Springer Theses
Recognizing Outstanding Ph.D. Research

Jordan A. Hachtel

The Nanoscale

Optical Properties
of Complex —
Nanostructur

Springer



Springer Theses

Recognizing Outstanding Ph.D. Research



Aims and Scope

The series “Springer Theses” brings together a selection of the very best Ph.D.
theses from around the world and across the physical sciences. Nominated and
endorsed by two recognized specialists, each published volume has been selected
for its scientific excellence and the high impact of its contents for the pertinent field
of research. For greater accessibility to non-specialists, the published versions
include an extended introduction, as well as a foreword by the student’s supervisor
explaining the special relevance of the work for the field. As a whole, the series will
provide a valuable resource both for newcomers to the research fields described,
and for other scientists seeking detailed background information on special
questions. Finally, it provides an accredited documentation of the valuable
contributions made by today’s younger generation of scientists.

Theses are accepted into the series by invited nomination only
and must fulfill all of the following criteria

* They must be written in good English.

¢ The topic should fall within the confines of Chemistry, Physics, Earth Sciences,
Engineering and related interdisciplinary fields such as Materials, Nanoscience,
Chemical Engineering, Complex Systems and Biophysics.

* The work reported in the thesis must represent a significant scientific advance.

* If the thesis includes previously published material, permission to reproduce this
must be gained from the respective copyright holder.

e They must have been examined and passed during the 12 months prior to
nomination.

» Each thesis should include a foreword by the supervisor outlining the significance
of its content.

* The theses should have a clearly defined structure including an introduction
accessible to scientists not expert in that particular field.

More information about this series at http://www.springer.com/series/8790


http://www.springer.com/series/8790

Jordan A. Hachtel

The Nanoscale Optical
Properties of Complex
Nanostructures

Doctoral Thesis accepted by
Vanderbilt University, Nashville, Tennessee, USA

@ Springer



Jordan A. Hachtel
Oak Ridge National Laboratory
Oak Ridge, TN, USA

ISSN 2190-5053 ISSN 2190-5061 (electronic)
Springer Theses
ISBN 978-3-319-70258-2 ISBN 978-3-319-70259-9  (eBook)

https://doi.org/10.1007/978-3-319-70259-9
Library of Congress Control Number: 2017957647

© Springer International Publishing AG 2018

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, express or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-319-70259-9

for Helen



Supervisor’s Foreword

Jordan A. Hachtel’s Ph.D. dissertation was the product of an extraordinary journey
of search and discovery. In order to understand Jordan’s scientific contributions,
one must follow him in this journey. After taking the core graduate courses, Jordan
was uncertain about whether to pursue research for a doctorate in theory or in
experiments. He came and saw me and I offered him an option to do both. Shortly
after I joined Vanderbilt in 1994, T accepted a secondary appointment at the nearby
Oak Ridge National Laboratory (ORNL) and spent a day each week there, building
a collaborative theory/microscopy program with the microscopy group headed by
Steve Pennycook. I already had several graduate students who completed Ph.D. dis-
sertations in theory and microscopy with flying colors. Jordan jumped on the idea.

Initial funding for Jordan came from a joint grant with experimentalist
researchers at the University of Tennessee campus in Knoxville on the development
of novel photovoltaics. Jordan learned a great deal about making superlattice
samples to enhance lattice absorption and quickly got his training in scanning
transmission electron microscopy. At the same time, he focused on the theoretical
description of light absorption by a superlattice of very thin layers and possible
enhancement of light absorption by the unique bonds at the interfaces compared
with absorption by a model superposition of bulk-like films. Jordan developed a
method to combine density-functional-theory (DFT) calculations with macroscopic
methodologies to extract the interface effect on absorption in a consistent and
quantifiable manner. He used NiSi,/Si heterostructures and demonstrated that, by
varying the relative volume fractions of interface and bulk, one can tune the spectral
range of the heterostructure absorption.

As Jordan was finishing the theoretical work, microscopy beckoned with a unique
opportunity. Postdoc A. Mouti at ORNL had built a cathodoluminescence (CL)
system in a scanning transmission electron microscope (STEM) and was leaving
the group. Jordan jumped on the opportunity and was quickly trained, and the rest is
history. I encouraged a collaboration with Vanderbilt professor of physics Richard
Haglund who specializes in optical physics. Richard was enthusiastic about bringing
the spatial resolution of the STEM to study luminescence from nanostructures
decorated with plasmonic nanoparticles. In a STEM, in addition to CL, one can also
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viii Supervisor’s Foreword

get electron-energy-loss spectra (EELS), which probe electronic excitations. Each
of the two methods had been used separately to study surface plasmons, but Jordan’s
vision was to get spatially resolved CL and EELS on the same sample to exploit the
complementary nature of the two techniques: EELS probes beam-induced electronic
excitations, while CL probes their radiative decay, which allows one to directly
obtain a spatially and spectrally resolved picture of the plasmonic characteristics
of nanostructures in three dimensions. He carried out a comprehensive study of
surface plasmons of arbitrary morphology of Ag nanoparticles on ZnO/NgO core-
shell nanowires and demonstrated his vision.

The connection to Haglund’s group led to another important connection, namely,
with Ben Lawrie, a former student of Haglund who was a staff member at ORNL.
The three-way collaboration led to a project on the generation and detection of
orbital angular momentum (OAM) modes in nanostructures. OAM of light is the
component of angular momentum of a light beam that is dependent on the field
spatial distribution, not the polarization, e.g., a helical wave front. Here again, in
STEM-CL, the converged, high-energy electron probe excites optical phenomena
across the entire spectrum and provides the highest spatial resolution available for
optical spectroscopy, allowing for the study of OAM with simultaneous spatial and
spectral resolution. Jordan used STEM-CL to study plasmonic vortices generated
by so-called Archimedean spiral channels in silver films. The spatial and spectral
resolution of STEM-CL allowed the mapping of the plasmonic vortex with precision
and the tracking of its dispersion through the visible regime, demonstrating that the
vortex is resolved over a wide spectral range (~560—-660 nm). More importantly, the
STEM-CL experiment provided a spatially resolved observation of the vortex phase,
the first time that such an observation is made without employing time-resolved
measurements.

In addition to his main themes mentioned above, Jordan was always ready to try
something else with his magical equipment. At Vanderbilt, I have a collaborative
program with engineers studying reliability of electronic devices. Jordan partici-
pated in some of this work and provided amazing spatially resolved chemical maps
of electronic devices that were very useful in analyzing electrical data that monitor
alteration of device properties. Additionally, he was instrumental in providing
microstructural and compositional characterization of nanoparticles that combine
iron oxide and gold so that both have magnetic and plasmonic properties. This was
a collaboration with a group from Barcelona, initiated through a visitor at the ORNL
group.

Overall, Jordan had the unusual experience of being mentored by a theorist and
several experimentalists in his pursuit of a doctoral thesis. His thesis ended up being
mostly experiments for which he was mentored by Steve Pennycook and, after Steve
left ORNL, by Matt Chisholm for microscopy and by Richard Haglund and Ben
Lawrie on optical and plasmonic physics. He learned how to navigate in a complex
environment with a wealth of resources and took advantage of all that was there. His
thesis reflects that journey of search and discovery.

Nashville, TN, USA Prof. Sokrates T. Pantelides
September 2017
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Chapter 1
Introduction

1.1 Nanoscale Complexity in Modern Nanotechnology

The drive for miniaturization has pushed nanotechnology to the forefront of the
materials science community. Perhaps the most famous example has been Moore’s
law, the prediction by G.E. Moore that the number of transistors in an integrated
circuit would double every 2 years [1]. However, the desire for devices with real-
world applications and increasingly small dimensions extends far past transistors,
as miniaturization has become a key aspect across many subfields of science [2—6].

As device dimensions push into the nanoscale, one of the main focuses of
the research community has been on the interactions of light and matter. Optical
nanostructures are of significant interest across a wide range of technological
subfields such as photovoltaics [7-10], biomedicine [11, 12], catalysis [13-15],
sensing and detection [16—18], laser optics [19-21], and optoelectronics [22-25].

As devices have pushed deeper and deeper into the nanoscale, they have
encountered new regimes where complex physical phenomena that were dormant
at the micro and macroscales rear their heads [12, 26-28]. The result has been an
increased research effort into nanoscale optical effects that has resulted in parallel
endeavors in the fields of nanoscale fabrication, and tremendous advances have
been made in terms of colloidal synthesis [29-33], lithography [34-37], thin film
deposition [38—40], self-assembly [41-44], and focused ion beam (FIB) techniques
[45-49]. As the control over materials in fabrication has increased, so has the
precision required for device applications.

Figure 1.1 shows several examples of nanostructures with a strong dependence
on geometry and morphology. In each of these examples, novel applications are
generated from precision control of the nanoscale features of complex nanostruc-
tures. They demonstrate that to truly understand the full complexity of modern

© Springer International Publishing AG 2018 1
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CdTe with CdCl, heat treatment

N Ol w w N

Fig. 1.1 Complex nanostructures in modern nanotechnology. (a) Heterostructure solar cells
with plasmonic nanopatterning on the back contact. (Figures reprinted with permission from
[50]. Copyright 2011 American Chemical Society.) (b) The pitch of the nanopatterning in (a)
significantly affects both the intensity and wavelength of peak charge-carrier generation in the
sample. (¢) ITO nanocrystals embedded in amorphous NbOy. The bonding between the NbOy and
the ITO changes the optical response under bias, allowing for the formation of smart windows.
(Reprinted by permission from Macmillan Publishers Ltd: Nature [51], copyright 2013.) (d)
Aggregates of Ag nanoparticles dispersed randomly show a high environmental dependence on
the plasmonic electric field enhancement. (Figure reproduced from [52] with the permission of the
American Institute of Physics.) (e) By creating metamaterials with negative indices of refraction,
light can be bent around an object allowing light to travel past it, as if it were not there, to allow
for optical cloaking. (From [53]. Reprinted with permission from AAAS.) (f) TiO, nanotubes
decorated with PbS quantum dots. The functionalization of the nanotube with quantum dots
significantly enhances photocatalytic activity and stability while increasing the usable portion of
the visible spectrum. (Reprinted with permission from [54]. Copyright 2009 American Chemical
Society.) (g) CdTe solar cells lose efficiency at the grain boundaries, but by altering the atomic
scale composition of the grain boundary with chemical treatments, (Reprinted figure from [55]: C.
Li et al., Phys. Rev. Lett. 112, 156103 (2014). Copyright 2014 American Physical Society.) (h) the
grain boundaries can generate even stronger photocurrent than the bulk CdTe

nanotechnology, we must understand it at the nanoscale. This is the focus of this
dissertation: to study nanoscale physical, and specifically optical, phenomena that
occur in complex nanostructures, and to directly study them at the nanoscale through
both experimental and theoretical techniques.
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Many of these optical phenomena arise from the fundamental interactions
between photons and the valence electrons in a solid at the quantum mechanical
level. At the atomistic level, the optical response is dictated by the band structure
and the dielectric function, and in the remainder of this first introductory chapter I
will introduce the origin and formula for the dielectric function, as well as many of
the different optical phenomena that can affect the utility of complex nanostructures.
The quantum mechanical picture explains many important optical phenomena;
however the majority of this dissertation will focus on a more classical optical
phenomenon: the plasmon. In the last section of this chapter, I introduce what a
plasmon is and show several different types of plasmonic resonances that have a
wide range of applications in modern technology.

Chapter 2 introduces the tools and techniques required to study the optical
phenomena from Chap. 1 at the nanoscale. From the theoretical side, I introduce
different types of calculations that can access both the quantum mechanical and
classical optical response of complex nanostructures. The bulk of the work in
this dissertation is experimental, and utilizes electron microscopy and related
spectroscopies, which can directly detect and measure both the geometry and the
near-field response of complex nanostructures.

After the concepts and techniques are introduced, the analyses of complex optical
nanostructures can begin. In Chap. 3, I approach the problem of understanding
absorption in multilayer heterostructures from a purely theoretical standpoint. In
order to determine the genuine response of a large scale heterostructure with
multiple interfaces, one must first understand the effects of the unique interface
bonds on the absorption spectrum of the structure. In this chapter I provide a means
of quantitatively determining the interface absorption using quantum mechanical
calculations and then show how such calculations can be applied toward rationally
designing heterostructures with selectable absorption profiles.

The experimental research in this dissertation focuses on direct observation
of nanoscale effects using electron microscopy. Chapter 4 shows a series of
different analytical techniques within a microscope that can be used to characterize
different complex nanostructures. The results here demonstrate the wide breadth
and versatility of electron microscopy as a tool for nanoscale analyses.

In the final two chapters, I will focus on plasmonics in complex nanostructures.
Utilizing electron microscopy to study plasmonics is a powerful combination
because the associated spectroscopies allow direct access to the nanoscale near-
field response of plasmonic structures. Chapter 5 demonstrates how complimentary
spectroscopies in the electron microscope can be used to collect three-dimensional
data from plasmonic samples without the use of tomography, simulation, or
computerized reconstructions. Then in Chap. 6, nanoscale spiral structures with
a complicated plasmonic response are studied with the electron microscope. The
complexity of the plasmonic response as well as novel physical phenomena is
unveiled by combining high spatial resolution electron microscopy with photonic
techniques and computer simulation.



4 1 Introduction

The final chapter is the future directions and conclusion of the dissertation. I show
here preliminary data from a new generation of experiments that I will perform in
the next step of my research career. And lastly I provide a perspective on this body
of work as a whole and where it fits into the world of nanotechnology.

1.2 The Interaction of Light and Matter

To utilize light toward advanced applications, a quantitative way of understanding
the manner in which light and matter interact with one another is needed. Since
light is an electromagnetic wave, its behavior in a material is defined by Maxwell’s
equations

V-ee,E=0p (1.1
oB

VXxE=—-—— 1.2
X 5 (1.2)
V-B=0 (1.3)

B
V x =j+e— (1.4)

Moy ot

Where E and B are the electric and magnetic fields, p and j are the current and
charge densities, and €( and jt( are the permittivity and the permeability in free space
while €, and p, are the relative permittivities and permeabilities of the material.
It is important to note that the permittivity and permeability of a material are not
independent variables, as they are connected by the relation,

by = n’ (1.5)

where n is the refractive index of the material, defined as the ratio between the speed
of light in a vacuum and the speed of light in the material. This dissertation primarily
deals with nonmagnetic materials, for which p, = 1. Thus, the relative permittivity
determines the index of refraction and is the primary parameter that controls the
optical response of the material.

However, the relative permittivity is a function of both the momentum, ¢, and the
frequency, w, of the incident light. The quantity is better described as the dielectric
function, and a formula to determine the dielectric function in connection to band
theory was developed in a series of papers by Ehrenreich, Cohen, Adler, and Wiser
in the 1950s and 1960s [56-58]. The expression gives the full three-dimensional
dielectric response of a crystal in terms of q and w. It is a matrix in the crystal’s
reciprocal lattice vectors, G:

5160 ekral 4O k) Wkl

216+q/I6' +al Ek+q— Evk — @

€6 (q,0) =866 —

(1.6)
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Here, c, v, and k are all indices referring to different points in the band structure, ¢
and v refer to the index of bands in the conduction and valence band, while k refers
to a point in the Brillouin zone (BZ), ¥ ,x and E, .k are the Bloch functions and
associated energy eigenvalues for the system, and §2 is the volume of the primitive
unit cell.

Furthermore, since a Bloch function is the product of a plane wave and a cell-
periodic function, |Y,x) = €*T |uyk), the numerator of the fraction at the end of
Eq. (1.6) can be rewritten as

(Vektql €V 1Yok) (Yol emiar [Vektq) = | {ttereq] 1ok | (1.7)

From the above examinations, one can infer that the g-dependence derives from
the overlap between the cell-periodic Bloch functions of the initial and final states,
which imposes selection rules on the transitions. The w-dependence essentially
functions as a Dirac delta function. Where the energy of the incoming photon, zw,
must be equal to the difference between the final and initial states of the electron in
order to conserve energy.

As aresult, the dependence of the dielectric function on q and w can be described
qualitatively as a weighted sum of transitions from the valence to the conduction
bands.

1.2.1 Optical Properties in Semiconductors

The dielectric function is important to understand the optical properties of materials,
and especially semiconductors. The expression in Eq. (1.6) determines the optical
response via band-to-band (interband) transitions. The lowest available interband
transition determines the bandgap, which is a defining characteristic of the optical
response of a semiconductor. Figure 1.2a shows a schematic of basic interband
absorption and emission in a semiconductor. Light with energy at least equal to the
bandgap can be absorbed and excite an electron from the valence to the conduction
band, and the shape of the absorption spectrum is determined by the number of
allowed transitions at each energy.

Once excited the electron begins to relax back to ground state by releasing energy
in the form of photons or phonons. Electrons trickle down to the conduction band
minimum by emitting phonons, because photons can only be emitted by ¢ = 0
transitions. In a direct-gap material, photons are emitted across the bandgap, but for
materials with an indirect bandgap, relaxation to the valence band occurs either by
a phonon-assisted process or an Auger process.

Interband excitations are not the whole story, even in the case of a perfectly crys-
talline materials. In semiconductors, a class of optical excitations called excitons can
be formed, which are frequently represented as a conduction band electron and its
vacant electron-hole in the valence band coupled to one another through Coulomb
attraction. The pair is considered a quasiparticle and essentially behaves as a
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Fig. 1.2 Optical excitations in semiconductors. (a) A semiconductor allowing absorption from the
conduction to the valence band for energies above the gap and emitting light with energy equal to
the bandgap energy. (b) The effect of defects and dopants is to add new electronic states in the
bandgap, altering both the absorption and emission properties. (¢) Excitons, bound electron-hole
pairs, function as a quasiparticle excitation in semiconductors, significantly changing the behavior
of excited carriers

hydrogenic atom, with a significantly lower effective mass (schematic in Fig. 1.2b).
Excitons can have a strong effect on the absorption and emission spectrum of a
material and can also influence transport properties in materials, making them highly
important in the world of optical devices [59, 60].

Additionally, disruptions to the crystalline structure can significantly change the
optical response of a semiconductor. Defects or impurities in the crystal essentially
create localized energy levels in the band structure. These “defect levels” open
new transitions to the electrons which provide alternative paths for electron-hole
recombination (Fig. 1.2c). Defects and impurities can also function as non-radiative
traps and recombination centers that negatively impact devices, but in some cases
the defect levels can form stable highly luminescent states used to control the optical
response of the material [61-63].

1.3 Plasmonics: Controlling Light at the Nanoscale

In additions to those discussed in the last section, there are many more types of
fundamental optical excitations. One in particular bears significant relevance to
this dissertation and warrants a deeper introduction: the plasmon. There are many
different forms of plasmons, and here I will discuss them briefly.

1.3.1 Plasmon Resonances in Semiconductors and Metals

The plasmon is a many-body excitation of the conduction band electrons. The
origin of the excitation can be seen in the energy-loss function, which describes
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Fig. 1.3 Bulk plasmon resonances in semiconductors and metals. Bulk plasmons occur when the
real part of the dielectric function is zero, and the imaginary part is small. (a) The dielectric
and loss functions of Si, showing the origin of a bulk plasmon resonance in the loss function
at 16.7eV. (b) The physical interpretation is that the electrons (red minuses) in the material are all
uniformly displaced from the lattice ions (blue plusses). The result is a uniform electric field (black
arrows) between the lattice and the electron density that generates a restoring force, and creates an
oscillation of the charge density around the lattice ions

the response of a solid to an incoming fast electron

Loss = Im| — — =2€—2, €=¢€ tie (1.8)
€ € +¢€
where €] and ¢, are the real and imaginary parts of the dielectric functions. When
the real part of the dielectric function is equal to zero, and the imaginary part is very
small, a resonance occurs. This is a plasmonic excitation.

Figure 1.3a shows the real and imaginary components of the dielectric function
of Si. Most of the features of the dielectric spectrum occur in the proximity of the
bandgap (~2—-6 eV), but by examining the loss function, one can see that the plasmon
resonance occurs at 16.7 eV and represents a very different kind of excitation. To
better understand the physical nature of plasmonic resonances, we turn to Drude
theory.

The Drude model assumes that conduction electrons in a metal move freely with
respect to the ions, meaning the electrons can be described as a free-electron gas
[64]. As aresult, if an external field (perhaps due to an impinging electron or photon)
was to displace a large portion of conduction electrons, an electric field between
the static ions and the displaced electrons would generate a restoring force, as is
shown in the schematic in Fig. 1.3b, and the electron oscillations can be treated as a
harmonic oscillator

d*x(t) dx(t)
m, =
dr? oY dt

eE(1) 1
my w?+iyw

—e[E(t) = Ege™'] - x(1) =

nyg (1.9)
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where my is the mass of the electron, Ey is the amplitude of the restoring electric
field, and y is a damping term. The Drude model can be used to create a new
expression for the dielectric function by considering an alternate expression for
Eq. (1.1) in terms of the polarization, P(f) = —Nex(t)

2

)
€06, E(t) = €E(t) + P(t) = €,(w) =1 — z—p, (1.10)
w” +iyw
where
Ne?
wy = (1.11)
moyé€o

is called the plasma frequency, N is the number of free carriers, and my is the weight
of the electron.

The origin of bulk plasmon resonances can be understood by replacing €, in
Eq. (1.1) with the expression in Eq. (1.10) and considering a neutral metal (no net
charge), Eq. (1.1) becomes

2

eo(l—L)v.E(x) —0. (1.12)

w? + iyw

For most frequencies, Eq. (1.12) requires that V - E(x) = 0. However, for lightly
damped materials where y ~ 0, ® = w), satisfies the equation, which allows for the
creation of longitudinal oscillating modes in the electron gas of the solid.

Equation (1.8) and Egs. (1.10) and (1.12) present two different physical pictures
for the origin of the bulk plasmon, and while Drude theory is specifically designed
for treating metals, the bulk plasmon mode is present in semiconductive and
insulator materials as well. As will be discussed in the next section, the bulk plasmon
is not an optical phenomenon, since it is a longitudinal mode and cannot in-couple
or out-couple to a transverse wave like a photon. However, the bulk plasmon can
be excited by an electron, and is important to understand when performing analyses
with an electron microscope.

1.3.2 Propagating Plasmon Polaritons at Metal/Dielectric
Interfaces

Plasmons, while not optical themselves, can interact with light, and when an
electromagnetic wave couples to a plasmon, it forms a polariton and propagates
through the medium. Polaritons must satisfy the wave equation

PE(r,1)

iy =0 (1.13)

1
V2E(r,1) — €
C
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Fig. 1.4 Polariton propagation and dispersion. (a) The plasmon polariton dispersion for bulk
plasmons (solid) and surface plasmon polaritons (SPPs—dashed). (b) Schematic of field lines and
charge distribution during SPP propagation

If treated as a standard propagating wave, E(r, 1) = E(k, w)ei(k’r_w’), and ¢, is taken
from Eq. (1.10), the relationship between k and w (neglecting the damping term) is
required to be

»* = w, + K. (1.14)

This relation describes the bulk plasmon polariton dispersion curve and is plotted in
Fig. 1.4a. An important aspect about this dispersion curve is that if w is less than wp,
the required wavevector becomes imaginary, and plasmon excitation is not possible.
As a result, bulk plasmons are usually not an important part of optical experiments,
as the required frequencies are far out of the visible regimes.

However, the interface between two materials which have opposite signs on the
real part of the dielectric function, specifically a metal (negative €;) and a dielectric
(positive €;), can support surface plasmons which often have lower frequencies
to allow for strong optical interactions. The surface plasmons are much like bulk
plasmons, in that they consist of collective oscillations of electron charge, but differ
in the sense that the surface plasmon resonances are highly confined to the interface
with the dielectric mismatch.

Plasmon polaritons can also exist at such interfaces in the form of surface
plasmon polaritons (SPP), which have a broad range of frequencies. A schematic
of the charge and field response of a propagating SPP wave is shown in Fig. 1.4b.

Just like the surface plasmon, the SPP is tightly confined to the interface.
As a result, the form for the propagating wave gets another term, Egpp(r,f) =
Esppe ¥4 (k, 0)e'®T=®)  where k is some damping constant depending on the
material (different for the metal and dielectric sides) and |z] is the absolute distance
away from the interface.

By applying the boundary conditions at the interface and solving Maxwell’s
equations, the dispersion of the SPP can be shown to be

2 2
k=2 ed(w—a),.ﬂz (1.15)
c\ (14 e)w?—wp
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where ¢, is dielectric function of the dielectric material. This dispersion is also
plotted in Fig. 1.4a and can be seen to capture the range of frequencies going down
to zero. It is important to note that the w — k relationship for all photons is defined
by the light line, @ = ck. The dispersion curves of the SPP (and the bulk plasmon
polariton) both asymptotically approach the line but never reach it, meaning light
cannot be used to directly excite either. However, by patterning metal surfaces with
periodic gratings, transverse light can be coupled in and out of the longitudinal SPP
modes very efficiently [65, 66]. The coupled system is highly versatile, and allows
for the control of light with confinement of the electric field to the interface on
the scale of nanometers, and propagation distances for waveguiding on the order of
hundreds of microns [50, 67, 68].

