs is that the highest efficiency devices cannot be directly
integrated onto the silicon platform, on which the current integrated circuit industry is based,
because growth on silicon substrates results in the formation of defects in GaN-based devices.
An introduction to defects in MQW structures will be presented in Section 1.3.3.
1.3.1 Efficiency droop and inhomogeneities
InGaN-based LEDs suffer from efficiency droop, a phenomenon in which the internal quantum
efficiency (IQE) peaks at a low injection current and then decreases monotonically with an
increase in current (Figure 1.13).25 In order for InGaN LEDs to become practical sources of
lighting for high power applications such as roadway and other outdoor lighting, the efficiency
droop must be remedied.

0.80.6-
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Figure 1.13: IQE vs current for InGaN/GaN QW LEDs emitting at various wavelengths. Adapted
from David, A. and Grundmann, M. J., 2010.26

The IQE is a measure of the number of injected carriers compared to the number of carriers that
recombine radiatively in the active region. Radiative recombination competes with non-radiative
recombination events including Shockely-Read-Hall (SRH) and Auger recombination (Figure
1.14). In SRH recombination, an electron in the conduction band falls into a "trap state," a state
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in between bands created by a defect in the crystal lattice, and does not emit light (Figure 1.14b).
Auger recombination occurs when an electron recombines with a hole, but the resulting energy is
transferred to another electron or hole instead of being emitted as light (Figure 1.14c).
a) ShockleyRead-Hall

b)
Radiative

I)

c)
Auger

Figure 1.14: a) SRH recombination occurs when carriers recombine via trap states. b) Radiative
recombination occurs when an electron and hole recombine and emit light. c) In Auger
recombination, and electron and hole recombine but the energy is transferred to another carrier
instead of being emitted as light.

IQE can also be reduced by carrier-loss events including electron leakage and carrier
delocalization. Electron leakage occurs when electrons bypass the MQW region, entering instead
into the p-type material and recombining with holes there. 2 7 This reduces the number of holes
that can make it into the active region and therefore reduces radiative recombination. Carrier
delocalization involves the interaction of carriers with defects at high injection currents, resulting
in increased nonradiative recombination. 28
All of these aforementioned processes are accounted for in the expression for IQE in Equation 1,
where n represents electron density. Shockley Read Hall recombination is represented by An
because it involves only one carrier. The Bn2 term is the radiative recombination term, which
involves the interaction of two carriers, and Cn3 is the Auger recombination term, which
involves the interaction of three carriers. IKis the leakage current, VQw is the volume of the
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active region, and the k(n - no)m term represents the nonradiative losses resulting from carrier
delocalization.2 9
Eqn. 1.1

Bn2

IQE=
An + Bn 2 +Cn

3

+

k(n - no)m+

'LK

The origin of efficiency droop is a widely studied topic in the InGaN-based LED field. Many
mechanisms have been proposed and may in fact work together to contribute to droop. These
mechanisms fall into two categories - injection efficiency-related mechanisms, and mechanisms
based on internal losses that occur due to nonradiative recombination in the active region. 30
One widely accepted mechanism for efficiency droop is the reduced-active-volume of QWs
resulting in enhanced Auger recombination. 3The Cn3 term for Auger recombination in
Equation 1.1 implies that this process will dominate over SRH recombination and radiative
recombination at high carrier concentrations; mathematically, the Auger term will be greatest,
and physically, if there are more carriers present, it's more likely that a process that requires the
interaction of three carriers will occur. If the carrier distribution within a QW is non-uniform,
meaning that there are some regions in which carriers are present and some regions that contain
no carriers, the effective volume of the device will be reduced to regions of high carrier
concentration because no light will be emitted from the regions with no carriers. Now, current
that should be spread over the entire active region is confined to a smaller region, so the carrier
density is increased and Auger recombination will therefore also increase, resulting in a lower
device efficiency. Non-uniform carrier distribution would be a result of inhomogeneities in the
QW structure, which will be discussed in the following section.
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Carrier delocalization is another proposed internal-loss-based mechanism for droop which
similarly involves the influence of inhomogeneities in the QW structure.31 At low currents,
carriers tend to localize at potential minima that are due to either fluctuations in the QW width or
fluctuations in the composition of the QWs. If carriers are localized at these potential minima,
they are able to avoid higher-energy regions containing defects. However, when the injection
current is increased, the potential wells can no longer hold all the carriers, so the carriers spill out
and diffuse to regions with defects where they nonradiatively recombine, lowering the efficiency
(Figure 1.15).
Low current

High current

Potential well
High-potential regions
containing defects

Figure 1.15: At low current, carriers are confined to potential wells created by inhomogeneities,
and thus avoid nonradiative recombination at defects. At high current, the potential wells cannot
contain all the carriers, and thus the carriers spill out into regions containing defects.

Proposed droop mechanisms for internal losses are based on the presence of inhomogeneities
within the quantum wells. These inhomogeneities can take the form of fluctuations in the width
of the quantum wells (Figure 1.16), defects in the crystalline structure, or fluctuations in indium
composition throughout the QWs. In the next section, background on In fluctuations will be
presented and previous findings will be discussed.
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Ems-M
Figure 1.16: Inconsistencies in the width of QWs are referred to as well-width fluctuations,
indicated here by red arrows. Image courtesy of Zhibo Zhao.

1.3.2 Indium fluctuations
The InN-GaN phase diagram has a wide miscibility gap, making InGaN prone to phasesegregation (Figure 1.17).

According to the phase diagram presented in Figure 1.17, as indium

content increases, it becomes more thermodynamically favorable for InGaN to phase-segregate
into In-rich regions and GaN-rich regions. The strain induced by the quantum wells assists
somewhat in stabilizing the alloy against phase segregation at low indium content because at low
In compositions, phase segregation requires nucleation and growth. However, at higher In
composition, phase segregation occurs spontaneously and cannot be prevented from strain
induced by the QW structure. 3 3 Therefore, when increasing the indium content of InGaN LEDs
to produce emission in the green/blue region, phase segregation becomes an important factor that
can impact device performance. The difficulty in producing high-efficiency InGaN-based LEDs
with green/blue emission is referred to as the green gap.
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Figure 1.17: Phase diagram for InGaN, showing the miscibility curve (solid line), and spinode
(dashed line)."

It may come as a surprise that although InGaN is highly prone to phase segregation, a conclusion
on the presence of In clustering within InGaN/GaN QW heterostructures is still elusive.347
However, considering the nanometer scale on which phase segregation would occur, it is
understandable that In clustering resulting from phase segregation would be difficult to detect.
Early investigations using transmission electron microscopy (TEM) and scanning transmission
presence 38 -40
electron microscopy (STEM) (which will be discussed in Chapter 2) report both the
and absence41-44 of In clustering. Eventually, later studies determined that formation of some of
45
these In clusters were induced by the interaction of the electron beam with the sample.

Recent studies using more advanced STEMs also demonstrate contrasting results. Some studies
confirm the presence of In clustering 35 37'46 47 while others determining that only random alloy

fluctuations are present, which are expected to be present in any alloy.48

49

Similarly, atom probe

tomography (APT) has also yielded results indicating both the presence and absence of In
clustering.

36 ,44 ,4 7 ,50

Although clustering versus random alloy fluctuations is still under debate and could be situationdependent, two conclusions are clear. First, whether the inhomogeneities in composition result
44

from phase segregation or random alloy fluctuations, understanding their presence and formation
is critical to understanding droop in InGaN-based LEDs. Second, it is clear that characterization
techniques capable of achieving atomic resolution are required to detect either type of
inhomogeneity in InGaN/GaN QW heterostructures.

1.3.3 Defects in InGaN/GaN QW LEDs
Defects profoundly influence the performance of an LED. They act as nonradiative
recombination centers, as discussed in Section 1.3.1, and they can introduce variations in alloy
composition and QW structure that impact the carrier localization in the device. V-pits are an
extensively-studied defect in InGaN/GaN MQW LEDs, but so far, an understanding of the
impact of defects on the localized emission of the LED is lacking. Here, a background on V-pits
in LEDs is presented as an introduction to the findings on luminescence of V-pits at the
nanoscale presented in Chapter 5.
Structure andformationof V-pits
V-pits are open inverted hexagonal pyramid structures that have a threading dislocation (TD) at
their core and have faceted sidewalls parallel to {1011} planes.5 1 Figure 1.18a shows a schematic
of a cross-section of a V-pit, and Figure 1.18b shows a 3D schematic. In a V-pit, the
unperturbed, or c-plane, QWs along the (0001) direction intersect with sidewall, or diagonal,
QWs that run along the (0011) direction. The apical angle of the sidewall QWs is 56 from the
growth direction.5 1
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Figure 1.18: (a) Schematic of a V-pit cross section showing the sidewall and c-plane QWs and
threading dislocation core. (b) 3D V-pit schematic, adapted from Gao 2019.52 (c) STEM image

of a V-pit.

Formation of V-pits begins with the formation of the TD due to a mismatch in lattice parameter
between the substrate and epitaxially grown material. The lattice mismatch induces misfit strain,
which is accommodated via plastic relaxation by formation of additional half-planes in the
epitaxial material (Figure 1.19).53 These TDs extend along the growth direction with each
54
subsequent epitaxial layer, and open up into a characteristic V-shape void in the MQW layers.

TDs in InGaN can take one of three forms - edge dislocations have a Burger's vector type of
a=

3

< 1120 >, screw dislocations have a Burger's vector type of c =< 0001 >, and mixed

1123 > - and V-pits have been found
dislocations have a Burger's vector type of a + c =<
3
to originate from each type of TD.ss
Extra half plane

LJ

a,

a2

Figure1.19:Latticemismatch(difference in latticeparametersaanda 2 )leadstothe
introduction of a threading dislocation.
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V-pits have only been found to nucleate in the InGaN layers of the MQW structure as opposed to
the GaN layers, which provides insight into the importance of indium in the formation
mechanism. Shiojiri et al. developed a mechanism for V-pit formation based on growth kinetics
and diffusion rates of In and Ga.s5Upon the introduction of In, a Cottrell atmosphere forms
around the dislocation core, in which an impurity atom (in this case indium) distorts the lattice
and creates a residual stress in addition to the stress already surrounding the dislocation core.
Due to the formation of these strain fields, In atoms segregate around the dislocation core. The In
atoms acts as a mask that inhibits diffusion of Ga along the (0001) direction, preventing the
crystal from forming a smooth, planar surface. The resulting perturbation exposes six (1011)
surfaces, which eventually become the V-pit facets. The growth rate on the (0001) surface
becomes faster than the growth rate along the (1011) surfaces, so the (1011) surfaces are
stabilized. Therefore, the small perturbations created by the In atoms at the end of the TD open
up into the (1011) sidewalls of the V-pit.
Formation of V-pits can be controlled by the temperature and pressure of the device growth.
Lowering the growth temperature reduces adatom diffusion lengths on the material surface,
resulting in small perturbations that lead to the nucleation of V-pits.

56 '5 7 Park

et al. found that

increasing the pressure during growth produces a similar effect; diffusion lengths decrease,
activating the 3D growth mode and introducing perturbations on the material surface.5 6 Hence,
V-pit density increases with decreasing temperature and increasing pressure. The size of the Vpit can be controlled by tuning the design of the QW/SL heterostructure. V-pit diameter is
proportional to the nucleation depth, which can be controlled by varying the number of
superlattice periods grown beneath the MQWs. 5 8' 5 9For V-pits that nucleate at equal depths, the
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diameter becomes proportional to the magnitude of the Burger's vector of the threading
dislocation from which the V-pit originated.60
TEM is routinely used to characterize V-pits by examining the cross-section (Figure 1.20a),
while scanning electron microscopy (SEM) is used to obtain a top-down planar view of the V-pit
(Figure 1.20b). These methods will be discussed in more detail in Chapter 2, and each is able to
identify unique features of the V-pits. Importantly, high-resolution TEM imaging demonstrated
that the V-pit sidewalls consist of QW and barrier layers instead of simply terminating in GaN,
as was previously believed. 5 1,61 As we discuss in more detail later in this section, these sidewall
QWs are thinner than the unperturbed QWs and are depleted in indium content, which has
62 63
implications for the effect of V-pits on the LED emission. ,

B

C

D

A

Figure 1.20: (a) TEM image of a V-pit cross-section, showing distinct sidewall QWs. Adapted
from Sheen et al, 2015.62 (b) Top-down SEM image of V-pits, which allows for size
characterization. Adapted from Zhou et al, 2018.64
Impact of V-pits on device performance
Defects are generally known to degrade the performance of a device; they introduce nonradiative recombination centers, resulting in lowered efficiency. However, it has been
empirically demonstrated that the performance of InGaN/GaN MQW LEDs improves upon the
intentional introduction of V-pits. 6 5 '6Han et al. enhanced the external quantum efficiency of a
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device containing V-pits compared to a device without V-pits by 37.3% (Figure 1.20a). 65 Kim et
al. reduced the reverse leakage current from 1.8 mA to 3.84 nA at 30 V by enlarging the
diameter of the V-pits. 67 While the complete mechanism is still under debate, it is widely
accepted that the efficiency improvement is due in part to the V-pits acting as "shields" from
TDs, preventing carriers from diffusing to TDs and recombining nonradiatively.5 8 6, 2
Hangleiter et al. proposed that the thinner sidewalls of V-pit QWs lead to an increased bandgap
compared to the unperturbed QWs, due to both quantum confinement and a reduced quantum
confined Stark effect (QCSE). 6 8 The increase in bandgap at the V-pits increases the potential
barrier for diffusion of carriers into the sidewall QWs, "shielding" the carriers from reaching the
TDs at the V-pit cores (Figure 1.21a-b). 6 Osaka et al. further proposed that the reduced In
content in the sidewall QWs of the V-pit also leads to a larger bandgap, contributing this effet. 58
The high tolerance for TDs seen in InGaN-based devices compared to GaN-based devices is
evidence of the role of V-pits in preventing carriers from reaching TDs. InGaN QWs maintain an
IQE of almost 0.9 even at a TD density of 10 cm-2, while the IQE of GaN-based devices drops
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to less than 0.2 at the same TD density (Figure 1.21c). 24
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Figure 1.21:a)TheEQE of anLEDdevice with V-pits intentionally introducedsurpassedthe
EQEofadevicewith V-pit growth suppressed for current densitiesfrom0-100A/cm 2 .Adapted
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from Han et al, 2013.65 b) A proposed model for the potential surface surrounding V-pits - the
potential barrier is higher in the V-pit QWs, preventing carriers from diffusing into the
dislocation cores. Adapted from Hangleiter et al., 2005. 68 c) InGaN maintains a high IQE at high
TD densities, as opposed to GaN. Adapted from Chyi et al., 2011.24

Another hypothesis for the efficiency improvement with the presence of V-pits is that V-pits
enhance the hole distribution throughout the QWs. 69 While electrons have a high mobility, the
mobility of holes is significantly smaller (- 1Ocm2 V-Is-1 for holes compared to -200 cm 2 V-isfor electrons). 7 0 Therefore, the electroluminescence within the QWs depends mostly on the hole
distribution. In a 2019 study conducted by Zhang et al., QW heterostructures were designed
specifically to monitor the distribution of the injected holes throughout the entire stack of QWs.

69

For devices containing V-pits, the middle QWs exhibited stronger electroluminescence than the
middle QWs of devices not containing V-pits. A mechanism was proposed in which carriers
enter the V-pit sidewalls and are preferentially injected into the middle QWs, since the distance
from the p-GaN filling the V-pits to the center c-plane QWs is shorter than the distance from the
top of the c-plane QWs to the center of the QW stack. 69 Therefore, the hole distribution in
devices with V-pits is enhanced over devices without V-pits, leading to an increase in efficiency.
While there is a consensus in the literature that some amount of V-pit introduction improves the
efficiency of InGaN/GaN MQW LEDs, the ramifications of V-pit engineering on the LED
emission remain elusive. While some studies have been performed to investigate the emission at
and around V-pits, nanometer-scale mapping of V-pit emission is lacking. In Chapter 5 of this
thesis, the literature on V-pit emission will be introduced, and our work on identifying the impact
of V-pits on the emission of InGaN/GaN QW LEDs will be presented.
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1.4 Aluminum plasmonics
Efficiency improvement of GaN-based LEDs can be achieved by understanding fundamental
mechanisms within the material that lead to nonradiative recombination and loss of efficiency,
but additionally, it can also be achieved by implementing novel device architectures that utilize
plasmonic nanomaterials to confine light to sub-wavelength dimensions. The field of plasmonics
studies the fundamental physics and applications of the collective oscillations of loosely bound
electrons in materials. Advances in plasmonics have touched many areas of science and
technology, including medicine, photovoltaics, catalysis, and imaging of materials. Chapter 5 of
this thesis focuses on the use of aluminum nanostructures for both fundamental studies on
plasmon excitation and decay and for the application of aluminum to UV plasmonics. Here, a
background on surface plasmons and volume plasmons will be presented, as well as a discussion
on the use of aluminum for plasmonics.
1.4.1 Introduction to Plasmonics
Plasmons are collective oscillations of loosely bound electrons in a material. Surface plasmons
(SPs) propagate along the surface of the material, whereas volume plasmons (VPs) propagate
throughout the bulk of the material (Figure 1.22). SPs are directly excitable by electromagnetic
radiation as well as electron beams, due to their transverse nature. SP have energies in the 1-10
eV range and propagation lengths on the order of micrometers. 7 1 Volume plasmons (referred to
in older literature as bulk plasmons) are longitudinal oscillations, and thus cannot couple to light
except in the case of grazing incidence vacuum ultraviolet (VUV) light in confined dimensions. 72
VPs occur at higher energies than SPs, usually >10 eV, and decay on the sub-femtosecond and
sub-50 nm scale.7 3
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Figure 1.22: a) Surface plasmons are collective oscillations of the free-electron density coupled
to an electromagnetic field that propagate along the surface of a nanostructured material. b)
Volume plasmons are longitudinal oscillations of the free electron density propagating in the
bulk of the material. In this schematic, each vector { represents the displacement of the electron
density from its equilibrium value, and a represents the lattice parameter of the material.

Adapted from Ritchie, 1989 .7

The VP frequency can be derived by considering that the longitudinal nature of the VP requires
Vx H=0, where H is the magnetic field." Therefore,

aD

V xH =-+j = iwe(co)E = 0

Eqn. 1.2

at

where D is the displacement field, j is the current density, and E is the electric field. For a finite
electric field at non-zero frequency, Equation 1.2 implies

6(0)) = 0

Eqn. 1.3

which is the condition for supporting VPs. Using the Drude-Lorentz model, an equation for the
dielectric function can be determined, which can be used to find an expression for the VP
frequency. In the Drude-Lorentz model, atomic dipoles in optical materials are treated as
harmonic oscillators. When an electric field acts on the material, it induces an oscillation of the
atomic dipoles, causing the electrons to become displaced by a value x according to the
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following equation, where m is the electron mass, F is the damping rate, e is the electron charge,
o is the resonant frequency of the atomic dipole, and E is the electric field:
d 2x

dx

2

dt

eE

2

dt

Eqn.1.4

m

The first term of Equation 1.4 corresponds to the acceleration of the particle, the second term
accounts for the damping force, and the third term corresponds to the restoring force. However,
the loosely bound electrons of a metal or semiconductor can be approximated as a plasma gas, a
neutral and homogeneous gas of charged particles with fixed positive charges and free electrons.
Therefore, the restoring term is neglected, so Equation 1.4 becomes

d2x

dx

eE

2

dt

m

dt

Eqn.1.5

The solution to Equation 1.5 is obtained by substituting plane wave equations for the
displacement and electric field, resulting in

eE/m

Eqn. 1.6

W2 + jW

The dielectric function is defined in terms of the susceptibility X as

(W)= 1+

=

1 + -nex

Eqn. 1.7

E0 E

where n is the electron density and Eo is the permittivity of free space. Substituting the
expression for x in Equation 1.6, we obtain

-

ne2 2
kEOm

1
W2 + jW)

Eqn. 1.8

Finally, using the VP condition in Equation 1.2 we find a real and imaginary solution for w:
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ne2
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Eqn. 1.9

ojT) 2

1

Eqn. 1.10

2

-

W,

1

where the relaxation time r is the reciprocal of the damping parameter F. The real part of w
represents the VP frequency, and with negligible damping, it reduces to

,

ne 2
E0 m

Eqn. 1.11

The VP frequency is characteristic of the particular material, as it is proportional to the electron
density. The imaginary part of w represents the width of the plasmon peak, corresponding to the
damping rate of the plasmon due to electron-electron scattering, electron-phonon scattering,
lattice defects, and grain boundaries. 7 The dependence of the dielectric function on the VP
frequency and damping rate implies that significant control over the optical properties of a
material can be achieved by engineering the VP energy and decay pathways.