As an alternative to patterning the sample, fast electrons can be used to directly
excite the SPPs in materials [69]. When a fast-moving electron transitions between
a dielectric environment and a metallic environment, the induced electric field in the
two media requires additional fields to be created at the interface for the boundary
conditions to be satisfied. For an electron traveling in the Z direction and passing
from material « to material 8, one would require the boundary conditions €, (E,, +
E,) = €g(Ep + Ely), Eng + E}, = E;p + Ej4, and KE} + k.E. = 0, where E
is the induced field of the electron, E’ is the additional field generated by the fast
electron to satisfy the boundary conditions, and k' is the wavevector of the generated
electromagnetic wave. The additional electromagnetic wave can couple with the
surface plasmon to form the SPP [70]. This allows for electron-beam techniques to
both excite and probe SPP effects in complex nanostructures across a broad range
of wavelengths [71, 72].

1.3.3 Localized Surface Plasmon Resonances

Surface plasmon polaritons allow for excellent control of light on quasi-infinite
planar surfaces, but for finite structures, with hard boundaries, a different treatment
is needed. In 1908, Mie developed a solution to Maxwell’s equations for metallic
nanospheres that predicted a plasmonic resonance in the visible regime [73]. Under
his formulation, the extinction cross section (fraction of light either absorbed or
scattered) of the nanosphere is

_ 2472R? 8,3,,/ 2 &

1.16
A (61 + 2em)2 + &3 (1.16)

where ¢; and &, are the real and imaginary parts of the dielectric function of
the metallic nanoparticle, and ¢,, is the dielectric constant of the surrounding
medium [74]. In Eq. (1.16) it can be seen that the resonance occurs when a specific
dielectric match between the metal and the surrounding medium is met, &1 = —2¢,,.
Figure 1.5a shows extinction cross sections for 100- nm diameter spheres made of
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Fig. 1.5 Localized surface plasmon resonances. When Maxwell’s equations are solved for
metallic spheres, a resonance in the extinction cross section appears when €, = —2¢,,, where
€ is the real part of the metal’s dielectric function, and the €, is the dielectric function of the
surrounding medium. This resonance is an LSPR. (a) Shows the LSPRs for 100- nm spheres of Au,
Ag, and Al in air and how the different materials can significantly alter the plasmonic response.
(b) Schematic for LSPR oscillations, unlike bulk plasmons or SPPs, where the plasmon propagates
through the structure, for LSPRs the entire surface charge of the structure oscillates simultaneously

Au, Ag, and Al in air calculated in Mie theory. The three materials have plasmon
resonances ranging from the visible to the IR, demonstrating that the dielectric
properties of the material can significantly affect the plasmonic response. (Mie
calculations performed using the code available at https://github.com/gevero/py_
gmm [75]).

These plasmon resonances are called localized surface plasmon resonances
(LSPR). They are localized, because unlike polaritons, they do not propagate, and
are confined to the specific volume in which they are excited. Figure 1.5b shows
the schematic of the LSPR; here the entire surface charge of the nanoparticle or
nanostructure oscillates simultaneously at the LSPR frequency. The strength of these
modes is in their extremely high field enhancement at the surface of the nanoparticle
[76], strong radiative recombination [17], and high degree of tunability [77].

1.3.4 Surface Plasmons in Complex Nanostructures

Surface plasmons possess strong potential for applications in optical nanotech-
nology, first and foremost due to their tunability. The plasmon resonances in
nanostructures can be tuned by geometry, size, material, and dielectric environment.
Figure 1.6a from [78] shows the wide range of different plasmonic materials and the
different uses and spectral regimes they represent.


https://github.com/gevero/py_gmm
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Fig. 1.6 The benefits of plasmonic structures. (a) Different materials used for plasmonics shift the
utility and spectral range of the plasmon resonances dramatically, opening a wide array of possible
applications. (From [78]. Reprinted with permission from AAAS.) (b) Additionally, plasmonics
combine a unique blend of miniaturizability, and ability to process information at high speed, that
separates plasmonics from other phenomena (From [79]. Reprinted with permission from AAAS.)
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Furthermore, plasmons can function as antennas and receive and transmit optical
signals, opening up the possibility for plasmonic circuits. Figure 1.6b from [79]
shows the different regimes in terms of device size and speed. Semiconductors
suffer from resistive heating that inherently limits device performance, and photonic
devices are diffraction limited and cannot be reduced to nanometer length scales.
Plasmonic devices can use light instead of electrons to carry the signal and
achieve the high throughput of photonics while confining that light tightly to the
surface of nanostructures and operating at the size scales of modern semiconductor
nanotechnology.

Surface plasmons, as well as the other optical phenomena discussed in this
chapter, provide an excellent toolbox for controlling light at the nanoscale. As a
result, methods that can access and analyze these phenomena at the nanoscale have
become highly important in the field of nanotechnology. The next chapter is an
overview of the tools and techniques (theoretical and experimental) used in this
dissertation in order to study the optical properties of complex nanostructures at the
nanoscale.
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Chapter 2
Tools and Techniques

Chapter 1 showed many of the nanoscale phenomena that have allowed great
progress to be made in nanotechnology in recent years. The sophistication of these
nanostructures makes high-precision analysis at the nanoscale an absolute must,
and scientists have risen to the occasion for such analyses from both theoretical
and experimental vantages. This chapter will delve into the methods used in this
dissertation, provide the fundamental basics, and go into more detail about the
important aspects of both the theoretical and experimental tools for nanoscale
analysis and beyond.

2.1 Density Functional Theory: Quantum Mechanics for
Complex Systems

One of the most prominent techniques for analysis at the nanoscale is density
functional theory (DFT). DFT represents a methodology to treat a system with a
large number of charged particles by determining its electron density as opposed to
solving the many-body Schodinger equation [1, 2].

The many-body Schrédinger equation is expressed in terms of Coulomb potential
between all the charged particles in the solid:
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where N, and N; are the total numbers electrons and ions in the system, r, and R,
are the vectors from the arbitrary origin of the system to the ith electron or ath ion,
and Z,, and M,, are the charge and mass of the arth ion. While for smaller atoms with
simple electron configurations, such as H and He, the equation may be manageable,
for more complex (and interesting) systems, Eq. (2.1) becomes highly complicated
mathematically.

Many different techniques and approximations have been developed to solve the
many-body Schrodinger equation for more complex systems from first-principles,
but the complexity of the many-body wave function still scales unfavorably [3-8].

DFT provided a breakthrough by not solving the many-body Schrédinger equa-
tion at all and instead dealing directly with the electron density. The Hohenberg-
Kohn theorems provided the framework for treating a complex system in terms of
density [1]:

1. For an external potential influencing a system of electrons, Ve (r), there can only
exist one corresponding electron density, n(r).

2. The electron density that minimizes the energy of the total Hamiltonian is the
true ground-state density of the system.

The one-to-one correlation of an external potential and the electron density is
an extremely powerful statement, because the interaction Hamiltonian can be
reduced to three terms: the kinetic energy of the electrons, T, the electron-electron
interactions, /Vee, and the interaction of the electrons with an external potential,
/Vext. The final term, /Vex[, is based off of the Born-Oppenheimer approximation
that the ions are static relative to the electrons, and hence the contribution of the
ions to the Hamiltonian is essentially the equivalent of an external potential. Now,
the first Hohenberg-Kohn theorem can be invoked to express the entire many-body
Hamiltonian in terms of the electron density, and the total energy of the system
becomes a functional of the density

EWﬂhﬂwﬁ+Vm+%MWFﬂ%@H+/Mﬂ%dmﬁ 2.3)

where | W) is the many-body wave function and Fln(r)] = (¥|7T + Ve |¥).

The second theorem then shows that the genuine ground-state wave functions of
the entire system can be computed variationally, by systematically minimizing the
energy functional with respect to the electron density.

In order to actually perform DFT calculations, F[n(r)] needs to be determined to
avoid evaluating (V| T+Vee |W¥) which still involves the many-body wave functions.

Kohn and Sham proposed a fictitious system of noninteracting charged particles
that has the same charge density as the genuine system [2]. In the fictitious system,
F[n(r)] is written as the sum of the kinetic energy, the Coulomb potential of
the electron density, and a term called the exchange-correlation energy which
encapsulates the fermionic nature of the particles

n(r)n(r’)

drdr’ + E.[n(r)] (2.4)
Ir—r'|

Fln(e)] = Tha(e] + 5 [
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Now one can group all terms aside from the kinetic energy functional into a
new term

f n(r)[vm(rwl ") ‘SE“[”(r)]}dm V@] 25)

2/ jr—r| on(r)

The importance of this result is that one can now rewrite the Hamiltonian for the
system in terms of many single-particle wave functions, as opposed to one many-
body wave function

32
|:_hvlz + Vs (r)] 1//KSi (r) = EiWKs,- (r) (2.6)
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N
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Up until this point, the equations are exact and only represent a reformulation
of the many-body problem. However, the exchange-correlation functional is still
unknown. In order to perform calculations on larger systems, one can formulate an
approximation of Ey.[n(r)] and then solve the above equations in a self-consistent
and iterative manner.

The most common approximation is called the local density approximation
(LDA), in which E,.[n(r)] is approximated at each position, r, as if it were a
homogenous electron gas with the charge density at r. There are a wide range of
other approximations as well, and by understanding the required level of accuracy
for the specific type of calculation one wishes to perform, DFT can utilize these
various approximations in order to perform quantum mechanical calculations on
complex crystals with unit cells containing hundreds of atoms.

The strength of DFT is in the fact that it produces a value for the total energy
of the system. From the energy the forces acting on the lattice ions can be derived,
which allows for DFT to relax unit cells until the internal forces are approximately
zero. Thus, structures can be generated that are accurate to within the approximation
of Ex.[n(r)]. The ability to relax crystal structures allows DFT to treat localized
effects, such as point defects and interfaces, and produce realistic estimates of their
ionic and electronic properties.

2.1.1 Calculating Optical Properties with Density Functional
Theory

In Chap. 1, it was stated that the fundamental quantity of interest for determining
the optical response of the material is the dielectric function. Through the Kohn-
Sham equations, Eqs. (2.6) and (2.7), there is now a way of determining it directly
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Fig. 2.1 Levels of accuracy in density functional theory. Here the calculation of €, is shown
via different levels of density functional theory calculations. The blue line shows the GGA-
DFT calculation. The green and the red are the GW approximation and Bethe-Salpeter equation
calculations, respectively, from [13]. The dashed black line shows the experimental values
determined in [10]. From these plots it can be easily seen that the flavor of DFT can significantly
affect the result

for an arbitrary crystal structure. The potential for this kind of atomistic-scale
calculation of optical properties is profound and provides the opportunity to directly
calculate the effect of localized features, such as interfaces and point defects, on the
optical response of the material. However, the Kohn-Sham wave functions are only
guaranteed to produce the correct ground-state properties, not the correct excited-
state properties.

As a result there are some systematic errors in DFT calculations of the optical
properties of materials, due to the inaccuracy of treating the excited states with
the Kohn-Sham single-particle wave functions, alongside the embedded inaccuracy
of approximating the exchange-correlation functional [9]. However, this has not
slowed progress so much as provided a new field of study for the theorists in the
community interested in the optical response of materials.

Figure 2.1 shows several different methods of calculating the imaginary part
of the dielectric function, €, of Si through DFT, as well as an experimental
determination of €, for comparison. The experimental curve is the dashed black line,
taken from [10]. The blue curve shows ¢, calculated within the generalized gradient
approximation (GGA), which is similar to the LDA but also takes into account the
gradient of the electron density [11]. Basic level DFT calculations such as LDA and
GGA famously underestimate the bandgap of semiconductors (as seen here) and
also fail to reproduce some other significant optical phenomena in materials.

To accommodate these issues, there are a few popular post-LDA/GGA processes
that increase the accuracy of optical calculations. The GW approximation, which
was developed independently from DFT at around the same time by L. Hedin [12],
is one of the most prominent. In the GW approximation, the exchange-correlation
potential is replaced with an energy-dependent self-energy that can be calculated
at varying levels of approximation from the Green’s function, G, and screened
Coulomb potential, (W). GW calculations have shown to produce bandgaps that
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are fairly close the experimental values, as can be seen from the GW calculations
from Rohlfing et al. [13], shown by the green line in Fig.2.1. However, it can be
seen that while the bandgap is more accurate in the GW approximation, it still does
not match up to the experimental results in terms of the spectral shape.

Beyond the GW approximation, excitonic effects can be included through the
Bethe-Salpeter equation; such calculations of the dielectric function of Si match
both the bandgap and the spectral profile of the experimental values as shown by
Rohlfing et al. [13], red line in Fig. 2.1.

Unfortunately, the availability of higher-accuracy calculations does not solve the
problem, as the computational demand of these advanced methods is increased dra-
matically above standard DFT-level calculations, making the treatment of complex
many-atom systems difficult. As a result, proper utilization of DFT involves choos-
ing the level of the approximation effectively to maximize the information obtained
from the calculation while keeping the computational workload manageable.

2.2 Finite-Difference Time-Domain: Electrodynamics for
Nanostructures

DFT and other equivalent ab initio techniques are the standard for incorporating
atomistic effects into theory. However, DFT calculations are only suitable for small
systems or the unit cells of periodic bulk materials with size scales on the order of a
few hundred atoms at maximum. Even small nanostructures, on the order of tens of
nm in each dimension, correspond to thousands of atoms and are not viable for DFT.

However, as one escapes from the <10nm size regime, quantum mechanical
effects can be incorporated more loosely or ignored all together, and the optical
response of the sample can be determined through solving Maxwell’s equations,
instead of Schrodinger’s equation. Theories such as the ones put forth by Mie and
Drude, discussed in the first chapter, provide excellent results for simple systems
but are not suited for more complicated geometries. A methodology called finite-
difference time-domain (FDTD) simulation was developed by Yee in 1966 [14],
in which the system is divided into cells where the different components of the
magnetic and electric fields are offset from each other in a periodic manner and
solved sequentially.

The two Maxwell’s equations that connect the electric and magnetic fields
(Egs. (1.2) and (1.4)) in curl form are

9By _ 0Ep OE, 2.8)
a  ay  op '
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where «, §, and y represent Cartesian sets of x, y, and z. A complex structure
can be broken down into a grid of Yee cells, where one can consider the finite
volume of each cell in the grid, solving over a time-step function. Using this method,
Maxwell’s equations in Egs. (2.8) and (2.9) are transformed to the following.

BiPVP(ij+ Lk + 1) =B (i + Lk + 1)

At
_ B+ 5k ) — B+ 5K Ep(i+ Lk+3) - Ey(ik+3)
Ay AP
(2.10)
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where n is the iteration of the time step and i/, j, and k indicate the indices of the Yee
cell for the step of the calculation. From these equations one can see the iterative
process by which one solves Maxwell’s equation on a per cell basis.

Finite-difference time-domain simulations can compute the optical response
of any arbitrary geometry by breaking it up into a mesh of homogenous cells
and solving Maxwell’s equations in each one. Additionally, the fact that it is a
time-domain calculation, as opposed to a frequency-domain calculation, allows for
solving over a broad range of wavelengths in a single simulation simultaneously, as
opposed to doing each wavelength individually. For the plasmonic systems that will
be treated later in this dissertation, this is the theoretical method of choice.

2.3 Scanning Transmission Electron Microscopy: Ultrahigh
Resolution Analysis

In order to experimentally observe the response of complex nanostructures, high-
spatial resolution analytical techniques have become increasingly important in
nanotechnology. Scanning transmission electron microscopy (STEM) offers one of
the strongest combinations of analytical detection and spatial resolution available in
modern technology and is the primary form of experimental technique used in this
dissertation.
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Fig. 2.2 Schematic of a
scanning transmission
electron microscope. An
electron gun produces a beam
of electrons that are formed
into a coherent probe by the
condenser lenses. The probe
then passes through a series
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The basic principle of STEM operation is demonstrated in Fig.2.2. The source
for the beam is called the electron gun. In my experiments I only use field emission
guns (FEGs), which extract the electrons through a sharpened tungsten tip and then
applying accelerating voltage to produce the high-energy electron probe. After the
electrons are extracted from the gun, they pass through a series of magnetic lenses in
order to form a converged, coherent, and small probe at the sample. First, the beam
passes through the condenser lenses, which collect the extracted electrons and form
a coherent electron beam. Once the beam is formed, the probe can be corrected; this
is an important step for the resolution of the STEM and will be treated in more detail
in the next section. Briefly, the corrector is a series of multipole magnetic lenses that
can be used to remove spherical aberrations from the electron beam.

The corrected probe then passes through scan coils which are used to deflect
the beam in a controlled manner to raster it across the sample, while the objective
lens focuses the probe down to the smallest possible size. The size of the probe
determines the spatial resolution of the microscope, and the smaller the probe
size, the higher the resolution. Current aberration-corrected probes are capable
of obtaining <50pm spatial resolution and precisions down to the single digit
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picometer range, as well as providing significant improvements to the depth
resolution [15-20]. As the probe transmits through the sample, some electrons are
scattered to high angles and are collected by the annular dark field (ADF) detector,
while some are only elastically scattered and stay close to the optical axis and
are collected by the bright field (BF) detector. The distinction between these two
detectors is important and presents one of the key benefits of STEM, as will be
further discussed later in this chapter. Additionally in Appendix A, the different
microscopes that are used in this experiment are described in detail.

2.3.1 Correcting Aberrations in an Electron Probe

As stated earlier, the key to accessing the ultrahigh spatial resolutions in the electron
microscope lies in aberration correction. Aberrations result from inhomogeneities
in the magnetic lens, which means different electrons that pass through the lens at
different points experience different magnetic fields, and are focused to different
points. Figure 2.3 compares the ray trajectories of electrons going through a perfect
lens (a), with the trajectories of electrons going through an aberrated lens (b). In the
perfect lens, all rays converge to a single point, the focal point of the lens; however
in the aberrated lens, electrons that interact with the edge of the lens are deflected

2.5 nm

>
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Converged
Probe "

Lens

b 1
1
1
1
Aberrated :
Lens Multiple Crossovers

60 <40 -20 0 20 40 80

X, ¥ium

Fig. 2.3 Aberrations to electron wave fronts. When an electron beam interacts with a perfect
aberration-free lens (a), all electrons are converged exactly to the focal point of the lens, allowing
for infinite magnification there. In reality, all lenses have some form of aberration (b), which
cause different ray trajectories to be deflected differently, which prevents the formation of a
highly focused probe at a single point. (c)—(f) Profiles of electron probes in the x—z plane
demonstrating the effects of spherical aberrations on electron probes (Figure from A. Lupini and
N. de Jonge, “The Three-Dimensional Point Spread Function of Aberration-Corrected Scanning
Transmission Electron Microscopy” Microscopy and Microanalysis 17, 5, pp: 817-826 reproduced
with permission.). (g) Schematic demonstrating the method of correcting spherical aberrations
through quadrupole magnetic lenses (Reprinted from Ultramicroscopy 78, O. Krivanek, N. Dellby,
A. Lupini, “Towards sub-Aelectron beams”, pp: 1-11, Copyright (1999), with permission from
Elsevier.)
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more strongly than ones near the optic axis. The deviation causes a difference in
the crossovers between the ray paths on the edge and those in the center, and as a
result the crossovers of each ray occur at a different point in the z-axis. Since the
electrons are not converged at a point, when the electron beam is rastered across the
specimen, it samples a much larger area than just a converged point, which reduces
the total spatial resolution.

Aberrations can take many forms, and the shape of the electron probe is
essentially determined through the aberration function, given by the following
expression:

n+1

X(O’ ¢) Z Z ( nma 0 COS(m¢) + Cnmb

n m=0

n+1

51n(m¢)) (2.12)

where 6 is the deflection from the optical axis, ¢ is the azimuthal angle in the x-y
plane, and C,,,,, is the spherical aberration of order n, where 2% is the smallest angle
that results in a phase shift (for cylindrically symmetric modes m is not included in
the index of the aberration), and a refers to whether the aberration affects the sin or
cos term [21].

Figure 2.3c—f show the different effects of different types of aberrations on an
electron probe from [22]. The figures show the profile of the electron probe intensity
in the x—z plane and demonstrate the probe’s ability to converge under different
spherical aberrations. Figure 2.3c shows an aberration-corrected probe, which is
converged and localized in the x—z plane. However, when aberrations are added
(Ciaq in d, Cyy, in e, and Cya, in ), it can be seen that the probe becomes irregular,
and multiple problematic effects arise including multiple local maxima, intensity
delocalized throughout the z-dimension, and profile x plane spread out across a
larger area. It is straightforward to see how imaging with such probes would make
imaging sub-nm features difficult.

Spherical aberration correction was first predicted by Scherzer in 1949. He
noted that while the aberrations induced by round lenses were always positive, they
could be cancelled out by inducing negative aberrations with high-order, multipole
magnetic lenses [23]. The aberration-corrected microscopy performed in this work
is all done on correctors developed in the early 2000s based on Scherzer’s design;
a schematic of which from [21] is shown in Fig. 2.3g. Now, aberration correction is
standard in high-end STEMs and TEMs and sub-Angstrom resolution is routinely
achieved [24].

2.3.2 Bright Field and Dark Field in the STEM

When comparing electron microscopy to optical microscopy, the closest analogue
is TEM. In TEM, the sample is most often illuminated with a beam, where the
electrons travel nearly parallel to the optical axis and illuminate a large area.
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The electrons then travel through projector lenses, to reform an image of the sample
at the CCD detector, similar to the way an optical microscope reforms the image
of the sample at the eyepiece. However, this presents some problems [25]. As the
coherent beam of electrons pass through a sample, slight changes are made to
the phase of each electron, along with the electrons undergoing elastic scattering.
Diffraction and phase contrast provide deep information about the sample; however,
the convolution of multiple different contrast effects in TEM makes it difficult to
directly interpret the image and makes rigorous quantitative understanding of TEM
images a significant challenge.

As a result, STEM has gained popularity with respect to TEM in recent years
due to the availability of high-angle annular dark-field (HAADF) imaging. In a
STEM, after transmitting through the sample, most electrons have not been scattered
significantly and are within a few milliradians of the optic axis. Such electrons
can be collected by the BF detector, but electrons collected here still possess all of
the phase contrast observed in a standard TEM. However, many electrons undergo
Rutherford scattering when interacting with the sample and are deflected out to
higher angles. By placing an annular detector with a large inner angle to collect
these electrons, one can form an incoherent image of the sample based only on the
scattering potential. The result is called Z-contrast imaging, since the intensity in
the image is approximately proportional to the square of the Z value of the probe
column, where Z is the total sum of the atomic numbers of the atoms at the probe
position.

Figure 2.4 shows an image of a Ge FinFET acquired with both the BF and
HAADF detectors. The HAADF (a) shows a relatively uniform contrast across

Fig. 2.4 Bright field vs. dark field imaging. Images of Ge FinFET are acquired with both high-
angle annular dark-field (HAADF) detection (a) and BF detection (b). Due to phase contrast in
the BF image, a strain/defect layer can be seen in the BF image, but the origin and nature of
the layer cannot be directly inferred from the image. The HAADF image on the other hand is
directly interpretable and reveals that the overall composition throughout the channel is relatively
unchanged
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the entire channel, while the BF (b) image shows a dark contrast layer along the
edge corresponding to a strain or defect layer on the outer edge of the channel. The
BF image shows that there is some type of structural difference between the outer
edge of the channel and the inside but provides no direct information on what the
difference might be. The HAADF image, on the other hand, does not show any
differences in contrast between the outer edge and the inner portion of the channel.
Since the HAADF is only based off of Z-contrast, it is directly interpretable and
shows that the composition of the channel is for the most part unchanged. The
disparity between BF and HAADF indicates that the dark contrast layer in the BF
image is due to strain or some other effect that does not change the stoichiometry of
the channel. This example demonstrates the versatility of STEM and how different
imaging modes can be used to include or exclude different effects depending on the
desired result of the user.

2.4 Electron-Beam Spectroscopies for Nanoscale Optical
Properties

As Sect.2.3.2 demonstrated, one of the primary benefits of STEM is the ability
to image by correlating the signal from an analytical detector with the position
of a converged probe. In addition to the imaging capabilities of the BF and ADF
detectors, spectroscopy is also commonly performed in STEM. The two techniques
that will be focused on in this dissertation are electron energy loss spectroscopy
(EELS) and cathodoluminescence (CL).

Figure 2.5 shows a schematic for both spectroscopies and how they are acquired
in the electron microscope. For EELS the direct transmitted electron beam is
captured and then sent through a magnetic prism. Electrons with greater energy
are deflected more by the magnetic field, as a result all the electrons are dispersed
by how much energy they lost during transmission through the sample. This energy
lost during transmission corresponds to energy transferred into the sample, and as a
result EELS is essentially a direct measure of all excitations induced by the electron
beam in the sample.

Conversely, CL only uses electrons for excitation, not detection. The beam
electrons induce excitations in the sample, but the signal comes from conduction
band electrons returning to ground state via radiative decay. As photons are emitted
from the sample, they are collected by a parabolic mirror, which sits directly above
the sample. A small hole is drilled through the top of the mirror to allow the electron
beam to pass through, but the size is negligible compared to the rest of the mirror.
The reflected light travels out of a port on the side of the microscope or is fiber-
coupled out of the machine where it is collected as CL [26].

The two techniques can probe similar phenomena (such as surface plasmons),
but by using different signals for detection, they become highly complementary.
EELS, by using the transmitted electrons, measures excitation. As a result it can
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Fig. 2.5 Spectroscopy in the
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miss optical phenomena such as excitons and defect peaks, which have low beam
interaction cross sections, but play a large role in the emission spectrum. CL, by
using the emitted light, measures radiative decay in the sample. So luminescent
phenomena such as excitons and defect states are easily observed, but non-
radiative excitations (such as bulk plasmons) cannot be detected. More on the
complementarity between the two will be discussed later in Chap. 5.

2.4.1 Electron Beam Interactions with Materials

In Sect. 1.3.1, the energy-loss function was introduced as the response of a solid
to an incoming fast electron. Since STEM-based spectroscopies utilize a converged
probe of fast electrons, it becomes appropriate to discuss the loss function in greater
detail. Taking a step back from the loss function introduced earlier (Eq. (1.8)), it
is useful to first try to intuitively consider a fast electron travelling through some
dielectric medium and how much energy the electron imparts to the medium during
transmission. By considering two different ways of considering the energy loss, one
can develop an intuitive physical picture of how optical excitations in the electron
microscope are detected [27, 28]. The first is based on the work, W, done on the
electron moving with velocity, v, by the induced field, E;q

o0
W=—e / v - Ejadt (2.13)

(o]
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Equation (2.13) provides a real-space picture for how a fast electron loses energy.
However, one can also consider a hypothetical energy loss probability, I'(w),
that simply provides the probability of the electron losing #w of energy during
transmission

W:/ Aol (w)dw (2.14)
0

Both equations measure the total energy loss of the electron and should be
equivalent, which allows for one to write the loss probability in terms of the Fourier
transform of the induced field [28]

(o]

F(a)) = Re[eiiwtv . Eind]dt. (2.15)

Tho J_s

The induced field can then be expressed as the product of the Green’s function of
the electron, and Eq. (2.15) can be reduced to

2
[(w) = 4%Im[?-G(q,Ro,w) -?], (2.16)

where g is the wavevector of the electron and Ry is the vector describing the position
of the electron on the plane normal to v. To place a physical meaning on this
quantity, the loss probability can be related to the local density of states (LDOS)
which can also be expressed in terms of a trace of the Green’s function [29])

po(r,0) = —Z—wlm[V- G(r, ) -?] 2.17)
T

So the loss probability truly is a measure of the LDOS on the path of the beam, with
wavevector g and frequency w

2

2me
F(C], w) = -

5 p5(g. Ro, w) (2.18)
w

Equation (2.18) provides a mathematical formula to a physically intuitive picture of
the energy loss of an electron. As the electron travels through some medium, there
is some probability that it loses energy by creating excitations in the sample. As a
result, the electron beam is an excellent tool for studying the optical properties of
materials because of its ability to probe optical transitions at the local level.

2.4.2 Electron Energy Loss Spectroscopy

In the world of STEM spectroscopy, there is perhaps no technique more important
than EELS, due to its ability to provide extremely localized spectroscopic data,
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while simultaneously acquiring HAADF signal [30-32]. Not only does EELS bring
spectroscopy down to the atomic level, but it also provides two distinct modes of
analysis that are each highly important and highly utilized in the field of materials
science.

Core-Loss EELS One of the advantages of electron microscopy over other tech-
niques is the ability to impart the electron probe with extremely high energies. The
advantage of this lies in the interaction of the high-energy electrons with heavier
atoms. Heavy atoms have deep-core states that are extremely stable. However,
STEMs are typically operated between 60 and 300 keV, meaning the beam electrons
can easily impart the needed energy into a deep-core electron to excite it directly
into an unoccupied state in the conduction band. Transitions from each different
electron level have their own signature energies, i.e., the Si-K edge (from the 1s core
level) has its energy loss at 1839 eV, while L-edge (from the shallower 2p levels)
are at 99 eV. The importance of the technique lies in the fact that the EELS edges
are unique to each element, allowing for one to sample the chemical composition,
beyond the capabilities of HAADF imaging, of a sample with the precision of the
electron probe.

Figure 2.6a shows the core-loss EEL spectrum from an iron oxide nanoparticle
on a gold plasmonic nanotriangle (a sample that will be discussed more in depth
in Sect.4.2). The plot shows the O K-edge at 538 eV and the Fe L3- and L,-edges
at 708 eV and 721 eV, respectively, indicating that the nanoparticles are indeed iron
oxide. A closer look at the edges in our core-loss spectrum reveals a great deal
of fine structure to the EELS edges. The exact location of different features in the
fine structure contains information based off of the valency and composition of the
material at a local level and can be used to experimentally study defects with high
precision [33-36].
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Fig. 2.6 Modes of electron energy loss spectroscopy. (a) The core-loss EEL spectrum, which
contains structural and chemical information about the sample. (b) The low-loss region. The
sharpest feature is the zero loss peak (ZLP), corresponding to elastic scattering in the sample. The
peaks to the far right are bulk effects such as interband transitions and bulk plasmons, which give
dielectric and thickness information about the sample, and surface plasmons can also be observed
near the ZLP
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Low-Loss EELS Figure 2.6b shows the regime called low loss for the same sample
as Fig. 2.6a. Here the dominant features are bulk effects, such as bulk plasmons and
interband transitions, and the most prominent feature is the zero loss peak (ZLP)
which contains the counts of the elastically scattered electrons that only loosely
interact with the sample during transmission. The strength of the energy loss due to
volume effects is proportional to thickness, which makes analysis over thick samples
very difficult in EELS; however, as will be discussed in Sect. 5.3, careful analysis of
the bulk effects and the ZLP can still provide valuable information about the sample.

For the purposes of optical analyses, the regime directly next to the ZLP is
of interest, as this is the region where surface plasmons (as well as other optical
phenomena such as bandgaps) can be observed, as seen in Fig.2.6c. Along the
edges of the sample, the free surface charge of the metal creates a high LDOS to be
sampled by the beam electrons. The result is strong excitation of the LSPRs of the
nanoparticle at the points of the highest electric field enhancement of the plasmon
mode. The plasmon modes are delocalized effects, so imaging to the precision that
is achievable in core-loss EELS is inherently impossible. Still, performing EEL
spectroscopy with high dispersions and minimized ZLPs, plasmon modes can be
observed and mapped with precision.

2.4.3 Cathodoluminescence

The other technique employed heavily in this dissertation is CL. There is a rich
history of research in CL, but a large portion of it has been done on the SEM
[37-41]. However, recently CL in a STEM has become a more popular option
[26, 42-45]. Traditionally, in SEM-CL the beam current is ramped up to put a
higher dose of energy into the sample and get more signal, and then the accelerating
voltage is reduced to try to localize the signal. However, as can be seen from the
Monte Carlo simulation of 3 keV electrons being injected into 100 nm of ZnO, the
SEM beam still samples a huge interaction volume that greatly reduces the spatial
resolution, (Fig.2.7a).

STEM-CL uses much higher-energy electrons that in turn sample a much smaller
area, and the area of excitation is much more tightly localized to beam column
than SEM-CL as can be seen in Fig. 2.7b, for the Monte Carlo simulation of high-
energy 60-keV electrons. The difficulty with STEM-CL is that as a result of this
localized excitation, the total beam-sample interaction is greatly reduced from the
3-keV case, and the total CL signal is much lower. This couples with the fact that CL
acquisition is a lossy process, and many of the processes of interest for CL are only
weakly luminescent to begin with. So at a fundamental level, the only real difference
between SEM- and STEM-CL is the accelerating voltage, and the two techniques
are only separated by the availability of low-keV accelerating voltages in SEMs
and high-accelerating voltages in STEMs; the advantage of STEM-CL really comes
with the ability to correlate the STEM-CL images with other analytical detectors in
STEM such as EELS and ADF imaging.
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60 kV

STEM

100 nm

~
200 nm

Fig. 2.7 STEM-CL vs. SEM-CL. Monte Carlo simulations of the interaction volume in 100 nm of
ZnO for (a) SEM-CL with an accelerating voltage of 3 kV, and (b) STEM-CL with an accelerating
voltage of 60 kV. While SEM-CL has the advantage of higher collected signal, the higher
accelerating voltages of STEM-CL allows for higher spatial resolution in optical experiments

Band-Edge Defect
(375 nm) (550 nm)

Fig. 2.8 Cathodoluminescence in a STEM. (a) The configuration for the CL experiments in
this dissertation. The set-up allows for a few different modes of CL: spectroscopy and PMT-CL
imaging. (b) shows a HAADF image of ZnO nanowire with Ag nanoparticles on the surface. (c)
and (d) show spectrum images (SI) of different features acquired through spectroscopy, (c¢) being
the band-edge exciton and (d) being the defect luminescence. (e) shows a STEM image taken with
a PMT directly in front of the CL port, which allows for high-efficiency, but nonspectrally resolved
imaging

The benefits of STEM-CL with respect to EELS are, firstly, the ability to isolate
luminescent excitations and phenomena from non-radiative ones which has already
been discussed, but also there is the versatility that results from utilizing a photon
signal through electron excitation. Figure 2.8 shows the configuration of the CL
microscope used for the experiments in this dissertation. On the right hand side
of Fig. 2.8a sits the microscope (a VG-HB601). There is a port on the side of the
microscope that allows the light to leave the column and enter an optics set-up.
From there the beam can be directed to a spectrometer. Figure 2.8b shows a HAADF
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image of ZnO nanowire decorated with Ag nanoparticles, while Fig. 2.8c, d shows
intensity maps of the different optical features of the sample, called spectrum images
(SD): (c) the band-edge exciton emission SI and (d) the defect emission SI.

CL can also directly image the luminescent intensity of the sample, by placing a
high-efficiency photomultiplier tube (PMT) detector directly in front of the CL port
on the microscope. The PMT collects the signal and gives a direct readout of the total
current, which corresponds directly to the total luminescence in the sample. PMT-
CL imaging allows for high signals but at the cost of spectral resolution. Figure 2.8e
shows the PMT-CL image of the nanowire from b—d. The higher resolution is
easy to see, but it is not possible to distinguish between the defect and band-edge
luminescence. By choosing the right technique at the right time, the savvy materials
scientist can maximize the aspects of CL needed for each part of the experiment by
utilizing these different set-ups effectively. Additionally, it can be seen in Fig.2.8a
that the entire set-up is on an optics table. This enables the possibility of future
advanced experiments combining photonics and electron microscopy, which will be
discussed further in Chap. 6.

Spectral resolution must also be considered a significant advantage of CL. In
EELS the spectral resolution is capped by instrumental limitations, as a standard
cold FEG typically possesses no better than 300- meV energy resolution [46].
Monochromation can greatly improve the energy resolution of the instrument, but
even the best instruments worldwide are maxed out at 8- meV resolutions, and most
do not even get that far [46—48]. The spectral resolution of CL, however, is only
limited by one piece of equipment, the diffraction grating, which while wavelength
dependent usually has excellent spectral resolution, <1 meV.

As a result, in most CL experiments, the spectral resolution is almost negligible
because the actual linewidth of the optical features is significantly broader than the
spectral resolution limit of the grating. Figure 2.9a—c show different segments of
the same spectra from GaN doped with Eu. The sample is extremely bright, and
the dopant atoms sitting in different positions result in a huge number of different
emission peaks [49]. The main peaks have widths on the order of 10—15 meV, but
the smaller satellite peaks in Fig. 2.9¢ have full-width half-maximums (FWHMs) of
<5 meV, and peaks separated by less than 5 meV are easily observed.

There is another important distinction to make as the limits of CL are discussed.
In terms of spatial resolution, it turns out that the interaction volume does not
end up being the limiting factor in most STEM-CL experiments, because charge
carrier diffusion ends up being the primary culprit. Figure 2.9d shows a BF-STEM
image of a lacey carbon TEM grid with a sparse distribution of nanoparticles on
the mesh, while Fig. 2.9e shows the simultaneously acquired PMT-CL image. The
important thing to note from this comparison is that far away from the copper grid,
there is some faint luminescence emanating from the lacey carbon. However, that
luminescence disappears as the beam draws closer to the copper grid, and even
as far as a few microns away, the luminescence is quenched. The reason is that
lacey carbon is conduction, so charge carriers excited by the beam can diffuse
throughout the lacey carbon, and near the copper grid the carriers find a non-
radiative path to ground, while far away there is a high enough rate of radiative
decay for luminescence to be detected.
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Fig. 2.9 Spatial and energy resolution in STEM-CL. (a)—(c) show a single CL spectrum from a
bright Eu-doped GaN quantum well at different scales and show the various peaks that the dopant
atoms create in the GaN bandgap. Features as small as 4 meV can be observed since the energy
resolution of STEM-CL is less than the linewidth of the features. (d) An ADF image of a lacey
carbon film near a copper grid. (e) A simultaneously acquired PMT-CL image of the same grid. It
can be seen that the carbon is luminescent away from the copper, but not close to it. The difference
is due to charge carriers near the copper grid diffusing and recombining non-radiatively at the
copper grid, showing that the spatial resolution of STEM-CL is limited by charge carrier diffusion
in the sample, not the probe size

Together CL and EELS present two excellent techniques for attacking nanoscale
optical complexity from a variety of different angles and to really push our
understanding of highly complicated nanostructures to the next level.
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Chapter 3
Extracting Interface Absorption Effects
from First-Principles

The focus of this dissertation now switches from the introduction of analytical
techniques to the actual application of those techniques in the study of nanoscale
optical properties. In this chapter, first-principles DFT calculations of the dielectric
function are used to determine the effects of an interface on the absorption of a
multilayer heterostructure. These results and figures in this chapter are reproduced
from [1] with permission from AIP Publishing.

For large scale structures, the optical properties can be determined straight-
forwardly from less computationally demanding methods. However, superlattices,
nanocomposites, and other complex nanoscale structures can have dimensions
where quantum mechanical effects become dominant and must be accounted for.
Here I outline a method for quantitatively determining the interface contribution to
light absorption from DFT in NiSi,/Si superlattices, and demonstrate how it can be
applied for the design multilayer heterostructures with selectable absorption.

3.1 Atomistic Interface Effects

Interfaces play an important role in determining the optical behavior of thin films
[2, 3]. The effect of an interface on light absorption is of interest in laser optics [4, 5],
optical sensors and detectors [6], and photovoltaics [7-9]. The electronic properties
of an interface rapidly decay into bulk properties, as has been demonstrated in
a variety of different areas [10-12]. As a result, in macroscopic systems where
interfaces account for a negligibly small fraction of the solid, they are treated
as merely boundaries between two absorbing media. The effects of interfaces,
namely, scattering and reflections, are then treated accurately using classical elec-
trodynamics and other semiclassical approximations [13—15]. On the other hand,
for nanoscale systems such as thin-film multilayer heterostructures, interfaces can
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comprise a non-negligible volume fraction and play a significant role. It has been
demonstrated that the distinct bonding at interfaces indeed gives rise to new features
in the absorption spectra of heterostructures and must be included in order to model
real device performance [16-20]. As technology moves towards the nanoscale, it
is necessary to have accurate methods to quantitatively account for the absorptive
effects of interfaces.

DFT calculations on supercells that contain the relevant interface and a few unit
cells of the constituent materials can be used to study interface absorption effects.
However, DFT calculations are subject to computational limitations so that the direct
calculation of the optical response of a large and complex multilayer structure may
not be possible. In order to treat such systems, macroscopic classical calculations are
often invoked, but such calculations neglect interface bonding and are not suitable.

Many applications in modern nanotechnology involve large and highly complex
composites of nanostructures [21-23]. Llordés et al. have recently demonstrated
how changes in the bonding of ITO nanocrystals embedded in amorphous NbOx
can be used to tune optical transmission and create “smart windows” [24]. By
understanding the relationship between nanocrystal sparsity and the interface
bonding effects on optical transmission, they rationally design systems with optical
transmission in a selected range. In order to utilize these unique interface bonds
in nanotechnology, methods to combine the versatility of macroscopic calculations
with the accuracy of atomistic calculations are needed. To this end, I have developed
a method to extract the atomistic interface effects on absorption in a quantitative
manner. The interface effects are then contained in an independent term, such that
they can be combined with macroscopic calculations to study large-scale systems
with quantum mechanical detail.

3.1.1 Extracting Atomistic Interface Absorption Effects

In order to access the interface absorption directly, I consider the absorbance,
defined as the product of the absorption coefficient of an absorbing medium and
its thickness. The interface effects are extracted through calculating the differ-
ence in the absorbance between two different types of supercells: atomistic and
macroscopic. The first supercell treats the interface atomistically, meaning the
interface contains chemical bonds that are not present in either bulk material and
generate unique absorption effects. In the other supercell, the interface is treated
macroscopically, meaning both layers remain in their bulk phases and the interface
only serves as a boundary.

First, DFT is used to calculate the absorption coefficient of the atomistic
supercell and the bulk phases of NiSi, and Si (the method of calculating the
absorption coefficient will be explained later). The atomistic absorbance uses the
thickness (fyom in Fig.3.1) and absorption coefficient of the atomistic supercell.
The macroscopic absorbance defines the thicknesses of each layer by dividing the
thickness of the atomistic supercell up at the halfway point between the last unit cell
of Si and the last unit cell of NiSiy (fMacr-Nisi, and fvacr-si in Fig. 3.1) and the DFT-
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Fig. 3.1 Thicknesses for absorbance calculations. The DFT supercell is used to determine the
thicknesses for both the macroscopic and atomistic cases. The total supercell length is the atomistic
thickness, which is divided into the two macroscopic portions by the halfway point between the
interface unit-cells of NiSi, and Si
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Fig. 3.2 Extracting interface absorption effects. (a) To quantitatively extract the effect of the
interface, the difference between the atomistic absorbance, determined from absorption coefficients
of relaxed superlattices containing interfaces, and the macroscopic absorbance, determined from
the bulk absorption coefficients and total layer thicknesses of each material, is taken. (b) The
resulting value is referred to as Aw; and is an independent parameter that can then be combined
with the macroscopic absorbance of different superlattices in order to determine the atomistic
absorbance of the superlattices without the need for atomistic calculations

absorption coefficients of each bulk material. Since the thickness used to calculate
the two absorbances are equivalent, the only difference between the two values
comes from the differences in the absorption coefficient.

The macroscopic absorbance has only contributions from the bulk phases of each
constituent material, while the atomistic absorbance has contributions from the bulk
phases and the unique electronic structure in the interface regions. As a result, when
the macroscopic absorbance is subtracted from the atomistic absorbance, shown
schematically in Fig. 3.2a, the bulk absorbance common to both the macroscopic
and atomistic treatments cancel out, leaving only the difference between an atom-
istic and macroscopic interface. The difference, Ac;, is an independent parameter
that contains all of the information about the interface absorption effects. If multiple
reflections have a negligible effect, pertinent Ac¢; can be quantitatively added to
the macroscopic absorbance of larger and more complex supercells, schematically
demonstrated in Fig. 3.2b, to gain atomistic accuracy in absorption calculations for
a supercell that cannot be treated directly with DFT (the limitations of the scheme
with respect to multiple reflections will be addressed later).
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3.1.2 Aau«; the Interface Absorbance Difference

To calculate Ac;, the absorption coefficient is needed, which in turn can be deter-
mined from the dielectric function (Eq. (1.6)). Ergo, the first step is to determine the
dielectric functions of the atomistic supercell and each of the two bulk materials.

The DFT calculations of the dielectric functions are performed using the
Vienna ab initio Software Package (VASP) [25, 26] within the projector-augmented
wave framework [27] and using the Perdew-Burke-Ernzerhof exchange correlation
functional in the GGA [28].

The imaginary part of the dielectric function is determined through the formu-
lation put forth by Gajdos et al. in [29] using the VASP code and the LOPTICS
method where the imaginary part of the dielectric function is taken to be a weighted
sum over direct transitions from the occupied valence band states to unoccupied
conduction band states, and the real part is determined from a Kramers-Kronig
Transformation as shown in Egs. (3.1) and (3.2):
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For the bulk absorption coefficients in isotropic materials such as NiSi, and
Si (cubic space group), all three components are the same. However, for the
heterostructure calculations, the dielectric response for electric field normal to the
interface (z-direction) differs from that of the in-plane directions (x-, y-directions). I
consider light traveling normal to the interface, meaning all photons that propagate
in the z-direction, which results in polarization in the x-y plane. The calculation of
the dielectric function reflects this and has identical x and y components for the
dielectric tensor; with a different spectrum in the z component, the relevant value
is the x/y component. For all the calculations here, I use the x-component of the
dielectric tensor, but using the y-component would produce an identical result.

These calculations require a large number of empty conduction bands to
converge. For each heterostructure, I use approximately 1.5 times the number of
electrons in the system as the total number of bands and find that for this number
of bands all heterostructure dielectric spectra have converged up to 4.2eV (the
maximum energy value considered in these calculations).

A dense k-point mesh is also required to effectively sample the BZ and accurately
determine the optical properties of a system. Here, a 22 x 22 x 2 k-point mesh is
used. Both increasing the in-plane k-point mesh to 24 x 24 and increasing the out of
plane k-points from 2 to 4 are found to have no effect on the total energy or dielectric
spectrum. An energy cutoff of 350 eV is found to be sufficient for these calculations
as well, and no noticeable change is seen when a cutoff of 400 eV is used instead.
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The frequency-dependent absorption coefficient can now be calculated by com-
bining the real and imaginary parts of the dielectric function [30]

a(w) = @ \/—el(a)) + Ve (w)? + e(w)?. (3.3)

Once the absorption coefficients and thicknesses for the two supercells are
obtained, the macroscopic value is subtracted from the atomistic and divided by
two (to account for the fact that there are two interfaces per supercell). The result is
a frequency-dependent interface absorbance difference, Acw;, expressed as

Aptom — AMacr __Qsc (w)tAtom - (aNiSiz (w)tMacr-NiSiz + as; (w)tMacr—Si)
2 B 2

Aci(w) =

(3.4)

where agc is the DFT calculated absorption coefficient for the supercell (as defined

by Eq. (3.3)), and anisi, and ocs; are the DFT absorption coefficients for bulk NiSi,
and Si.

3.1.3 Accuracy of the Generalized Gradient Approximation

It is known that the absorption spectrum for semiconductors is not described
adequately by the GGA approximation. More sophisticated calculations such the
Heyd, Scuseria, and Ernzerhof range-separated hybrid functional [31, 32], one body
Green’s function approaches based on the GW approximation [33], and the Bethe-
Salpeter Equation [34] are needed for accurate calculations that can be compared
with experimental data. However, such calculations are currently impractical for the
large supercells that must be used. The calculations here are a proof of concept,
designed to demonstrate the potential for extracting and applying interface effects
on absorption, as opposed to a rigorous description of NiSi/Si heterostructure
absorption, and are thus left at the GGA level.

In order to validate GGA absorption coefficient used in the calculations, the
imaginary part of the dielectric functions, €, of the bulk materials is compared to
known sources. When calculating Ac;, €; is the fundamental quantity, as all of the
other optical properties are derived from it as shown in Egs. (3.2)—(3.3). Figure 3.3
shows the calculation for €, for NiSi, compared to reflectivity measurements from
Amiotti et al. [35]. The two main peaks (at 2.6 and 4.8 eV) both coincide with
the experimental data, indicating that our theoretical calculations for the optical
properties of NiSi, are reasonably accurate.

For Si it is known that GGA underestimates the bandgap, so rather than
comparing €, for Si against experimental data, it is compared to the first-principles
Si dielectric spectrum in the GGA approximation reported by Gajdos et al. [29]
to verify that the calculations are properly converged. The calculated spectrum has
peak locations and with magnitudes corresponding to the known values, indicating
that it is accurate within the GGA.
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3.1.4 Absorption and Reflection at the Atomic Scale

In order to consider the optical response of multilayer heterostructures, an important
limitation of this scheme must be addressed, which is that it cannot be applied to
structures where multiple reflections are dominant. In order to meaningfully apply
Acq; to a measurable, such as optical transmission, it is required to assume that light
interacts with the entire interface region. In the case of multiple reflections, some
light interacts more with one side of an interface than the other, and hence Ag;
cannot be applied.

The reflectivity of the interface is calculated from the real, 5, and imaginary, «,
parts of the refractive index:

Na(@) — (@) + (ka(®) — kp(w))?