VPs were first explained by Pines and Bohm, who demonstrated that long-range Coulombic
interactions between the valence electrons of a metal could produce collective longitudinal
oscillations that were responsible for the unexpected energy-loss peaks that occurred when thin
metal films were bombarded with electrons. 76 In 1957, Ritchie predicted a new plasmon
resonance occurring at hwp/i2 when a boundary was present, which were later termed surface
plasmons. 77 SPs were expected to dominate energy-loss spectra of nanoparticles because of the
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high surface to volume ratio, but VPs in aluminum nanostructures were demonstrated by Batson

in 1980.78
Since VPs were determined to be a property of nanostructures, efforts have been made to control
the VP energy by controlling the geometry of the nanostructure. An inverse square relationship
between the nanoparticle diameter and VP energy has been found for particles fabricated via
chemical synthesis and gas phase condensation.19-81 While models have been developed to
understand the size dependence of VP energy, little experimental attention has been given to VP
decay, as this process occurs on the nanometer and sub-femtosecond scale and examining VP
decay would require fabrication or synthesis of sub-10 nm structures. 82

1.4.2 Aluminum plasmonics

A plasmonic material should have a negative ei, signifying metallic character, and a low

E2,

signifying low loss. Figure 1.23 compares the real and imaginary parts of the dielectric function
for gold, silver, and aluminum. Gold and silver have been the traditional choice for plasmonic
materials because they have low losses in the visible spectrum, as seen in Figure 1.23b.75 Silver
in particular has low damping in the visible, and although the damping in gold is slightly higher,
gold is robust to oxidation and is stable in many chemical environments. 75
However, Ei of Al is more negative than both Au and Ag (Figure 1.23a), indicating that Al has a
greater metallic character. Furthermore, Al has a greater electron density than Au or Ag, giving it
-

a higher value ofwp (Equation 1.11) and indicating that it can support SPs over a wider range. 83
85

Although Al has an interband transition at 800 nm and thus does not support SPs near this

wavelength, its

C2

remains low into the UV, unlike Au and Ag, with interband transitions

occurring below 500 nm and 310 nm, respectively (Figure 1.23b). Additionally, SPs in
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aluminum are more sensitive to nanoparticle geometry than SPs in other materials.85 Thus, Al
has recently been considered as an alternative to silver and gold for plasmonics in the UV.
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Figure 1.23: Real (a) and imaginary (b) parts of the dielectric functions for Al, Ag, and Au. a) Al
has a more negative El than Au and Ag, indicating that it has greater metallic character. b) Al
has an interband transition at 800 nm, while Au and Ag have interband transitions in the UV,
indicating that Al can support surface plasmons in the UV while Au and Ag cannot. Adapted
from Gerard and Gray, 2014.86
Aluminum is not only an ideal material to investigate UV SPs, but it also provides an excellent
opportunity to study the VP. Aluminum behaves as a free electron gas in the vicinity of its
plasma frequency, so it can be easily described by the Drude model. Furthermore, Al has a sharp
and intense VP resonance at 15 eV. An advantage of having a high VP energy compared to other
metals such as silver (3.8 eV) is that the VP resonance is well-separated from the SP resonances,
making it easier to examine spectroscopically. The low FWHM of the Al VP peak compared to
that of Au and Ag indicates low plasmon damping.
In addition to having properties that make fundamental plasmon studies more convenient, Al is
also a highly practical material to work with. It is earth abundant, inexpensive, and CMOS
compatible, so developing Al as a plasmonic material will make industrial applications of
plasmonics more economical. Fabrication and synthesis of Al nanoparticles with tunable SPs
56

from the infrared down to the UV83- 85' 87 88have begun to enable applications for Al plasmonics
including color displays, 89 colorimetric sensing, 9 0 surface enhanced Raman spectroscopy in the
UV, 9 1 and photocatalysis. 92

Native oxideformation in aluminum

Aluminum forms a self-limiting amorphous native oxide of 2-3 nm though the Cabrera-Mott
mechanism, 93 which has been considered as both an advantage and disadvantage for plasmonic
applications. The native oxide is an advantage because of its self-limiting nature; while silver
oxidation increases over time, the core of Al nanoparticles remain metallic. 94 However, the
presence of A1203 shifts the SP and VP resonances from that of the pure metal.s9

An increase

in the thickness of the oxide layer of Al nanoparticles causes a blue shift of the VP wavelength
and a red shift of the SP wavelength according to the composite dielectric function (E) of
Al/A12 03 , given in the following equation, where n is the volume fraction of Al or A1 20 3

composing the nanostructure. 96
nAi() +
EA, + 2E

nox --EEx -E 0
Eox
0 + 2E

Eqn. 1.12

With the effect of the oxide layer on the Al plasmon modes known, having a well-characterized
oxide layer does not inhibit the design of Al plasmonic nanostructures.

1.4.1 Landscape for UV light sources
The development of emitters in the UV region of the electromagnetic spectrum (200-400 nm) has
99

phototherapy,1 00 and sensing, 0

'

made strides in sanitation,97 UV curing, 98anticounterfeiting,

among many other applications. Small molecules such as NH 3,SO2,03, NO 2 , and some
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hydrocarbons have electronic absorptions in the UV, providing opportunities for UV emitters to
be used in catalysis. 102 For example, the evolution of hydrogen and oxygen gas from water
splitting is catalyzed by UV sources emitting between 320-430 nm.1 0 3 With the development of
UV AlGaN LEDs, UV emission became much more accessible. The incumbent UV mercury
lamps had lower efficiencies and lifetimes than UV LEDs, in addition to being toxic and less
consistent in light intensity.'° While AlGaN LEDs can be tuned to emit at wavelengths between
200-365 nm, they demonstrate EQEs of only 3.5% to 6%.104
One method that has been employed to improve the efficiency of LEDs is the use of surface
plasmon coupling. This technique was demonstrated in visible LEDs through the use of gold and
silver films that concentrate and enhance electromagnetic fields at interfaces.1 05 However, the
use of gold and silver plasmonic films is not applicable to UV MQW LEDs because they are not
good candidates for propagation of plasmons in the UV range owing to their interband transitions
in this regime.1 06 Gao et al. instead used aluminum thin films to achieve an enhancement ratio of
217% in InGaN/GaN MQW LEDs.1 06 Okamoto et al. demonstrated that by using aluminum
nanostructures with specific geometries tuned to the particular wavelength of the LED, superbright UV LEDs can be achieved.105 Therefore, not only would understanding how to control the
SP energies in aluminum be useful in elucidating the plasmon decay mechanism at particle

interfaces, but it also has practical implications for the improvement of UV LED efficiency.
Chapter 5 will present a study on the fabrication and characterization of 3-120 nm Al nanodisk
with surface plasmon energies ranging from 2-8 eV. Additionally, the decay of the volume
plasmon compared to the surface plasmon at the nanodisk boundary will be discussed.

58

1.5. Summary and Thesis Overview
This chapter has provided an overview of the global need for efficient lighting sources, provided
a background on the operating principles of LEDs, and introduced the InGaN/GaN MQW LED
devices that will be the primary focus of this thesis. Additionally, an introduction to the use of
aluminum as a plasmonic material was presented, and its applications to improving the efficiency
of UV LEDs was discussed.
Chapter 2 of this thesis will discuss the methodology used throughout, with a focus on
spectroscopy within the TEM for nanoscale materials characterization. Chapters 3-5 present the
novel work conducted in this thesis. We begin in Chapter 3 with an investigation into the
accuracy of electron energy-loss spectroscopy (EELS) for investigation of compositional
fluctuations in InGaN. Here, we demonstrate the ubiquitous nature of carbon contamination in
high-resolution TEM that impacts the quantification of In clusters. In Chapter 4, we move on to
examine the spatial and energy distribution of localized light emission around V-pit defects,
which can be introduced into LEDs for efficiency improvement. Understanding the role of
defects in the spectral broadening of LEDs also builds towards the possibility of obtaining high
efficiency InGaN-based LEDs on silicon, increasing their applications. Chapter 5 presents a
study on aluminum nanostructures with SP resonances in the UV that have applications in
improving the efficiency of UV LEDs. Here, the SP energies of aluminum nanodisks are
controlled over the 2-10 eV range, and nanoscale mapping of the SP and VP decay across the
nanodisks is demonstrated. Chapter 6 discusses the implications of the work presented in this
thesis and offers directions for the future. All of the work in this thesis is motivated by the
singular goal of providing the world with more energy-efficient lighting sources and the
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understanding that structure-property relationships on the nanoscale determined through a
combination of STEM, EELS, and CL are key for engineering efficient LEDs.
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Chapter 2 - Methods: Investigating structural and optical properties at
the atomic scale
Investigating the correlation between structure and optical properties of semiconductors requires
tools that allow us to probe materials at the nanometer scale and below. Photons have limited use
for probing and visualizing materials at these scales because the relevant length scales - the
individual atomic columns in a crystal lattice - are smaller than the wavelengths of light used in
light-excitation optical methods. To achieve the resolution needed for these investigations, we
turn to electrons. When accelerated by a potential difference, electrons can reach sub-nanometer
wavelengths suitable for structural investigations of an atomic lattice. This is exactly what
happens inside a transmission electron microscope (TEM) - a potential difference of around
200,000 V accelerates the electrons, which then become a focused beam as they pass through a
series of electromagnetic lenses. The electrons then transmit through the sample, and are used to
produce an image. However, electron microscopy goes far beyond imaging. The TEM holds an
arsenal of tools in and of itself - in addition to offering multiple modes of imaging that reveal
distinct sets of information, TEM can be employed for diffraction and various types of
spectroscopy. Almost all of the work presented in this thesis takes place inside a TEM, so this
chapter will focus on TEM and its associated spectroscopic methods.
2.1 Introduction to the Transmission Electron Microscope (TEM)
This section will focus on the basics of TEM necessary for understanding the work presented in
this thesis. A thorough introduction to the operation of a TEM can be found in the book by
Williams and Carter, which this chapter will frequently reference.107
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Figure 2.1 illustrates the two operating modes of a TEM - standard imaging mode (referred to as
TEM mode), and scanning transmission electron microscopy (STEM) mode. In both of these
modes, the electrons are produced by a thermionic or field emission source and accelerated
through a series of apertures and electromagnetic lenses to create a beam. In TEM mode (Figure
2.1a), the beam is spread such that when it hits the sample, it can illuminate an entire region,
whereas in STEM mode (Figure 2.1b), the beam is converged to a small probe before it hits the
sample. In STEM mode, the beam is raster-scanned across an area of the sample to produce an
image. The ability to scan point-by-point is critical for spectroscopy within the TEM, which will
be discussed later in this chapter.
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Figure 2.1: Schematic of a TEM operating in standard TEM mode (a) and STEM mode (b).
Electrons are emitted from a thermionic or field emission source, and pass through a series of
focusing optics that create either a parallel beam for TEM mode (a) or a convergent beam for
STEM mode (b). In TEM mode, after the beam passes through the sample, the transmitted
electrons pass through additional focusing optics to generate the final image (a). In STEM mode,
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electrons that are scattered at wide angles are collected in the high angle annular dark field
(HAADF) detector, and those directly transmitted or scattered at small angles are collected in the
bright field detector (b). Adapted from Williams and Carter.1 07

The major contrast mechanisms in TEM are mass-thickness contrast and phase contrast. Massthickness contrast is the mechanism that is relevant to this work, and it is summarized in Figure
2.2. When electrons pass through the sample, their behavior is dictated by the scattering crosssection of the atoms with which they interact. The scattering cross section of the sample gives
the probability that a scattering event will occur, so for a sample with thickness t, this probability
is given by

Usample t

= NOtm(pt)
A

Eqn. 2.1

where csample represents the cross section of the sample, qatom represents the cross section of an
individual atom, No is Avogadro's number, p is the density of atoms in the sample, and A is the
atomic weight of the atoms in the sample.'

07

The atomic scattering cross section is proportional

to the effective nuclear radius of the atom, shown in Equations 2 and 3, where r" is the radius of
the scattering field of the nucleus, Z is the atomic number, e is the charge on the electron, V is
the accelerating voltage, and 0 is the angle through which electrons are scattered.10

Uatom

2

rn

oc rr2

= V

7

Eqn. 2.2

Eqn. 2.3
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From these equations, it follows that the probability of scattering increases for thicker samples
and for samples with heavier atoms. When the high-angle annular dark field (HAADF) detector
is used, shown in Figure 2.2, electrons that scatter at higher angles are collected by the detector.
Therefore, more massive/thicker regions of the sample will appear brighter, and less
massive/thinner regions will appear darker. When the bright field (BF) detector is used, electrons
that experience less scattering are collected, so the contrast is reversed from that of a dark field
image.

a)

b)

Electron beam
Sample

or heavier atoms

_

HAADF
detector
BF detector

'.......

Figure 2.2: Mass-thickness contrast in the STEM. a) When the electron beam passes through
thinner regions of the sample or regions containing lighter atoms, electrons do not undergo high
angles of scattering. They are collected by the bright-field detector. When the beam passes
through thicker regions or regions containing heavier atoms, the electrons are scattered to greater
angles. These electrons are collected by the HAADF detector.

2.2. Recent advances in TEM
Electron microscopes have undergone a tremendous improvement in resolution since their
inception in the 1930s, when the magnification reached only 400x (Figure 2.3).08 About twenty
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years later, the first sub-nanometer lattice-fringe images were obtained through high-resolution
TEM (HRTEM). By the 1970s, improvements in TEM design and construction led to a
resolution of about 0.3 nm.1 09 The ability to correct the spherical aberration in the electron lenses
recently led to a resolution of about 50 pm at 30k

.1

09 This

aberration-correction, which

Kirkland et al. call "one of the most significant instrumental developments in the history of
electron microscopy," enabled sub-angstrom imaging of individual atomic columns, providing
unparalleled access to crystal structure and defects. Aberration correction in STEM, in particular,
has provided a new window through which to observe atomic structure and defects - atomicscale images taken in an aberration-corrected STEM can be interpreted to identify atom type
based on contrast." 0 Pennycook writes that "the impact of the aberration corrector on the STEM
has brought about a transformation of the field of electron microscopy."" The two major types
of aberrations found in electron lenses are spherical aberrations and chromatic aberrations, which
together limit the resolution of STEM to 501 where A is the electron wavelength."2 This
resolution is not sufficient to resolve individual atoms in STEM.

Abenatson corrcted EM

Elece ronP
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Figure 2.3: History of the resolution of light microscopes, electron microscopes, and aberrationcorrected electron microscopes. Open circle represents predicted resolution. Adapted from
Pennycook et al, 2006. 108
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Spherical aberrations in an electron lens cause electrons that enter the lens at the periphery, or at
higher angles, to be over-focused, resulting in those rays being focused before the Gaussian
imaging plane. This type of aberration is the major factor limiting the resolution in S/TEMs.
Spherical aberrations cannot simply be corrected by fine-tuning the design of the conventional
lens pole piece in the microscope; Scherzer's theorem implies that all round lenses will have
aberrations, so elements that are not spherically symmetric must be utilized to correct for
aberrations."3 Therefore, many modern aberration correctors use two hexapole elements are
coupled to the pre-specimen objective lens."' 3 Three of the microscopes used in this work, the
Hitachi HD 2700C at the Center for Functional Nanomaterials at Brookhaven National Lab, the
JEOL ARM in the Center for Nanoscale Systems at Harvard University, and the JEOL ARM at
the National University of Singapore, are all equipped with aberration-correctors.
Monochromators are another advance in S/TEM technology, which have improved both the
imaging and spectroscopic capabilities of these instruments. Electrons are emitted from the
source with an energy spread, meaning that the emitted electrons do not all have the same
energy. This energy spread presents two major issues. The first is that electron lenses have
chromatic aberrations, causing the trajectory of lower-energy electrons to be bent to higher
angles. This is clearly problematic for the formation of a focused image. Next, when interpreting
spectra created by the bombardment of electrons onto the sample, the variation in energy of the
incident electrons will introduce artifacts into the spectra. Monochromators based on Wien
filters, omega-type filters, and alpha-type filters have been developed, which reduce the energy
spread of the electron beam to 0.1 eV." 4 The Hitachi HD 2700C at the Center for Functional
Nanomaterials at Brookhaven National Lab used in this work is equipped with a monochromator.
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2.3 Spectroscopy in the TEM
When electrons pass through the sample, many different signals are produced which can be
utilized to extract far more information about a sample than just an image. For example, the
interaction of electrons with the sample can produce visible light due to the generation and
recombination of electron/hole pairs or excitation of surface plasmons, and characteristic X-rays
that correspond to the composition of the sample. The energy of electrons scattered inelastically
can be correlated with elemental identity and optoelectronic properties. This is where
spectroscopy in the TEM comes into play - these signals are collected in either TEM mode,
which collects the signal over the entire region being imaged, or STEM mode, which collects
spectra point-by-point across the sample. In this section, we will discuss the two spectroscopy
methods used here, electron energy-loss spectroscopy (EELS) and cathodoluminescence (CL).

Incident beam
Backscattered
electrons

X-rays

Visible light

lectrons

/\

Inelastically
scattered
electrons
Direct beam

Elastically
scattered
electrons

Figure 2.4: When an electron beam passes through a sample, a number of useful signals are
generated which can be collected via spectroscopy.
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2.3.1 Electron energy-loss spectroscopy (EELS)
When an electron beam passes through a sample, some of the transmitted electrons lose a
characteristic amount of energy, corresponding to the type of excitation that was created in the
material. In an EELS spectrum, the number of electrons transmitted is measured as a function of
their energy loss. An example EELS spectrum is shown in Figure 2.5, and there are three
characteristic regions of the spectrum. The zero-loss peak (ZLP) is centered around 0 eV, and
represents the number of electrons that are transmitted elastically, i.e. electrons that do not lose
energy when they pass through the specimen. The low-loss region refers to the low-energy
peaks, generally less than 100 eV, that arise from plasmon excitations, introduced in Section
1.4.1. The region of the spectrum greater than 100 eV is termed the core-loss region, where
peaks corresponding to single-electron processes are found. The peaks in this region lie on the
plasmon tail and arise from the excitation of core-shell electrons to unfilled states above the
Fermi level or free-electron states above the vacuum level. They are termed ionization edges
based on their characteristic saw-tooth shape (Figure 2.5). The following sections will provide
more detail about each of these spectral regions.
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Figure 2.5: Example EELS spectrum showing the zero-loss peak (ZLP), the low-loss region
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including plasmon peaks, and the core-loss region including ionization edges. The core-loss
region is magnified 5000x to visualize the ionization edges in this figure.

Low-loss region
The plasmon peaks in the low-loss region arise from the excitation of collective oscillations of
the electron density, as explained in Section 1.4.1. These oscillations occur in the bulk of the
material as volume plasmons (VPs) and can propagate along the surface of the material as
surface plasmons (SPs). According to Equation 1.11, the VP frequency is proportional to the
electron density, so each material will have a characteristic energy at which the VP peak appears.
Therefore, the VP peak is often used for material characterization, for example in the work by
Baloch et al, who used the VP energy to quantify the indium composition of InGaN QWs.

4

The

VP peak has also been used to map properties such as bulk conductivity7 8 and temperature 1 5 of
the material. For thick samples, higher-order plasmon modes will appear at multiples of the VP
energy due to multiple scattering of beam electrons before they exit the sample.
The SP peaks occur at energies lower than the VP peak, and depend not only on composition but
also on geometry and are correlated with the optoelectronic properties of the material. Spatiallyresolved EELS offers a method to examine the electric field distribution of a material at the
nanoscale without homogeneous broadening effects that limit optical measurements."
mapping has been widely used to studySP
demonstrating SP confinement

2

17

- 125 and VP"1"'5

7

6

EELS

distribution across nanostructures,

and coupling18,120 and higher order SP modes.18,122,124

Nanostructures with confined geometries generally support multiple SP modes that correspond to
a series of overlapping SP peaks. Therefore, it is necessary to deconvolve these peaks through
fitting in order to extract information such as intensity and energy of the peaks of interest. Most
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works use a Gaussian fit to extract information about SP peaks, particularly for spectra
01 2

'

containing a series of peaks. 2
Core-loss region

-

The ionization edges found in the core-loss region of the EELS spectrum are information-rich
they can provide the elemental composition of a material as well as information on chemical

environment of an atomic column. Ionization edges are named for the initial shell in which the
promoted electron lies. For example, EELS edges resulting from excitation of an electron from
principle quantum number N=1 shell are termed K edges, the excitation of N=2 electrons result
in L edges, and the excitation of N=3 electrons result in M edges (Figure 2.6a). Ionization edges
lie on a tail of background signal that has contributions from the plural scattering of plasmons
and excitations of outer-shell electrons.'