Rap(w) = (3.5)
180 = @) F 5@ + (a(@) + K5(@))?
where 7 and « in terms of the dielectric function are
_ 2 2
(), k(@) = \/Jr’ “il@) ;l(w) + @)’ (3.6)

To demonstrate this limitation, consider a slab of a single material in a vacuum.
Once the values for the reflectivity, R, absorption coefficient, o, and length of the
slab, I, are known, the fractional transmittivity of the material can be calculated

T =(1—-R)>?e™(1 + R L Rl ..., (3.7)

Equation (3.7) assumes that the reflectivity is symmetric on both sides of the slab
and that o is homogenous throughout the layer. By breaking down Eq. (3.7) into its
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individual terms, the contribution of the multiple reflections to transmittivity can be
determined. The first term in the series is the “first pass” transmittivity, or fraction
of light that transmits through the medium without reflection, while each of the
subsequent terms in the series refers to an increasing order of multiple reflections.
Explicitly, R?e~2% refers to the fraction of light that reflects off the back interface
and then off of the front interface before transmitting through the back interface on
the “second pass,” R*e™#*! is the “third pass.” and so on and so forth.

Now extend the above equation to a two-layer heterostructure with an interface,
such that light transmitting through passes from vacuum (V) into material A, then
into material B, and then back into vacuum. The “first pass” transmittivity is defined
straightforwardly based off of absorption and the reflections from the surfaces and
interfaces

Tip = (1—Ryp)e A (1—Rap)e” " (1—Rpy) = (1—Rva)(1—Rap)(1—Rpy)e ™ @aiatosis)
3.8)

The exponent in Eq. (3.8) is the macroscopic absorbance defined in Eq. (3.4),
indicating that it can be corrected using Ac;. However, multiple reflections are
not so simple. All possible permutations of reflections between the surfaces and
interfaces must be considered, and through Taylor expansions, the contributions of
all of the reflections can be reduced to the following expression:

Tty
1 —RyaRape™24" — RygRpye225" — RysRpy (1 — 2Ryp)e2atntain)”
(3.9

The four terms in the denominator of Eq. (3.9) represent, respectively, the “first
pass,” all internal reflections within layer A, all internal reflections within layer B,
and finally all internal reflections between the two edges of the heterostructure. The
“first pass” can be corrected using Ac; as previously stated, and the final term
also contains the macroscopic absorbance and can be corrected with Ac;, but the
two middle terms only contain transmissions through one layer, which means Ac;
would have to be divided up based off of its contributions from the two sides of
the interface. The nature of DFT calculations gives us the response of the entire
supercell as a whole, not a position-dependent response, and as a result, such a
division is inherently impossible with this method.

However, if the reflectivity at the interface is low, then the “first pass” transmit-
tivity is dominant and reflections play a negligible role. Here, NiSi,/Si interfaces
are examined, and Eq. (3.5) can be used to calculate and plot the reflectivity of a
NiSi,/Si interface. Figure 3.4 shows the reflectivity throughout the optical regime.
While there are some peaks in the reflectivity, at no point does the value go
above 10% indicating that multiple reflections should not play a dominant role
in superlattices composed of these materials. In addition to NiSi,/Si, many other
optical material combinations have similarly low reflectivities, making the method
useful in many optical applications [36].
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3.2 Converging the Interface

The next step is to demonstrate that Ag; is truly an independent parameter of a
given interface, unrelated to the supercell from which it is calculated. Figure 3.5
shows that as the layer thicknesses in (NiSi,),,/(Siz), increases, Aq; converges
to a single spectrum, at a layer thickness of 2.57 nm for NiSi, (m = 8) shown
in Fig.3.5a and 1.89nm for Si (n = 6) shown in Fig.3.5b. The reason for the
convergence of Ac; is that, past a critical layer thickness, the interface-induced
changes to electrical properties have decayed to their bulk values by center of the
slab, as seen in Fig. 3.5c.

Once the electronic properties have returned to those of the bulk, the interface
consists of a finite area and Ac; is converged. It is important to note that corrections
to account for local-fields and/or electron-hole interactions could impact the Ac;
convergence, but since at the convergence thickness the energy bands have reached
their bulk values, it is likely that the convergence thicknesses in these advanced
schemes are not significantly different. Below the convergence thickness, the
interfaces on opposite sides of each layer in the supercell interact with one another
and change the absorption. For such “non-interface-converged” heterostructures,
the absorbance must be calculated directly using DFT. However, if the layers are
thick enough such that interface-interface interactions are negligible, A«; does not
change as layer thicknesses in the heterostructure increase and the calculation of the
atomistic absorbance of any “interface-converged” heterostructures can be accessed
directly from the converged Ac; added to the macroscopic absorbance (like in
Fig. 3.2b).

3.3 Inverted Design Through Interface Concentration

3.3.1 Combining Distinct Interfaces

Ultimately, the goal of the extraction of the interface effects is to apply them to large
structures that cannot be calculated directly with DFT. To that end, I demonstrate
that one replicates the optical response of a large complex structure with multiple
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Fig. 3.5 Convergence of Ac;. (a) Convergence w.r.t. Si layer thickness. Si thickness does not have
a significant effect on the absorbance spectrum, and complete convergence occurs by (n = 6) or
1.89 nm. (b) Convergence w.r.t. NiSi, layer thickness. For thin layers (m = 2), the spectral location
of the peak enhancement changes but reaches convergence at (m = 8) or 2.57 nm. (c¢) Convergence
of the DOS in the center unit cell of the NiSi, layer. For thin layers, the DOS at the center of the
layer differs significantly from the bulk values, but above the convergence thickness, the layer
returns to the bulk electronic configuration and the influence of the interface is terminated

interfaces by determining Ac; for each individual interface. I calculate Ac; from
several smaller supercells and show that the sum of the individual Ag; is equivalent
to Ac; from a large supercell which contains the same interfaces present in the
smaller supercells.

The large and complex (but still manageable for DFT) supercell is
(NiSi;)2/(Siz)3/(NiSiz)5/(Siz)e. There are four interfaces in this supercell, so I
also calculate Aq; for supercells with each of those four interfaces: (NiSi;),/(Siz)3,
(Siz)3/(NiSip)s, (NiSiz)s/(Siz)¢, and (Siz)e/(NiSi),. For the small supercells,
Ac; has contributions from two identical interfaces and must be reduced by a half
with respect to Acw; for the large supercell which contains a single contribution
from four distinct interfaces. Figure 3.6 shows Ac; for each of the small supercells,
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Fig. 3.6 Aq; from individual interfaces vs. Aq; from complex heterostructure. Aw; from indi-
vidual interfaces vs. Ag; from complex heterostructure. (a) Examples of the complex structure
(2-3-5-6) and each of the four different (NiSi),,/(Siz), supercells representing the individual
interfaces within: (2-6), (5-3), (2-3), and (5-6). (b) We calculate Aq; for each supercell shown
in (a) and then compare the Ac; calculated directly from the (2-3-5-6) supercell to the sum of
Ac; from the smaller interfaces to demonstrate that the interface effects of a large system can be
determined from the individual interfaces

as well as their cumulative sum, and Ac; from the larger supercell. The excellent
agreement between the sum of the smaller supercells and the direct calculation of
the larger cell indicates that Aca; accounts for interface absorbance in a consistent,
and most importantly, extractable way. Thus, the atomistic absorbance of large
complex multilayer heterostructures that would be impossible to calculate directly
with DFT can be determined by calculating Ac; for each interface in the structure
and adding them linearly.

3.4 Quantitative Applications

3.4.1 Interface Absorption vs. Bulk Absorption

One of the potential applications for this method is to utilize the quantitative nature
of Aq; to assess the influence of interfaces on a system. In order to do this, I first
define a metric that contains the quantitative value of the interface effects

| Aa;]

|AMacr—m.n| ’

Rung:Buik (m, n) = (3.10)

Rine:suik (71, n) is the ratio of Aq; to the macroscopic absorbance. When interface
effects are small, Ry:guk(m, n) is small as well. When the interface effects are
dominant, Ry.guk(m,n) is high. As a result, Ry:gui(m, n) can be thought of as
the relative strength of the interface, in terms of absorption in a (NiSiy),,/(Siz2),
heterostructure.
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Fig. 3.7 The relative strength of interface absorption. Ryy:gui (1, 1), the ratio of Aq; and the
macroscopic absorbance is determined for a series of (NiSiy),,/(Siz)¢ heterostructures with
varying m. At high thicknesses (m = 30), bulk dominates everywhere, except for a small interface
effect in the far infrared. At sub-convergence thicknesses (m = 2), there is a high interface to bulk
ratio, but the Aw; is weaker since it is not converged. The peak relative strength of the interface
occurs at the convergence value of Aw;, where interface absorption is at its peak, with as little
additional bulk as possible. From this result, it can be determined that for larger systems (>10 nm
features), interface absorption effects do not play a significant role, but at single digit nanometer
thicknesses, interface effects must be accounted for

Figure 3.7 shows a plot of (NiSi;),/(Si,)3, for a range of m values while keeping
n at the convergence value of n = 6. The plot shows in which thickness regimes
interface absorption plays a significant role. The interface effects are primarily
at far-IR (low eV), but for sub-convergence thicknesses, m < 8, the near-IR/vis
(~2eV) features start to become dominant as well. Recall from Fig. 3.5b that Aq; is
weaker at these sub-convergence thicknesses, but because bulk absorbance through
such thin layers is weak as well, the interface still plays a dominant role. Interface
absorption has its strongest effect at the convergence value for the NiSi, layer,
m = 8, where Acw; has reached full strength, but bulk absorption has not yet begun
to dominate. For super-convergence thicknesses, m > 8, Aq; stays constant, but
bulk absorption increases, reducing the relative strength of the interface effect.

3.4.2 Wavelength Selectivity and Absorption Enhancement

A more advanced application of the method is to use Ac; to rationally design
heterostructures with selectively tuned absorption. I use Aw; and the macroscopic
absorbance to determine the atomistic absorbance of different supercells, and then
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normalize them with respect to thickness to reverse engineer the atomistic absorp-
tion coefficient of each supercell. In Fig. 3.8a, the atomistic absorption coefficients
of (NiSi,),,/(Si,), are plotted for supercells with six different configurations, (m =
2,n=3),m=5n=8),m=8,n=12),(m = 10,n = 15), (im = 20,n = 30),
and (m = 40,n = 60). It is important to note that the ratio of NiSi, to Si is kept
approximately constant (~2:3) in all of these supercells, and the main difference
between them is the number of interfaces per unit thickness. The (m = 2,n = 3)
and (m = 5, n = 8) cases are “non-interface-converged” structures and require their
absorption coefficients to be calculated explicitly. All the others use the converged
Ac; and macroscopic absorbance. The strongest absorption enhancement happens
in the range of 0.5-2.0eV, and above these energies the contributions from bulk
absorption dominate the spectrum so these regimes are not considered.
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Fig. 3.8 Tunable superlattice absorption. (a) The absorption coefficients for (NiSi;),,/(Siz2).
supercells are shown with respect to various values of m and n, keeping the ratio between them
constant ~2:3. (b) Three distinct spectra appear within the range of structures calculated at different
regimes of interface concentration per unit length. (¢) For sub-convergence structures (i.e. m =
2,n = 3), there is a high concentration of interfaces, 1.2 per nm, and as a result, strong interface
enhancement in the near-IR/visible. (d) For “interface-converged” structures (m = 8,n = 12), a
new peak emerges in the far-IR, while the strength of the near-IR/visible absorption is diminished
due to the lower interface concentration of 0.3 per nm. (e) For thick layers m = 40,n = 60 the
interface concentration is too low to have a significant effect, 0.06/nm, and the atomistic absorption
is barely different from the macroscopic absorption
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In Fig.3.8a it can be seen that the supercell absorption spectrum changes
significantly as the concentration of interfaces increases. There are essentially three
distinct types of spectra in play: Strong enhancement in the visible/near-IR range for
thin layers, enhancement in the far-IR range for layers with intermediate thickness,
and little to no enhancement for thick layers. Figure 3.8b shows each of these
distinct spectra compared against the macroscopic absorption spectrum for a 2:3
ratio of bulk NiSi,:Si.

For structures with thinner layers, such as the (m = 2, n = 3) structure shown in
Fig. 3.8c, there is a high concentration of interfaces per unit length, 1.2 per nm. As
the layer thicknesses in the heterostructures approach the convergence thicknesses
(eight unit cells for NiSi, and six for Si), the spectral range of the peak enhancement
changes. Recall from Fig.3.5 that at low NiSi, layer thicknesses, there is little
enhancement in the far-IR and suppression at m = 2. As aresult, the im = 2,n = 3)
structure has its absorption peak at an entirely different spectral location than the
(m = 8,n = 12) structure (shown in Fig. 3.8d. The supercells with long periods
are dominated by the bulk, such as the (m = 40,n = 60) structure shown in
Fig.3.8e, and the atomistic absorption coefficients are not significantly different
from a linear combination of the bulk absorption coefficients. Thus, the method
predicts which layer thickness regimes provide absorption enhancement in which
spectral ranges and in which regimes the interface absorption effects have a strong
effect. By choosing supercell periodicity to take advantage of the changing shape
of the interface absorption profile below the convergence value, not only is the
absorption in the structure enhanced, the spectral region where the enhancement
occurs is selectable.

These calculations provide a new technique in the inverted design of materials
with selectable optical properties, due to its ability to generate atomistic accuracy
with macroscopic simplicity. It can now be expanded to new systems to help
optimize optical detectors and photovoltaics or many other applications as well
as simply to assess the impact of interface absorption in complex systems. The
quantitative nature of the calculation of Ac; makes it a powerful tool in the design
of and study of nanotechnology.
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Chapter 4
Advanced Electron Microscopy for Complex
Nanotechnology

From this point forward, the focus of this thesis will be on electron microscopy. In
this chapter, I examine complex nanostructures with applications in nanotechnology
that are highly dependent on morphological, structural, compositional, and optical
effects. The electron microscope is the ideal tool for this kind of analysis, and I show
here a wide range of different STEM techniques that can be used to characterize
complex nanotechnology with nanoscale precision.

4.1 Ge-Based FET Devices

Germanium-based devices have been of significant interest in the field of solid state
devices since the field was founded; in fact the first generation of transistors that
won Nobel Prizes for Bardeen, Shockley, Brittain, and Killby were all made of Ge
not Si [1-4]. However, Ge did not thrive in the age of MOSFETs as the native
oxides to Ge had significantly inferior electrical performance compared with Si’s
native oxides [5, 6]. Recently, however, Ge has returned to the forefront of CMOS
technology due to the advent of high-k dielectrics and the utilization of multilayer
gate stacks [7-10].

For the first section of this chapter, STEM is used to investigate a number of
different Ge-based FET designs, with the goal of understanding the structural and
compositional properties of the devices. All devices in this section are fabricated at
Interuniversity Microelectronics Center (IMEC) in Leuven, Belgium, and prepared
by me for STEM analysis using the Zeiss Auriga dual-beam FIB/SEM at the
University of Tennessee at Knoxville. Details of the dual-beam extraction process
are outlined in Appendix C.1.
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Fig. 4.1 Si-capped Si 100nm
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4.1.1 Negative-Bias Temperature Instability in Flat Si-Capped
PMOSFETs

Negative-bias temperature (NBT) instabilities are one of the primary reliability
concerns in all highly scaled Si-based pMOSFETS [11-13], because the interface-
trap charges generated during NBT stress detrimentally affect device performance
[14, 15]. This section deals specifically with the charge-trapping properties of
Sig.s5Geg 45 pPMOSFETS fabricated on an n-type Si wafer, with a Si-capping layer to
separate the channel from gate oxides (schematic shown in Fig. 4.1).

Electrical characterization of the samples was performed by Dr. Guoxing Duan
and presented in [16] and is compared against measurements from Si pMOS
FinFETs presented by Manmouni et al. in [17] as a reference.

The device performance is measured by transconductance, which is the ratio of
the output current of the device to the input voltage, g, = % In Fig.4.2a the
transconductance of the sample pre- and post-NBT stress is sho{;/n, and the effects
of NBT instabilities on the device can be observed. Both the threshold voltage
and the peak transconductance are affected by the stress, and the interface-trap
charge density can play a role in the degradation of the device. In Fig.4.2b the
effective interface-trap generation, ANir, taken as a function of temperature for the
SiGe devices stressed at —11.1 MV/cm is compared to ANyr from the reference Si
FinFETs stressed at —10.3 MV/cm [16, 17]. Here it can be seen that the interface-
trap charge densities are higher in the SiGe devices to the Si reference, along with
having a lower activation energy (0.14 eV-SiGe, 0.25 eV-Si).

Interface-trap generation similar to the values in these SiGe MOSFETs has been
observed in Si MOS transistors under NBT stress. It was seen to be a result of
the hydrogen atoms, attached to dopants that drift to the interface, depassivating
the interface Si-H bonds by forming H, molecules [11, 18]. However, assessing
the validity of such a claim requires high-resolution structural and compositional
studies, so a cross-sectional STEM analysis is applied to the devices.

STEM provides an atomistic picture of the Si-capped SiGe MOS structure and
the distribution of the atoms within. Figure 4.3a and b show HAADF and ABF
images of the gate stack showing the distinct layers in the device. Two of the
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Fig. 4.2 Negative-bias temperature instabilities in SiGe pMOSFETs. (a) Transconductance mea-
surements as a function of gate voltage (V) at room temperature before and after 30 min of —2V
stress on the gate at a temperature of 150 °C, showing reduced peak transconductance and shifted
threshold voltage. (©2015 IEEE. Reprinted with permission from [16].) (b) Arrhenius plots of
the effective interface-trap generation in the SiGe devices (black) compared to the reference Si
FinFETs (blue). The SiGe device suffers both from lower activation energies for interface traps as
well as a higher interface-trap charge density
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Fig. 4.3 STEM analysis of SiGe MOS gate stack. (a) HAADF (©2015 IEEE) and (b) ABF
cross-sectional images of the SiGe pMOSFET with HfO,/SiO, gate dielectrics. The 1.4nm Si
cap is partially oxidized, yielding a ~1 nm SiO, interfacial layer and a ~1 nm thick Si-capping
layer. (c)—(e) Two-dimensional STEM-EELS chemical maps of the device for the elements in
the dielectric/capping/channel layers. (f) The EELS intensities in (c¢)—(e) are horizontally binned,
normalized, and plotted together. From the EELS data, it can be seen that there is significant Ge
diffusion through the Si-capping layer (dashed red lines) all the way up to the oxide layer to allow
for the depassivation of Si-H bonds at this interface. ©2015 IEEE

common concerns for devices with the SiGe/Si/SiO,/high-k dielectric structure are
the complete oxidization of the Si-capping layer and the strain of the Ge in the
Si lattice resulting in dislocation defects in the crystalline capping layer. However,
the atomic-resolution images preclude both possibilities, as the images show the
amorphous SiO, layer (~1 nm) and the unconsumed, crystalline Si layer (~1 nm)
distinctly, as well as showing that the crystallinity in the Si-capping layer is uniform
across the entire channel (indicating the Ge-alloyed layer has not exceeded the
critical relaxation thickness) [19].

EEL-SI are taken of the gate stack, and the two-dimensional maps are plotted in
Fig.4.3c through 4.3e, Si K-edge at 1839 eV, the Ge L-Edge at 1217 eV, and the O
K-edge 532 eV. From these SI, it can be seen that the Ge signal is not restricted to
the channel and significant Ge diffusion can be observed in the Si-capping layer. By
horizontally binning the SIs, normalizing the intensities, and plotting them jointly,
it can be seen that the Ge diffusion extends up to the oxide layer. Density functional
theory calculations have shown that the presence of Ge reduces the reaction energy
for hydrogen desorption causing the interface-trap charge buildup [20].
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Fig. 4.4 Structure of Ge pMOS FinFET reproduced with permission from [25]. (a) A schematic
showing the three-dimensional geometry of the Ge FinFETs. (b) Cross-sectional HAADF image
of the resulting Fin

4.1.2 Structural and Compositional Study of Ge pMOS
FinFETs

Developments in solid-state fabrication have allowed for the production of novel
transistor geometries (such as gate-all-around FETs and FinFETSs) to enhance device
performance [21, 22]. Since the mobility enhancement from the field effect is
limited to the area very close to the gate, the concept of having multiple gate
regions enhances the effectiveness of devices [23]. However, fabrication of three-
dimensional geometries with nanometer precision has presented a whole new range
of technical challenges, making high-resolution analytical techniques like STEM
highly valuable [24].

Figure 4.4a shows a schematic of a prototype FinFET being developed by IMEC.
Unlike the flat p MOSFETs in Sect. 4.1.1, these samples were sent without a known
issue to be resolved, and the electron microscopy was intended as an exploratory
study of compositional and structural effects. Cross sections of the devices were
extracted and analyzed in STEM, and a HAADF image of one of the fins is shown
in Fig. 4.4b. The high-resolution STEM image clearly shows many different layers
in the gate stack, but with many different elements present, the Z-contrast does not
provide the desired level of structural information.

To resolve the layers of the gate structure with compositional (as well as struc-
tural) information and nanoscale precision, EEL spectrum imaging is performed.
Figure 4.5 shows the various SI for the elements present in the FinFET. The EELS
edges used are the (a) Si K-edge at 1839 ¢V, (b) the Ge L-edge at 1217 eV, (c) the
O K-edge 532¢V, (d) the Hf M-edge at 1662 ¢V, (e) the Ti L-edge and the N K-
edge integrated together at 456 eV and 401 eV, respectively, and (f) the W M-edge
at 1809 eV. The composite image of all six spectrum images can be seen in Fig. 4.5g
showing six distinct regions: the Ge channel, a Si-rich outer layer to the channel,
the SiO; layer between the gate and the channel, the HfO, gate oxide, the TiN gate,
and the W via. The scale bar shows that layer thicknesses of order ~1 nm can be
resolved and give a high-precision map of the gate-stack region.
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Fig. 4.5 Elemental composition of Ge pMOS FinFET. (a)—(f) SI maps of the various elements
present in the FinFET. (a) Si, (b) Ge, (¢) O, (d) Hf, (e) TiN, (f) W. (g) Shows a composite image of
the six SIin (a)—(f). From this all the layers of the gate stack are revealed with nanometer precision.
©2017 IEEE. Reprinted with permission from [25]

It is also worth noting that in Fig. 4.5a there is some Si intensity in the W via
region. This is not a genuine signal but an artifact. Since the W M-edge is at 1809 eV
and has a gradual onset, the W background cannot be adequately subtracted for the
sharp onset for the Si K-edge. As a result, the background subtraction used to pick
out the Si signal at 1839 eV detects some intensity in the presence of W. However,
no Si is present in the W via.

Beyond the composition of the FinFETs, the crystallinity of the structures is
highly important. The Si buffer layer prevents the formation of native oxides that
can cause parasitic effects, but the defects and inhomogeneities in the layer can
also result in the reduction of device efficiency. To examine the crystallinity of the
device, a type of Fourier analysis may be employed.

A fast Fourier transform (FFT) is an algorithm for calculating the discrete Fourier
transform of a function [26]. The Fourier transform is fully reversible, meaning the
inverse FFT (iFFT) of an FFT returns the original image. The reversibility can be
exploited by masking the FFT before performing the iFFT allowing for different
Fourier components of the original image to be enhanced or filtered out.

Figure 4.6 shows how an iFFT can be used to map the real-space location
of a specific periodicity. Figure 4.6a shows a square image with two distinct
periodicities; the FFT of the image is shown in Fig. 4.6b. Four bright points in the
FFT can be observed, two corresponding to periodicity in the x-dimension and two
for the y-dimension. A magnified view of the FFT in Fig. 4.6b is shown in Fig. 4.6c;
here it can be seen that the FFT is not just four spots but a wide range of Fourier
components with varying intensities. The relative intensity of the surrounding points
is altered by the location of the periodicity in the real-space image and allows the
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Fig. 4.6 Fourier analysis for mapping periodicities in images. (a) A real-space image, showing
different periodicities in different spatial regions. (b) A fast Fourier transform (FFT) of the image in
(a). (c) To map a periodicity, the Fourier components outside the desired periodic features (outside

the blue box) are masked out of the FFT. (d) By performing an inverse FFT on the masked FFT, a
real-space map of the periodic feature is generated

location of the different periodicities to be detected. In order to map the physical
location of the x-dimension periodicity, a mask is applied to the FFT to remove all
Fourier components outside the masked region (blue box in Fig. 4.6c). Figure 4.6d
shows the iFFT of the masked FFT in Fig. 4.6c and only displays the regions of the
image in Fig. 4.6a that possessed the x-dimension periodicity.

By applying this same method to images of the FinFETSs, maps of the crystalline
features in the sample can be generated. Here, BF images are used as opposed
to HAADF images, because BF images have a higher signal-to-noise ratio; while
phase contrast makes direct interpretation of the images difficult, the periodic
characteristics of the image is maintained.