26

The sudden increase in intensity at the onset of the

ionization edges arises from the ionization energy threshold of the core-shell electrons - at
energies lower than this threshold, promotion of the inner-shell electron to empty states will not
occur.1 2 6 An ionization edge can be divided into two regions, the energy-loss near edge fine
structure (ELNES), which is the region directly following the edge onset, and the extended
energy-loss fine structure (EXELFS), which may contain features up to 100 eV beyond the edge
onset. The ELNES region represents transitions from occupied bonding orbitals to unoccupied
antibonding orbitals, as opposed to free-electron states above the antibonding orbitals. Thus, the
ELNES represents the local density of unoccupied states. 2 6 The intensity of the ELNES is used
to quantify elemental composition, and the specific fingerprint of peaks is used to determine the
electronic structure. The EXELFS represents energy losses due to the transition of inner-shell
electrons to free electron states within the material. When an electron is ejected with an energy
of more than about 50 eV, it can backscatter off of neighboring atoms. The interference between
70

the waves produced from the backscattering and the wave from the ejected electron result in the
fine structure seen in the EXELFS.' 26 Therefore, when an atomic column is probed using EELS,
the EXELFS provides information about the oxidation state and chemical environment of these
atoms.
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Figure 2.6: a) Schematic of the labeling convention for EELS ionization edges. b) Example of a
core-loss ionization edge, with the ELNES and EXELFS regions labeled.

The relative intensity of ionization edges can be used to quantify the chemical composition of a
specimen. First, the background is subtracted, generally by fitting to a power-law function
because the probability of exciting an outer-shell electron follows an x-3 function. The
maximum width of the pre-edge fitting window should be no more than 30% of the edge energy
to limit systematic error, and the end of the fitting window should be no less than 5 eV from the
edge onset. The area under the background-subtracted ionization edge is used to determine
elemental concentration according to the following equation:
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N=Ik(ILA)
N =I(flA)

Eqn. 2.4

where N is the areal density of atoms, Ik is the integral of edge k, o is the zero-loss integral, f is
the collection angle, A is the integration width of the signal, and

ak

is the partial inelastic

scattering cross section (Figure 2.7).126 The ratio of ionization edges can be used to determine the
relative composition of two atomic species A and B, as follows:
NA

conc. A

NB

conc. B

IA(fl,A)

B(fl, A)

A)

Ua(P, A)

B(fl,

Eqn2.5

where NA and NB are the areal densities of atomic species A and B and I and IB are the integral
of the edges representing atomic species A and B.1 26
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Figure 2.8: Schematic of EELS detection system. Adapted from Egerton et al., 2011.126

An EELS hyperspectral image is collected in STEM mode by raster-scanning the electron beam
across the region of interest and collecting an EELS spectrum at each point (Figure 2.9). In this
way, a three-dimensional data cube is collected, with intensity values corresponding to x and y
spatial dimensions and an energy dimension. The data can be visualized in different ways
depending on how the data cube is sliced. Single spectra, 2D images representing the spatial
distribution of a particular peak in the x and y dimensions, and 2D images representing the
energy of a peak at a particular location can be extracted (Figure 2.10).

U00
J,000

E

Figure 2.9: To acquire a hyperspectral EELS image, the electron beam is raster-scanned across
the sample pixel-by-pixel to create a 3D data cube with spatial dimensions x and y and energy
dimension E.
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Figure 2.10: An EELS hyperspectral image can be sliced in anumber of ways to extract
information, including single spectra (a), 2D images of spatial distributions of each peak (b), and
2D images portraying energy-loss and position (c). d) Example EELS spectrum extracted from
the slice shown in (a). e) Intensity map of the indium M-edge extracted from the slice shown in
(b). f) Map of energy-loss compared to beam position along the y-direction, from the slice shown
in (c).
Determining the parameters for spectral acquisition is critical to obtaining high-quality EELS
maps. The pixel-size refers to the distance between spectra in the map or linescan. The
acquisition time refers to the duration for which aspectrum is collected. Low acquisition times
minimize beam-damage, but result in lower signal-to-noise ratio. Sample drift could interfere
with spectrum images taken with longer acquisition times. The dispersion refers to the energywidth of individual channels that make up the EELS spectrum. Smaller dispersions can reveal
more highly-resolved peaks but can also result in additional noise. Therefore, all of these
parameters must be balanced in order to obtain aspectrum image that contains the desired
information while minimizing damage to the sample. When collecting an EELS spectrum image,
a STEM image is collected simultaneously to allow for direct correlation of structural features
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and composition. Energy dispersive spectroscopy (EDX) is another technique performed in the
TEM that can provide compositional information, but EELS provides higher resolution and
greater count rates than EDX.1 26

2.3.2. Cathodoluminescence
Cathodoluminescence (CL) is a technique that collects photon emission resulting from
bombardment of a sample with electrons. In semiconductors, this emission falls into two
categories - intrinsic and extrinsic. Intrinsic emission refers to emission that is a result of the
band gap of the material. Interaction of the sample with fast electrons produces electron-hole
pairs which recombine and emit light at the wavelength corresponding to the band gap. Extrinsic
emission relies on defect states found in the semiconductor and can include recombination of
excitonic states, transitions that begin or end with localized impurity states, or other localized
energy levels within the band gap such as those induced by lattice defects.127 When collected in
the TEM, CL allows for correlation of structural features with optical emission, which is
particularly useful for studying defects and inhomogeneities in LEDs. One incident electron
generates many electron-hole pairs, given by

G=

-(1

eEi

- y)

Eqn. 2.6

where G is the generation factor, or number of electron-hole pairs generated, Vb is the electron
beam voltage, Ibis the beam current, e is the electronic charge, Ej is the energy required to
excite an electron-hole pair, and y is the proportion of elastically backscattered electrons.127
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The resolution of CL depends on the probe diameter, the interaction volume, and the carrier
diffusion length. The greatest limiting factor for CL performed in the TEM is the carrier
diffusion length. When electron-hole pairs are generated, they do not all necessarily recombine at
the location at which they were formed. Instead, carriers can diffuse based on their mobility to
regions adjacent to the excitation region, resulting in signal derived not only from the point of
excitation but also from the surrounding areas. The extent of carrier diffusion will depend on the
mobility of electrons and holes within the material. The interaction volume limits the resolution
of CL because when the electron beam is incident upon the sample, the electrons will undergo
multiple scattering processes and spread three-dimensionally into the depth of the sample. Thus,
the electron-hole pairs generated from the electron beam represent a volume greater than the
point at which the beam was incident on the sample. However, S/TEM requires thin samples, so
the electrons will likely exit the sample before the interaction volume can become large.
Therefore, this is not a major source of resolution limitation for STEM-CL. Finally, the
resolution limitation imposed by the probe size is small compared to that of carrier diffusion, so
probe size is not considered the limiting factor of CL.

CL detection and acquisition
In the CL apparatus used in this work, light emission is collected by a paraboloid mirror above
the sample that sends the signal to a series of gratings that convert the signal into the type of
spectrum or image desired by the user. Depending on the mode of collection, the signal is sent to
either a photomultiplier tube (PMT) or a charge-coupled device (CCD) camera. Parallel imaging
mode utilizes the PMT and produces images showing the spatial distribution of a selected
wavelength. This mode of imaging is also referred to as monochromatic imaging. A
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panchromatic image shows the spatial distribution of emission intensity from all wavelengths
being collected by the detector. To collect a CL spectrum image, the CCD camera is used. The
electron beam is raster-scanned across the sample much like in EELS, and a CL spectrum is
recorded at each pixel. In this work, CL was collected at -170 C to improve the signal-to-noise,
limit beam damage, and reduce drift. An accelerating voltage of 80 kV was used to avoid knockon damage to the samples.
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Figure 2.11: Schematic of the CL detector used in this work consisting of a parabolic mirror, a
series of gratings and a monochromator, and CCD and PMT detectors. Image courtesy of Dr.
Sung-Keun Lim.

2.4 Sample preparation
2.4.1 TEM sample preparation
TEM investigations require thin samples, generally < 300 nm in thickness, in order for the
electrons to be transmitted. The highest-resolution images are produced with samples that are as
thin as possible (<80 nm) in order to maximize signal and probe a smaller number of atomic
layers which increases resolution. Samples < 80 nm in thickness also produce the best results for
EELS. CL intensity, on the other hand, relies on electrons interacting with the sample to produce
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electron-hole pairs; therefore, increasing sample thickness results in higher signal but sacrifices
resolution.
A focused ion beam (FIB) tool is used to extract thin cross-sectional lamellae about 80-300 nm
thick and 5-15 rn long from devices grown on a wafer. In the FIB, a focused gallium ion beam
bombards the sample with enough energy to etch away the material and carve out a thin crosssection. The accelerating voltage of the ion beam can then be lowered to polish the surface. A
lift-out technique is used to extract the lamella, in which a probe with a micron-scale tip
controlled by a nanomanipulator is welded to the sample using platinum and is used to transfer
the sample to a TEM grid. The details of the lift-out procedure are outlined in Figure 2.12. In this
work, a Helios Nanolab Focused Ion Beam tool was used to prepare - 80 nm-thick crosssectional lamella for high-resolution STEM imaging, and -200-300 nm-thick cross-sectional
lamella for STEM-CL. The samples was thinned using a Ga ion beam at successively lower
voltages of 30 kV 16 kV, 5 kV, and 2 kV. The final 2 kV step polishes the sample surface and
removes amorphization.
FIB enables the rapid preparation of uniformly thick TEM lamellae at specific sites on a wafer,
which makes it an advantageous technique over mechanical polishing. However, the use of a Ga
ion beam in FIB leads to the implantation of Ga ions in the lamella and can induce
amorphization on the surface of the lamella. The 2 kV polishing step helps to remove
amorphization, and samples can also be etched in a KOH solution to further etch the surface
layers and remove amorphization.
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Figure 2.12: Focused ion-beam (FIB) milling to produce a 100 nm-thick lamella from a bulk
sample, which subsequently is transferred to a TEM grid. a) Platinum is deposited on the region
(for protection from further FIB milling steps) from which the lamella will be milled. b) Gallium
ions are used to mill out an area around the region of interest. c) The regions connecting the lamella
to the bulk sample are cut away using the ion beam. d) After welding a probe to the lamella, the
region connecting the lamella to the bulk is removed and the lamella can be transferred to a TEM
grid. (e) The lamella is attached to the side of a post on the TEM grid. (f) Higher magnification
image of the lamella welded to the post.

2.4.2 Summary

This chapter has taken us through the fundamentals of S/TEM imaging, EELS and CL
spectroscopy performed within the TEM, and TEM sample preparation. The upcoming chapters
will focus on the original work conducted in this thesis, and they will demonstrate why it is
critical to use these techniques within the TEM for materials investigations on the sub-nanometer
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scale. The next chapter will discuss our work on understanding the impact of beam-induced
carbon contamination in the TEM on EELS analysis of InGaN.
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Chapter 3 - Effects of Beam-induced carbon deposition on EELS

analysis of InGaN
3.1 Abstract
Indium quantification in InGaN/GaN heterostructures is an ongoing challenge that requires
characterization techniques with high spatial resolution including aberration-corrected scanning
transmission electron microscopy (STEM) and electron energy-loss spectroscopy (EELS).
Although aberration-corrected STEM offers an unparalleled signal-to-noise ratio to enable
quantification of EELS ionization edges, the high beam currents introduce possibilities for
electron-beam-induced modifications including beam-induced carbon deposition. This work
demonstrates that beam-induced carbon deposition introduces artifacts into the quantitative
analysis of the In M-edge during EELS characterization. As the carbon layer on the sample
increases in thickness, multiple scattering bulk plasmon peaks of carbon appear at 50 eV and 75
eV, which interfere with the power-law background subtraction of the plasmon tail that is
typically used to quantify the ionization edges. This effect is observed across three state-of-theart STEM platforms. Understanding the effects of the sample exposure is not only relevant for
EELS studies of InGaN, but for all beam-sensitive materials, especially since aberrationcorrected STEM has become the standard.

3.2 Introduction
As discussed in Section 1.3 of the Introduction, Indium gallium nitride/gallium nitride
(InGaN/GaN) quantum well (QW) LEDs have been the standard for realization of blue/green
inorganic LEDs with internal quantum efficiencies (IQEs) greater than 70%.

1415

Despite the

widespread use of InGaN/GaN heterostructures and the rapid progress of their development, the
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role of inhomogeneities such as defects, random alloy fluctuations, indium clustering, or QWwidth fluctuations remains a topic of extensive study.3 4 In particular, it has been proposed that
In-rich regions formed by phase-segregation act as centers of carrier localization, and contribute
to the high defect tolerance of InGaN via carrier localization in regions of higher In
concentration away from non-radiative recombination centers.

28 129

,

Furthermore, it has been

proposed that indium clustering and/or random alloy fluctuations enhance Auger recombination
by localizing carriers, thus contributing to non-radiative recombination and efficiency droop at
high currents. 2 7 Early investigations using transmission electron microscopy (TEM) and
-

scanning transmission electron microscopy (STEM) report both the presence38-40 and absene 4 1
44

of In clustering. While some observations of In clustering have since been attributed to beam-

induced artifacts, 4 5 more recent STEM-based studies also demonstrate contrasting results, with
some studies confirming the presence of In clustering 53 ,46 ,47 and others determining that only
random alloy fluctuations are present. 37,4 8,4 9Similarly, atom probe tomography (APT) has also
' 44 47,50 While earlier
yielded results indicating both the presence and absence of In clustering. 36
studies employed electron energy-loss spectroscopy (EELS) to investigate In clustering in a
conventional STEM,1a,31more recent studies have taken advantage of the sub-nm scale EELS
4 6 32133
resolution provided by aberration-corrected STEM.

Although the existence of clustering versus random alloy fluctuations is still under debate and
could likely be sample-dependent, it is clear that characterization techniques capable of
achieving atomic resolution will play a significant role in future development of devices based
on InGaN/GaN QW heterostructures and other In-containing compounds. In this work, we focus
on EELS performed in an aberration-corrected STEM as a powerful method that provides
compositional information and is indicative of electronic properties of the material at angstrom-
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scale resolution. In developing a robust methodology toward identification and quantification of
In clustering and/or random alloy fluctuations with high spatial resolution, we show that carbon
contamination - a natural process that occurs within the TEM - influences the quantitative

analysis of the core-loss region of EELS spectra that must be taken into account to avoid artifacts
in elemental analysis. We demonstrate that this process is not instrument-specific and it occurs
across multiple state-of-the-art and aberration corrected STEM platforms, and hence should be
taken in account while performing quantitative EELS of InGaN.
3.3 Sample preparation and imaging parameters
-

TEMsample preparation:A Helios Nanolab focused ion beam (FIB) tool was used to prepare

80 nm-thick cross-sectional lamella for high-resolution STEM imaging. The sample was thinned
using a Ga ion beam at successively lower voltages of 30 kV, 16 kV, 5 kV, and 2 kV. The final 2
kV step polishes the sample surface and removes amorphization.
STEM imaging andEELS acquisition:STEM/EELS in Figure 3.2, Figure 3.3, and Figure 3.5a-b,
were collected on a Hitachi HD-2700C STEM at Brookhaven National Lab operated at 120 kV
with an energy dispersion of 0.7 eV. The EELS spectra in Figure 3.5c and d were collected on a
JEOL ARM at Harvard University operated 80 kV, with an energy dispersion of 0.4 eV. An
accelerating voltage of 80 kV is used because it is below the knock-on threshold for In.
STEM/EELS in Figure 3.6a and d were taken on a JEOL 2010F STEM at 200 kV with an energy
dispersion of 0.3 eV. To determine the ratio of the C2 to C1 plasmon peaks, the intensity was
integrated between 24.5-26.5 eV for the C1 peak and 49.5-51.5 eV for the C2 peak. Figure 3.6d
contains EELS spectra taken on the JEOL ARM at Harvard operated 80 kV with an energy
dispersion of 0.25 eV. To determine the plasmon peak ratios, the intensity was integrated
between 23.5-24.5 eV for the Cl peak, 48.75-49.75 eV for the C2 peak, and 74.75-75.75 eV for
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the C3 peak. Figure 3.7 contains STEM/EELS taken on the JEOL ARM at Harvard operated at
80 kV using an energy dispersion of 0.4 eV. Figure 2.8 contains STEM/EELS taken on a JEOL
ARM at the National University of Singapore operated at 80 kV using an energy dispersion of
0.4 eV.
Some LED wafers used in this work were provided by Lumileds LLC and some were fabricated
at the National University of Singapore by Zhang Li.

3.4 Beam-induced artifacts in EELS analysis of InGaN
To perform EELS studies on InGaN/GaN QW heterostructures (Figure 3.1a), a cross-section of a
InGaN/GaN QW LED wafer grown by metal-organic chemical vapor deposition was extracted
using FIB milling, and -80-nm-thick cross section was examined using STEM/EELS in a
Hitachi HD-2700C aberration-corrected and monochromated STEM operated at 120 kV, below
the knock-on threshold for InD.45During EELS, the electron beam passes through a sample placed
inside the STEM, and the electrons lose a characteristic amount of energy depending on the
interactions that occurred between the beam and the material, as discussed in Chapter 2. An
EELS spectrum consists of two regions: the low-loss region, which contains the zero-loss peak
and plasmon peaks, and the core-loss region, which lies on the high-energy tail of the plasmon
region. The core-loss region contains ionization edges resulting from the interaction of the
electron beam with tightly-bound core electrons (Figure 3.1b). A typical low-loss EELS
spectrum for InGaN is shown in Figure 3.lc. The low-loss region includes the InGaN bulk
plasmon, whose energy depends on the InxGai.N composition and lies between 19.55 eV (pure
GaN, x=0) and 15.51 eV (pure InN, x=1)), 3 3 and the peaks corresponding to the Ga 3d
transitions to p-type states at 23.5 eV and 28.5 eV. The core-loss region of an InGaN EELS
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spectrum (Figure 3.ld) contains the N K-edge at 400 eV, the In M-edge at 480 eV (which
generally does not become visible until subtraction of the plasmon tail), and Ga L-edge at 1115
eV (not shown here). To collect EELS linescans or maps, the electron beam was raster-scanned
across a 1D line or 2D region of the sample, respectively, and an EELS spectrum was collected
at each point. The distance between sampling points is referred to here as the pixel size of the
map or linescan (Figure 3.le). A STEM image was collected before and after each EELS scan to
ensure that no sample drift occurred.
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Figure 3.1. a) Schematic of InGaN/GaN QW heterostructures used in this work. Inset: Dark-field
STEM image of the QW and barrier layers. b) Low loss and core loss region of an EELS
spectrum. The low loss region contains the zero-loss peak and plasmon peaks, and the core-loss
region lies on the tail of the low-loss region and contains the ionization edges. Core-loss region
is magnified for clarity (x 5000). Here, low-loss and core-loss regions were taken from two
different spectra to make the ionization edges visible, as indicated by the break in the x-axis. c)
The low-loss region includes the InGaN plasmon at 19.5 eV, and the Ga 3d transitions at 23.75
eV and 29 eV. d) The core-loss region of an InGaN EELS spectrum includes the N K-edge at
400 eV and the In-M edge at 480 eV, which becomes visible after background subtraction. e)
Schematic representation of EELS linescan.
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Two EELS maps were collected at different regions of the sample, one with a pixel size of I nm
(scan 1, Figure 3.2a) and one with a pixel size of 0.4 nm (scan 2, Figure 3.2b). The first map has
three pixels in the vertical direction and 11 pixels in the horizontal direction, and the second map
has 3 pixels in the vertical direction and 31 pixels in the horizontal direction. To produce the
profiles in Figure 3.2e and 3.2f, the maps were binned in the vertical direction. To extract
compositional information from the core-loss spectrum, a background subtraction was performed
to resolve the ionization edges (Figure 3.2c).1 2 6 The region preceding an ionization edge
(referred to as the pre-edge) was fit to a power-law function, which is extrapolated beyond the
ionization edge (Figure 3.2c). Conventional EELS analysis requires subtraction of the resulting
power-law function to remove the plasmon-tail background and isolate quantitative region of the
ionization edges (Figure 3.2d); the relative intensity of background-subtracted ionization edges
can be used to determine relative elemental composition and is found by integrating the area
under each edge. Here, the energy range of 340-390 eV was fit to a power-law and extrapolated
beyond 390 eV to subtract from the raw spectrum. To quantify the relative elemental
composition, the regions under the background-subtracted curve for each edge were integrated

(N K-edge: 400 eV to 410 eV, In M-edge: 480-540 eV.)
Figure 3.2e and f show the integrated In signal along the length of scans 1 and 2, respectively,
obtained following this procedure. For scan 1, all but one of the fluctuations in the In signal are
within the standard deviation, from which we conclude that the In composition is relatively
constant over this 10 nm scan, and on a 1 nm length scale. However, because a 1 nm pixel size
does not provide the atomic-level resolution that could be important for understanding smallscale In fluctuations in InGaN QWs, we decreased the pixel size to 0.4 nm on the same sample.
Interestingly, the In signal profile in scan 2 showed a systematic decrease in intensity from the
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beginning of the scan to the end. This unexpected systematic decrease in In signal for smaller
pixel sizes indicates that a beam-induced process is likely taking place, introducing artifacts into
the EELS data. Throughout this analysis, we use the In edge to identify the influence of beaminduced artifacts, but the N edge also exhibits a similar response. In Figure 3.3, we show that the
N signal profile for the same scan analyzed in Figure 3.2 shows a similar decrease in intensity
when the pixel size is decreased.
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Figure 3.2: a) Dark-field STEM image corresponding to Scan 1 collected with a 1 nm pixel size.
Green box represents the area of the EELS map, with the arrow showing the direction of the
scan. Dots represent the location of each sampling point. b) Dark-field STEM image
corresponding to Scan 2 collected with a 0.4 nm pixel size. c) Background subtraction is
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performed by fitting the 340 eV - 390 eV range to a simple power law, extrapolating to the end
of the collected spectrum (red curve), and subtracting this function from the original spectrum
(black curve) to obtain the blue curve. d) The N-edge at 400 eV and In edge at 480 eV become
visible after background subtraction. e) Intensity profile of In M-edge for scan 1. Red dashed line
is a guide to the eye. The In signal is nearly constant for all positions. f) Intensity profile of In Medge for scan 2. Red dashed line is a guide to the eye. In signal drops along scan direction.