Figures 4.7a and b show a high-resolution BF image of one of the FinFETSs
and the corresponding FFT which shows some very strong periodic components.
First, the main periodic feature is analyzed through the same iFFT process shown
in Fig. 4.6. The result is shown in Fig.4.7c and d, where Fig. 4.7c is the BF image
overlaid with the iFFT map and Fig. 4.7d is the FFT of the BF image and the mask
used for forming the iFFT map. The main crystalline pattern is the (110) axis from
the Ge channel, which can be confirmed from the iFFT as this pattern is entirely
localized to Ge channel region. It is important to note that, unlike the flat devices in
Sect.4.1.1, the Si buffer layer is neither crystalline nor epitaxial with the channel.
The crystallinity of the buffer layer is important because defects near the channel
can scatter minority carriers, increasing their mean free path and reducing transport
efficiency.

Furthermore, the buffer can even be shown to be amorphous. In Fig.4.7e
and f, the iFFT of an annular mask is shown. Annular masks are chosen because
amorphous materials still retain some short-range ordering; the result in the FFT
is a diffuse ring with roughly same radial magnitude as the lattice spacing of
the crystalline version of the material. In Fig.4.7f, this diffuse amorphous ring
is selected with an annular mask, and the Fourier components of the crystalline
structures are blocked out of the resulting mask (view of the final mask shown in
the inset). The result of the iFFT in Fig. 4.7e shows that the amorphous ring comes
from both the surrounding isolation oxide, as well as the buffer between the gate
and the channel, indicating that there is no crystalline presence there.
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Fig. 4.7 Crystalline effects in Ge pMOS FinFETs. (a) Atomic-resolution BF image of FinFET.
(b) FFT of (a). (c) iFFT map of predominant crystalline feature in (a) and (b), originating from Ge
channel. (d) FFT from (b) with masked regions used for iFFT in (c) marked. (e) iFFT and (f) FFT
for amorphous material in the sample. The diffuse amorphous ring in the FFT pattern is selected
with an annular mask, and then individual strong Fourier components are additionally masked; the
masked FFT used to calculate (e) is shown in the inset of (f). (g) iFFT and (h) FFT for a different
fin then the fin used for (a)—(e). Here, the crystallinity in the channel shows inhomogeneities, but
a large portion of the buffer is epitaxial to the channel, unlike the buffer for the fin in (a)—(e).
Returning to the original fin from (a)—(e), it can be seen that there are Fourier components that
are not part of the channel. (i) and (k) iFFTs and (j) and (1) FFTs of these spots show they are
crystalline grains in the TiN gate layer

However, it is important to remember that the FinFETs are three-dimensional
and extend for lengths on the micron scale in the z direction (relative to the STEM
images). Since the samples are extremely thin cross-sections, ~70 nm, it is possible
that different crystalline features are present at different points in the device. To
account for this, different FinFETs were analyzed, and the iFFT of the main Ge
channel crystallinity (analog to Fig.4.7c and d) is shown in Fig.4.7g and h for a
different fin. The crystallinity of this fin, Fig. 4.7g, on the left side of the channel is
not as clear as the fin in Fig. 4.7c. Additionally, on the opposite side of the fin, the
(110) pattern can be seen to extend up all the way through the buffer up to the gate.
The comparison of Fig.4.7c and g shows that the buffer of the FinFETsS is at least
partially crystalline, but significant inhomogeneities exist both in the buffer and the
channel that likely impact device performance.
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On a final note, there are many Fourier peaks visible in Fig.4.7b that are not
associated with the (110) crystallinity of the Ge channel. The iFFTs of these patterns
are shown in Fig.4.7i-1 and originate in the TiN gate region. The crystallinity of
the metal gate is important to assess because it can significantly affect the surface
potential experienced by the minority carriers flowing from the source to the drain,
which can also reduce transport efficiency [27, 28].

4.2 Magnetic and Plasmonic Nanocomposites

Beyond solid-state electronics devices, STEM is ideal for studying multicompo-
nent colloidal systems. Nanocomposites with multiple components and multiple
properties can be synthesized quite straightforwardly using colloidal techniques
with selectable, complex morphologies for a wide range of biomedical applica-
tions. Superparamagnetic iron oxide nanoparticles (SPIONs) are biocompatible
and extensively used in nanomedicine, and by coupling them with plasmonic gold
nanoparticles (Au NPs), also common to biomedicine, a wide range of applications
can be accommodated, including imaging, sensing, drug and gene delivery, as well
as in photothermal therapies [29-32]. The figures and analysis in this section have
been reproduced and adapted from Refs. [33] and [34] by permission of The Royal
Society of Chemistry.

The particles are synthesized by Dr. Siming Yu at Intitut de Ciéncia de Materials
de Barcelona in the group of Professor Anna Roig. To synthesize these composites,
an iron acetylacetonate precursor is added to a solution of polyvinylpyrrolidone
(PVP). After thorough dispersion through sonication, the Fe/PVP solution under-
goes heating in a microwave reactor to nucleate the SPIONs. By changing the
parameters of the microwave heating, average size of the SPIONs can be adjusted
between 5 and 10 nm. The PVP/PVP-SPION solution is then mixed with hydrogen
tetrachloroaurate, HAuCl4, resulting in the formation of hybrid SPION/Au struc-
tures [33]. The morphology and size of the structure can be highly controlled using
the molar ration of the PVP to HAuCl4, as well as the duration and temperature
of the microwave heating. Dr. Yu observed that the gold morphologies in the
samples studied consisted of 60% planar nanotriangles (NT) and 15% of planar
nanohexagons (NH), while the remaining nanoparticles were a mixture of platonic
structures (23%) and smaller rounded particles (2%), with a 10 wt% magnetic
fraction (Fig. 4.8).

4.2.1 Composition of Nanocomposite Components

To investigate the composition of the nanocomposites, EEL spectrum imaging was
performed and then analyzed using multiple linear least square (MLLS) fitting.
Figure 4.9 displays the composition map of an Au NT by MLLS-EELS mapping.
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Fig. 4.8 Au/SPION synthesis schematic. HAuCl4 is added to a solution of PVP/SPIONS, the
SPIONS stabilize the Au in the solution and cause the nucleation of planar nanostructures such
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Fig. 4.9 Composition of nanocomposites. (a) High-angle annular dark-field (HAADF) image of
an Au NT-SPION composite. (b) The elemental composite of the Au NT-SPIONs composed of the
EEL spectrum image maps of Fe, Au, and C (shown in (c)—(e), respectively) determined through
multiple linear least squares (MLLS) fitting. (f) The MLLS reference spectra used for the fitting.
Fit region is 45 eV through 65 eV to avoid the similar bulk plasmons of Fe and C

Figure 4.9a shows a HAADF image of the nanoparticle, and Fig.4.9b shows the
elemental composition, where red is iron, blue is gold, and yellow is carbon.
Figure 4.9c—e shows each of the individual compositional maps, respectively.
Figure 4.9f contains the reference spectra used for MLLS fitting. The fit region is
from 45 to 65 eV due to similar positions of the bulk plasmons for iron and carbon
in the 1540 eV band. Due to the presence of the prominent Fe M-edge at 54 eV and
the significantly different low-loss character of gold, the 45-65 eV range presents
three completely different spectra that are suitable for an MLLS fit.

It is important to note that both the gold and iron maps show high intensities
along the edges and weak/no intensity in the bulk. This is due to the thickness of the
gold in the bulk of the nanoparticle, which scatters a large portion of the beam to
away from the EELS detector. As a result, in thick samples with strongly scattering
materials such as gold, intensity can be traced to a reduced number of total electrons
in the EEL spectrum, as opposed to a drop in intensity of an individual EEL feature.
While the Au NTs and NHs are planar, they possess a three-dimensional character
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and can have significant thickness variations. EELS low-loss spectra can be used to
determine the thickness in terms of the inelastic mean free scattering length (1)
[35]. In Figure 4.10a the NT from Fig.4.9 in the main text is shown. The side
length is determined to be 488 nm from the calibrated image, and the thickness from
the low-loss measurements is determined to be 138 nm. A two-scale schematic of
the NT is shown in Fig.4.10b to demonstrate the approximate three-dimensional
morphology, where the angles of the facets on the sides are determined through
the assumption that the top planar facet is the (111) and that the facets along the
edge are alternating between (111) and (100) facets. Figure 4.10c shows low-loss
EELS thickness measurements from a large range of NTs and NHs along with more
common three-dimensional shapes resulting from the synthesis process: icosahedra
and cubes. It can be seen that the NTs are generally thicker than the NHs and
approximately as thick as the three-dimensional objects. The planar structures, such
as the NHs and NTs, have a three-dimensional character and can become quite thick;
EELS log-ratio thickness measurements show that the NTs are 138 nm thick. Such
thicknesses are sufficient to result in reduced signal in the nanoparticle across the
entire EEL spectrum.

Gold nanocrystals grown through polyol synthesis are expected to be single
crystals. In the thinner, hexagonal structures, the STEM can be used with a
defocused “Ronchigram” (the zeroth order disk of the convergent beam diffraction
(CBED) pattern) to assess crystallinity. In the Ronchigram, diffraction in the sample
results in a Kikuchi pattern [36]. Figure 4.11a shows a HAADF image of an Au NH-
SPION nanostructure. The sample is tilted so that the (111) zone axis is parallel to
the beam, and the Kikuchi pattern for the (111) zone axis is shown uninterrupted
across the entire NH in Fig.4.11b, indicating that the entire structure is a single
crystal. For the thicker structures where the Kikuchi pattern is not easily observed,
crystallinity can be determined through CBED analysis.

Figure 4.11c shows a HAADF image of a thicker structure where no strong
Kikuchi pattern is observed. Figure 4.11d and e shows CBED patterns from the
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Fig. 4.11 Crystallinity of gold structures. (a) HAADF image of an Au NH-SPION structure. (b)
STEM Ronchigram of the NH aligned such with the (111} crystal axis parallel to the beam.
The (111) Kikuchi diffraction pattern can be observed uninterrupted across the entire structure,
indicating that the NH is a single crystal. (¢c) HAADF image of an Au NT, too thick for observing
the Kikuchi pattern. (d) and (e) CBED pattern from the Au NT (d) and the support C film (e) for
the Au NT of (¢). (f)—(h) 16 x 16 maps of the nanotriangle are made using the HAADF intensity
(), the intensity at the amorphous C diffraction ring (g) (green squares in (d) and (e)), and (h) the
Au (111) diffraction spots (red squares). The entire NT shows the same (111} diffraction pattern

gold bulk and the thin carbon supporting film. A 16 x 16 region including the NT
is scanned, and the HAADF intensity along with CBED patterns is collected at
each position. Figure 4.11f-h shows the resulting maps, where Fig. 4.11f shows the
HAADF map, Fig. 4.11g shows the map from the amorphous carbon diffraction ring
seen in Fig. 4.11e (green squares), and Fig. 4.11h shows the most intense diffraction
spots from the gold (111) pattern (red squares). The maps show that the same (111)
CBED pattern is present at all points in the structure and no shift in the diffraction
pattern is observed, indicating that the entire NT is a single crystal.

Finally, EELS fine structure and quantitative analysis are used to determine the
phase of the iron oxide present in the SPIONSs. Figure 4.12a and b shows the O K-
and Fe L-edges taken from three different samples: a reference sample of Fe,O3
(with 3+ valence), a reference sample of FeO (with 2+ valence), and finally the
SPIONS. In Fig. 4.12a the O K-edge from the three samples is shown. The pre-peak
at 529 eV shows a clear distinction between Fe,O3 and FeO and, more importantly,
that the pre-peak in the SPIONS is almost an exact match of the Fe,Os.

Additionally, in the Fe L-edge EELS shown in Fig.4.12b, it can be seen that
the L3 peak energy of Fe,O; and FeO differs significantly (2+ at 706eV, 3+ at
708 eV) and that the SPION peak clearly aligns with the Fe,O3; peak at 708 eV.
Moreover, it is also observed that the FeO L,-edge has only a single peak at 718 eV
while both the SPIONs and the Fe, O3 have two peaks at 719 and 721 eV. There are
some dissimilarities between the Fe, O3 reference sample and the SPIONs, namely,
a stronger pre-peak on the L3 edge and a larger area beneath the L, edge. The likely
reason for these differences is sample damage from the electron beam.

However, many other iron oxide phases besides Fe,O3; and FeO exist and in the
absence of reference samples for each of those phases, quantitative EELS is used
to further investigate the composition of the SPIONs. The relative concentration
is determined by removing the power-law EELS background and then integrating
the intensity of the Fe and O EELS cross sections [37]. The near-edge fine
structure varies significantly across different compounds, so these spectral regions
are excluded from the integration.
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Fig. 4.12 Phase of iron oxide in SPIONSs. (a) O K-edge EELS. The two reference samples (Fe,O3-
solid, FeO-dashed) show two distinct behaviors in the relative intensity of the pre-peak at 529 eV,
the SPIONS (red) match the Fe,Os3. (b) Fe-L edge EELS. A 2 eV shift (708 eV-Fe, 03, 706 eV-FeO)
is observed in the peak intensity of the L3 edge, and the SPIONs share the Fe,O3 at 708 eV. (c)
Relative composition of O and Fe. By fitting X-ray photo-absorption (XRPA) cross sections to
the tails of the O and Fe edges, the intensities of the two edges can be directly compared and the
relative composition calculated. The result is a 1.548 ratio between O and Fe, further confirming
the SPIONS are in the Fe; O3 phase

X-ray photo-absorption (XRPA) cross sections are known to be excellent ana-
logues of the corresponding EELS cross sections, and the intensity of the EELS
signal is determined by fitting these XRPA cross sections to the power-law tails
of the EELS edges [38]. A quantitative model of the EELS signal is formed and
plotted against the EELS signal in Fig. 4.12c, where it can be seen that the model
matches well the power-law tails of the edges and ignores the variations due to fine
structure. From the quantitative model, a relative composition of 39.25% Fe and
60.75% O is determined, which corresponds to the composition of Fe,O3 and is in
agreement with the analysis in Fig.4.12a and b. These results indicate that the Fe
retains its Fe(III) character and does not reduce to Fe(Il). The EELS quantification
in this section was performed with the Quantifit code available at http://web.utk.
edu/~gduscher/Quantifit/.

4.2.2 Bonding of SPIONs to the Au Nanostructures

Of additional interest, the structural study of the nanocomposites is the bonding of
the SPIONs to the surface of the Au substructure. Even though thickness effects
make EELS studies over the bulk of the nanoparticle difficult, the fact that faceted
edges of the NT taper to a point means that the elemental composition of the Au
NT-SPIONs can be observed and analyzed at points of reduced gold thickness.
Figure 4.13a shows the same NT from Figs.4.9 and 4.10 in (a) with a zoomed-in
view of the faceted edge in (b). Three regions are indicated: the SPION, the faceted
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Fig. 4.13 SPION coverage of Au structures. (a) HAADF image of the Au NT from Figs.4.9
and 4.10 with a region around the edge outlined. (b) Close-up of the outlined region in (a), showing
the three regions: the Fe SPION, the faceted edge of the structure, and the thick bulk of the NT. (c)
Spectra from each of the three regions highlighted in (b), showing that the signal from the faceted
edge is a combination of Fe and Au and that the coverage of the nanoparticles is relatively uniform
across the structure surface

edge, and the bulk of the NT. Figure 4.13c shows low-loss EEL spectra from each of
those three regions. Points 1 and 3 each show the characteristic low-loss spectra of
iron oxide and gold, respectively; however, at Point 2 the low-loss spectrum appears
to be a linear combination of the iron and gold spectra. This indicates that even
where the iron EELS signal cannot be detected due to strong gold signal, there are
SPIONSs present on all facets of the NT, not just on the edges where they are most
clearly observable through STEM.

While present on all facets of the nanostructures, it is expected that during crystal
growth, free PVP and PVP-SPIONSs selectively adsorb on the (111) facets rather
than on the (100) facets [39]. In the NH, the crystal facets enclosing the hexagon
are the (111) and (100) families in an alternating sequence. Figure 4.14 depicts
how the preferential bonding of PVP-SPIONs to the (111) facets is empirically
determined. The system is imaged in two tilt orientations, termed max and min tilt.
In each orientation the sample is tilted to one extreme, which causes one specific
facet of the NH to be closer to parallel to the beam, allowing that facet to be imaged
effectively. Since the facets are alternating, if the (100) is aligned with the beam at
max tilt (as seen in Fig.4.14a), then the (111) is aligned with the beam at min tilt
(Fig.4.14b). The tilt is performed such that two facets can be seen at both max and
min tilt, and due to the alternating pattern of the (100) and (111) facets, this results
in the imaging of two different (100) facets (max-right, min-left) and two different
(111) facets (max-left, min-right).

HAADF images for a NH at max and min tilt are shown in Fig.4.14c and d,
respectively, and indeed it can be seen that at max tilt, the left side has a high
coverage while the right side is sparse, and at min tilt the inverse is true. To
help visualize the coverage, line profiles from the max and min tilt (shown on
Fig.4.14e and f, respectively) are performed, and the coverage analyzed. The
coverage is calculated by the percent of the line profile with HAADF intensity
above a threshold, 20% of the maximum HAADF intensity is chosen qualitatively
as giving the best representation of the nanoparticle coverage.
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Fig. 4.14 Facet preference for SPION bonding. The preferred bonding of the SPIONS to a specific
Au facet is determined through tilting the sample. (a) and (b) show two orientations of the NH with
respect to the beam, termed max and min tilt, respectively, which align alternating facets with the
electron beam. HAADF images of the max (c¢) and min (d) tilts show that on alternating facets
there are varying concentrations of the SPIONs. Line profiles along the edges of the two tilts, (e)-
max and (f)-min, are plotted, and the percent coverage is calculated by seeing where along the
line profile the HAADF intensity is greater than a 20% threshold (red line). (g)—(j) Show the line
profiles on the two different edges of the NH at the two tilts, and it can be seen that at max-left (g)
and min-right (j) the coverage is significantly higher than max-right (h) and min-left (i). Due to the
alternating nature of the facets, this demonstrates that SPIONs preferentially bond to one facet of
the NH

In Fig. 4.14g—j, the four-line profiles are plotted, showing high coverage at max-
left and min-right, and low coverages at max-right and min-left. It is worth noting
that in the min-left profile (Fig.4.14i) the coverage is artificially increased due
to a large portion of the supporting carbon film that overlaps with the NH edge.
Determining which crystal axis corresponds to the high-concentration facets is not
possible from the STEM data, as the tilt limits of the STEM holders are ~20°, which
is only enough to preferentially align a facet but not to tilt into a crystal zone access
normal to the facet. As a result, the data is not sufficient to absolutely confirm
that SPIONS selectively bond to the (111) and it does provide direct experimental
evidence of preferential bonding on different gold facets in the Au NH-SPIONs as
suggested in [39].
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Fig. 4.15 Looking for epitaxial relationships between Au structures and SPIONs. (a) Bright
field (BF) STEM image of a single Au NT-SPIONs nanostructure. (b) BF STEM image of
NT tip outlined in (a) showing crystallinity of the SPIONs. The inset contains a fast Fourier
transform (FFT) of the BF image and shows FFT spots arranged in a circular pattern indicating
that the SPIONs are randomly oriented with respect to the NT. (¢)—(f) BF STEM images of an
Au icosahedra-SPIONSs, (c¢) and (d), and an Au NH-SPIONSs, (e) and (f), structure and the top
corner/edge containing the SPIONS. In the inset of (d) and (f), the same circular FFT pattern is
visible as in (b), indicating no epitaxial relationship between the Au and SPIONs occurs in any of
the geometries present in the ensemble

It has been proposed that the mechanism for the increased bonding of the (111)
Au facet is based in the PVP polymer that connects the SPIONs and the Au, not
in the direct relationship between the SPIONs themselves and the Au [39]. To
investigate the nature of the bonding, BF STEM imaging is performed. Figure 4.15
shows a NT, an icosahedron, and a NH with SPIONs and high-resolution images
of the interface between the SPIONs and the Au substructures. It is seen that the
Au NTs are of well-defined equilateral shape with their surface decorated by a
monolayer of SPIONs as shown in Fig.4.15a and b. The equivalent images of a
SPION-decorated Au icosahedra and Au NH are shown in Fig. 4.15¢ through 4.15f.
The resolution of the BF images in Fig.4.15b, d, and f is high enough to see the
lattice planes of the SPIONSs, and the insets contain the FFT of their respective
images. In the FFTs, each spot indicates a different crystal plane, and a circular
ring pattern is an indication of many nonaligned crystal grains/nanoparticles. The
circular FFT pattern is observed in both the NT and NH, indicating that the SPIONs
are randomly oriented with respect to the Au NT, and no epitaxial relationship
between the two exists.
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Fig. 4.16 Removing SPIONs post-synthesis. Despite being used to nucleate the gold nanostruc-
tures, the SPIONs can be removed post-synthesis through a dilute acidic treatment. (a) and (b)
are HAADF images of nanotriangles from different samples, pre- and posttreatment. (¢) Shows
the Fe EELS L-edge from the bottom surfaces of both nanotriangles. No iron is detected in the
posttreatment sample indicating that the SPIONSs have been successfully removed

Since the only connection between the SPIONs and the Au substructure is
through the PVP polymer, the SPIONs can be removed in a straightforward manner.
Using diluted acidic solution an ensemble of the Au nanostructures can be obtained
absent of the SPIONS that facilitated their nucleation. Figure 4.16 shows Au NT-
SPIONSs from an ensemble before and after the removal of the SPIONS (performed
by Dr. Yu in Barcelona). Figure 4.16a shows a NT with the SPIONs still adhered
to the surface, while Fig.4.16b shows a NT without any SPIONs. The SPIONs
are visible in the HAADF image presented in Fig.4.16a, but none are observed
in Fig.4.16b. To further demonstrate the absence of iron from the treated Au
nanostructures, the EELS core-loss data from the Fe-L; edge was collected from
a large region at the bottom edge of both NTs. In the NT-SPIONs, the Fe-L3 edge
is easily observed but is completely absent from the NT posttreatment with HCI,
indicating that SPIONs have been removed. The ability to remove SPIONs post-
synthesis opens the future opportunity to study the plasmonic properties of the same
planar gold nanostructures, with and without SPIONs.

4.2.3 The Optical Response of the Nanocomposites

The gold component of the composites is plasmonic and hence has a strong optical
response that is highly sensitive to the morphology of the nanoparticle. Since the
morphology of the gold has a strong impact on the plasmonic resonances, the control
over the shape of the structures also results in the ability to tune the optical response.

Figure 4.17 shows the optical response of the nanoparticle ensembles under
different synthesis conditions as determined by Dr. Yu and presented in [33].
Figure 4.17a and b shows how ensemble morphologies can vary significantly under
different growth conditions, namely, the PVP in the solution during the addition
of the HAuCl4 (a) and the temperature during the microwave heating stage (b).
As can be seen in Fig. 4.17c and d, these changes in the basic morphologies of the
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Fig. 4.17 Selectability of the optical response of nanocomposite ensembles. By changing the
ratio of PVP to HAuCly (a) and the temperature of microwave heating (b) during synthesis, the
morphologies in the composite ensemble can be varied significantly. The optical response of the
ensemble is plasmonic and hence dependent on morphologies and can be tuned across the visible
regime by altering the PVP (c) or temperature (d)

nanoparticles vastly affect the optical response of the ensemble, allowing one to tune
the peak response across a ~300 nm spectral range, by adjusting basic parameters of
the synthesis process.

The response is due to the high sensitivity of SPRs to the morphology of the
nanoparticle. Each of the different geometries supports different SPRs and each SPR
is dependent on the size and local variations of the Au nanoparticle. By utilizing
the low-loss portion of the EEL spectrum, with a Zeiss Libra200-MC, plasmonic
resonances can be detected and mapped in the individual nanostructures. Figure 4.18
shows the plasmonic response of one of the nanotriangles.

Plasmonic analysis of the nanoparticle results in the detection of three distinct
plasmon modes, the spatial profile of which is shown in Fig.4.18a—c. Two of the
modes are localized in the corners of the nanotriangle, while one is localized along
the side: corner 1 at 1.6eV (Fig.4.18a), corner 2 at 2.1eV (Fig.4.18b), and the
side mode at 2.4eV (Fig.4.18c). To better see the distinction between the modes
(especially between the two modes at the corner, three different ROIs are examined
at two different corners and one along the edge. ROI-1 (the top left corner) has
its EEL spectrum plotted in Fig. 4.18d. From this plot it seems that there is only
one peak at the corner. However, the peak here does not have the characteristic
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Fig. 4.18 Plasmon modes in the SPION-decorated nanotriangles. (a)—(c) The plasmon modes in
an Au NT-SPION. The structure shows distinct plasmon modes at 1.6eV (a), 2.1eV (b), and 2.4 eV
(c). Three ROIs are marked on the SIs labeled one through three, the EEL spectra for which are
shown in (d)—(f). ROI-1 shows a broad peak at the corner (d), ROI-2 shows that the corner peak
is actually composed of two smaller peaks at 1.6 and 2.1 eV (e), and ROI-3 shows that while the
predominant mode on the edge is a side mode, there is also slight intensity from the 1.6-eV corner
mode, indicating that this plasmon mode is the dipolar plasmon

Lorentzian shape of a plasmon mode. By examining another corner at the bottom
of the nanotriangle with ROI-2, it can be seen why. Figure 4.18e shows that the
peak from Fig. 4.18a really corresponds to the convolution of two modes, and here
the EEL spectrum has a high enough signal to noise to clearly resolve the two
Lorentzian-like peaks at 1.6 and 2.1eV. Finally, by looking all along an edge (to
accumulate the most signal), as is done in ROI-3, the side mode can be clearly
visualized as an easily distinct peak.