(b) 3.5 x 104

(a) 3

Scan 2

Scan 1
3

2.5

04
1
1.5

02.5

2
0

2

4

6

8

Beam position (nm)

10

0

2

4

6

8

10

12

Beam position (nm)

Figure 3.3: Intensity profile of the N K-edge corresponding to the scans in Figure 3.2 for pixel
sizes of (a) 1 nm and (b) 0.4 nm. As exhibited in the In profile, the N profile remains flat for
pixel sizes of 1 nm and decreases for pixel sizes of 0.4 nm. Red dashed lines provide a guide to
the eye.

The higher current density provided by an aberration-corrected STEM compared to a
conventional STEM for the same accelerating voltage increases the possibility of beam-induced
artifacts. 1 34 These artifacts can take several forms, including knock-on damage, radiolysis, and
beam-induced deposition of organic materials.1 35 Knock-on damage, or displacement of atoms
from the material, occurs when the accelerating voltage of the microscope is greater than the
knock-on threshold of an element in a particular material, and is additionally dose dependent. 35
Beam-induced (hydro)carbon deposition occurs through cracking of the organic contaminants on
the sample or in the microscope chamber, which are then deposited to the sample surface.1 36
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The mechanism, rates of contamination, and strategies for reducing (hydro)carbon
contamination, such as sample cooling, beam-showering, and plasma cleaning, have all been
investigated earlier.' 34 ,137 ,13 8 However, high-resolution EELS presents a specific challenge
regarding carbon contamination because of the requirement for long dwell-times (to obtain a
high signal-to-noise ratio) in a scan consisting of sampled points less than 1 nm apart. In the case
of InGaN analysis using EELS, this issue becomes especially important because of the proximity
of the C K-edge at 280 eV to the N K-edge at 400 eV and In M-edge at 440 eV in the EELS
spectra. Although it has been recognized that beam-induced carbon deposition complicates the
analysis of EELS spectra,141 it remains unclear how the presence of carbon alters the EELS
spectrum over the entire energy range (low loss and core loss).

3.5 Influence of beam-induced carbon deposition on analysis of core-loss edges

To address the underlying causes of the decreasing In signal along scan 2 and its relationship to
carbon contamination, we next investigated the behavior of the C K-edge at 284 eV and its
possible role on other characteristic edges along the same scan. The 190-275 eV region was fit to
a power-law to perform background subtraction on the C-K edge, and the intensity was
determined by integrating over the 285-340 eV region (Figure 3.4). The carbon edge intensity
profile for scan 1 does not show significant variations (Figure 3.5a), similar to the corresponding
In signal profile. However, along scan 2, the C-K edge intensity increases along the scan
direction (Figure 3.5b). We hypothesize that the increase in C K-edge resulting from beaminduced C deposition on the sample is responsible for the apparent decrease in In signal seen in
Figure 3.2f.
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Figure 3.4: The 190-275 eV region was fit to a power-law function. This function was then
extrapolated past the C K-edge and subtracted from the raw spectrum used to find the intensity of
the C-K edge.

We now focus on the standard power-law background subtraction from the In edge in the smallpixel case, to address this possibility (Figure 3.5c). In this example, the C-K edge extends
beyond 340 eV, so when the 340-390 eV region is fit to a power law, the extrapolated function
rises above the original spectrum past 450 eV, resulting in negative intensity values (Figure
3.5d). Therefore, when C deposition occurs to the extent that the C-K edge interferes with the
pre-N edge, the spectrum can no longer be accurately fit to a power law. Even when subtracting
both the C K-edge and N K-edge, the indium signal still appears to decrease along the linescan
(see Section 3.7.2).
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Figure 3.5: a) Intensity profile of C K-edge for scan 1. Red dashed line is a guide to the eye. b)
Intensity profile of C K-edge for scan 2. Red dashed line is a guide to the eye. c) EELS spectrum
containing the C K-edge is background subtracted by fitting the 340-390 eV energy range to a
power law, to isolate the N K-edge and In M-edge. d) Due to the extended C K-edge,
background subtraction results in negative In signal.

To further understand how a build-up of carbon creates artifacts in EELS spectra, a series of
spectra were collected on the same spot of an InGaN QW in a JEOL 201OF STEM (not
aberration-corrected or monochromated) at 200 kV (Figure 3.6a, inset). Figure 6a shows four
EELS spectra taken at intervals of 3 s. The C K-edge increases with increasing time, supporting
the presence of a build-up of carbon contamination on the sample. Additionally, as the intensity
of the C K-edge increases, the intensity and the slope of the pre-C edge also increase. To
understand why these spectral features are changing, we investigate the low-loss region of the
EELS spectrum (Figure 3.6d). Several features of the low-loss spectral region indicate that
carbon is building up on the sample over time. First, the STEM image taken after the EELS
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measurement shows a bright region at the acquisition spot (Figure 3.6b). Second, the zero-loss
peak decreases with time, indicating an increase in thickness of the sample (Figure 3.6c). Finally,
a peak at 50 eV (here referred to as C2) appears in the second spectrum shown in Figure 3.6d,
and by the fourth spectrum, a shoulder spectral feature appears at 75 eV (here referred to as C3).
These two peaks are the second and third multiple scattering plasmon peaks of the first carbon
plasmon peak (here referred to as C1) at 25 eV.1 2 6 As the carbon on the surface of the sample
accumulates, the electrons passing through the sample experience multiple scattering events,
resulting in plasmon peaks occurring at multiples of the energy of Cl.
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Figure 3.6: a) Core-loss region of a series of EELS spectra collected at the same point at intervals
of 3 seconds. The slope of the background increases with time, as indicated on the plot. Inset
Dark-field STEM image of QW region in which spectra in (a) and (b) were collected. Red dot
represents the point at which the spectra were collected. b) STEM image of the same region in
(a) after the spectra were collected. c) ZLP intensity versus time for the spectra collected in (a).
d) Low-loss region of the spectra collected in (a). Inset - intensity ratio of 50 eV plasmon peak
to 25 eV plasmon peak. e) Dark-field STEM image of QW region that has been intentionally
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contaminated with carbon, as described in text. Brighter regions in the STEM image indicate a
greater thickness of carbon. Dots represent the points at which spectra in (d) were collected. f)
EELS spectra collected at the points shown in (c). Inset - plasmon peak intensity ratios.

With increasing time, more carbon is deposited and the ratio of the C2 peak to the C1 peak
increases (Figure 3.6d inset). Simultaneously, intensity of the plasmon tail (region of the EELS
spectrum beyond -100 eV) also increases even though the intensity of the C1 and C2 peaks are
decreasing. This effect is exacerbated by the appearance of the C3 shoulder at -75 eV in the
spectra taken at 6 s and 9 s, further increasing the intensity of the plasmon tail. In this way, as the
electron beam interacts with the sample, (hydro)carbon deposition leads to an increase in
intensity of the multiple scattering peaks of the carbon plasmon. The typical power-law form of
the plasmon tail at high energies becomes distorted as the plasmon tail is convoluted with the
higher-energy multiple scattering carbon plasmons. The effects of carbon contamination on the
low-loss spectrum explain the break-down of the power-law fitting to subtract the carbon
plasmon tail for analysis of the indium composition. While power-law background subtraction is
a common method to isolate the ionization edges, it is not the only technique used. Some
analyses fit the pre-edge region to a log-polynomial.
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Regardless of the specific function used

for fitting the pre-edge region, influence of carbon contamination should be considered. In
addition, the multiple linear least squares method can be used to quantify relative elemental
composition based on ionization edges. In this case, our work suggests that it would be important
to use reference spectra free from the effects of carbon contamination for accurate quantification.
To further confirm the effects of beam-induced carbon deposition, a region of an InGaN/GaN
MQW sample was exposed to the electron beam such that carbon was deposited with an
increasing thickness gradient indicated by the horizontally varying contrast in the STEM image
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(Figure 3.6e). The horizontally varying carbon was deposited in a JEOL 2010F TEM operated at
200 kV using broad beam showering, and EELS spectra were collected in a JEOL ARM
aberration-corrected STEM operated at 80 kV. Figure 3.6f shows three EELS spectra collected
along the thickness gradient. In the first EELS spectrum (point 1) collected at the region with the
thinnest carbon layer (darkest region in the STEM image), the C Iplasmon peak is the most
intense, followed by the C2 multiple scattering peak. As the carbon thickness increases (point 2),
the C1 peak decreases to a greater extent than the C2 peak and the C3 multiple scattering peak
begins to appear as a shoulder. Finally, for point 3, representative of region of sample containing
the thickest carbon layer (brightest part of the STEM image), the C2 peak surpasses C Iin
intensity and the C3 peak is almost level with C2. The inset in Figure 3.4d summarizes the
change in the ratio of these peaks at increasing carbon thicknesses. The increasing intensity ratio
of the higher-order to lower-order plasmon peaks leads to a change in the appearance of the
plasmon tail past 100 eV. By the third spectrum, the plasmon tail can no longer be fit to a power
law because of the influence of the C3 peak.
To perform a direct comparison of the intensities of the carbon K-edge, In M-edge, and carbon
plasmon peaks, dual EELS was employed,
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which allows simultaneous collection of both the

low-loss and core-loss region of the EELS spectrum at high signal-to-noise ratios. An EELS
linescan was collected with a pixel size of 0.7 nm on a JEOL ARM aberration-corrected STEM
operated at 80 kV (Figure 3.7a). In this scan, the intensity profile of In appears to decrease
(Figure 3.7b) and as expected, the intensity of the C K-edge also increases (Figure 3.7c).
Correspondingly, the intensity of the 50 eV multiple scattering plasmon peak also increases
along the linescan (Figure 3.7d). These results conclusively demonstrate that the increase in
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plural scattering due to carbon deposition results in the introduction of artifacts into EELS
compositional analysis.
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Figure 3.7: a) Bright-field STEM image. Green arrow indicates the region scanned and the
direction of the scan. b) Intensity profile of In M-edge. c) Intensity profile of C K-edge. d)
Intensity profile of second multiple scattering peak corresponding to carbon. Red dashed lines
are guides to the eye.
So far, we have demonstrated that beam-induced carbon deposition introduces artifacts into the
EELS analysis of InGaN across three platforms - an aberration-corrected Hitachi HD-2700C
STEM at Brookhaven National Lab, an aberration-corrected JEOL ARM STEM at Harvard, and
a JEOL 2010F STEM at MIT. We utilize one additional state-of-the-art platform to demonstrate
95

the ubiquitous nature of carbon contamination, an aberration-corrected JEOL ARM STEM at the
National University of Singapore. Figure 3.8 displays the EELS scans collected from this
instrument. Figure 3.8b-c show the signal of the In K-edge and C K-edge, respectively, for a scan
collected with a pixel size of 0.3 nm; in this scan, both profiles are relatively flat and do not
show an overall increase or decrease in signal. However, for a scan taken with a pixel size of
0.03 nm, the In signal decreases and the C signal increases, as demonstrated in each of the other
TEMs that were investigated (Figure 3.8e-f).
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Figure 3.8: a) STEM image showing the location of the linescan examined in (b) and (c). This
scan has a pixel size of 0.3 nm. b) In signal profile for the scan displayed in (a). c) C signal for
the scan displayed in (a). d) STEM image showing the location of the linescan examined in (e)
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and (f). This scan has a pixel size of 0.03 nm. e) In signal profile for the scan displayed in (d). f)
C signal for the scan displayed in (d).

3.6 Conclusion
Conducting EELS analysis on any materials system requires thoughtful consideration of
appropriate parameters including accelerating voltage, dwell time, and pixel size. For the
analysis of InGaN/GaN QW LEDs, which requires high-resolution mapping of defects and
composition, mitigating beam-induced effects is particularly important. The results presented
here demonstrate the presence of beam-induced carbon deposition EELS maps with small pixel
sizes (<1 nm) in three different STEMs, which shows the pervasiveness of these artifacts that are
not instrument-specific. Because four different microscopes were used, each set of data uses
unique collection settings which can play a role in the structure of the ionization edges and
plasmon tail. 12 6 However, we observe the same phenomena regarding the spatial and temporal
accumulation of carbon within each microscope regardless of the specific collection parameters.
We suggest that artifacts in the EELS maps, including a decrease in In signal, are being caused
by carbon deposition, based on the analysis of multiple scattering plasmon peaks.
As the In M-edge and N K-edge are within 200 eV of the C K-edge, it is particularly important to
take into account carbon deposition or contamination when characterizing InGaN using an
electron beam. However, these results are applicable to the EELS analysis of any materials
system that contains an element whose EELS ionization edge overlaps with that of carbon, such
as the Ca K-edge.1 44 Additionally, understanding the implications of carbon build-up on TEM
samples is important for emergent materials such as graphene and other two-dimensional
materials, for which the thickness of carbon would be on the same order of magnitude or larger
as the thickness of the sample.
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This work identifies carbon contamination as a widespread issue in state-of-the-art TEMs.
Depending on the extent of the contamination and its influence on the EELS ionization edges,
the issue could be resolved by using appropriate conditions for EELS acquisition and avoiding
over-exposure of the sample. However, severe contamination could require the development of a
method to remove these artifacts, such as fitting the higher-order plasmons and deconvoluting
them from the plasmon tail. Developing this methodology would be a natural continuation of this
work.

3.7 Error analysis
In this section, we discuss the methods used to minimize sources of error in these experiments,
and we explain how the error in EELS intensity was calculated.
3.7.1 Drift in STEM imaging

For each EELS scan, an image was collected before and after the scan, to ensure that spatial drift
did not occur while the scan was being collected, as seen in Figure 3.9. The duration of the EELS
scans was kept below about 4 min to avoid the issue of drift.
Before EELS scan

After EELS scan

Figure 3.9: STEM images taken before and after the EELS scan in Figure 3.2a, showing no
sample drift.
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3.7.2 Method of background subtraction
Background subtraction of an EELS ionization edge is routinely performed by fitting the energy
range preceding the edge to a power-law function and subtracting this function from the raw
spectrum. However, this analysis can also be performed by conducting multiple background
subtractions for each edge present in the region of the spectrum being analyzed. Here, we can
perform background subtraction on both the C K-edge and the N K-edge, as opposed to simply
subtracting the background for only the N K-edge. In both methods, using small pixel sizes
results in a decreasing In signal over the length of the linescan, shown in Figure 3.10.
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Figure 3.10: Profile of the In K-edge after background subtraction of both the C K-edge and N
K-edge for the same data set analyzed in Figure 3.2c.

3.7.3 Integration width of EELS peaks
The In M-edge is relatively broad compared to the N K-edge and other EELS edges, so the
finding the integration width to determine the intensity of the In signal is less obvious than for
other peaks. In this work, we use 480-540 nm as the integration limits (giving a 60 nm
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integration width), but we demonstrate here that the trends we observe in signal would not
change if we used integration widths between 10 and 110 nm that fall between 430-590 nm. In
Figure 3.11, we examine the In profile of an EELS scan by performing background subtraction
as described earlier in this chapter, and varying the integration limits used to extract the signal
intensity of In. Figure 3.11a shows the normalized results of using 480 nm as the starting
integration limit and varying the final integration limit from 490-590 nm. We can see that the
results begin to differ in the case of integration limits from 480-590 nm. Figure 3.11b shows the
normalized results of varying the starting integration limit while holding the final integration
limit constant at 540 nm. Here, we see the overall trend in In signal remains the same regardless
of the integration limits used. While some of the points across the profiles in Figure 3.11a-b vary
slightly in intensity, we are looking at overarching trends in intensity in this work, so we are
confident that our choice of integration limits leads us to accurate results.
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Figure 3.11: a) Normalized In profiles of the same linescan using various integration limits to
determine the In intensity. The starting wavelength of integration is held constant here. b)
Normalized In profiles of the same linescan using various integration limits to determine the In
intensity. The final integration wavelength is held constant here.
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3.7.4 Calculation of error for EELS intensity

Error bars on the EELS intensity profiles were calculated as follows. The background-subtracted
spectrum was smoothed using a weighted moving average of 9 points. Then, the original
spectrum was subtracted from the smoothed spectrum over the integration range for the
particular ionization edge being considered, and the standard deviation of this difference was
determined. The value of the standard deviation was used as the error bar. In this way, each point
on the spectrum image has a unique error bar.
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Chapter 4 - V-pit-induced wavelength broadening in InGaN/GaN MQW
LEDs
4.1 Abstract
InGaN/GaN MQW LEDs have set the industry standard for blue/green inorganic LEDs and hold
great promise for further penetration of energy-efficiency lighting sources into mainstream
usage. Growth of InGaN-based LEDs on silicon would allow for integration with CMOS
technology, creating a wealth of applications for these devices. However, due to the lattice
mismatch between GaN and Si, the quality of GaN-on-Si remains poor due to a high density of
threading dislocations that open up into V-shaped voids called V-pits. While many studies have
been conducted on the impact of V-pits on device efficiency, and have found that V-pits in fact
improve the efficiency of LEDs, fewer investigations have focused on the emission around Vpits. It is critical to understand how V-pits influence the LED emission spectra considering that
V-pits are intentionally introduced into LEDs to improve the efficiency. Here, we use
cathodoluminescence (CL) inside the S/TEM to map the light emission around V-pits in blue,
green, and yellow QWs. We identify distinct blue-shifted regions of emission corresponding to
the sidewall QWs of the V-pit, perturbed c-plane QWs adjacent to V-pits, and perturbed c-plane
QWs between adjacent V-pits. EELS mapping confirms that the blue shift in the emission of the
sidewall V-pits is due to a depletion in indium, and we attribute the blue shift adjacent to the Vpits to a reduction in the quantum confined Stark effect due to strain relaxation induced by the Vpits. Finally, we take advantage of the wavelength broadening seen around the V-pits and
demonstrate an LED device architecture that utilizes intersecting V-pits to create a nanotextured
structure emitting across a broad wavelength range.

102

4.2 Introduction
Over the past two decades, InGaN/GaN quantum well (QW) heterostructures have set the
industry standard for high-efficiency inorganic LEDs. Despite their promising characteristics
including high external quantum efficiencies of over 70%, wavelength tunability, and
mechanical stability, the market penetration of InGaN/GaN QW LEDs has stalled due to the
relatively poor quality of GaN grown on silicon substrates. 14 As discussed in Section 1.1.2,
growth of GaN-based LEDs on silicon would allow for incorporation into integrated circuits on
Si, expanding the applications of these devices. The 17% lattice mismatch between Si and GaN
leads to the introduction of crystalline defects such as threading dislocations into the material
during epitaxial growth, creating centers of non-radiative recombination, as discussed in Chapter
1. Therefore, so far the highest efficiency devices have been grown on bulk GaN or sapphire,
with a lattice parameter closer to that of GaN, to minimize degradation of crystalline quality. The
ability to fabricate high-quality InGaN/GaN QW LEDs on Si substrates would lead to a wide
expansion of their applications by opening up the possibility of on-chip integration. A shift from
sapphire to cheaper Si substrates would additionally allow cost reductions between 40-60% at
the die level and enable the development of large-area LEDs using semi-automated CMOS
processes.' While recent advances have significantly improved GaN-on-Si epitaxy, commercial
adoption of InGaN/GaN QW LEDs on Si remains a challenge due to the dependence of optical
characteristics on crystalline quality.
As discussed in Section 1.3.3, threading dislocations in InGaN/GaN QWs generally terminate in
inverted, hexagonal, V-shaped voids termed V-pits. V-pits have sidewall QWs that run along the
(1011) plane, intersecting with the unperturbed, or c-plane, QWs along the (0001) direction
(Figure 4.1). V-pits are thought to contribute to the high threading dislocation tolerance of
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InGaN - the sidewall QWs have a lower In composition than the c-plane QWs, creating a
potential barrier around the threading dislocations at the V-pit core, which prevents carriers from
diffusing into the threading dislocation and undergoing nonradiative recombination.5 8
Additionally, V-pits are thought to assist in hole injection into the middle QWs, improving the
probability of radiative recombination. 69 It has been demonstrated empirically that V-pits
improve the device efficiency, although several different mechanisms for this phenomenon have
been proposed. 6 3,14 5Additionally, while the effects of V-pits on the overall device efficiency
have been examined, the minimal investigation has been conducted on the impact of V-pits on
the local optical properties of the adjacent QWs. As V-pit engineering becomes a more common
technique to improve device efficiency, it is particularly critical to investigate the implications of
introducing V-pits into LED devices.
(0001)

G~NThin
Figure 4.1: Cross-sectional V-pit schematic, showing sidewall (0011) and c-pane (0001) QWs,
and the threading dislocation at the V-pit core.
Both scanning near-field optical microscopy (SNOM) and photoluminescence (PL) previously
demonstrated high-energy emission that was attributed to V-pits. In 2005, Hitzel et al. attributed
a high-energy emission 300-400 meV above the c-plane QW emission to regions around
threading dislocations.146 In 2007, Netzel et al. identified an emission about 0.3-0.6 eV greater
than the emission of the c-plane QWs, increasing with V-pit diameter.'