Concerning the presence of the two different corner modes, it is important to note
that there is a small peak at 1.6eV along the edge (ROI-3) but no peak at 2.1eV.
Dipole modes in nanotriangles have been shown to have faint intensities along the
edge [40] indicating that the 1.6 eV is the traditional dipole mode. The 2.1-eV corner
mode could potentially be a higher-order multipolar mode due to the thickness of
the nanostructures, which is higher than the thickness of most other nanotriangles
reported in literature (100+ nm), but that is speculation and not well understood at
this time.

By correlating the plasmon modes in Fig. 4.18 with the ensemble optical response
in Fig.4.17, the behavior of the ensemble can be correlated with the spatial
profiles of different plasmon modes. For the 25-mg PVP, 180 °C ensemble that
was composed mostly of nanotriangles, the response can actually be broken into
three plasmon modes. There are two faint shoulders in the low- and high-500 nm
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Fig. 4.19 Plasmon modes in varying geometries. Different geometries in the ensembles show the
same basic behavior of corner modes at ~2 eV and side modes at ~2.4 eV. (a)—(d) The plasmonic
response of an Au NT: (a) HAADF. (b) Corner mode — 2.0eV. (¢) Side mode — 2.4¢eV. (d)
Composite. (e)—(h) Corresponding images of (a)-(d) for nanoicosahedron, with corner mode at
2.0eV and side mode at 2.5¢eV. (i)—(I) Corresponding images of (a)—(d) for nanohexagon, with
corner mode at 1.9 eV and side mode at 2.4 eV

range, and one large peak in the high-700 nm range, which are the same places that
the distinct plasmon modes in Fig. 4.18 were observed, showing that the dominant
plasmon mode in terms of the total optical response of the ensemble is likely coming
from predominantly the side plasmon mode.

The plasmonic analysis can also be extended to the other geometries present in
the ensembles. Figure 4.19 shows the plasmon profiles of the three predominant
geometries found in the nanocomposite ensembles. Figure 4.19a—d shows the
plasmon profiles for a nanotriangle (different than the one in Fig.4.18). For this
nanotriangle the splitting between the dipole and 2.1-eV corner plasmon mode was
not well defined, so the convoluted peak is plotted in the SI, which results in some
intensity being available on the edges of the NT. However, the same basic behavior
of the plasmon modes observed in Fig. 4.18 is observed here with the corner modes
centered at 2.0 eV and the side mode at 2.4 eV again. Figure 4.19e—h shows the same
plasmonic analysis for a nanoicosahedron. The approximate size of the geometry is
similar to the triangle, and the plasmon modes come out with the same general
behavior: mode localized in the corner (at 2.0 eV) and a mode localized on the sides
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(at 2.5eV). Finally, a nanohexagon is shown in Fig. 4.19i-1. The corner/side-mode
localization is present here as well, with similar resonances for similar sizes. The
data shows that for ensembles with different shapes, resonances in the same spectral
regime can be achieved with varying spatial profiles on structures of different
geometries.

The studies presented in this chapter present a variety of different STEM
techniques for studying complex nanostructures. Using high-resolution imaging
techniques and the associated image processing, in depth knowledge about the
structural composition of nanostructures can be determined. Additionally, EELS
provides a twofold benefit for nanoscale analysis between elemental mapping with
core-loss EELS and probing optical excitations such as plasmons with low-loss
EELS. The combination of the two makes STEM an ideal tool for the analysis of
nanotechnology.
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Chapter 5
Probing Plasmons in Three Dimensions

In the last chapter, I showed many different methods of characterizing samples at
the nanoscale using the electron microscope and began to show the power of the
STEM to characterize the optical response of nanostructures. Mapping plasmons
is a useful process but is fairly straightforward to perform on modern STEMs and
even SEMs. In this chapter I show how the type of plasmonic analysis shown in
Sect.4.2.3 can be taken to the next level by understanding the way that the STEM
interacts with optical phenomena such as LSPRs. Here, I combine EELS and CL
together to perform a joint analysis on a single plasmonic structure and show how
the complementarity of the two can be exploited to access the three-dimensional
plasmonic response of the system.

5.1 Plasmons in Three-Dimensional Structures

In recent years, an effort has been made to push past the two-dimensional planar
structures that are easiest to study with electron microscopy and delve into structures
with a three-dimensional plasmonic response. In order to access the full response
of such nanostructures, many researchers have employed tilt series tomography to
develop three-dimensional plasmonic maps of the spatial intensity distributions of
individual plasmon modes [1-3] and to reconstruct the precise morphology of the
structure and simulate its behavior [4, 5]. However, for complex geometries, where
the 2D projection of the tilted system is difficult to interpret directly, tomography
and computerized reconstructions can be prohibitively difficult or time-consuming.
Thus, finding a way to use the standard STEM techniques to circumvent these
limitations and developing a straightforward way to analyze surface plasmons in
three dimensions are both desirable objectives.

By using the combination of spatially resolved EELS and CL in a STEM, three-
dimensional experimental data for the surface plasmon modes of an individual
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nanoparticle can be accessed without reconstruction or simulation. The combination
EELS/CL embodies a powerful complementarity that can be used to extract
three-dimensional information about the plasmonic response not available from
either spectroscopy individually, because EELS measures beam-induced electronic
excitation, while CL measures radiative decay. Thus, in complex nanostructures
with nonuniform dimensions, EELS is dominated by volume effects, while CL is
dominated by surface effects. Here, the complementarity is exploited to analyze the
plasmonic response of Ag nanoparticles decorating ZnO/MgO core/shell nanowires
using a combined STEM-EELS and -CL analysis. The difference between EELS
and CL yields additional information that permits the measurement and identifica-
tion of distinct plasmon modes in all three dimensions directly from experimental
data.

5.2 Complementary Spectroscopies in the Electron
Microscope

The focus of this method is to demonstrate that the combination of the two spectro-
scopies, EELS and CL, provides information about the surface plasmon modes of a
single nanoparticle that cannot be accessed by either technique individually. Here,
the analysis of a single nanoparticle is presented to demonstrate that by the use of
joint EELS/CL the three-dimensional analysis of individual plasmonic elements in
a complex multiple-element system can be obtained.

The ZnO nanowires were grown by vapor-solid deposition by Claire Marvinney
and Daniel Mayo at Fisk University. Glancing angle deposition by electron-
beam evaporation was then used to deposit an MgO spacer layer and to decorate
the surface with Ag nanoparticles [6]. The nanoparticles on the nanowire have
characteristic lateral dimensions ranging from 2 to 5Snm to more than 100 nm.
Most nanoparticles are roughly hemispherical in shape, but there is no predictable
symmetry or orientation with respect to the nanowire axis. The ZnO nanowire itself
is optically active and a strong emitter, so I chose a nanowire with a thick MgO
shell (~70 nm) to ensure that the nanoparticle is insulated from the wire and isolated
from hot-electron transfer effects and plasmon-exciton interaction with the ZnO,
which are strongest in the <30 nm spacer range and almost absent at 70 nm spacer
thicknesses [7]. Many nanoparticles were studied, however one with high-aspect
ratios was chosen for analysis, as the resultant splitting of the dominant plasmon
modes along the different principal axes is necessary to demonstrate the acquisition
of three-dimensional plasmonic data.

Plasmonic excitations are detected and mapped in different ways in EELS and
CL. In plasmon maps generated by both techniques, the spatial location of the
plasmon intensity is determined by position of the probe when the fast electrons
in the beam scatter inelastically from the conduction band electrons of the metal
[8-11]. However, the plasmon signature measured by EELS is the energy lost
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during transmission through the sample, which directly relates to the combined
sum of the energies for all the excitations generated by each beam electron during
transmission. As a result, EELS is sensitive to all plasmons, including “dark,”
high-angular-momentum plasmon modes that cannot decay radiatively and high-
energy plasmon modes that decay outside the visible spectrum [12—14]. On the other
hand, CL spectra incorporate signals from the radiative decay of the beam-induced
excitations. This limits CL to electronic excitations that effectively out-couple
to photons in the detectable range of the spectrometer, thereby directly yielding
information about the efficiency of individual plasmon absorption or emission
modes [12, 15-17]. As a result, the detected plasmonic response can differ greatly
when comparing EELS to CL even in the same system, especially in complex
geometries with varying thicknesses. By assessing the physics underlying these
differences The system can be understood more thoroughly.

The crux of the current experiment is the determination of the spatial distribution
of plasmon response through the construction of a SI of the nanoparticle and the dif-
ference between the SIs collected in STEM-EELS and CL. In both spectroscopies, a
spectrum is collected at each x—y point in a two-dimensional scan: in EELS from the
energy loss experienced by the beam electrons and in CL from the radiative decay of
the beam-induced excitations. When the spatial scan is complete, one obtains a 3D
data set with two spatial dimensions and one energy dimension. To form 2D images,
slices are taken across the energy dimension, and the integrated intensity over a
given spectral range is converted into the pixel intensity, allowing the mapping of
specific optical features.

It is important to note that the detection efficiency is significantly higher in EELS
than in CL. As a result there are two principal differences between the SI acquisition
methods in EELS and CL: pixel time and beam current. In terms of the pixel time,
for EELS, all ST are taken with 0.2 s per pixel, while in CL, 20 s per pixel is needed
for modest signal to noise. In terms of the beam current, EELS measurements use
a low beam current (less than 20 pA) that is used to optimize the EELS signal and
maximize spatial resolution, while for CL, a high beam current is used, ~2 nA, in
order to maximize CL signal intensity. As a result of the high beam current and long
acquisition times in CL, beam-induced damage becomes a significant concern, so
the pixel size is increased and sub-pixel scanning is applied to reduce the total dose
at each point, resulting in significantly lower spatial resolution in CL SIs compared
to EELS. To assure that the beam has not altered the nanoparticle significantly, the
plasmon resonances observed in the CL-SI are, as with the EELS, double checked
after acquisition and confirmed to retain approximately the same peak position,
amplitude and width.

To determine the experimental energy values for the plasmon peaks, represen-
tative spectra are taken from the SI in regions of peak intensity of each plasmon
mode in each spectroscopy. The spectra are then fit with a nonlinear least squares
regression to determine the peak positions.
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5.2.1 Surface Plasmons Observed in Both EELS and CL

Differences between the way plasmons are detected in EELS and CL result in some
peaks being visible in both spectroscopies, while some are only observed in one or
the other. In Fig. 5.1 a single random-morphology Ag nanoparticle on the surface
of the nanowire is analyzed, and the plasmonic maps in EELS and CL for the
plasmon modes that appear in both spectroscopies are compared. An ADF image
of the nanoparticle is shown in Fig.5.1a, and the particle’s plasmonic response is
mapped through Sls in Fig. 3.1b—e, with the representative spectra of the plasmon
modes being shown in Fig. 5.1f, g. Peaks near 2.0 eV (centered at 2.03 eV in EELS
and 1.95eV in CL) and 3.0eV (2.87eV EELS, 3.07eV CL) appear both in EELS
and CL. By comparing the SI slices for these peaks in EELS (Fig.5.1b, d) to the
CL slices (Fig.5.1c, e), the higher detection efficiency and spatial resolution of
EELS can be exploited to identify the nature of the resonance. The 2.0-eV plasmon
is localized at the top and bottom of the nanoparticle, while the 3.0-eV peak is
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Fig. 5.1 Electron-energy loss spectroscopy vs. cathodoluminescence. (a) An ADF image of an Ag
nanoparticle on the surface of an insulating nanowire. (b)—(e) SIs of the plasmon modes present
in both EELS and CL. (b) and (c¢) show the SIs for EELS and CL, respectively, of a long-axis
(LA) plasmon mode oscillating from the top to the bottom (along the y-axis) at 2.0-eV that is more
strongly excited at the top of the nanoparticle. (d) EEL and (e) CL-SI, respectively, also show a
short-axis (SA) plasmon mode (oscillating along the x-axis) at 3.0-eV that is stronger on the right
side of the nanoparticle. Representative spectra are taken from regions of maximum intensity of
the two spectra. Point 1 at the top of the nanoparticle (f) and Point 2 at the right side (g) show
that while both EELS and CL show peaks at 2.0-eV and 3.0-eV corresponding to the LA and SA
plasmons, there is a 2.5-eV peak present in CL and not EELS, as well as a 3.6-eV peak present in
EELS and not CL
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localized along the sides, indicating that the nanoparticle exhibits the characteristic
response of an ellipsoidal nanoparticle; the longitudinal dipole surface plasmons are
split into top-to-bottom, long-axis (LA) and side-to-side, short-axis (SA) modes.

It is worth noting that both extrema of the plasmonic resonance are observed in
EELS, but not in CL, probably due to the lower signal-to-noise ratio in CL. There
is still CL intensity at the bottom and left-hand side of the nanoparticle, but the
resonance is too weak to be sufficiently distinguished from the background noise.
There are two likely root causes for the asymmetry in the plasmon intensities at
the nanoparticle edges: a thickness variation in the nanoparticle and the presence of
the MgO spacer. The discrepancy in intensity between the top and the bottom of the
nanoparticle seems to be a result of the nonuniform thickness. The particle is thicker
on the top than the bottom, resulting in increased signal in both spectroscopies
on the top side of the nanoparticle. The thickness measurements and discussion
surrounding them are treated in more detail later in the text. The MgO spacer
affects all plasmon modes by altering the dielectric environment of the nanoparticle.
However, the SA mode, especially when excited from the left side, is particularly
affected and suffers a reduced intensity due to the presence of the MgO, which
damps the electric field of the plasmon resonance and reduces the electromagnetic
coupling to the electron beam.

5.2.2 Constant Background Subtraction in EELS Spectrum
Imaging

To accurately display the locations of the various plasmon peaks in EELS, a
constant background subtraction is used. Normally, in an EELS low-loss plasmon
experiment, the background subtraction method for spectrum imaging is removing
the ZLP and fitting the resulting background-free spectra. However, in these
experiments two different SIs are acquired, one that contains the ZLP and one
which does not. The SI containing the ZLP is required for the low-loss Fourier-log
thickness measurements, which will be discussed in Sect. 5.3.1. However, the ZLP
is such a strong feature in the EELS spectrum that short pixel acquisition times are
required to prevent damage to the EEL spectrometer. To circumvent this limitation,
a second Sl is acquired over a spectral range that blocks out the majority of the ZLP
but includes the low-loss region, allowing for longer pixel acquisition times without
damaging the spectrometer and improving signal to noise. Without the entire ZLP
in the spectrum, the ZLP cannot be extracted rigorously and consistently, so that
the traditional method of background subtraction cannot be used. The benefits of
blocking the ZLP can be seen in Fig.5.2, which shows spectra from the identical
spot from the two Sls. First, where ZLP is included and extracted through the
reflected tail method, Fig. 5.2a, and the SI where the ZLP is blocked off the recorded
spectrum, Fig. 5.2b. The improvement in signal to noise between the two methods
is significant and clearly evident.
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Fig. 5.2 Different methods of background subtraction. (a) Low acquisition time including the ZLP
which is then extracted through the reflected tail method. (b) High acquisition time blocking out
the ZLP then subtracting a power-law background. The general shape of the spectra is consistent
between the two methods; however, the signal to noise is greatly improved in (b) allowing for more
accurate measurement of peak position

The constant background subtraction method is demonstrated in Fig. 5.3 where
the spectra from the top end of the nanoparticle, where the LA plasmon is highly
active, and from the middle of the nanowire, where there is little to no plasmonic
activity. A comparison of the two spectra shows the effect of the ZLP tail, which
results in a strong total intensity present at both locations. In Fig. 5.3a the spectra
with the LA plasmon is plotted. The hatched region shows the total intensity,
while the highlighted portion of the hatched region shows where the constant
background subtraction identifies plasmonic intensity. In comparison, Fig. 5.3b still
shows significant total intensity due to the tail of the ZLP, but no clear plasmon
peak. As a result the constant background level is higher than the EELS signal,
and no plasmonic intensity is identified. Figure 5.3c shows an ADF image of the
nanoparticle as reference for the SIs obtained using the total intensity (Fig. 5.3d) and
the constant background-subtracted intensity (Fig. 5.3e). From (d) it is still possible
to see that at ~2.0eV there is some increased plasmonic intensity at the top and
bottom of the nanoparticle with respect to the remainder of the region of interest but
(e) shows the location of the peak plasmonic intensities much more clearly.

As a result of the constant background subtraction, the EEL spectra have a true
zero level corresponding to the point at which the subtracted background exceeds
the EELS signal at the plasmon resonance frequency. The CL signal, on the other
hand, contains no corresponding background artifact, so no real zero level occurs,
and background noise may appear in the luminescence spectra.
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Fig. 5.3 Constant background subtraction. Spectra show how the constant background subtraction
is used to isolate plasmonic signal in an EELS spectra. (a) The EEL spectrum from Point 1, both
total intensity and the subtracted signal show strong intensity here. (b) The EEL spectrum from
Point 2. No plasmon is present; the total intensity still shows signal due to the tail of the zero loss
peak, but the constant background subtraction correctly finds no plasmonic activity. (¢)—(e) The
ADF image of the nanoparticle (c¢) and the SIs using total intensity (d) or the constant background-
subtracted intensity (e). With the ZLP blocked, a power-law background can be fit to the tail
for individual EEL spectra and look at the background-subtracted EELS data. Because of the
varying thicknesses and compositions in the sample, no single method of power-law background
subtraction and peak fitting could be found that would work uniformly across all spectra in the
SI. As a result, while individual spectra show the power-law background-subtracted signal, the
constant background subtraction method was used for the SI



82 5 Probing Plasmons in Three Dimensions

(d) ¢+ Point 1 Data
¢+ Point 2 Data
= Point 1 Fit
= Point 2 Fit

Norm. EELS Int. (a.u.)

—= ~
. 0 12500 250000 1000 2000 15 20 25 30 35 40
Mm ‘. EELS Intensity (a.u.) Enerav (eV)

Fig. 5.4 Plasmon modes observed only in EELS. (a) ADF image of a nanoparticle. (b), (c¢) SIs
of the two plasmon modes only observed in EELS at 3.6eV (b) and 3.8eV (c). (d) The EEL
spectra from points 1 and 2 marked on (b) and (c). The two peaks refer to the transverse and bulk
plasmons modes in Ag [18, 19]. The SI shows that the bulk plasmon is localized in the body of the
nanoparticle and the transverse plasmon to the nanoparticle surface. The transverse mode appears
to only be strong on the right side of the nanoparticle, but it is present along the entire perimeter
of the nanoparticle, with a significantly reduced intensity. The two modes are visible in EELS
but not in CL because of their ultraviolet energies that are outside the detection range of the CL
spectrometer, but their presence in the EELS spectra are important for joint CL/EELS analysis

5.2.3 Surface Plasmons Observed Only in EELS

In Fig.5.1f, g, peaks at 3.56 and 3.57 eV, respectively, were observed in EELS,
with no corresponding feature in CL. The data also reveal another such peak at
3.78 eV. Figure 5.4 shows an ADF image of the nanoparticle (Fig.5.4a), the SIs
for each mode (Fig.5.4b, c¢), and the spectra corresponding to each (Fig.5.4d).
The nature of both of these peaks is well known from previous research. They
correspond to the transverse surface plasmon at 3.6eV (Fig.5.4b) and the bulk
plasmon at 3.8eV (Fig.5.4c) of Ag [18, 19]. It is important to note that neither
mode is geometry dependent. The bulk plasmon would be observed in any Ag
sample, and the transverse plasmon is generally present at the surface of any Ag
nanoparticle [20].

It is important to note that the transverse mode can be detected around the entire
perimeter of the nanoparticle even where little to no intensity is visible in the SI. The
differences in intensity for the transverse plasmon SI arise because the electron beam
is transmitted through a thick MgO layer on one side of the nanoparticle, but only
through the thin supporting carbon grid on the other, which significantly affects the
total detected intensity. The wavelengths corresponding to these plasmons, detected
by EELS, are 350 nm (transverse) and 325 nm (bulk), respectively, too far into
the ultraviolet to be efficiently detected in the CL spectrometer available in this
experiment. The detectable range of EELS is not limited to the visible regime, and
thus EELS can detect the higher-energy ultraviolet modes. However, because they
are undetectable in CL, the combined CL/EELS analysis cannot be for these modes.
Their presence in the EELS spectra, however, will help in the combined CL/EELS
analysis of the other plasmon modes, as will be shown later.
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Fig. 5.5 Plasmon modes observed only in CL. (a) ADF image of nanoparticle. (b) CL-SI of the
2.5-eV peak observed in CL but not in EELS. (¢) EEL-SI at 2.5eV. Note that intensity is only
observed in the SI in regions where the 3.0-eV SA plasmon (shown in Fig. 5.1d) has high intensity,
indicating that the 2.5-eV EEL-SI is mainly due to the tail of this plasmon. (d) CL and EELS
spectra from the center of the nanoparticle. Here the EELS spectrum is dominated by the bulk
plasmon. Since EELS is a measure of excitation, the signal over thick regions is dominated by bulk
features. However, CL as a measure of decay is dominated by surface effects, demonstrating that
the 2.5-eV feature is a surface effect localized above the bulk of the nanoparticle. (e) The difference
between EELS data and fit. The EELS fit has two peaks, one sharp peak corresponding to the bulk
plasmon and a weak and broad plasmon peak centered at around 2.75eV. The peak is too broad
to be a single plasmon and demonstrates that EELS detects signal in the same region where the
2.5-eV peak in CL is observed but that it is too weak to be resolved into individual peaks. The
behavior of the peak is consistent with an out-of-plane (OOP) surface plasmon, localized over the
thickest part of the nanoparticle and hence unresolvable in EELS, but completely detectable in CL,
exemplifying the power of the complementary EELS/CL analysis

5.2.4 Surface Plasmons Observed Only in CL

Finally, there is the feature present in CL but not in EELS. Figure 5.5, as well as
both spectra in Fig. 5.1, shows a CL peak near 2.5eV that has no corresponding
EELS peak. The nanoparticle is shown in Fig. 5.5a, and the CL-SI of the plasmon
mode is shown in Fig.5.5b. Comparing to the previous CL-SI, it is evident that
the 2.5-eV peak has a unique spatial localization, completely distinct from the LA
and SA plasmon modes shown in Fig. 5.1c, e, indicating that it must be a separate
plasmonic feature. The EEL and CL spectra from the center of the nanoparticle,
shown in Fig. 5.5¢, demonstrate that the 2.5-eV CL peak (centered here at 2.48 eV)
is not observed in EELS, where only the bulk plasmon is detected. Figure 5.5¢ shows
an EEL-ST at 2.5eV, and while some intensity can be seen in the SI, those same
locations correspond to the high-intensity regions of the SA plasmon in Fig.5.1d.
Due to the constant background subtraction method employed in the SI, the tail of
a dominant plasmon can result in detected signal in the SI. As a result, the signal
detected in the EELS at 2.5V is more likely to be due to the tail of the short-axis
plasmon rather than a unique 2.5 eV plasmon.

In order to understand why the peak is present in one spectroscopy but not
the other, the core distinction between EELS and CL is reexamined, excitation
vs. radiative decay. One of the most important consequences of the distinction
is how the signals of the two spectroscopies react to multiple electron-sample
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interactions. First, the total EELS intensity across the entire spectrum decreases
when the electron beam interacts with the bulk, since a large portion of the
electrons are elastically scattered to high angles and do not enter the spectrometer.
Furthermore, EELS requires single-interaction events for the measured energy
loss to be directly interpretable. If the beam interacts multiple times with the
sample during transmission, the measured energy loss has contributions from each
interaction, and the true values of each energy-loss event are obscured. Thus, even
though the total plasmonic excitation may be stronger in a thick part of the sample,
the detected plasmonic EELS signal is strongest, and most directly interpretable,
along the edge of the nanoparticle. At that spatial location, the electron beam
couples via the evanescent plasmon field and excites the plasmon nonlocally without
interacting with the bulk of the nanoparticle, allowing for efficient single-interaction
plasmon excitations [12].