47 A

2014 study by Okada
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et al. examined near-field PL spectra at and away from V-pits and showed that a high-energy
peak appeared near the V-pit that was not visible away from the V-pit, and the energy of this
peak increased with V-pit diameter (Figure 4.2). However, PL and SNOM are limited in
resolution; PL relies on laser excitation, so the resolution is limited by the few hundred
nanometer diameter of the laser spot. While SNOM has significantly higher resolution, generally
<100 nm, this resolution is still insufficient to examine optical characteristics of individual Vpits.
SEM-CL uses an electron beam to probe the sample, and thus can achieve a higher resolution
than PL, although the interaction volume of the beam with the specimen contributes to an
increase area and volume of the region being sampled. In 2017, Ajia et al. used SEM-CL to map
the emission of a sample containing a high density of V-pits (Figure 4.3). At the target QW
emission of 2.75-2.9 eV, they reported that the V-pits appear dark and the regions surrounding
the V-pits show luminesce. Instead, the V-pits show emission at a higher energy of 3.05-3.25 eV.
While distinct regions of emission are identified using SEM-CL, only the plan view emission can
be obtained, and it is not possible to probe the luminescence of individual QWs. Therefore, it is
still unclear how the emission is distributed around the V-pit QWs, and how neighboring c-plane
QWs are impacted by the presence of the V-pits.
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Figure4.2: AdaptedfromOkada et al, 2015.58 a) PL emission intensity imageofa InGaN/GaN

QW heterostructure with 10 periods. b) PLspectra at (red) and away from (black) adislocation
for a 6period heterostructure. c)PL spectra at (red) and away from (black) adislocation for a10
period heterostructure. An additional higher-energy peak is observed in the PL spectra at the
dislocation, and the energy of this peak increases with increasing number of QWperiods.
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Figure 4.3: Adapted from Ajia et al, 2018.63 a) AverageCLspectrum froma 10 m x10 pm
hyperspectral CL map of an InGaN/GaN QWLED.Color-coded C intensity mapsin(b)-(d)
correspondtotheregions ofthe CL spectrum highlighted in(a). High energy luminescence is
seenatthe V-pits, and lower energy luminescenceis seenin thesurrounding areas.

Sheen et al. used atransmission electron microscope (TEM) equipped with aCL detector to
collect V-pit emission at higher resolution than SEM-CL provides. 6 2 They identified blue-shifted
emission inthesidewall QWs of the V-pit compared toth c-plane QWs,and found no
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luminescence at the TD core and V-pit corner.2 Although this study provides a higher-resolution
view into the emission properties of V-pits, but full mapping of emission at and around V-pits
still remains to be accomplished. Additionally, the impact of clusters of V-pits on adjacent cplane QWs has not yet been investigated. Both of these factors become important when V-pits
are systematically introduced into devices for efficiency improvement and sidewall QWs
represent a significant area of the device.
Correlating optoelectronic properties with nanoscale defects remains critical to improved GaNbased LEDs, particularly because improvement in efficiency is shown to be correlated with the
V-pit size. 58 If V-pits are induced in devices to improve the efficiency, it is crucial to understand
the impact of V-pits on not just the efficiency, but also the emission wavelength, because a
number of applications such as wavelength division multiplexing for visible light
communications1 4 8 and light therapy for seasonal affective disorder,1 4 9 LEDs with narrow
FWHM are required. In this work, we study the spatially-resolved emission of V-pits and the cplane QWs adjacent to the V-pits. We identify four distinct regions of emission around V-pits
corresponding to the p-type filler inside the V-pit, sidewall QWs, c-plane QWs adjacent to the Vpit, and unperturbed c-plane QWs. We additionally identify blue-shifted emission coming from
regions between V-pits. We use electron energy-loss spectroscopy (EELS) to confirm the
reduced In content of the V-pit sidewall QWs, and verify these measurements by confirming that
there is no reduction of In content in the sidewall barriers. Finally, we utilize the V-pit-induced
wavelength broadening to develop a device architecture that builds towards a broad-wavelength
white LED.
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4.3 Sample description and imaging parameters
Two InGaN/GaN MQW LED samples grown via metal organic chemical vapor deposition on
silicon substrates were investigated. LED wafers used in this work were prepared at the National
University of Singapore by Zhang Li. Sample 1, referred to here as the green LED, consists of 13
periods of green InGaN QWs separated by GaN barriers grown on a superlattice consisting of 3
periods of InGaN/GaN layers (Figure 4.4a). Sample 2, referred to here as the yellow/blue LED,
consists of 5 periods of yellow QWs and 5 periods of blue QWs grown on a superlattice
consisting of 6 periods of InGaN/GaN layers (Figure 4.4b). Table 1 summarizes the
characteristics of each type of QW investigated in this study. Figure 4.5 shows the structure of
each sample with QW and barrier thicknesses. Samples have a V-pit density approximately equal
2

.

to the threading dislocation density, 2 x 10 cm

Table 1: Summary of QW emission wavelengths and temperature of fabrication.
Cathodoluminescence
emission (nm)

Temperature of
fabrication (C)

Yellow

530

760

Green
Blue

470
440

740
720

b)
a)
5x

13x
3x

5x
6x{
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Figure 4.4: Schematics of (a) Sample 1 (green LED) and (b) and Sample 2 (yellow/blue LED).

TEM samples were prepared via focused ion beam (FIB) milling and mechanical polishing. For
the FIB samples, a Helios Nanolab Focused Ion Beam tool was used to prepare ~ 200 nm-thick
cross-sectional lamella for high-resolution STEM imaging. The samples were cut along the
(1100) and (1120) zone axes. Thicker TEM samples (200-300 nm) were used here than were
used for EELS studies to maximize CL emission from the sample while preserving electron
transparency. The samples were thinned using a Ga ion beam at successively lower voltages of
30 kV, 16 kV, 5 kV, and 2kV. The final 2 kV step polishes the sample surface and removes any
amorphous layer formed during the previous steps. The polished TEM specimens were prepared
through the conventional mechanical sandwich polishing method, as described in Sample
preparationhandbookfor transmissionelectron microscopy:techniques Vol. 2 by Ayache et
al. 5 0 Argon ion milling was conducted in a Fischione TEM Mill. After the formation of electron
transparent regions using high energy milling on the substrate side, both sides were cleaned
through low argon energy milling at 2 kV and 0.8 kV with the incident angles set at 5/6.

STEM-CL was performed in a JEOL 2011 operated at 80 kV, below the knock-on threshold for
In. 4 Using 80 kV also reduces the beam damage to the sample. CL was performed using a Gatan
MonoCL3+ detector. For CL measurements, the sample was cooled to 98 °K in a cryo-holder to
improve CL yield and reduce noise. High resolution STEM imaging was performed in a JEOL
ARM at 80 kV after CL imaging was performed, so that possible damage during high resolution
imaging did not impact the CL results.

STEM/EELS presented in Figure 4.10 was performed using JEOL ARM-200F equipped with a
cold field emission gun (CFEG), an ASCOR aberration corrector and a GATAN quantum ER
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spectrometer, operated at 80 kV. High angle annular dark field (HAADF) images were acquired
with convergence, inner and outer collection semi-angles of 30, 68 and 280 mrad, respectively.
EELS data were recorded using dual-EELS mode with a collection semi-angle of 100 mrad and
energy dispersion of 0.4 eV/ channel. The step size is 0.9 A and the acquisition time is about
0.02 s/pixel.
STEM/EELS presented in Figure 4.11 was performed using a Hitachi HD-2700C STEM
operated at 120 kV, equipped with an aberration corrector and monochromator. EELS was
recorded with a collection semi-angle of 26 mrad, a convergence semi-angle of 28 mrad, a step
size of 0.15 nm, and an acquisition time of 2 s.
Nanotextured samples presented in Section 4.7 were prepared using MOCVD, on 8" Si (111)
substrates (thickness-mm) in an AIXTRON CRIUS close-coupled-showerhead (CCS) reactor.
TMAI, TMGa, TMIn, and NH 3 were used as the precursors, with H2/N2as the carrier gas for
GaN and InGaN respectively. To prevent wafer cracking, intermediary step-graded AlGaN
buffer layers were utilized. Below the active region, a 15 periods superlattice comprising of
alternating low In-content InGaN and GaN layers were grown to open V-pits and form the
nanotextured surface. Above the active region, an AlGaN electron blocking layer was used to
prevent carrier overflow to the p-type region.The growth temperature of the QWs was at 780°C.
The sample structure consists of an AlGaN buffer layer, n-GaN layer, and a 15-period
superlattice beneath 5 QW periods.

4.4 Spectral inhomogeneities at and surrounding V-pits

110

We first focus on the green LEDs, specifically on the regions surrounding V-pits. STEM imaging
of a FIB lamella clearly shows both c-plane and sidewall QWs (Figure 4.5a). A CL spectrum
taken from a thick area of the sample, which contains unperturbed c-plane QWs and V-pits, is
shown in Figure 4.5b. Three peaks are present, corresponding to the superlattice at -390 nm, the
green-emitting QWs at -470 nm, and the broad 580 nm peak that corresponds to yellow
luminescence from GaN, due to point defects introduced during growth.
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Figure 4.5c shows a

panchromatic CL image superimposed onto a STEM image, with a section of this region also
shown in high-resolution STEM. The panchromatic CL image demonstrates high luminescence
c-plane QWs
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intensity at the V-pit sidewalls, which can be attributed to the thinner sidewall QWs, as can be
seen in the corresponding high-resolution STEM image and as is reported in the literature. 62

Figure 4.5: a) STEM image of a standard V-pit. b) CL spectrum collected from a thick region of
the FIB lamella from the green LED sample, containing both V-pits and c-plane QWs. This
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spectrum represents the average emission from a standard region of the sample. c) Panchromatic
CL image of a V-pit, with a corresponding STEM image from the same area.

To identify spatial and spectral distribution of the CL emission near V-pits, we collect
monochromatic CL images at wavelengths between 380-460 nm (Figure 4.6). The highest energy
emission (380 nm, 3.26 eV) is found at the superlattice and also inside the V-pit core (Figure
4.6b). We speculate that the high-energy emission in the V-pit core arises from the AlGaN
electron blocking layer (EBL) that fills the V-pit. Figure 4.6c shows emission at 410 nm (3.02
eV) coming from the V-pit sidewall region and from within the V-pit core, and Figure 4.6d
shows emission at 440 nm (2.81 eV) at select regions adjacent to the V-pit. Relatively uniform
emission is seen in the c-plane QW region near the target wavelength at 460 nm (2.69 eV)
(Figure 4.6e). We attribute the 410 nm emission to the V-pit sidewall QWs, which we expect to
be blue shifted compared to the unperturbed c-plane QWs due to reduced In composition and
increased quantum confinement due to the reduced QW thickness. While the 410 nm emission
shows strong intensity at the V-pit sidewalls, the 440 nm emission shows strong intensity farther
from V-pit, indicating that this emission likely comes from c-plane QWs near the V-pit. While
this emission is not as blue-shifted as the emission from the sidewall QWs, it is still blue-shifted
compared to the target QW emission, indicating that c-plane QWs near V-pits experience
perturbations that affect their emission. We note that across the monochromatic images, there is
some overlap in regions of emission (i.e., some emission at the V-pit core is seen in the 410 nm
image). We attribute this to the broadness of the peaks, and the fact that the CL system is
collecting a range of wavelengths +/- -5 nm of the indicated wavelength.
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Figure 4.6: a) Average emission spectrum of the green LED sample with bars indicating the
wavelengths of monochromatic CL images collected in (b)-(d). Location of V-pit sidewalls is
indicated by the white dashed lines. Colors displayed in the monochromatic CL images are not
the actual emission color but provide a guide to the eye.

To further investigate the spectral inhomogeneities that arise near V-pits, we took point spectra
at various locations in the V-pit region (Figure 4.7). The locations in Figure 4.7a correspond to
the spectra in Figure 4.7b. Each spectrum shows emission at the broad GaN wavelength seen in
Figure 4.5b, but differ in their high-energy emission. The spectrum at Location 1, the c-plane
QWs far from the V-pit, shows emission at the target CL wavelength of 470 nm. The 370 nm
emission at Location 2 matches the high-energy emission seen at the V-pit core, confirming that
this emission was coming from the EBL capping layer that fills the V-pit. Location 3 probes the
c-plane QWs adjacent to the V-pit, and as indicated in the monochromatic CL images, the
emission of these QWs is slightly blue-shifted compared to the emission of the unperturbed cplane QWs far from the V-pit. Here, there is an 18 nm blue shift in the c-plane QWs adjacent to
the V-pit. Location 3 also shows a slight shoulder near the target QW wavelength because carrier
drift allows emission to also be collected from outside the directly probed region, as discussed in
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Chapter 2. Finally, at Location 4 on the V-pit sidewalls, we observe a peak at 402 nm, which is
attributed to the sidewall QWs that are significantly blue-shifted. A peak at 377 nm also appears,
likely due to the EBL. These spectra also confirm the increased emission intensity from the V-pit
region.
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Figure 4.7: a) STEM image showing locations of spectra displayed in b). White dashed lines
represent the location of the V-pit sidewalls.

So far, we have identified slightly blue-shifted emission from the c-plane QWs that have been
perturbed by the presence of the V-pit, and to confirm this effect, we can examine c-plane QWs
between two V-pits. Studying spectral inhomogeneities of V-pit clusters is particularly important
considering that intentional V-pit introduction is used to improve device efficiency. Figure 4.8
shows monochromatic CL images of adjacent V-pits collected at wavelengths between 370-470
nm. In the 370 nm image, the emission comes from the V-pit core and the SL, as expected
(Figure 4.8a). The 400 nm image shows additional emission at the sides of the V-pit (Figure
4.8b). In Figure 4.8c, emission at 420 nm can be seen in localized regions adjacent to but not
directly overlapping the V-pit sidewalls. Most interestingly, 440 nm emission can be found
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originating from the region between the two V-pits (Figure 4.8d). Finally, the target 470 nm
emission appears in the c-plane QW region outside of the V-pits (Figure 4.8e).
We once again attribute the 370 nm emission within the V-pits to the EBL capping layer that fills
the V-pit voids. The 400 nm emission along the sides of the V-pits is attributed to the sidewall
QWs that are thinner and depleted in indium, and the localized regions emitting at 420 nm are
proposed to originate from c-plane QWs adjacent to the V-pit sidewall that have been blueshifted in emission compared to the target QW wavelength. The unique emission from the cplane QWs between the two V-pits further indicates that the V-pits are influencing the emission
of the region in their vicinity. V-pits form in order to alleviate strain in the MQW layers, so the
c-plane QWs adjacent to the V-pit will experience reduced strain compared to the QWs far from
the V-pit.
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This strain relaxation reduces the piezoelectric field around the V-pits, reducing the

quantum confined Stark effect (QCSE). 1 3 The QCSE red-shifts the emission of the QWs, so a
reduction of the QCSE will lead to a reduced red-shift in the emission of the QWs. This results in
a blue-shift of the c-plane QWs adjacent to the V-pits compared to the unperturbed c-plane QWs.
Therefore, we attribute the 420 nm emission adjacent to the V-pit sidewalls and 440 nm emission
between V-pits to the reduced QCSE due to strain relaxation.
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Figure 4.8: Monochromatic CL images of two adjacent V-pits taken at a) 370 nm, b) 400 nm, c)
420 nm, d) 440 nm, e) 470 nm. Colors portrayed here are not the actual emission color but
simply provide a guide to the eye and help distinguish between high and low energy emission.

Point spectra were collected at three locations in the region imaged in Figure 4.8: between the
two V-pits, adjacent to one V-pit, and in the c-plane QW region farther from the V-pit (Figure
4.9). The spectrum at the c-plane QWs (Location 1) shows the highest emission peak at the target
QW wavelength. Location 2, adjacent to the V-pit sidewall, shows its most intense emission
peak slightly blue-shifted compared to Location 1. This shift is in line with what was observed
through monochromatic CL imaging. Additionally, the spectrum at Location 2 shows a small
peak around 420 nm from the localized regions of blue-shifted emission seen in Figure 4.8c.
Location 3 in between the V-pits demonstrates intense broad-wavelength emission from about
440-460 nm. We attribute this emission to the strain relaxation between the two V-pits, resulting
in a reduced QCSE and blue-shifted emission.
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Figure 4.9: a) STEM image showing locations of spectra in b). White dashed lines show the
location of the V-pit sidewalls and threading dislocations.

4.5 EELS Analysis of In composition in V-pit sidewall QWs
EDX analysis has suggested that In composition is lower in the V-pit sidewalls compared to the
c-plane QWs, but to our knowledge, detailed EELS analysis remains to be conducted on the
QWs surrounding V-pits to confirm the reduced In content.6 4

4 Not

only does EELS have a

higher energy resolution than EDX, but it also has a higher spatial resolution because only
forward-scattered electrons are analyzed, resulting in a reduced interaction volume with the
sample. Here, we perform EELS linescans along the c-plane QWs that extend into the V-pit
region to demonstrate that the In content decreases with increasing proximity to the V-pit core.
Our EELS analysis here is informed by our findings from Chapter 3, which demonstrate that
beam-induced carbon deposition introduces artifacts into the EELS analysis of In composition at
high electron doses. For each scan, we ensure that the carbon K-edge does not increase in the
direction of the scan. Figure 4.10 shows the results of an EELS linescan along a QW and barrier
passing through the V-pit region. The In intensity is observed to decrease upon moving to the Vpit center and subsequently increase moving away from the V-pit center (Figure 4.1Ob). To

117

ensure that this effect is not attributed to thickness variations due to preferential etching of the Vpit region during FIB, we examine the In intensity of a barrier that crosses through the V-pit
region, which we would not expect to change in In composition. Figure 4.1Oc shows that the In
EELS intensity indeed does not change along the barrier, confirming that the decrease in In
signal seen along the QW is due to reduced In composition and not an artifact.
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Figure 4.10: a) STEM image showing the position of the EELS maps examined in b) (blue) and
c) (green). Each EELS map has dimensions of 2x80 pixels. b) Indium EELS intensity along the
region show in blue in a). c) Indium EELS intensity along the region show in green in a). In
intensity was determined by vertically binning each EELS map, performing background
subtraction and integrating the In M-edge as described in Chapter 3.

We confirm that the reduction in In EELS signal towards the V-pit center is not due to
fluctuations in composition that occur along the entire length of the QW by taking an EELS
linescan of a InGaN/GaN MQW structure with smaller V-pits (Figure 4.11). This linescan
extends beyond the width of the V-pit opening, unlike the linescan in Figure 10. The orange line
in Figure 4.11 represents the In EELS signal along the linescan, and the blue line represents the
STEM signal. From the c-plane QWs moving towards the V-pit on both sides of the linescan, the
In signal begins to decrease at the positions indicated by the solid vertical lines in Figure 4.11b.
We can see that the fluctuations in In signal along the c-plane QWs are only about 20% the
magnitude of the drop in In signal from the c-plane region to the V-pit region. Therefore, we
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confirm that the decrease in In signal seen in Figure 4.10 is not due to alloy fluctuations in the
QWs that might be found in regions far from V-pits. To ensure that the In signal in Figure 11 is
not decreasing because of a decrease in thickness of the sample, we plot the STEM intensity
along the same linescan, collected simultaneously with the EELS spectra (Figure 4.1lb). The
STEM signal decreases about 15 nm past the initial In decrease on both sides of the V-pit.
Because the STEM signal and In EELS signal do not begin to decrease at the same points, we
can rule out the possibility of decrease in In signal being due to thickness effects. Identifying the
reduction of In content near the V-pit core matches our observation of blue-shifted emission
from the (1011) sidewalls.
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Figure 4.11: a) STEM image showing the linescan examined in b). b) In EELS intensity (orange)
and STEM intensity (blue) plotted along the length of the linescan shown in a). Solid vertical
lines indicate the points at which the In signal begins to decrease, and dashed vertical lines
indicate the points at which the STEM signal begins to decrease.