In contrast to EELS, multiple interactions and elastic scattering do not attenuate
CL signal. Surface plasmons and other radiative decay events are captured regard-
less of subsequent beam/sample interactions, because the emitted photons, rather
than the transmitted electrons, are detected in CL. In fact, bulk luminescence effects
can be attenuated in CL as the emitted photons are subject to reabsorption in the low-
skin-depth metals, while surface luminescence (such as that from surface plasmons)
is efficiently captured.

In STEM, or any other electron beam technique, the strength of the plasmonic
excitation from the electron beam is determined by the strongest inelastic scattering
from the surface plasmon mode. However, the strength of the detected EELS
intensity is determined by the area of most-efficient, single-interaction excitation,
while the detected CL intensity is determined by the strongest plasmonic excitation
of the observed mode. So the strongest CL intensity should occur at the thickest
part of the nanoparticle where the studied plasmon mode is active (i.e., on the top
and bottom of the nanoparticle for the LA mode). Recall from Figs.5.1 and 5.4
that the EEL-SIs show the strongest plasmon intensity outside the boundaries of the
nanoparticle, while the CL-SIs show the strongest intensity within the boundaries.

The distinction between the way EELS and CL detect plasmons explains why the
2.5-eV plasmon is not observed in EELS. By examining the spectrum in Fig.5.5d
more closely a low-amplitude, broad peak on the tail of the bulk plasmon signal can
be observed. The data are fit with two Lorentzians, one for the bulk plasmon and
one for the weak tail of the plasmon peak. Figure 5.5¢ shows the EELS data with
the fitted bulk plasmon peak subtracted. The peak has a full width at half maximum
of 1.27eV which is 30% broader than any other peak fit in the data set; the full
parameters of all the fits are included in Appendix B. Due to this large width, it
is likely that the peak arises from multiple plasmonic features, including the 2.5-
eV plasmon being excited in the center of the nanoparticle. However, since EELS
requires efficient single-interaction excitations to accurately account for a peak in
the signal, the spectrum is dominated by the bulk plasmon in this region, and the
other plasmonic peaks cannot be resolved individually.

From the inherent characteristics of the two spectroscopies, it can be said that
when the electron beam is transmitting through a thick sample, the EELS signal
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only shows bulk effects strongly, while the CL can still show the surface effects.
Since the 2.5-eV peak is strongly detected in CL but is unresolvable as an individual
peak in EELS, the peak can be determined to be a surface effect localized above the
bulk of the nanoparticle. The feature is likely plasmonic, as the CL spectra shown
in Fig.5.1 demonstrate it and has an amplitude and width comparable to the LA
and SA modes. Longitudinal, out-of-plane (OOP) plasmons have been shown to
be strongly active in CL, and such a mode would exhibit the type of localization
observed in the CL-SI [16, 17, 21]. The supporting evidence indicates that the 2.5-
eV peak is an OOP plasmon mode, and with the identification of the OOP mode, the
characteristic frequency, spatial distribution, and location of peak intensity for the
dominant longitudinal plasmon modes in all three dimensions have been determined
purely experimentally without reconstruction or simulation.

5.3 Validation of Experimental Results

5.3.1 Approximating Nanoparticle Geometries

To confirm the preceding experimental analysis of the plasmon peaks in the random
morphology nanoparticle, FDTD simulations were compared to the spectroscopic
data. The morphology of the nanoparticle is not precisely known, and hence direct
simulation of the exact plasmonic response is not possible. However, approximating
the morphology of the nanoparticle in a simpler geometry and comparing simu-
lations to the experimental results can function as validation of the experimental
analysis by demonstrating that the simplified geometry, where the plasmonic
response is known exactly, behaves in a similar way to the unknown geometry,
where the plasmonic response is determined experimentally.

In order to reasonably approximate the size and shape of the nanoparticle and
simulate its plasmonic response, information about the nanoparticle geometry that
has already been established is reexamined. A half-ellipsoid on an MgO substrate
is chosen to represent the nanoparticle for two reasons. Firstly, the shape of the
genuine nanoparticle is likely quasi-ellipsoidal. The splitting of the LA and SA
modes is a common feature in ellipsoidal nanoparticles, and the splitting observed
in this experiment is similar to those established in literature [22]. Secondly, a half-
ellipsoid is chosen as opposed to a full ellipsoid since the MgO shell, on which the
Ag particle is deposited, is flat.

The x and y dimensions of the half-ellipsoid are measured from the calibrated
STEM image shown in Fig. 5.6a. For the z-dimension, the EEL-SI can be used to
determine the thickness of the nanoparticle. In the log-ratio (LR) technique, the
thickness is determined from an EELS equation by the following equation, 1/A =
In(Zspec /Iz1p), where ¢ is the thickness, A is the inelastic mean free path length,
Ispec s the integrated intensity of the EEL spectrum without the ZLP, and Iz p is the
integrated intensity of the ZLP. It is acquired over a spectral range up to 46 eV, due to
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Fig. 5.6 EELS thickness
measurements. (a) ADF
image of the nanoparticle
with the measured width
(~70 nm) and length

(~140 nm) of the
nanoparticle. (b) Thickness
map of nanoparticle/nanowire
assembly in terms of inelastic
scattering mean free path
lengths (). Nanoparticle is
measured to be approximately
1 A thick corresponding to a
physical thickness of 100 nm
[24]
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the small energy dispersion used for acquisition. Conventionally, a range of 200 eV,
or preferably even higher, is used to determine thickness measurements. A power-
law tail was added to simulate the unaccounted for portion of the EEL spectrum;
however, this introduces further error into a calculation that already has an expected
error of £20% [23]. Additionally, different methods of calculating the A result in
different values, and microscope parameters (such as the convergence and collection
angles, along with the operating voltage) have been found to significantly affect
A. The measurements are taken with a convergence angle of 30 mrad, a collection
angle of 36 mrad, and an operating voltage of 200 kV. Using these parameters, I used
two different methods of determining A, the method proposed by Yang and Egerton
(75 nm) [23], and the values determined from Iakoubovskii et al. (100 nm) [24]. The
values from Yang and Egerton have been known to underestimate A for microscopes
with a collection angle over 10 mrad, so I choose the value from Iakoubovskii et al.,
for the accepted value.

The LR method determines the exact relative thickness in units of A, but mea-
surement of A has a known error of approximately 20%, due to inhomogeneities and
defects in the material alongside electron beam diffraction effects which can affect
the EELS intensity [23, 25, 26]. The thickness map of the nanowire/nanoparticle
assembly is generated by performing the LR measurement on each spectrum in
the SI and generates a 2D relative thickness map (Fig. 5.6b). It can be seen that
the thickness is roughly equal to 1 A, corresponding to a physical thickness of
approximately 100 nm for Ag [24].

Additionally, Fig.5.6b shows that the depth at the top of the nanoparticle is
greater than at the bottom, which offers a possible explanation as to the localization
of the LA plasmon mode at the top of the nanoparticle in Fig.5.1b. Since the
nanoparticle is thicker at the top than the bottom, the inelastic scattering cross
section for the plasmon should be higher at the top than at the bottom, and the
detected plasmonic intensity should be stronger. The SA mode does not exhibit the
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same increased excitation at the top of the nanoparticle with respect to the bottom, as
one might expect. However, this highlights the importance of a purely experimental
analysis for unknown geometries, as morphological variations such as curvature or
sharp edges can also affect the plasmonic intensity significantly [27-29]. Since the
morphology of the nanoparticle is not precisely known, the reason why the SA mode
does not exhibit increased intensity in the thicker region cannot be stated absolutely
or even that the increased LA mode intensity at the top of the nanoparticle is due
to the increased thickness. All that can be concluded is that the detected EELS and
CL signals for the LA plasmon are greater at the top of the nanoparticle than at the
bottom and that the increased thickness is a likely cause.

5.3.2 Finite-Difference Time-Domain Confirmation
of Experimental Analysis

With the approximate dimensions of the nanoparticle determined, simulations of
the plasmonic response of the nanoparticle become credible. Lumerical FDTD
Solutions™ code was by Claire Marvinney at Vanderbilt University used to solve
the Maxwell equations for each orientation of the three principal axes of the
nanoparticle relative to the polarization of the exciting plane wave. The simulation
was for a half-ellipsoid Ag nanoparticle on a 170nm x 170nm x 80nm MgO
substrate. Additionally, the samples were not kept in vacuum, so a 1.6 nm shell of
AgS, of 1.6 nm was included to simulate the experimentally measured effect of Ag
tarnishing in atmosphere [30]. The dimensions of the nanoparticle were determined
from the STEM measurements in Sect.3.3.1, to be 140nm x 100nm x 70nm.
The nanoparticle and the MgO film it was on were rotated together to allow each
polarization to be measured. The full parameters of the simulation are as follows.
Simulated region: x, 300 nm; y, 300 nm; z, 800 nm; boundary conditions, periodic.
Source: shape, plane wave; injection axis, z-axis; direction, backward; polarization,
x-polarization, angle = 0°, simulation run three times for all three rotations of
nanoparticle—y-polarization, angle = 90°, simulation run three times for all three
rotations of nanoparticle; wavelength range, 200—1200 nm. Mesh region: location,
centered on particle; size, x = y = z = 170 nm; max step, dx = dy = dz = 2nm.
Detectors: type, 2D; number, four; location, three cutting each Cartesian plane
through the center of the particle (x—y, y—z, z—x) for electric field maps, one at
the bottom of the simulation (source at top, x—y plane detector at bottom) to
examine transmission spectrum; recorded data, in-plane detectors — standard Fourier
transform, electric field, magnetic field, power — bottom detector — standard Fourier
transform, electric field, Poynting vector, and power.

In Fig.5.7, Ag half-ellipsoids on an MgO substrates are analyzed with FDTD.
The plasmonic response of the system to plane waves polarized along the major
axes of the ellipsoid is calculated. The resulting transmission data of a nanoparticle
with dimensions determined in the previous section, 140 nm x 100 nm x 70 nm, are
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Fig. 5.7 Validating experimental analysis with simulation. The plasmonic response of a half-
ellipsoid Ag nanoparticle on a MgO substrate with the dimensions determined by STEM-analysis
(shown in Fig. 5.6) is determined through finite-difference time-domain calculations. (a) Transmis-
sion data from plane waves polarized at different orientations to the main axes of the nanoparticle.
Three plasmon peaks are observed at 2.0, 2.3, and 3.2 eV. (b)—(d) From the resulting plasmonic
field enhancement maps, it is shown that the modes correspond to (b) a 2.0-eV LA mode, (c)
a 2.3-eV OOP mode, and (d) a 3.2-eV SA mode. Given that the precise morphology of the
nanoparticle is not known, simulations are performed on multiple variations of the nanoparticle
size in all three dimensions. (e) The results of these simulations are compared to the values for the
three plasmon modes determined experimentally, and it can be seen that the experimental values
fall within the predicted range determined from the simulations. The agreement indicates that the
three-dimensional plasmon response detected, mapped, and identified from a purely experimental
analysis without tomographic reconstructions is consistent with the known three-dimensional
response of a nanoparticle with a simplified, but similar, geometry

shown in Fig. 5.7a. The plot exhibits three distinct plasmon peaks appearing at 1.98,
2.32, and 3.17 eV. By plotting the electric field enhancement of the plasmon modes
of each of the resonances (Fig. 5.7b—d), it can be seen that the peaks correspond to
LA (1.98¢eV), SA (3.17eV), and OOP (2.32eV) plasmon modes.

Given that the thickness measurements and the nanoparticle geometry are
approximate, the three plasmon modes are also calculated for half-ellipsoids of
slightly different sizes to establish a spectral range in which each of the plas-
mons appear. The three other half-ellipsoid dimensions are 120nm x 70nm x
50nm, 120nm x 100nm x 50nm, and 140nm x 70nm x 70nm. The plasmons
corresponding to the half-ellipsoids are LA-1.97 eV/OOP-2.49 eV/SA-3.29 eV, LA-
2.07eV/OOP-2.26 eV/SA-3.34 eV, and LA-1.88 eV/OOP-2.54eV/SA-2.92eV. The
simulated and experimental values are plotted together in Fig. 5.7e. It can be seen
that the experimental values of 2.0, 3.0, and 2.5 eV fall entirely within the range of
values established by simulations.

The size variations in the simulated nanoparticles are significantly larger than the
predicted error in the experimental measurements of the nanoparticle size, because
the precise morphology of the nanoparticle is not known, and morphological
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differences can account for significant variations in the plasmon mode energies as
well. A larger range of half-ellipsoid dimensions is taken to establish a larger range
over which the various plasmon modes can deviate under geometric variance. The
STEM-images, EELS data, and thickness map show that while the nanoparticle is
not a perfect half-ellipsoid, the geometry is reasonably similar, and the plasmon
modes should be similar as well. The agreement between experimental data and
the theoretical predictions is not a direct comparison of the two plasmonic models,
as much as a sanity check that the experimental analysis is yielding physically
reasonable results for a quasi-ellipsoidal structure. The experimental modes falling
directly into the range established by the simulations indicate that the experimental
joint EELS/CL analysis of the dominant nanoparticle plasmon modes is consistent
with the plasmonic behavior of a nanoparticle of similar geometry. Furthermore,
the simulations confirm that an experimental analysis based on the complemen-
tary physical origin of the two spectroscopic signals, without simulations, on a
nanoparticle with an unknown morphology gives information on the plasmonic
response of complex nanostructures. The amount of information obtained in this
phenomenological approach is comparable to what is obtainable from an analysis
of nanoparticles with predetermined morphologies, undergirded by electromagnetic
simulations.
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Chapter 6
The Plasmonic Response of Archimedean Spirals

As previously discussed in Sect. 1.1, FIB- and lithography-based synthesis tech-
niques have been utilized to assemble complex plasmonic nanostructures, with
exceptional control of the nanoscale optical properties [1-8]. A plasmonic nanos-
tructure of recent interest is the Archimedean nanospiral. The appeal of the
structure is based off of its demonstrated ability to sustain resonant modes with
high polarization dependencies over a wide range of wavelengths [9]. Beyond the
linear response, the nanospiral has been shown to support strong second-harmonic
generation (SHG) [10], produce super-continuum plasmonic emission [11], and
generate orbital angular momentum states [12].

However, observing the near-field response of plasmonic nanostructures is
critical to the optimization of the nanostructure geometry. The properties of the
nanospiral have largely been explored using FDTD and far-field optical experi-
ments [13-16]. However, recently techniques such as scanning near-field optical
microscopy [17, 18] and CL [19, 20] have been used to observe the unique near-
field plasmonic response of complex nanostructures.

In this chapter, I utilize STEM-CL to observe the plasmonic Archimedean spiral
structures from two perspectives: metal spirals deposited on an electron-transparent
substrate (nanospirals) and spiral slits milled into a metal substrate (spiral holes).
For the nanospirals, I examine different plasmon modes present and demonstrate
how STEM-CL can be combined with photonics techniques to produce high-
resolution maps of the near-field modes. For the spiral holes, STEM-CL is used
to observe orbital angular momentum (OAM) modes that are generated through
interfering SPPs. For both types of structures, it is demonstrated that utilizing beam-
induced light as opposed to beam electrons provides some significant advantages for
plasmonic analyses.
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Fig. 6.1 Unique plasmon modes in archimedean nanospirals. (a) SEM image of a plasmonic
Archimedean nanospiral. (Reprinted with permission from [9]. Copyright 2010 American Chemi-
cal Society.) (b) FDTD simulation of the E-field enhancement at 601 nm (visible regime) shows a
plasmon mode called the “hourglass” mode. (¢) FDTD simulation of the enhancement at 875 nm
in the NIR shows a plasmon mode called the “focusing” mode. The spatial profile of the plasmonic
response highly varies with respect to the spectral regime. Scale bar is 100 nm

6.1 Combining Photonics and Electron Microscopy for
Plasmonic Analyses

The complex geometry of the nanospiral makes it a desirable structure for plasmonic
analysis for a couple of different reasons. Firstly, the structure is highly tunable, as
there are a wide variety of parameters such as arm width and spacing, winding
number, thickness, and chirality that significantly affect the optical response.
Additionally, the nanospiral exhibits the plasmonic response of both a single
nanostructure and multiple interacting nanostructures simultaneously, through the
surface charge either oscillating along the spiral arms or between them. The
tunability and geometry allow for the generation of a wide range of plasmonic mode
that cover a broad spectral range and possess unique spatial characteristics [9].

Figure 6.1 contains an SEM image of a nanospiral (a) and FDTD (b and c)
simulations of the plasmonic near-field distribution, both of which were presented
by Dr. Jed Ziegler in [9]. The FDTD simulations are the response to a plane wave
polarized in the y-direction (as indicated by the arrow in Fig. 6.1a). Figure 6.1b
shows the E-field enhancement at a wavelength of 601 nm; this plasmon mode is
termed the “hourglass” mode and is predominantly active in the visible regime.
Figure 6.1c shows the E-field enhancement at 875 nm. This mode is called the
“focusing” mode and is usually found in the near infrared (NIR). The two plasmon
modes are just a portion of the total optical response of the nanospirals (a more
complete description can be found in [14]), but they are good examples of plasmon
modes with highly varying spatial character across different wavelength regimes in
the same sample. Additionally, the hourglass mode can have its plasmonic response
replicated by a series of ellipses with the same spacing as the arms [9], while
the focusing mode can only be produced in a continuous structure. Thus, these
modes can be used to represent the single-structure/multiple-structure duality of the
nanospiral and are ideal for demonstrating the versatility of the plasmonic response
of the nanospiral.
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Modeling the optical response through simulations provides an excellent starting
point, but nanoscale investigations are critical for confirming the theoretical models
as well as providing nanoscale control over specific excitations. Toward this
end, I fabricate the nanospirals through an electron-beam lithography (EBL)-
based process that generates Si-substrate chips with a thin SiN window, with
the nanostructures patterned directly on the surface. The fabrication process was
originally developed by Roderick Davidson with the help from Dr. Scott Retterer
(an outline of the process is provided in Appendix C.2).

6.1.1 EELS Analysis of Lithographically Prepared
Nanostructures

First, the nanospiral is examined through EELS. For these experiments, I used the
Zeiss Libra200MC monochromated TEM/STEM at the University of Tennessee at
Knoxville operated at an accelerating voltage of 200 keV, with a FWHM on the ZLP
of 170 meV. The sample is made with 80 -nm-thick Au, with 40 -nm-wide arms,
60 nm separation between arms, and a winding number of 4. Figure 6.2a shows
a HAADF image of the structure examined. The EELS analysis shows peaks at
~1.6eV (774 nm — NIR) and ~2.4 eV (516 nm — vis), and the SI of the two peaks are
shown in Fig. 6.2b, c, respectively.

The 1.6-eV EELS peak matches the spatial profile of the FDTD simulation of
the focusing mode shown in Fig. 6.1b relatively well. Furthermore, the peak is
found in the NIR where the focusing mode is predicted to be supported. The spatial
and spectral match of the EELS and FDTD indicates that the SI in Fig. 6.2b is an
experimental map of the focusing plasmon mode.

However, while the EELS peak at ~2.4-eV EELS peak matches the hourglass
mode spectrally, it does not match the spatial profile of the FDTD simulation from
Fig. 6.1c. To better understand the disparity between the FDTD simulations and the
EEL-SI, it is helpful to examine the individual spectra.

The SI in Fig. 6.2b, ¢ each have ROIs marked with colored boxes; here I take the
spectra from those ROIs and fit the peaks with Lorentzians and power laws for the
backgrounds. The spectra within the red box in Fig. 6.2b (from the inner tip of the
nanospiral) are plotted in Fig. 6.2d. The EELS peak corresponding to the plasmon
mode is clearly visible. Furthermore, the peak is isolated spectrally from other low-
loss features such that power-law background subtraction accurately captures the
behavior of the peak, and the spatial profile of the plasmon mode can be observed
in the SI.

The same cannot be said for the 2.4-eV peak. Figure 6.2¢e, f shows the spectra
(and fits) for the ROIs in yellow and magenta shown at the top of Fig. 6.2c. It can be
seen that the EELS peak shifts between pixels in this region, and considering that
Au is shown to have bulk losses from interband transitions in this spectral regime, it
is difficult to attribute the detected signal in the SI to the genuine behavior of LSPR
modes here [21, 22].
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Fig. 6.2 Analyzing the plasmon response with EELS. (a) A HAADF image of an Au Archimedean
nanospiral with 40 -nm-wide arms, 60 nm arm spacing, 47 winding, and 80 nm thickness. (b) and
(c¢) show the SI maps for plasmon peaks at (b) 1.6eV and (c) 2.4 eV. (d) shows the spectra from
the red ROI in (b) showing that the focusing mode has a strong peak. While (e) and (f) show the
spectra (e) and the fits (f) from the yellow and magenta ROIs in (c¢), showing that the EELS signal
in this region is not coming from a single feature

More importantly there is a fundamental barrier preventing the EEL-SI from
duplicating the plasmon response demonstrated in the FDTD simulations, which
is that the hourglass mode has a strong linear-polarization response [14]. Since, the
electron beam is not polarized, but can excite polarization-dependent modes, the
signal convolves the response of all of the polarization modes simultaneously.

6.1.2 Enhancing STEM with Photonics

STEM-CL can also be used to access plasmon modes at the near field but has its
own set of drawbacks. The two principal modes of STEM-CL acquisition are via a
spectrometer (CCD paired with a diffraction grating) or a PMT. For spectroscopy,
both the CCD and the diffraction grating have their collection efficiencies fall-
off across a moderate bandwidth, and additionally the pixelated CCDs are fairly
vulnerable to electronics noise. PMTs, on the other hand, provide modestly higher-
collection efficiencies and reduce the electronics noise significantly by having
only a single pixel, making it much more effective in detecting weak signals.
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Unfortunately, the PMT does not have any spectral sensitivity, so the light across
the entire detectable spectral range is integrated into the signal. So both modes of
CL acquisition present some inherent issues for detecting and mapping individual
plasmon modes in nanostructures with weaker signals.

However, there are a few aspects of STEM-CL that provide some advantages
with respect to EELS for low-signal analysis. By using the light emitted from the
plasmon excitations as opposed to the EEL in the beam electrons, it allows for the
radiative features to be analyzed directly without being influenced by the signal from
non-radiative effects. Secondly, the light-based signals allow for the combination of
photonics and electron microscopy to achieve the spectral resolution of the former
with the spatial resolution of the latter. By combining the low electronics noise of
the PMT with polarization and spectral filtering, one enables the isolation of and
high-efficiency mapping of individual plasmon modes.

While EELS was able to reproduce the response of the focusing mode predicted
through FDTD, the result can be improved through the spectrally filtered CL. A
VG-HB601 STEM equipped with a parabolic mirror for CL collection, operating
at 60kV, is used for the experiments, with a high beam current (~2nA) to increase
the detected signal. Figure 6.3a, b shows the DF image and the PMT-CL image of a
nanospiral with the same dimensions as in Sect. 6.1.1.

4

&

400 nm - 3.1 eV 495 nm — 2.5 eV 565 nm — 2.2 eV

Fig. 6.3 Long-pass filtered CL. (a) A DF image of a nanospiral with the same dimensions as
Fig. 6.2 and (b) the unfiltered PMT-CL image of the nanospiral. To access the focusing mode, the
visible emission must be spectrally filtered. (c)—(e) show the different long-pass filtered images for
(¢) 400nm (3.1eV), (d) 495 nm (2.5eV), and (e) 565 nm (2.2 eV). Once the visible emission has
been filtered out, the bright spot at the inner tip remains, and a high-resolution map of the focusing
mode is shown
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The PMT-CL image in Fig. 6.3b shows the emission intensity across the whole
spectrum. The fact that the peak intensity seems to originate from the center
indicates that the focusing mode is strongly active in the sample, but without
spectral resolution, it cannot be confirmed that the focusing mode is the cause for
the luminescence there. In order to remove the extraneous signal, the CL output is
filtered with long-pass filters that block out any signal with shorter wavelengths than
the cutoff value.

Figure 6.3c—e shows three different long-pass-filtered, PMT-CL images for three
different cutoff frequencies: 400 nm — 3.1eV (c), 495nm — 2.5eV (d), and 565 nm
—2.2eV (e). From Sect. 6.1.1, recall that peaks in the visible signal were present
only at 2.3 eV and above, meaning that for the 565 nm long-pass filter, all of these
modes are removed. Surely enough, without the signal from the peaks in the visible
regime, only the high intensity at the tip of the nanospiral remains, indicating that
the focusing mode is now the dominant feature in the PMT-CL image. Figure 6.3e is
a 256 x 256 pixel image, while the SI in Fig. 6.2 was a 27 x 27 pixel image resulting
in a much higher-resolution image. Furthermore, the PMT-CL image is acquired in
three and a half minutes, while the SI is acquired in 12 min and 10 s, demonstrating
the efficient acquisition of spectrally filtered CL.