4.6 - Spectral mapping of V-pits in yellow/blue InGaN/GaN MQW LEDs

We next examine the spectral inhomogeneities surrounding V-pits in Sample 2, an InGaN/GaN
MQW stack consisting of 5 yellow QWs and 5 green QWs (Figure 4.4). The region of the
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sample being investigated consists of three V-pits, labeled 1, 2, and 3 in the STEM image shown
in Figure 4.12a. The panchromatic CL is shown in Figure 4.12b, with white dashed lines
indicating the outline of the V-pits. Outlines of V-pits I and 2 can be deduced from the contrast
in the STEM image, but evidence of V-pit 3 is found through the V-shaped emission around Vpit 3 in the panchromatic image. The difference in visibility of all three V-pits in the STEM
image demonstrates that these V-pits were likely cut at different distances from their centers.
Examining the panchromatic CL in Figure 4.12b, emission is observed predominantly in the blue
QW region and regions surrounding the V-pits. The CL spectrum corresponding to the
panchromatic emission is shown in Figure 4.12c. Major peaks are visible at about 390 nm, 440
nm with a small shoulder at 420 nm, 485 nm, and 560 nm. We expect the 390 nm, 440 nm, and
560 nm peaks, as these correspond to the emission of the superlattice, blue QW, and yellow QW
regions, respectively. However, the origins of the 420 nm shoulder and 560 nm peaks are less
clear. A hyperspectral CL image was collected over the entire region shown in Figure 4.12b, and
we extract CL images corresponding to the major peaks in the average spectrum and
superimpose them over the STEM image to identify spectral inhomogeneities surrounding the Vpits. We find that the emission at the 390 peak comes from the SL region, as expected (Figure
4.12d). The 440 nm peak has a slight shoulder at about 425 nm, so we examine this shoulder as
well as the 440 nm peak. The emission at about 425 nm, shown in Figure 4.12e, is localized in
V-shaped patterns below the V-pit outlines, crossing into the SL region. The 440 nm emission is
localized predominantly in the blue QW region (440 nm). V-pits 1 and 3 show 440 nm emission
on either side of the V-pit apex, with very little emission at the apex. However, the 440 nm
emission covers the blue QW region at the location of V-pit 2. The 485 nm emission shows
localized intensity between the V-pits, with the highest intensity occurring between V-pits 2 and
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3 (Figure 4.12g). Smaller regions of less intense emission also occur to the right of V-pit 1 and to
the left of V-pit 2. Finally, the broad, weak emission from 560-590 nm appears in a band across
the yellow QW region, with the most intense emission occurring between V-pits 1 and 2 (Figure
4.12h). This emission is not shown superimposed on the STEM image to preserve the image
contrast.
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Figure 4.12: a) STEM image showing the yellow QW, blue QW, and SL regions, with V-pits
labeled 1, 2, and 3. b) Panchromatic emission, with V-pit contours shown in white dashed lines.
c) CL spectrum over the entire region imaged in b), with bands corresponding to the emission
shown in d-h. d) Emission from the range 385-395 nm. e) Emission from the range 420-427 nm.
f) Emission from the range 438-443 nm. g) Emission from the range 480-490 nm. h) Emission
from the range 560-590 nm.
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By examining the emission of each major peak in the yellow/blue LED sample, we arrive at the
following explanation for the distribution of emission. Because the 420 nm emission appears in
V-shapes that cut through the blue QW region and extend into the SL, this emission represents
the blue-shifted emission of the portion of the V-pit formed from the blue QWs. Figure 4.13a
shows a schematic of the blue and yellow QWs forming a V-pit, and we can see that the highenergy emission from the sidewalls of the blue portion of the V-pit would extend into the SL
region. The 440 nm emission comes from the unperturbed blue QWs, and the cross-section of
this emission along the blue QWs is shown in Figure 4.13b. We can see that for all three V-pits,
the emission is reduced at the center of each V-pit and more intense in the regions between the
V-pits, which is what we would expect for c-plane QWs. We speculate that the intensity of the
emission at each V-pit is a result of the distance that the FIB cut was made from the center of
each V-pit. Thickness effects could also come into play here. We attribute the 485 emission to
localized QW regions within the yellow c-plane QWs adjacent to the V-pits, which become blueshifted due to strain relaxation. We attribute this emission to strain-relieved regions of the yellow
QWs because the largest and most intense region of this emission occurs between the two V-pits
that are most closely spaced together. The more closely spaced the V-pits, the more prominent
their effect on the nearby c-plane QWs would be. V-pits I and 2 have more space between them,
so the 485 nm emission does not appear within the entire QW region connecting those two Vpits. Finally, we expect the yellow emission shown in Figure 4.12h to be less intense than the
blue QW emission based on photoluminescence measurements (not shown here), and we
attribute the more intense localized emission to possible In clustering resulting in a larger
bandgap.
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Figure 4.13: a) Schematic of yellow and blue QWs forming a V-pit. b) CL emission around 440
nm peak superimposed on STEM image. Red line represents location of profile extracted in (c).
V-pits are labeled 1-3 and V-pit sidewalls are indicated by white dashed lines. c) Profile of CL
intensity in blue QW region shown in (b). Vertical blue dashed lines show the location of each
V-pit based on the intensity of the 440 nm emission.

These results, combined with the CL and EELS results for the green LED, lead us to the
following conclusions about spectral inhomogeneities around V-pits, shown in Figure 4.14. The
unperturbed c-plane QWs emit at the largest wavelength (lowest energy), shown in red. The
emission of the c-plane QWs adjacent to the V-pits that experience strain-relaxation are blueshifted compared to the c-plane QWs, and emit at higher energies. These regions are shown in
yellow and green below. When two V-pits are adjacent to each other, the c-plane QWs between
them can experience additional strain relaxation compared to a region equidistant from a single
V-pit. The blue-shift in this case will not be as great as the blue-shift in emission of c-plane QWs
directly adjacent to the V-pit sidewalls, and is thus shown in yellow here, representing a lower
wavelength emission. Finally, the V-pit sidewalls emit at the highest energy, as they are thinner
and depleted in indium.
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Figure 4.14: Cartoon schematic of the energy of emission at characteristic regions surrounding
V-pits. The lowest energy emission occurs at the unperturbed c-plane QWs, while the highest
energy emission occurs at the sidewall QWs of the V-pits.

While previous literature has identified blue-shift in emission seen near V-pits, we identify four
specific regions of emission around V-pits and map these spectral inhomogeneities. We show a
50 nm blue-shift in the sidewall QWs of the green LED sample, and we show an 80 nm blueshift from the c-plane QW emission in the regions between V-pits in the yellow QW region of
the yellow/blue LED sample. This demonstrates that V-pits not only impact the emission of the
sidewall QWs, but emission in their vicinity as well. The fraction of QWs in a device that are Vpit sidewalls compared to c-plane QWs is used as a metric to indicate the proportion of the active
region that has been perturbed by defects, but our results indicate that V-pits influence carrier
recombination processes up to 100 nm away from the V-pit sidewalls. We also demonstrate the
localized nature of the emission in c-plane QWs near V-pits, indicating that In clustering may be
present in these regions. Therefore, while V-pits have proven effective in increasing LED
efficiency, they introduce wavelength broadening into the emission. For LEDs that are designed
to emit at a narrowly defined spectral region, this broadening may be problematic, but in the next
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section, we demonstrate that we can take advantage of this wavelength broadening to use V-pits
to fabricate nanotextured LEDs towards white-light emission.

4.7 Application of V-pits to nanotextured LEDs
To use LEDs in general lighting applications, incorporation of various LED wavelengths in one
device to achieve white light is required. Common methods of achieving white light include the
fabrication of hybrid devices - separate red, green, and blue LEDs packaged into the same
device; growth of red, green, and blue QWs in one LED; and the use of a blue LED coated with a
yellow phosphor. However, each of these methods has distinct disadvantages. Packaging of
individual LEDs into a single device is costly, requires high surface area, and the packaging can
affect the color distribution.'" The relatively low growth quality of MQW LEDs containing
different bandgap QWs still holds back their commercial uses.'156 The incorporation of a
phosphor over a blue LED results in a loss of lifetime and losses due to the Stokes shift.15 7
One promising technique to produce white LEDs is to utilize a nanotextured structure that
broadens the LED emission towards white light. A number of works investigate the use of
pyramidal, hexagonal, or other faceted structures for this purpose because these structures have
polar and semi-polar facets that lead to broadband emission.1 5 s-161 However, the fabrication of
many of these structures involves patterning a substrate through photolithography or electronbeam lithography, which greatly complicates the fabrication process and increases costs.
V-pits in MQW LEDs introduce semipolar facets along the (1011) direction without additional
patterning steps. Therefore, if enough V-pits can be incorporated into the MQWs, the entire area
of the device would consist of semipolar V-pit facets containing sidewall QWs instead of c-plane
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QWs. Here, we discuss a nanotextured LED device architecture consisting of nanopyramids
formed from the intersection of V-pit sidewalls. Broad emission from this structure is confirmed
using nanoscale STEM-CL mapping. Figure 4.15 shows the device structure, a helium-ion
microscope image of the nanotextured surface, and a cross-sectional TEM image of one of the
pyramids. The intersection of two V-pits creates a ridge, and the intersection of at least three Vpits creates a pyramid, as shown in Figure 4.15b. The cross-sectional TEM image in Figure 4.15c
shows the quantum dots (QDs) that form at the tip of the pyramids. EELS mapping confirms that
these QDs are high in indium content (Figure 4.15d).
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Figure 4.15: a) Schematic of the nanotextured LED device formed by the intersection of V-pits.
b) Helium-ion microscope image of the surface, with a pyramid and ridge labeled. c) Crosssection TEM image of a pyramid showing the quantum dots that form at the tip. d) EELS In
signal showing increased In composition in the quantum dots. Images b-c were taken by Jing
Yang Chung and Govindo Syaranamual.

The overlapping V-pits offer a multitude of possibilities for the emission wavelengths of the
sidewall QWs. We expect the emission of the sidewall QWs forming ridges and pyramids to vary
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depending on the size and number of V-pits that intersect because these factors will influence the
strain and therefore the piezoelectric effect experienced by the QWs. The In-rich QDs at the tip
of the pyramids show us that the rate of In incorporation varies due to the intersection of V-pits.
Therefore, we expect varying rates of In incorporation along the V-pit sidewalls, further
contributing to wavelength broadening. The nanoscale nature of these features requires highresolution techniques to probe the emission, so we utilize STEM-CL to investigate the emission
at the tips of pyramids, ridges, and in the sidewall QWs, as well as the underlying superlattice.
STEM images of a cross-section of the nanotextured LED sample prepared via mechanical
polishing are shown in Figure 4.16a-c with increasing magnification. The cross-section reveals
V-pit clusters at different states of formation, i.e. depending on the height at which the V-pits
formed, the cross-section could cut near the bottom or top of the V-pit clusters. Contrast in
Figure 4.16c shows the sidewall QWs exposed in hexagonal rings, and dark contrast in the center
of the V-pit cluster suggests the presence of a defect. Figure 4.16c shows a V-pit cluster
consisting of multiple V-pits. A pyramid forms in the point at which multiple V-pits intersect
(labeled in yellow in Figure 4.16d), and a ridge forms at the intersection of two V-pits (shown in
purple). The blue dot is located at the sidewall QWs that are not adjacent to another V-pit
structure. Figure 4.16e displays the STEM-CL spectra collected at each of the points in Figure
4.16d. The lowest energy emission at 460 nm is observed at the pyramid, which is attributed to
the reduced In content. The ridge shows higher emission at about 415 nm, indicating that the In
incorporation could be is slightly higher on the ridge than on the sidewall QWs but not as high as
in the pyramid. The sidewall QWs likely contribute to this peak as well, due to carrier diffusion
during CL measurements. A peak at about 415 nm is also seen at the pyramid location, also due
to carrier diffusion during CL measurements. The point indicated by the blue dot in Figure 4.16d
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shows a peak at about 390 nm, indicating that the superlattice is emitting strongly in this region.
There is likely some overlap with the emission of the sidewall QWs in this peak as well.
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Figure 4.16: a-b) STEM images of the cross-sectional TEM sample, showing the various
arrangements that V-pits form. c) STEM image of a V-pit cluster probed with STEM-CL at the
locations indicated by the points in the figure. d) STEM-CL spectra at the locations indicated in
d).

To gain a more nuanced understanding of the distribution of wavelengths being emitted from the
V-pit clusters, we collect monochromatic CL images. The STEM image shows a dark region in
the center of the V-pit cluster, and the panchromatic CL image shows a decrease in emission
intensity around the perimeter of this center region (Figure 4.17a-c). We attribute the decrease in
emission to a stacking fault, based on TEM analysis not shown here. The monochromatic
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emission at 380 nm appears mainly in regions that do not contain V-pits, and it is at the target SL
wavelength, so we attribute this emission to the SL. This emission is also seen weakly inside the
V-pit cluster because the SL is present throughout the entire sample. The 420 nm emission
appears at the hexagonal rings, which we attribute to the sidewall QWs. Multiple V-pits meet at
the center of this cluster, so we expect a pyramid to occur at this location. Indeed, we find lower
energy emission at the center, which would correspond to an increase in In composition.
Performing monochromatic CL mapping has allowed us to correlate the structural features
observed in STEM, such as stacking faults and quantum-dot-like structures, with emission
properties of the V-pits. These results also allow us to observe the differing properties between
single V-pits, the intersection of two V-pits (ridges), and the intersection of three or more V-pits
(pyramids). Understanding the emission spectra of each of these features provides guidance on
the design of a device architecture that would ideally emit across the visible spectrum.
Additionally, we have identified defects that act as nonradiative recombination centers within the
V-pit clusters.
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Figure 4.17: a) SEM image of the same V-pit cluster in Figure 16d, showing the location of a

stacking fault. b) Panchromatic CL from the V-pit cluster in a). Red dashed line indicates the
location of the intensity profile displayed in c). d-f) Monochromatic CL images at 380 nm, 420
nm, and 490 nm, respectively.

Finally, SEM-CL confirms the wavelength broadening effect exhibited by the nanotextured LED

devices. Figure 4.18 shows an SEM image and hyperspectral CL image in real color, displaying
the distribution in emission across the nanotextured surface. We can see that the emission is far

from uniform - generally, tips of ridges and pyramids emit at green and cyan wavelengths, while
the facets emit at blue and violet wavelengths. These images confirm that the various structures
formed by the overlap of V-pits lead to this wavelength spread. Figure 4.18c shows spectra taken
at a ridge and pyramid. Similar to the STEM-CL results, the pyramid emits at a higher energy
than the ridge. Here, we also see a broad emission coming from the ridge spanning about 390130

440 nm, indicating that emission from the ridge, facets, and SL is likely being represented in this
spectrum. Overall, the emission from these two spectra spans about 100 nm, indicating the
promise of this nanotextured device architecture for broad emission towards white light.
However, this architecture is missing red emission, which could be achieved by incorporating
red c-plane QWs or by increasing the In composition in the quantum dot structures at the V-pit
intersections. Further investigations would be required to understand whether intersections of
more than three V-pits produce quantum dots with higher In compositions than intersections of
only three V-pits. The relative distribution of red, green, and blue emission is also important in
the development of white LEDs, so refinement of this architecture to produce a ratio of single Vpits to intersecting V-pits that will result in a balanced color distribution would be required.
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Figure 4.18: a) SEM image showing the varied topology of the nanotextured device. b)
Hyperspectral CL image in real color of the region displayed in a). c) Spectra taken at a pyramid
and ridge, at the locations depicted in b).

4.8 Summary and Conclusions
In this section, we probe the emission at and surrounding V-pits in InGaN/GaN MQW LEDs at
the nanoscale. We identify three distinct regions of emission around single V-pits - sidewall
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QWs, perturbed c-plane QWs adjacent to V-pits, and unperturbed c-plane QWs. The emission of
the sidewall QWs is the most blue-shifted compared to the c-plane QWs, and the emission of the
c-plane QWs adjacent to the V-pits is slightly blue-shifted compared to the unperturbed c-plane
QWs. The blue-shift of the V-pit sidewalls was previously reported in the literature, but the blueshift in the c-plane QWs adjacent to V-pits has not previously been mapped. EELS analysis
confirms the reduced In composition at the V-pit sidewalls that accounts for the increase in
emission energy seen there. We propose that the blue-shift in emission at the c-plane QWs
adjacent to the V-pits is due to strain relaxation from the V-pit resulting in a reduced QCSE, and
we confirm that this effect is exacerbated in c-plane QWs sandwiched between two V-pits. By
examining QWs emitting in the green, blue, and yellow range, we demonstrate that the
wavelength broadening surrounding V-pits is present at a range of In compositions. These results
have implications for the field of V-pit engineering; while the introduction of V-pits can improve
the LED efficiency, it broadens the wavelength which could limit the applications for these
devices. Finally, we utilize the wavelength broadening around V-pits to demonstrate a V-pitbased nanotextured device architecture that emits in the green-violet range. This device
represents a step towards white-light devices that do not rely on loss-inducing mechanisms such
as phosphor coatings or costly nanofabrication procedures.
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Chapter 5 - High energy surface and volume plasmons in nanopatterned
sub-10 nm aluminum nanostructures
Some content in this chapter is reprinted with permission from Nano Lett. 2016, 16, 7, 4149-4157.
Copyright 2016 American Chemical Society.

5.1 Abstract
The development of nanostructures that support plasmonic resonances in the ultraviolet (UV)
regime opens up avenues for advancement of catalysis, sensing, optoelectronics, energy
harvesting, and a variety of other applications. Aluminum is a prime candidate for use in UV
plasmonics because it does not have interband transitions in the UV, unlike common metals
employed for plasmonic applications such as silver and gold. However, understanding the
relationship between structure and plasmonic spectrum requires advanced nanofabrication
capabilities and high-resolution imaging techniques. In this work, we use electron energy-loss
spectroscopy (EELS) to map the complete plasmonic spectrum of aluminum nanodisks with
diameters ranging from 3 nm to 120 nm fabricated by high-resolution electron-beam lithography.
Our nanopatterning approach allows us to produce localized surface plasmon resonances across a
wide spectral range spanning 2-10 eV. We additionally show the strong influence of the
nanodisk boundary in determining the energy of surface plasmons and volume plasmons locally
across individual aluminum nanodisks, and we have compared these observations to similar
effects produced by scaling the nanodisk diameter.
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5.2 Introduction
High-energy plasmonic nanostructures resonant in the ultraviolet (UV) to vacuum ultraviolet
(VUV) region of the spectrum offer routes to channel high-energy radiation into nanoscale
volumes, which support enhancement of high-energy photochemical reaction pathways at
targeted nanoscale locations. Plasmonic nanoparticles resonant at visible and near-infrared
frequencies have been used to direct electromagnetic radiation into sub-wavelength volumes,
known as 'hot spots', which make these nanoparticles ideal for applications in nanoengineered
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and energy harvesting. ",

Consequently, high-energy plasmonic nanoparticles may provide a route to extend the spectral
range of these applications into the VUV, an energy range where simple gas-phase molecules
such as Co,02and H20 have electronic absorption bands 183" 8 4 and work functions can be
overcome producing reactive photoelectrons.
As discussed in Section 1.4 of the Introduction, plasmons in materials take one of two forms: (1)
volume plasmons (VPs), which are high-energy longitudinal oscillations of conduction and
valence band electrons that propagate through the bulk of a material; and (2) interface plasmons,
which are collective oscillations of free electrons at an interface. When an interface plasmon
occurs at the surface of a material it is referred to as a surface plasmon (SP). SPs can adopt
multiple forms: surface plasmon polaritons (SPPs), which are propagating SPs that exist at the
interface between a metal and a dielectric, and localized surface plasmon resonances (LSPRs)
that exist on sub-wavelength metallic nanoparticles.
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Controlled engineering of LSPRs and VPs with energies greater than 5 eV has been limited to
date, partly due to the fact that conventional plasmonic metals such as Au and Ag operate in the
visible to near-infrared region of the spectrum. 95,96 "1 85-189 Additionally, because SPs and VPs
decay on length scales less than 10 nm, control and characterization of these higher energy
plasmons requires fabrication and spectroscopic methods capable of sub-10-nm spatial
resolution. Consequently, the development of plasmonic systems and devices operating in the
deep or vacuum UV has been inhibited. Plasmonic systems operating in the UV region of the
spectrum would support advances in UV nano-optics for lithography,190 photochemistry in the
92
UV,' 9 ' and plasmon-enhanced sensing and spectroscopy in the UV.1
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The VP energy (hcop) of Al is 15 eV and consequently it can theoretically support SPs with
energies as high as 10.5 eV

) at a planar boundary or 8.6 eV (

)

on a spherical particle.7 7

Extending surface plasmon energies toward these upper energy limits will support UV and VUV
plasmonics, which could enable advances in photochemistry and catalysis.'8 2 Additionally,
development of plasmonic Al nanostructures resonant at UV frequencies will reduce plasmon
damping due to coupling with interband transitions present in Al at 1.5 eV.

94

Moreover, Al is a

low-cost material and abundant in the earth's crust, making it a suitable candidate for low-cost
plasmonic devices when integrated with a cost-effective patterning process. As a result, Al has
been the subject of a number of investigations recently with the goal of developing plasmonic
materials that are capable of enhancing light-matter interactions at UV to VUV wavelengths as
well as supporting confinement of UV light into nanometer-scale volumes. 9 ,96,8 8 ,194-197 The
production of Al nanostructures exhibiting high-energy SP modes to channel UV light into subwavelength regions requires flexible nanofabrication methods capable of producing sub-20-nm
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structures. High-resolution electron-beam lithography fulfills such criteria and enables the
98 202
fabrication of sub-20-nm nanostructures on a variety of substrates for device integration.1 -

Advances in synthesis and nanofabrication capabilities over recent decades have enabled the
growth of the field of plasmonics. Much of the success of the field of SPs is due in part to the
ease with which 100-nm-scale features necessary to produce resonant SP structures can now be
manufactured. VPs have also been studied extensively in materials, typically using transmission
electron microscopy and EELS, however size- and geometry-dependent resonances similar to
those commonly observed for SPs have not yet been conclusively demonstrated for VPs. Our
recent ability to nanofabricate structures at the sub-10-nm length scale 7 3,198,199, 20 1,203,204 suddenly
presents the prospect of lithographically engineering structures for the modification of VP
resonances, while simultaneously enabling the development of high-energy SPs. VPs constitute
one of the major energy-loss avenues for charged-particle beams in matter. Moreover, the VP
peak in Al has recently been exploited to measure temperature in an active microelectronic
device on the nanometer length scale 2 0 2 emphasizing the importance of a full understanding of
VP behavior in nanostructures. Manfrinato et al demonstrated that VPs decay on a length scale of
1-10 nm, emphasizing the importance of nanofabrication capabilities on the single-nanometer
length scale. 203

Here we demonstrate control of LSPR energy and lifetime in Al nanodisks - as measured using
scanning transmission electron microscopy (STEM) and electron energy-loss spectroscopy
(EELS) - by tuning the dimensions of nanodisks from the 100-nm-length scale to below 10 nm
using electron-beam lithography. STEM systems equipped with EELS modules provide a route
to study VPs and LSPRs with the requisite spatial (- 1 nm) and energy resolution (- 100 meV)

needed to probe their behavior near interfaces and within sub-10-nm particles.ii7, 205 - 2 09 Our
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approach combining high-resolution electron-beam lithography, STEM and EELS allowed us to
probe the energy of SP emission on the nanometer scale. Moreover, we also controlled the
energy of SP excitations in the 2-8 eV range, and these observed peaks have been correlated to
dipolar-quadrupolar SP modes, which was confirmed via numerical modeling using the finite
element method. The spatial distributions of all plasmon modes on Al nanodisks were measured
with nanometer resolution using STEM-EELS, including determination of changes in plasmon
energy and intensity. The results outlined in this work may offer a route to extend the reach of
plasmonic devices to the ~10 eV scale.

5.3 Sample preparation and methods
Sample preparation was performed in large part by Yujia Yang. The samples were prepared by
spin-coating PMMA (poly(methyl methacrylate)) on 5- or 10-nm-thick SiNx membranes
(TEMwindows.com) at a spin-speed of 5 krpm. We baked the TEM grid (PMMA on top of SiN
membrane on a silicon frame) directly on a hot plate at 180°C for 2 min. The resulting PMMA
film thickness was estimated as 50 nm. This resist thickness was estimated using prior
calibration, which consists of spinning PMMA on a Si substrate, baking PMMA at 180°C for 2
min on a hot plate, and measuring the resist thickness by ellipsometry or reflectometry.
After preparing the sample consisting of PMMA-coated SiN, electron-beam lithography (EBL)
was performed using 125 keV electrons in an Elionix F-125 system with a 100 pA beam current.
We exposed circular holes in the PMMA with varying diameter for the fabrication of nanodisks.
The PMMA holes were exposed as single pixels for holes with diameters smaller than 20 nm,
and we designed areal exposures for holes with diameter larger than 20 nm (with 1.25 nm step
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size). The diameter of holes smaller than 20 nm was controlled by the delivered dose density,
which was varied from 0.2 to 50 fC/dot. The diameter for holes larger than 20 nm was controlled
by the designed diameter and dose density delivered, which was varied from 13 to 32000
mC/cm2 . We note that single-pixel and areal exposures may overlap in final deposited dose and

final feature size.

For resist development, samples were immersed in 3:1 IPA:MIBK (3:1 isopropyl alcohol:methyl
isobutyl ketone) for 30 s at 0°C and gently blown dry with nitrogen gas for 1 min. The0°C
temperature was achieved and maintained using a chiller equipped with a k-type thermocouple
and PID temperature controller.

We then deposited Al to a thickness of 15-20 nm on the patterned sample using an electron-beam
evaporator system. The electron-beam evaporation was performed at room temperature, with a
chamber pressure below 2 x 10-6 Torr and an evaporation rate of 5 k/s. We chose an electronbeam evaporator because it presents a smaller effective source size of Al than a thermal
evaporator system. A small source size at the Al target yields directional Al deposition.
Directional Al deposition translates to reduced deposition on the sidewall of the resist, which
facilitates the lift-off process.

Finally, the PMMA lift-off was done in NMP (N-Methyl-2-pyrrolidone) at 55°C for 60-120 min.
To achieve a precise temperature control of the NMP solvent (which is flammable with a flash
point of 92 0 C), we placed the beaker with NMP into a secondary water bath. The water bath was
then heated by a hot plate. This water bath control is appropriate to control the temperature and
to avoid having NMP reach its flash point, but care should still be taken.
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Electron energy loss spectroscopy (EELS) was performed using a Hitachi 2700C aberrationcorrected scanning transmission electron microscope (STEM) with a cold-field-emitter source
(0.4 eV energy spread) operating at 200 keV at Brookhaven National Laboratory. The beam
current was ~ 20 pA, and spectra were recorded with a dispersion of 0.05eV/channel. The
electron-beam convergence semi-angle was 28 mrad and the collection semi-angle was 14.5
mrad (2 mm collection aperture). We performed spectral imaging as implemented in the Digital
Micrograph software (Gatan, Inc.). Spectral imaging consisted of point by point EELS
acquisition, with a predetermined step size of 0.5-1.5 nm, along a selected array of points, for a
given acquisition time for each spectrum. We also performed a summation of 10 to 30 spectra at
each point to improve the signal to noise ratio while avoiding detector saturation. To evaluate
whether we lost spectral resolution after performing the summation of multiple spectra, we
compared the full width at half maximum (FWHM) of the zero loss peak for one spectrum and
for multiple spectra. We did not observe a significant increase in the FWHM for multiple spectra
acquisition, which was 0.4-0.5 eV. For the EELS measurements of peak energy, FWHM, and
electron counts (intensity) in this work, we used one EEL spectrum at each measured pixel.
Averaging of multiple spectra between different pixels was not performed. High-angle annular

dark-field (HAADF) STEM images were acquired in CL2 imaging mode with collection angles
of 45-242 mrad.

5.4 Controlling surface plasnion energy
Figure 5.1 outlines our experimental approach to investigate SPs and VPs in Al nanostructures.
We fabricated Al nanodisks with metallic core-diameters ranging from 3 nm to greater than 100
nm on ultrathin 5 to10-nm-thick SiNX membranes by high-resolution electron-beam lithography.
Figure la shows a representative bright-field transmission electron micrograph of 6-nm-diameter
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(including native surface oxide) Al nanodisks fabricated by this method. The Al nanodisks
fabricated in this work are typically polycrystalline in nature. We mapped plasmon excitations
across these nanodisks with nanometer-resolution using STEM and EELS as shown
schematically in Figure 5.1b. Figure 5.ic shows an example high-angle annular dark-field
(HAADF) STEM image acquired for a 17-nm-diameter Al nanodisk. An EELS spectrum was
acquired at each 1-nm2 pixel in the image to produce a 3-d spectrum image. Figure 5.1d shows
an example of an EEL spectrum acquired from a pixel near the center of an Al nanodisk. The
spectrum clearly shows peaks that can be assigned to SP and VP excitations, as well as the
elastic or zero-loss peak (ZLP) at 0 eV. The ZLP can be subtracted from all spectra acquired,
leaving spectra that contain the relative intensity of inelastic loss pathways in the sample. This
technique thus allows us to choose a specific inelastic loss pathway by selecting an energy band
in each spectrum and subsequently plotting the intensity of that loss pathway as a function of
position on the sample. Consequently, we produced maps of all measurable loss pathways in the
0-50 eV energy-loss range with nanometer resolution.
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Figure 5.1: Experimental approach. a) Bright-field TEM micrograph of Al nanodisks fabricated
on 5-10 nm SiNx membranes by electron-beam lithography. b) Schematic representation of the
spectral imaging EELS approach used to map plasmonic modes in Al nanostructures. The
incoming electron has energy Eo = 200 keV and the transmitted electron loses energy JE. EELS
maps are generated by collecting an energy-loss spectrum at each pixel on a 2-d square array
forming a 3-d data set (x position, y position, energy-loss) with intensity measured in each
dimension. c) HAADF-STEM image of an Al nanodisk acquired during acquisition of the spectral
image. During spectral imaging an EEL spectrum is acquired at each pixel on the nanodisk. A step
size of approximately 1 nm was typically employed during acquisition of spectral images. d) An
example of a raw EEL spectrum acquired from the center of an Al nanodisk in this work. The
intensity (plotted on a log scale) of the ZLP (zero loss peak), SP peak of Al, VP peaks of Al, SiN,
and AlO are visible here.
To extract the VP and SP peaks, the ZLP was first subtracted from the raw spectrum. The low
energies of the SPs in the largest nanostructures require a highly accurate ZLP subtraction
method in order to ensure that the presence of the ZLP tail does not introduce artifacts into the
SP fitting. Therefore, special care was taken to ensure that the method of ZLP deconvolution did
not remove information about the SP peaks or introduce artifacts into the spectra in the SP
region. We utilize the ZLP deconvolution methods provided in Digital Micrograph (DM), and
we first compare each method (Figure 5.2). Figure 5.2 shows this comparison, and it is clear that
+

many of these methods (Boltzmann, 2 Gaussian, Gaussian + Lorentzian, and Gaussian
Lorentzian2) leave behind a significant portion of the ZLP and are thus not suitable

deconvolution methods (Figure 5.2a). Figure 5.2b shows each deconvolution method in the
region containing the SP peaks. Based on this comparison, we determined that the fitted log tail
from 1.5-3 eV retained as much information from the SP peaks as possible without introducing
any artifacts.
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Figure 5.2: Comparison of ZLP deconvolution methods. (a) ZLP region of a sample EELS spectra
after deconvolving the ZLP using each method in DM. (b) The SP region after deconvolution of
the ZLP.

After subtraction of the ZLP, the SP and VP peaks could then be extracted. To extract the VP
peak, we first performed a background subtraction to isolate the peak. We selected the signal of
interest in the EEL spectrum, which was 13-17 eV in our experiment (the VP peak is at 15 eV).
Then, we selected two regions to the left and right of the VP region that would be fitted to
generate a function for background subtraction. The areas defined as background were in the
energy window from 10 to 13 eV and from 17 to 20 eV. These two windows contain the lowenergy part of the VP signal from the SiNX (22 eV) and AlOy (21 eV). We fit the background to a
second order polynomial. We evaluated that this fitting function was sufficient to fit the
spectrum at the energy of interest by analyzing the fitting residuals of areas of only SiN and
areas of SiNX and AlOy. After obtaining the background function, we subtracted the background
from the signal of interest, resulting in the VP signal of pure Al (Figure 5.3a). This procedure is
repeated for each pixel of the spectral image. After a successful background subtraction, we
measured the VP peak energy and intensity by Lorentzian fitting in OriginLab. The VP intensity
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was then normalized to the ZLP intensity to account for variation in experimental conditions
between spectra.
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Figure 5.3: a) Method of isolating the VP peak in the EEL spectrum. In the raw spectrum, the
intervals10-1
17-20 eV were fit to a second order polynomial. This function was

subtracted from the raw spectrum to isolate the VP peak in the interval 10-13 eV, which was then
fit to a Gaussian. b) Background subtraction to isolate the SP modes. The zero-loss peak was first
subtracted to produce Spectrum II, followed by subtraction of the Al VP background to produce
Spectrum III.

The SP peaks were resolved by iterative fitting to a series of Gaussians using the Peak Analyzer
tool in OriginLab. As shown in Figure 5.3b, the ZLP fit was removed from the original spectrum
(Spectrum I) to obtain Spectrum II, which removes the background on the low-energy side of the
SP peaks. To subtract the background on the high-energy side of the peaks modes, the Al and Al
oxide VP peaks were each fit to a Gaussian and subtracted from Spectrum II. The VP
background was subtracted in this case because it was necessary to resolve multiple SP peaks,
and removing all background signals helped to more clearly define the peaks. Once the SP peaks
were isolated, the energy range containing these peaks was selected, and the spectrum was fit to
a series of Gaussians. We defined the energy of the mode to be the center of the Gaussian peak.
There were two main considerations when determining the number of Gaussian peaks and the
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bounds on the energy and FWHM. First, we used the simulation of plasmon modes in a I I0-nmdiameter nanodisk as a guide for the position of the lowest-energy peak and for a range of
FWHMs that would be expected. We then considered the adjusted coefficient of determination
(adjusted R2 value) and varied the fitting parameters until the maximum R 2 was obtained.

Figure 5.4 shows the results of our detailed analyses of SP excitations in Al nanodisks. In order
to push the SP modes to the highest energies and achieve wider SP spectral control, we
fabricated Al nanodisks with varying diameters and mapped the SP excitations using the spectral
imaging technique described in Figure 5.1. Figure 5.4a shows an example SP EEL spectrum
acquired from a 10-nm-diameter Al nanodisk when the electron beam was placed at the
nanodisk boundary. The boundary is defined as the position where the intensity of the Al VP
peak drops below the noise floor as the electron beam is scanned outward from the center of the
nanodisk. This position represents the edge of the metallic Al, which is responsible for the
plasmonic properties of these nanodisks. The spectrum shown in Figure 5.4a was processed to
subtract the background due to the ZLP and VP peaks. We compared the experimental results to
the results of numerical simulations, performed by Yujia Yang, shown in Figure 5.4b. Several SP
peaks are present, which we have labeled in order of increasing energy (SP1, SP2, SP3 etc.).
Three Gaussian peaks representing SP -3 were fit to the experimental spectrum in the 1.5-6.0 eV
range as shown in Figure 5.4a. The relative positions of the fitted peaks compare well with the
simulated spectrum, although all fitted peaks were blue-shifted with respect to the simulated
peaks by approximately 0.3-0.4 eV. This shift could be related to a difference between the oxide
thickness used in simulations (2.5 nm) and that produced experimentally, or due to a difference
between the simulated and experimental geometries of the nanodisk. A blue-shift in the
experimental spectrum with respect to the simulated spectrum would be expected if the native
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oxide layer is thinner than that simulated, if the oxide layer or substrate has a lower than
expected refractive index, if the fabricated disk is marginally smaller than that simulated or if the
nanodisk accumulated charge from the electron beam during acquisition of the spectrum. The
peaks in the simulated spectra are also narrower than those observed experimentally.
Convolution of the simulated spectrum in Figure 5.4b with a Gaussian peak (350 meV FWHM)
representing the ZLP results in a simulated spectrum that more closely resembles that measured
experimentally. Figures 5.4c and 5.4d show experimentally measured and simulated EEL spectra
respectively for the case where the electron beam is placed at the center of the 10-nm-diameter
nanodisk. The measured spectrum in Figure 5.4c clearly shows energy loss at higher energies
than observed when the beam was placed at the boundary (Figure 5.4a). The simulated spectrum
in Figure 5.4d supports the presence of plasmon modes at higher energies than for the boundary
excitation. The simulated spectrum predicts LSPR modes at the center of the nanodisk in the 4-8
eV range, which we have labeled CPI, CP2 and CP3. Four Gaussian peaks were fit to the
experimental spectrum in Figure 5.4c, and the relative positions of these four peaks were found
to compare well with the simulated spectrum; however, just as was observed for Figure 5.4a,
both CP Iand CP2 peaks were blue-shifted by 0.3-0.4 eV. The fitted peak representing CP3 was
observed at the same energy to that simulated (7.2 eV). Figure 5.4e shows maps of the simulated
surface fields on a 120-nm-diameter Al nanodisk associated with SP1-3 and CP1-3, and the
surface fields on a 20-nm-diameter nanodisk associated with SP Iand SP2. The simulated SPI
modes show a clear dipolar character for all nanodisk dimensions simulated. The SP2 and SP3
modes display quadrupolar and hexapolar character respectively in 120-nm-diameter nanodisks;
however, these modes are complicated by out-of-plane polarities for smaller diameter nanodisks
as can be seen for the case of the SP2 mode on the 20-nm-diameter nanodisk in Figure 5.4e.
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Surface plasmon modes CP, CP2, and CP3 show surface field distributions characteristic of
breathing plasmon modes. 2 1 0 Similar breathing mode LSPRs have been observed in silver
nanodisks and they have been excited optically. 21 1 As such, the breathing mode plasmons
observed here may offer a route to plasmon-enhanced processes in the 5-10 eV energy range.
Figure 5.4f shows a plot of SP energy versus nanodisk diameter for various LSPR modes when
the electron beam is placed at the perimeter of the nanodisk. Experimentally measured LSPR
energies and simulated values compare well for the larger diameter nanodisks studied. However,
mixing of plasmon modes in nanodisks with smaller diameters prevents individual modes from
being clearly resolved. We have observed that lower order plasmon modes SPI-SP3 increase in
energy with decreasing nanodisk diameter as predicted by electromagnetic simulations.
Moreover, the distribution of measured SP energies shown in the plot in Figure 5.4f is in
agreement with the predicted distributions from simulations for nanodisks having diameters
greater than 40 nm. Figure 5.4g shows experimentally measured and simulated values of SP
energies when the electron beam was placed at the center of each nanodisk. Interestingly, as well
as CP modes, a peak characteristic of the dipolar SP mode was observed on many nanodisks
when the electron beam was placed at the center of the nanodisk. The positions of the measured
and simulated peaks compare well for larger nanodisks. However, for smaller nanodisk
diameters, the peaks began to overlap, which makes assignment of specific plasmon modes to the
experimentally measured peaks unreliable. Nevertheless, the energy distributions of the
measured peaks compare well with the spectral regions where CP modes are expected.
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Figure 5.4: Surface plasmons (SPs) in Al nanodisks. a) Experimentally measured EEL spectrum
for a 110-nm-diameter Al nanodisk. The EEL spectrum was acquired when the electron beam
was at the perimeter of the nanodisk near the AlI/AlOy interface as shown schematically by the
red line passing by the disk in the figure. b) Simulated EEL spectra obtained using the finite
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element method for an electron-beam excitation at the perimeter of such a nanodisk showing SP
excitations in the 2-5 eV energy range, as well as a peak above 6 eV. Peaks representing SP1-3
modes were fit to the experimental data in (a) as shown by the red, green, and blue traces
respectively. c) Experimental EEL spectrum acquired at the center of the same nanodisk studied
in (a). d) Simulated spectra show that higher energy plasmons are excited at the center of the
nanodisk than at the disk perimeter. These modes are labeled as center plasmon modes (CP)
indicating that these surface plasmons are excited more strongly when the beam is placed at the
center of the nanodisk. Peaks representing CP modes are fit to the experimental data (c). e)
Surface normal electric field maps for the relevant SP and CP modes in nanodisks with two
different diameters. These maps are indicative of the charge-density profiles expected for each of
the SP modes. SP1, SP2, and SP3 are dipolar, quadrupolar and hexapolar modes respectively,
while CP1-3 are breathing modes. f,g) Plots of simulated (filled data points) and experimental
(open data points) energies of SP and CP peaks versus nanodisk diameter. The experimental data
points have been colored to match the nearest simulated data curve allowing correlations to be
drawn between experimental and simulated data. SP spectra were measured at the perimeter of
nanodisks where the perimeter is defined as the point at which the intensity of the VP peak drops
to zero. The error in diameter is 0.5 nm, and the error in energy is no more than 0.6 eV for all
data points. The dashed lines are included as guides to the eye for the simulation results.

5,5

apping decao sutrace and olumC plasmoIs at the nanoparticle boundary

The results shown in Figure 5.5 demonstrate the significant role played by the nanodisk
perimeter in determining the local energy, intensity and lifetime of both SP and VP excitations,
on the single-nanometer level across an Al nanodisk with a 12-nm-diameter metallic core.
Figures 5.5a-d show a HAADF image of the nanodisk, a map of the Al VP intensity, a map of
the Al SP intensity and a color map of the Al VP, Al SP and AlOy VP, respectively. All maps
were prepared with 1 nm pixels. Figures 5.5e-h show plots of the Al SP and VP intensity, Al SP
and VP energy, Al VP FWHM and energy, and the Al VP and SP together with the AlOy VP,
respectively, as a function of position on a line-scan through the center of the nanodisk. These
plots can be used to study the behavior of the VP and SP at the Al-AlOy interface. The boundary
effect at this interface consists of a modification of the VP resonance due to interaction with SPs.
In this work, we have observed that the VP intensity is nominally constant at the center of
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nanodisks greater than 20 nm in diameter. However, the VP intensity begins to decay
exponentially at a threshold distance inside the boundary. This threshold distance can be
described classically in terms of Bohr's delocalization distance

bmax =

v/Wp, where v is the

velocity of the incident electron and op is the angular frequency of the volume plasmon.1 2 6
Bohr's delocalization distance represents the maximum distance at which inelastic scattering can
occur from an electrostatic scattering source, e.g. an atomic nucleus or a free-electron, measured
in terms of the impact parameter b. Hence,

bmax

is the threshold impact parameter below which

the SP will rise in intensity at the expense of the VP intensity. A 200 keV electron has a velocity
of 2.086

x

108 ms-', and the energy of the VP in Al is

1
15 eV, resulting in bmax = 9.2 nm.

Consequently, the VP intensity is expected to reach a maximum at an impact parameter of bmax
from the boundary toward the nanodisk center. Figure 5.5e shows that the VP intensity increases
with distance from the boundary, but in this case does not saturate, as the nanodisk radius is less
than

bmax.

Figure 5.5e also shows that there is a commensurate increase in SP intensity and

decrease in VP intensity as the beam approaches the boundary. This relationship between SP and
VP intensities near the boundary is due to a conservation of oscillator degrees of freedom at the
boundary, which dictates that the sum of oscillator strengths for all plasmons (SP and VP) is
constant.212 Figure 5.5f shows that the energy of both the SP and VP peaks blue shift
approaching the boundary. The nonlocal hydrodynamic model explained by Christensen et al can
be used to predict an increase in VP and SP energy near the boundary. 21 3 Figure 5.5g shows that
the VP energy and lifetime (~ 1/FWHM) are altered near the boundary of the nanodisks. The
change in VP energy and lifetime at the boundary matches qualitatively with work that was a
part of this study but not included in this thesis on the diameter-dependence of the VP energy.21
The VP energy and FWHM increase with decreasing nanodisk diameter, and likewise the VP
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energy and FWHM increase at the boundary. The boundary effect dominates at reduced nanodisk
diameters where the boundary regions make up a larger fraction of the nanodisk and as such it is
likely to contribute to the observed diameter dependence in the VP energy and FWHM. Figure
5.5h shows that the Al SP intensity peaks at the Al-A0

interface as might be expected. The

figure also shows that the AlO, layer on the sidewall of the nanodisk is slightly thicker on the
right-hand side of the nanodisk. The slight increase in oxide thickness manifests itself as a slight
increase in surface plasmon damping, resulting in a reduced SP intensity on the right hand side
of the nanodisk. 9 There also appears to be a slight increase in the Al VP intensity across the core
of the nanodisk, which suggests that the Al disk may not be uniformly thick across its width and
might explain the asymmetric Al VP intensity across the core of the nanodisk. Recent works
have begun to investigate the spatial distribution of plasmonic excitations in three dimensions
using tomographic methods and these works represent an important step toward a complete
understanding of plasmonic systems at close to the atomic scale.*"-2

Further discussion of the

role of thickness variation and on VP intensity in this work is discussed in Section 5.6.4.
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Figure 5.5: The boundary-effect. a) HAADF STEM image of a 12-nm-diameter Al nanodisk.
The blue dashed line represents the electron beam path in (e-h). The scale bar applies to all of the
images (a-d). b) EEL map acquired at the VP energy (13-17 eV) after background subtraction. c)
EEL map acquired at the SP energy (2.85-5.3 eV) for the same nanodisk. The gray-scale level
in (b) and (c) is proportional to the integral of the area under the VP peak and SP peak of Al
respectively. d) Color map displaying the distribution of electron energy-loss characteristic of
interaction with VP, SPI, and AlOy regions. e) Normalized SPi and VP intensities plotted as a
function of the position of the electron-beam on a 12-nm-diameter nanodisk. The VP intensity
decays exponentially near the Al-AlOy boundary. f) VP and SP1 energy as a function of electronbeam position on the same nanodisk analyzed in (e). The VP energy was observed to increase as
the beam approached the edge of the nanodisk from the center of the nanodisk. g) VP energy and
FWHM as a function of beam position. Both VP energy and FWHM increase as the beam
approaches the edge of the particle. While the decrease in VP intensity at the particle edge may
be an artifact of decreasing thickness at the edge, the increase in VP energy and FWHM is a
result of the boundary effect. h) Plot of normalized intensity of electron energy-loss peaks for the
Al VP, Al SP1, and AlOy VP excitations versus the position of the electron beam along the
diameter of the nanodisk in (a). The dashed black line represents the position of the Al-AlOy
interface.

5.6 Error Analysis
This section includes the error analysis for Figure 5.4f-g, and explains the calculation of error
bars in Figure 5.5. Here, we also discuss the choice to fit the VPs to Lorentzian functions, the
normalization of the VP peak to the ZLP, and nanodisk thickness.
5.6.1 Error analysis of SP fitting

Figure 5.6a is a representation of Figure 5.4f that includes error bars on the energy of each SP
mode and excludes simulated data points. Likewise, Figure 5.6b representation of Figure 5.4g
that includes error bars on the energy of each SP mode and excludes simulated data points. For
both the edge modes depicted in Figure 5.6a and the center modes depicted in Figure 5.6b, the
error in the plasmon energy was taken to be the standard error of the Gaussian fitting as
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determined by OriginLab. For the edge modes, the error appears to be larger for the highest
energy SP modes (SP4 and SP5), which makes sense because these peaks are the least welldefined. Similarly, CP3 and CP4 appear to display the most error in their energies (Figure 5.6b).
Points that do not have error bars were fixed during SP fitting.
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Figure 5.6: a) Error in fitting SP edge modes. Peaks are labeled in order of increasing energy. b)
Error in fitting SP center modes. The lowest energy mode is labeled SP1, and higher order modes
are labeled as center peaks, in order of increasing energy. For both the edge and center modes,
the error is taken to be the standard error of each Gaussian peak.

5.6.2 Convolution of VP with ZLP
The measured VP signal is convoluted to the ZLP signal. Assuming the ZLP can be described by
a Gaussian peak function and the VP can be described by a Lorentzian function, the following
equation was used to obtain the deconvoluted VP FWHM:
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VPFWHMdeconoluted=-5000576643

*

2
2
(ZLP FWHM) + 1805000 * (VP FWHM ) + 2673
1729929

* (VP FWHM)

Eqn.
5.1

This equation is based on a Voigt profile, which is a convolution of Gaussian and Lorentzian
peaks. Typically, it would be necessary to propagate the error from the ZLP FWHM and VP
FWHM to obtain the error for the deconvoluted VP FWHM. However, the ZLP FWHM error
ranges from 0.00847 - 0.01117 eV while the VP FWHM error ranged from 0.05348 - 0.4305

eV. Due to the order of magnitude difference between the error in the two data sets, only the
original VP FWHM error was reported for the deconvoluted VP FWHM values.
5.6.3 VP fitting and normalization
The VP intensity can be normalized to the ZLP intensity to account for variation in experimental
conditions between spectra. Figure 5.7 shows a comparison of the VP intensity normalized to the
ZLP and without normalizing to the ZLP. The latter data is shown in Figure 5.5. In Figure 5.7,
we can see that any differences in intensity between the normalized and un-normalized set of
data are minor and would not impact our conclusions. We took the uncertainty to be the 95%
confidence interval of the Lorentzian fitting. The final VP peak energy and VP FWHM
accuracies were on average 0.05 eV and 0.16 eV respectively.
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Figure 5.7: Plot of VP intensity shown in Figure 5.5e before and after normalization of the VP to
the ZLP.

When fitting VP peaks, either a Gaussian or Lorentzian fitting function can be
employed. 12 3 ,2 16,2

17

ALorentzian function was selected to fit the VP peak based on a comparison

of the two fitting methods, shown in Figure 8. When fitting to a Lorentzian, the extracted
intensity comes closer to the maximum raw intensity than the Gaussian fitting (Figure 5.8b) and
the error in energy is lower (Figure 5.8c); thus a Lorentzian curve was selected to fit the VP
peak. However, when fitting the AlOy peak, the Gaussian and Lorentzian functions produced
identical curves (Figure 5.8d) so a Gaussian was used to fit these peaks.
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Figure 5.8: Comparison of Gaussian and Lorentzian fitting of the volume plasmon peak. (a) Raw
VP intensity fit to Gaussian and Lorentzian functions. (b) Comparison of Gaussian and
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Lorentzian fitting for a sample VP spectrum. (c) Error in energy as a function of beam position
for Gaussian and Lorentzian fitting. (d) Gaussian vs Lorentzian fitting comparison for the AlOy
VP peak.

5.6.4 Aluminum oxide thickness
Figure 5.9 shows a plot of the VP intensity of Al and HAADF intensity as a function of electronbeam position for 107-nm-diameter Al nanodisk. The HAADF intensity profile closely matches
the Al VP intensity profile except at the edge of the nanodisk where the HAADF intensity begins
to increase at a lower value of electron-beam position than the VP intensity. The presence of the
surface oxide means that the HAADF intensity increases prior to the Al VP intensity. The bump
in intensity of the VP and HAADF at the edge of the particle boundary indicates that the
thickness of the nanostructure is not uniform, but because the HAADF and VP intensity profiles
are similar, we can be sure that the nanodisk examined in Figure 5.5 did not have thickness
fluctuations that would impact our conclusions.
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Figure 5.9: Normalized VP intensity of Al and HAADF intensity as a function of electron-beam
position across the edge of a 107-nm-diameter Al nanodisk. The silicon nitride contribution to
the HAADF intensity was subtracted prior to normalization of the intensity. The silicon nitride
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contribution was estimated by taking an average HAADF intensity over a 20 nm region outside
the nanodisk where only silicon nitride is present in the path of the beam.

5.7 Summary and conclusions
In this work, we have accurately measured the behavior of LSPRs and VPs in Al nanodisks
ranging from 3-120 nm in diameter. We observed LSPRs ranging in energy from 2-10 eV, and
we have assigned those LSPRs to a variety of multipolar and breathing modes. Our study has
shown that the VP energy and FWHM increase at the boundary of Al nanodisks for which we
have provided a qualitative explanation based on the boundary effect. We have observed that the
behavior of VPs at the sub-10 nm scale can be explained by the increased contribution of the
boundary at these length scales. The evidence provided here will help to direct future studies of
electron interactions with matter on the nanoscale. For example, given the role of VPs in
determining the resolution of electron-beam lithography, 7 3 one potential application of this work
would be in the synthesis of nanostructured electron-beam lithography resists that achieve higher
resolution by suppressing VP excitation.21 8 '21 9Additionally, as the plasmon excitations studied
and controlled here ranged from 2-15 eV in energy, these results will support the development of
plasmon-enhanced processes, metamaterials, and metasurfaces operational from the UV to the
VUV. These LSPRs may be used to channel light into nanoscale volumes; metasurfaces in the
UV can be designed to enhance the efficiency of UV LEDs, which traditionally suffer from low
quantum efficiencies due to poor material quality and efficiency droop.10,28

157

Chapter 6 - Summary and future directions
This thesis addresses the growing need for sustainable lighting sources by using cutting-edge
high-resolution electron microscopy and spectroscopy to probe structural and compositional
inhomogeneities found in visible LEDs and to examine nanostructures with the ability to
improve the efficiency of UV LEDs. Two of the major factors limiting the potential energy
savings of LED use are the low efficiency of high-power LEDs and the lower-quality epitaxial
layers that form when growing these devices on silicon. This work addresses these issues and
spans across two materials platforms, InGaN/GaN MQW LEDs and plasmonic aluminum
nanostructures. InGaN/GaN MQW LEDs are promising candidates for replacement of halogen
and fluorescent lighting sources because of their high defect tolerance and wavelength tunability
across the visible spectrum. Aluminum nanostructures support high-energy surface plasmons
which can be taken advantage of for applications in the UV.
We start by examining EELS as a technique that is widely used to extract compositional
information from QWs, but suffers from artifacts at the high resolutions required for
investigating indium fluctuations. Next, we map the light emission surrounding defects in
InGaN/GaN MQW LEDs on the nanometer spatial scale to understand how these defects impact
the emission of the unperturbed regions of the device. The defect-induced spectral broadening
effect found here led to the development of a nanotextured LED device that uses V-pits to
produce a broad emission spectrum towards white light. Finally, we develop a set of design rules
for the fabrication of plasmonic aluminum nanostructures that support surface plasmon modes at
high energies towards efficiency improvement in UV LEDs. This section provides a detailed
summary of the work presented in this thesis and offers future directions for this work.
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Chapter 3 investigates the electron-beam-induced carbon deposition that occurs when using
EELS to produce high-resolution compositional maps at high beam currents. EELS is a critical
component of the identification of indium clustering in InGaN QWs, which is evidenced to
contribute to the efficiency droop of these LEDs at high operating currents. However, the highresolution EELS mapping necessary to identify nanometer-sized indium fluctuations imposes a
high density of electrons that impinge upon the sample, making the sample susceptible to beam
damage. In this chapter, we identify an artificial decrease in indium signal across EELS linescans
taken with small pixel sizes compared to larger pixel sizes. This artifact is due to a breakdown in
the standard pre-edge background subtraction method that is the standard for extracting
compositional information from ionization edges. By using dual-EELS, we demonstrated that at
high electron exposure, a layer of carbon is deposited on the sample. The increase in thickness
results in intense multiple-scattering peaks of the 25 eV bulk plasmon of carbon, at 50 eV and 75
eV. The presence of these peaks prevents the carbon pre-edge from being fit to a standard powerlaw for background subtraction, introducing artifacts into the quantification of relative indium
composition in the QWs. We demonstrated this effect across three aberration-corrected, state-ofthe-art STEMs and one non-aberration-corrected STEM, proving the ubiquitous nature of carbon
contamination, even in the most advanced systems.
Important future work would include developing a robust method to eliminate artifacts in EELS
spectra due to beam-induced carbon contamination. In our investigations of indium composition,
artifacts due to carbon persisted even after sample cleaning using KOH etching and plasma
cleaning was implemented. We found that baking out the TEM partially reduces the intensity of
the carbon edge, but at high beam currents and large dwell times, carbon contamination still
impacted data collection. Therefore, instead of relying on a carbon-free instrument, we suggest
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that it is more reliable to find a way to eliminate the artifacts due to beam-induced carbon
contamination instead of eliminating all possibility of contamination within the instrument itself.
Possible methods would include refining a Fourier-log deconvolution method to remove effects
of multiple scattering from bulk plasmons. This process would eliminate the Lorentzian
component of the plasmon tail and allow approximation of the plasmon tail to a power-law
function. Another possibility would be to include a Lorentzian fitting of the bulk plasmon peaks
in the modeling of the carbon pre-edge. This would require careful fitting of the bulk plasmons
for not only carbon, but also InN, GaN, and the Ga 3d transition.
In Chapter 4, we demonstrate a wavelength-broadening effect seen in the vicinity of V-pits in
InGaN/GaN QW LEDs. Growth of these LEDs on silicon substrates introduces a lattice
mismatch resulting in threading dislocations which open up into characteristic V-shaped voids
that interrupt the QW structure. While V-pits have been shown to improve LED efficiency by
creating potential barriers around threading dislocations and shielding carriers from nonradiative
recombination within the threading dislocations, little work has been done to understand the
spectral inhomogeneities induced around the V-pits and their impact on the overall emission of
the device. Here, we use cathodoluminescence in the S/TEM to identify four regions of emission
at and surrounding single V-pit cross-sections, including emission at 380 nm attributed to the
electron-blocking layer that fills the V-pit void, 410-420 nm emission at the sidewall QWs of the
V-pit, 440 nm emission from the c-plane QWs adjacent to the V-pits, and 460 nm target emission
from the unperturbed c-plane QWs. The ~50 nm blue-shift in the emission of the V-pit sidewall
QWs is attributed to the additional confinement provided by the reduced thickness of these QWs,
as well as a decrease in indium content. EELS is used to confirm the reduction in In content at
the V-pit sidewalls. We attribute the -30 nm blue shift in emission seen in the c-plane QWs
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adjacent to the V-pit sidewalls to the reduction in quantum-confined Stark effect due to strain
relaxation around the V-pits. Next, we examine the emission at regions between two adjacent Vpits, and find blue-shifts of 20-30 nm, providing further evidence that strain relaxation near Vpits perturbs the c-plane QWs. Finally, the spectral broadening induced by the V-pits is taken
advantage of in a nanotextured LED architecture that emits broadly over the green-violet range.
The intersection of V-pits in these structures creates nano-pyramids and nano-ridges that have
increased In content, which red-shifts the emission of the sidewall QWs. These structures
represent a step towards white-light LEDs that do not rely on phosphor coatings or
nanofabrication.
To further investigate the impact of V-pits on the luminescence of InGaN/GaN MQW LEDs,
additional studies could include a detailed EELS analysis of the composition of c-plane QWs
near V-pits. While it has been established that there is a reduction of In content in the sidewall
QWs of the V-pits, indium content in the regions of the c-plane QWs adjacent to V-pits has not
been investigated. The localized emission in these areas suggests the possibility of indium
clustering, and EELS analysis could confirm whether this is true. Ongoing studies with
collaborators are addressing the presence of In clusters near V-pits, and their work includes a
combination of experiment and computation. Additionally, while strain-mapping has been
performed on V-pits independently of luminescence mapping, the strain of c-plane QWs adjacent
to V-pits could be mapped in conjunction with CL to confirm our attribution of the blue-shift in
emission of these QWs to strain effects. Furthermore, a distance-dependent study on the change
in emission of the c-plane QWs between V-pits could clarify to what extent V-pit engineering
can be implemented before it significantly alters the emission spectrum of an LED.
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Chapter 5 presents a nanometer-scale view into the plasmonic properties of aluminum nanodisks.
Aluminum supports surface plasmons in the UV due to its lack of interband transitions in this
region of the electromagnetic spectrum, unlike other common plasmonic materials such as silver
and gold. Aluminum also presents an opportunity to study the fundamental properties of volume
plasmons, because the VP peak in aluminum is well-defined. Here, we fabricate Al nanodisks
with diameters between 3-120 nm. EELS is used to create complete maps of the plasmonic
modes found in these nanodisks; EELS is an ideal method for this investigation because it can
provide the sub-nm scale resolution necessary to understand plasmon decay at the particle
boundary, and volume plasmons are longitudinal waves so they cannot be probed using optical
methods. We push the surface plasmon energies of these nanodisks from 2 eV to 10 eV and
assign these SPs to multipolar and breathing plasmonic modes. Additionally, we map the decay
of surface and volume plasmons at the edge of the nanodisks and show that the boundary effect
contributes to an increase in the VP energy and FWHM at the nanodisk edges. Understanding
plasmon decay provides a platform for further studies involving electron beam-matter
interactions. The design rules for crafting nanostructures with high energy plasmons that we have
developed here paves the way for developing metasurfaces that can couple with UV light, as well
as a number of other applications such as catalysis, sanitization, and UV-curing.
Future work is required on the device application front to implement aluminum nanostructures
for improvement of LED efficiency. This work would include developing metasurfaces that
could be incorporated into UV LEDs. With the development of design rules for fabricating
nanostructures that target specific plasmon energies, nanostructures that localize and confine UV
light could be utilized to compensate for the loss of efficiency typically experienced by UV
LEDs due to poor material quality and efficiency droop.
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