Additionally, the usage of the radiative emission of optical excitations allows us
to capture polarization effects with nanoscale precision, allowing us to access the
hourglass mode that was missing in the EELS analysis. Here, instead of spectral
filters, a linear polarizer is used and rotated with respect to the stationary sample.

Figure 6.4a shows an Au nanospiral with 40 -nm-wide arms, 60 nm arm spacing,
and a reduced thickness of 40 nm to cut down on bulk effects and focus only on
the plasmonic response related to the spiral geometry. The PMT-CL image of the
nanospiral shown in Fig. 6.4b exhibits a reduced signal-to-noise ratio compared with
that seen in Fig. 6.3 as a result of the reduced thickness. However, now the CL signal
is localized along the edges of the arm, just as it was in Fig. 6.1, a feature that was
not observed in the thicker 80 nm samples.

The inclusion of a polarizer in the CL signal immediately shows the profile of the
hourglass mode and produces a high-resolution map of the isolated plasmon (shown
in Fig. 6.4c). Spectral filtering is not required for this mode, as it is the only optical
feature with linear-polarization dependence, so all emission sources other than the
hourglass mode aligned with the linear polarizer are attenuated by the filter [14].
By rotating the polarizer by 45° (Fig. 6.4d) and 90° (Fig. 6.4e), it can be seen that
different polarizations of the hourglass mode can be easily isolated.

It is important to note that spectrally filtering this sample does not result in the
observation of the focusing mode (like it did in Fig. 6.3), meaning that the focusing
mode is not strongly active in this sample. The absence of the focusing mode is
likely due to the strong deformity in the inner arm that can be seen in Fig. 6.4a.
The discontinuity is a result of an undiagnosed error in the fabrication process that
occurs when thin (and small) samples are deposited using the process outlined in
Appendix C.2.
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200 nm
S

Fig. 6.4 Linearly-polarized CL. (a) A DF image of a nanospiral with the same lateral dimensions
as the last two figures, but half the total thickness (40 nm). (b) the unpolarized PMT-CL image
of the nanospiral shows that the signal-to-noise has decreased, but the localization of the plasmon
mode to the spiral edges, as seen in Fig. 6.1 has appeared. By applying a linear polarizer (c) and
rotating it to 45° (d) and 90° (e), different polarizations of the hourglass mode can be accessed

6.2 Orbital Angular Momentum in Plasmonic Spiral Holes

In this section, I employ STEM-CL, combined with FDTD simulations, to demon-
strate the near-field interaction between OAM modes in plasmonic nanostructures
and chiral substructures. The structures in this section were all prepared by Dr.
Benjamin Lawrie and were fabricated by depositing 100 nm film of Ag on a 25 nm
SiN membrane identical to those in Sect.6.1. A FIB is then used to mill a thin
hole in the Ag film (that does not penetrate the SiN to maintain the stability of the
window) in the shape of an Archimedean nanospiral. The geometry is known to
generate optical OAM modes, and the CL response of the structures is compared
to FDTD simulations of the LDOS to confirm the presence of OAM. Finally, the
interaction between chiral nanostructures and OAM modes is explored by milling
nanospirals, an order-of-magnitude smaller in size, at the center of the larger spiral.
The luminescence of the composite system is found to be significantly higher
in systems where the substructure has the same chirality as the outer structure,
providing spatially and spectrally resolved evidence of coupling between OAM and
chiral nanostructures.

I took interest in these structures because, light possessing OAM has been a topic
of considerable interest in recent years [23—27]. This interest has been fueled by
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critical advances in optical manipulation and trapping [28, 29] that leverage the
helical wavefront of optical OAM modes to impart angular momentum into micro-
and nanoscale structures. Additionally, the added degrees of freedom provided
by the orthonormal angular momentum basis set enable large-scale multiplexing
of classical and quantum communications and provide a framework for emerging
studies of quantum information science [30-34]. Furthermore, it has been proposed
that OAM modes can be used for the detection of molecular chirality [35-37], which
plays a dominant role in biological and chemical processes [38].

Surface plasmons are routinely used to manipulate light at the nanoscale, result-
ing in the development of a wide class of metasurfaces and asymmetric plasmonic
nanostructures that generate and control OAM on chip [12, 39-44]. Techniques such
as near-field scanning optical microscopy have been used to experimentally observe
nanoscale OAM effects in plasmonic nanostructures [45-49]. For instance, Chen
et al. have recently shown the ability to actively control OAM with polarization-
specific near-field spectroscopy [18]. These recent developments illustrate the
potential for near-field applications of OAM modes in nanotechnology.

In order to generate a OAM mode in the structure, the geometry of the spiral must
be chosen precisely. The formula for an Archimedean spiral in polar coordinates is
r(6) = ro+d-0 where ry is the initial radius and d is the distance between the arms.
An example of the geometry of a spiral hole is shown in Fig. 6.5a. The generation of
OAM in plasmonic spiral holes comes when the phase of SPPs interfere coherently
such that the composite plasmonic response can be described by a Bessel function
whose topological charge, £, is determined by the ratio, £ = 2w d/Aspp, where Agpp
is the surface plasmon polariton wavelength in the system. Each point on the surface
of the slit serves as a point source for surface plasmon polaritons, and the polaritons
are launched in all directions from the entire slit. If the dimensions are carefully
chosen such that the arm spacing, d, is an integer multiple of Agpp, then there is a
21 offset between SPPs coming from the inner and outer arms, heading toward the
origin of the spiral. Additionally, if the initial radius ry is an integer multiple of Agpp,
then for every position along the inner edge of the slit, SPPs that propagate toward
the origin all contribute to the phase singularity. Figure 6.5b—d show examples of
spiral holes that should have OAM states with topological order, m = 1 (b), m = 2
(c), and m = 3 (d).

If both ry and d are equal to Agpp, then the phase mismatch is 27 and the order
of the OAM state, moam, iS 1; an example is shown in Fig. 6.5b. However, the
topological charge of the OAM can be increased by increasing the distance between

the inner and outer arms and generating a larger phase shift. If d = 2Agpp or
3Aspp, then the charge of the OAM state can be increased to 2 or 3, respectively
(Fig. 6.5b, c).

The generation of the OAM state can be modeled via FDTD simulations.
Figure 6.6a shows a spiral with ry = d = 660 nm, which is determined to be Agpp
for a three layer system (air, Ag, SiN) [50]. Figure 6.6b shows the FDTD simulation,
performed by Prof. Sang-Yeon Cho, of the phase distribution for the E-field, when
excited by a plane wave source polarized in the y-direction. At the origin of the
spiral, the phase singularity and E-field amplitude null point characteristic of OAM
modes are seen in Fig. 6.6b, c.
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1o=Aspp, d = Aspp Aspps 4=2A5pp Aspp, 4=3Aspp

Fig. 6.5 Surface plasmon polaritons in a spiral hole. (a) An example of an Archimedean spiral,
r@@) =ro+d %. Orbital angular momentum (OAM) states can be generated by choosing ry and
d to be integer multiples of the SPP wavelength, Aspp, generating a phase singularity at the origin
of the spiral. By increasing the arm separation to higher integer multiples of the SPP wavelength,
d = nAspp, different orders of OAM, moam can be achieved. (b) n = 1,moam = 1, (¢) n =
2,moam = 2, (d) n = 3, moam = 3

6.2.1 Visualizing Orbital Angular Momentum with
Cathodoluminescence

To observe the effects at an experimental level, holes with arm separation, d =
1Aspp, d = 2Aspp, and d = 3Agspp, are prepared and examined in a VG-HB601
equipped with a parabolic mirror for CL, and operating at 60 kV, with a beam current
of roughly 2 nA.

The plasmonic response of the different spiral holes are shown in Fig.6.7. BF
images of all the spiral holes are shown in Fig. 6.7a—c. The remaining images in
the figure are all band-pass-filtered PMT-CL images, taken with band-pass filters of
increasing bandpass wavelength, Agp. Figure 6.7d—f show bandpass-filtered images
with Agp=445 nm, Fig. 6.7g—i the same spirals with Agp = 513 nm, Fig. 6.7g—i with
Agp = 586 nm, and Fig. 6.7g—i with Agp = 685 nm.

The most immediately noticeable aspect of the CL images is the spiral interfer-
ence pattern, the period of which increases with increasing wavelengths. Similar
interference patterns have been previously observed for linear plasmonic gratings
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Fig. 6.6 Electric field phase and intensity for an OAM state. (a) A spiral with rp = d = Agpp =
660 nm, resulting in a moay = 1 state. (b) The phase plot for the E-field, showing the phase
singularity at the origin of the spiral. (¢) A magnified plot of the normalized field intensity from
the origin of the spiral, marked by the white box in (b). The trademark null point of the intensity
profile shows that an OAM state is present

Agp=445 nm Agp=685 nm

Agp=513 nm Agp=586 nm

Fig. 6.7 Plasmonic response in spiral holes via cathodoluminescence. The CL response of A, 21,
and 32 spiral holes. (a—c¢) BF images of the spiral holes. (d—0) Band-pass-filtered PMT-CL images
of the 1A, 2, and 3A spirals with the band-pass wavelength, Agp at (d-f) 445 nm, (g-i) 513 nm,
(j-1) 586 nm, and (m-o0) 685 nm

1000 nm

and attributed to interference between SPPs and transition radiation (TR) caused
by the electron impinging on the metal surface [51]. The TR is a result of a charged
particle passing between two different dielectric media [52]. The transition radiation
is azimuthally isotropic, while the SPP out-coupling is directionally dependent; the
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result is coherent interference between the two when detected at the far field. Kuttge
et al. demonstrated this effect in linear gratings and were able to model it with the
following equation [51]:

o= [ d2AsmS@e? + (@ 6.1

where 2 is the angle of the emission, Agpp is the SPP amplitude, S(2) is the
normalized in-plane far-field amplitude of the SPP after being scattered by the
grating, fry is the far-field amplitude of the transition radiation, and ¢ is the phase
difference between the SPP and transition radiation. The importance of Eq. (6.1)
lies in the ¢'® term, which shows that information about the phase of the SPPs in the
sample is carried in the observed interference pattern.

The phase behavior from the FDTD simulations in Fig. 6.6b is not reproduced
because the fringes here are not due to the phase of the SPP, but rather the phase
difference of the SPP and the TR; however, they still possess information about the
phase of the SPPs. Hence the spiral-like interference patterns within the arms of the
spiral show experimentally that SPPs are interfering constructively and destructively
in this region.

Additionally, the CL intensity is more directly comparable to the E-field intensity.
Recall from Fig. 6.6¢c that at the origin of the spiral, there should be a dark spot in
terms of the intensity for the OAM. Figure 6.8 shows the band-pass-filtered PMT-
CL image, with Agp = 685 nm, for spirals with d = 1A, d = 24, and d = 3.
Figure 6.8a—c show the CL images, each with a dashed line that marks a line profile
of the normalized CL intensity shown in Fig. 6.8d—f. There are three annotations
on each of the CL images. The lower two denote the edges of the inner and outer
arms, but the third represents a dip in intensity, observable for all three structures,
that is fairly close to the origin of the spiral where the OAM state is expected to be
observed.

The line profile in Fig. 6.8d shows the spacing between the inner and outer arms,
as well as the spacing between the inner arm and the dip in intensity at the origin.
Both distances are ~660 nm, or Agpp. The null point is only faintly observable in
the 1Agpp spiral; however, looking at both the 2Aspp (Fig. 6.8¢) and the 3Agpp spiral
(Fig. 6.8f), the dip is far more pronounced. Additionally, for all three structures, the
null point occurs at a distance of Agpp away from the inner arm at the origin of the
spiral.

The presence of the null point in all three spirals, at the origin where an OAM
state would generate a dip in the intensity at the OAM wavelength, demonstrates that
the spirals do indeed produce OAM plasmon modes and that they can be detected
through band-pass-filtered CL.
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Fig. 6.8 Detecting orbital angular momentum with cathodoluminescence. (a—c) The band-pass-
filtered PMT-CL images of the 1A, 2A, and 31 spiral holes are shown for Agp = 685 nm (closest to
Aspp. (d—f) Line profiles of the total CL intensity of the images shown in (a—c). All six subfigures
have three features marked, the inner arm, the outer arm, and a dip in the CL intensity at the origin.
The fact that all three spirals generate a dark spot at point almost exactly Aspp nm away from the
inner arm shows that the spirals have successfully created OAM and that it is observable in CL
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Chapter 7
Future Directions and Conclusion

7.1 Advanced Experiments for Nanoscale Optical Analyses

For the future directions of my work, I hope to continue my pursuits of
understanding optical properties at the nanoscale and take both EELS and CL
to the next level.

For EELS, the next level is monochromation. While, I utilized a monochromated
Zeiss Libra during the course of my Ph.D., this instrument is limited to around
110 meV energy resolution, and 150-200 meV is more typical. By utilizing the
newly developed monochromators from Nion in an UltraSTEM, energy resolutions
of up to 8 meV have been achieved [1].

Figure 7.1a shows a HAADF image of a nanospiral, taken on a monochromated
UltraSTEM at Nion Company in Kirkland, WA. Figure 7.1b shows an EEL spectrum
taken from the bottom of the nanospiral. The microscope was operated at 60 keV,
and with the monochromation the FWHM of the ZLP was 32 meV, and high-quality
factor plasmon peaks (67 meV FWHM) were observed at an energy of 0.357eV
(corresponding to a wavelength of 3470 nm). The capability to see phenomena that
far into the infrared opens up a brand-new world of possibilities in terms of infrared
plasmonics and beyond.

In terms of CL, the future steps are to incorporate more advanced optical
techniques utilizing the high-spatial resolution CL signal. Figure 7.2a shows the
schematic of one such technique, called a second-order autocorrelation experiment.
In this experiment, the CL signal is passed through a 50/50 beam splitter, and the
two beams are passed to single-photon counting PMTs. By putting a varying delay
on one detector with respect to the other, it is possible to find the time where the
time-of-flight between the two detectors is equivalent.

The power of this method is it provides time-resolution for the inherently time-
integrated technique of CL, because at the zero-delay point, the photon statistics
of the optical excitations can be measured by looking for coincidences of photons
reaching the two detectors. Preliminary experiments at ORNL are already being
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Fig. 7.1 Infrared plasmonics in the electron microscope. Breakthroughs in electron-beam
monochromation from Nion Company allow for extremely high-energy resolution in EELS. (a)
HAADEF image of a nanospiral, (b) EEL spectrum from bottom of the nanospiral, showing an
energy resolution of 32 meV, and the ability to detect plasmons deep into the infrared (0.357 eV to
3470 nm)
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Fig. 7.2 Time-resolution in the electron microscope. (a) Schematic of an autocorrelation experi-
ment, designed to study the photon statistics of optical excitations. (b) Correlation measurements
from plasmonic excitations in a spiral hole (shown in inset). The plasmon shows photon bunching
statistics, which could be due to multiple plasmon excitations or the electron source emitting with
thermal statistics

performed Roderick B. Davidson II, Dr. Benjamin Lawrie, Dr. Raphael Pooser, and
I, and we have successfully collected correlation data on plasmons from the spiral
holes in Chap. 6, shown in Fig. 7.2b (BF image in inset).

There is a sharp peak visible at a time delay of ~34.1 ps that is a signal of photon
bunching [2, 3]. The peak could be due to a number of different effects including
electron bunching from the tip in the electron gun and multiple plasmons being
excited with a single photon, and more research is required to understand these
effects rigorously. However, the ability to study optical phenomena with high time-
and spatial resolution presents many exciting opportunities for the future.
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7.2 Outlook and Conclusion

Nanoscale effects and structures are at the heart of modern technology, and optical
phenomena at the nanoscale comprise an important subset of the field. As synthesis
and fabrication techniques become more and more advanced, the complexity of the
fabricated devices becomes higher and higher, and needed spatial resolution for
effective analysis becomes finer and finer. This has made techniques to access the
effects of nanoscale variations highly important across technology as a whole.

The advent and advancement of nanoscale analysis tools, both theoretical and
experimental, have spurred technology to even greater heights. Theoretical tech-
niques, such as DFT and FDTD, have been around for decades, but with the highly
developed commercial programs such as VASP and Lumerical Solutions Inc., the
basic techniques have been brought to new levels. Similarly from the experimental
side, one decade ago nobody had been able to map plasmon resonances with at the
level of spatial resolution that electron microscopy now routinely achieves, and new
advances in monochromation and specialty sample holders allow for access to even
more elusive nanoscale physical effects.

The analysis of nanoscale optical phenomena, such as plasmons, directly at the
nanoscale, is an especially important area of study, because of the role it plays
within the community. Optics as a whole is a massive field of knowledge, but one
where the predominant experimental techniques cannot access nanoscale effects.
Super-resolution optical microscopy receiving the Nobel Prize in 2014 shows the
commitment of the field to direct observation at the nanoscale and the importance
that such measurements have to the world as a whole. The access to data hidden
beneath the diffraction limit and complementarity to purely optical research ensures
that the type of nanoscale analysis techniques demonstrated in this dissertation will
stay at the forefront of the research community as the world moves forward to a
more complex future.
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Appendix A
Overview of Electron Microscopes

Over the course of my Ph.D., I used many electron microscopes; in this appendix,
however, I will discuss the three microscopes that produced all the data presented in
this dissertation.

A.1 Nion UltraSTEM 200

The US200 is the workhorse machine of the STEM group at ORNL. It is a dedicated
cold field emission gun (FEG) STEM with a fifth-order aberration corrector which
allows for extremely high spatial resolution (~55 pm). The microscope also has a
Gatan Enfinium Dual EELS spectrometer, which allows for EELS simultaneous
acquisition in two energy ranges.

The microscope is extremely versatile because of how powerful it is. It is
ideally suited for compositional analysis between the ability to perform high-
resolution HAADF imaging, as well as doing quantitative EELS by being able
to simultaneously acquire the low-loss and core-loss regimes. The cold FEG has
an energy spread of ~350meV at best, which allows for plasmonic analyses in
the low-loss regime as well. Although for higher energy resolution, sometimes the
monochromated Libra discussed in Sect. A.3 is used.

Most of imaging and EELS reported in this dissertation was performed on the
US200. The example images and EELS in Sects. 2.3.2 and 2.4.2, and all microscopy
results in Sects. 4.1-4.2.2, as well as all of the EELS and HAADF images in Chap. 5
were produced with this microscope.
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A.2 VG-HB601

The 601 is a dedicated aberration-corrected STEM that has been specifically
modified to perform CL. The general setup is similar to the US200; however, several
parameters have been altered to improve the CL. The most important modification
is the inclusion of a parabolic mirror below the sample. The mirror covers a 2 Str
solid angle, with a small hole drilled through the top (to allow the electron beam to
pass through). In order to optimize the mirror position, it is controlled in all three
dimensions with piezoelectric motors. The mirror directs any emitted light out of a
small port in the side of the microscope.

The other important aspect is that several important parameters have been
changed in the microscope to maximize beam current (and hence CL signal)
as opposed to spatial resolution. By changing the strengths of various lenses, I
commonly change the beam current between 1 and 3 nA, compared to the ~25 pA
in the US200. The cost of the increased signal is an increased probe size and
worse spatial resolution. Even though the microscope is equipped with a third-order
aberration corrector, the microscope cannot achieve atomic spatial resolution under
the CL setup. The 601 has an EELS detector, but it is not used as the quality of
EELS on the other microscopes is significantly higher.

The 601 is the only microscope capable of CL that I had access to, so all CL
results shown in this dissertation come from the 601 along with the images in
Sects. 6.1.2 and 6.2 and the coincidence measurements in Sect. 7.1.

A.3 Zeiss Libra200-MC

The Libra is different from the 601 and the US200 in two important ways. Firstly,
the electron gun is a Schottky FEG instead of a cold FEG. While the energy spread
and beam coherence of the cold FEG is stronger than a Schottky FEG, the stability
of the beam current is stronger in the Schottky FEG as well having less noise in the
signal. The higher energy spread is accommodated by the second main difference
in the microscope: monochromation. The Libra is equipped with an electrostatic
omega-type monochromator. The monochromator can reduce the ZLP FWHM of
a Schottky FEG from 4-500 meV to 43 meV[1], but the monochromator possesses
many different slits, so the balance between beam current and energy resolution can
be optimized to the users’ particular needs.

There are other significant differences as well. Firstly, the Libra is a TEM
primarily that can be run in STEM mode; however, for my experiments, it was only
operated in TEM mode for alignment procedures; all data was acquired in STEM
mode. Secondly, the Libra is equipped with a MANDOLINE filter for energy-
filtered EELS imaging; this is a powerful capacity, but not one that I used for my
experiments.
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The Libra is not aberration-corrected, so it was not used for any high-resolution
imaging purposes (where the US200 would be better suited). However I was
regularly able to achieve 150meV energy resolution while still maintaining
significant beam current, so it was ideally suited for plasmonic EELS analysis.
The EELS plasmon maps and corresponding HAADF images shown in Sects. 4.2.3
and 6.1.1 are performed on this microscope.
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Appendix B
Fit Parameters EELS and CL Data in Chap. 5

In order to determine the peak positions in both EELS and CL, the raw data was
fitted with the nonlinear least squares regression tool available in the SciPy Python
Library, curvefit. All fit parameters for all spectra shown in the paper are included
here in Table B.1. For all the CL peaks Lorentzians are fit to the data. It is important
to note that the fitting is performed with respect to wavelength as opposed to
energy, as that is the measured property in which the data are acquired; afterward
the fit and the data are converted to energy in eV. For the EEL spectra, there is a
strong background coming from the ZLP. While the tail of the ZLP is not precisely
exponential, it can be fitted fairly accurately with a power-law background over
the small energy ranges in which the fitting is performed (i.e., a few eV). Then,
the remaining ZLP-tail-subtracted-EELS is fit with Lorentzians to determine peak
positions. A total of five peaks are observed across both spectroscopies in the main
text, all the parameters of which are collated in Table B.1.

There are a few important points to note in these values. Firstly, it can be
seen in EELS that the weak plasmon peaks from the center of the nanoparticle
and the SA are wider than the LA, transverse plasmons, and bulk plasmons. The
explanation for this is likely the presence of other plasmons that are too weak to
be resolved into individual peaks, but which broaden the EELS signal for the major
plasmons nearby. Additionally, the amplitudes of the different fits are not necessarily
directly comparable, as different numbers of pixels for the spectrum image have
been summed for each spectrum plotted in the main text. For Fig. 5.1f, the plotted
spectra contain 2 pixels from the CL-SI and 32 for the EELS-SI. For Fig.5.1g, 3 CL
pixels and 48 EELS pixels.

For Fig.5.4d, both EEL spectra contain 9 pixels. And for Fig.5.5d, the CL
contains 1 CL-SI pixel and the EELS contains 9 EEL-SI pixels (the EEL spectrum
in Fig. 5.4d Point 2 is taken from the same pixels as the spectrum in Fig. 5.5). It is
also important to note that directly fitting a power-law background at Point 1 was
not possible. As an energy range starting at approximately 1.4 eV was used to block
out the majority of the ZLP intensity, to allow for longer acquisition times. At Point
1 the width of the 2.0-eV plasmon is large enough that there is not sufficient signal
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on the low energy side of the spectrum to accurately fit a power-law background. To
account for the power law at Point 1, I use the same exponential value for the power-
law background fitted at Point 2 and allow the fit to vary the amplitude and zero
level. From the fits, it can be seen that this results in rather higher peak intensities,
but the peak positions are believed to be correct, due to the strong fit of the data.

Table B.1 Parameters for CL and EELS fits

Parameters for Lorentzian peak fits flw)=A- m

Figure Spectroscopy| Plasmon| wy A y

Figure 5.1f | CL LA 1.95eV (634.44nm) 1.34 x 10* 60.89 nm
Figure 5.1f | CL oop 2.53eV (489.69nm) 1.49 x 10* 111.9nm
Figure 5.1g| CL LA 1.92eV (645.50nm) | 5.96 x 10 87.90 nm
Figure 5.1g| CL OOP 2.45eV (506.10nm)| 7.52 x 10| 56.91 nm
Figure 5.1g| CL SA 3.02eV (410.53nm) 3.28 x 103 40.60 nm
Figure 5.5d| CL LA 1.92eV (645.30nm) 1.51 x 10* 90.89 nm
Figure 5.5d| CL oop 2.53eV (489.58nm) 4.78 x 10° 63.37 nm
Figure 5.1f | EELS LA 2.03eV 1.33 x 10° 0.57eV
Figure 5.1f | EELS Trans 3.56eV 3.21 x 10 1.05eV
Figure 5.1g| EELS SA 2.85eV 1.32 x 10° 0.83eV
Figure 5.1g EELS Trans | 3.57eV 7.65x 10° 0.32¢eV
Figure 5.4d| EELS Weak [2.75eV 3.92 x 10*/ 1.25eV
Figure 5.4d| EELS Bulk 3.82eV 2.19 x 10* 0.34eV
Figure 5.4d| EELS SA 2.83eV 4.53 x 10* 0.70eV
Figure 5.4d| EELS Trans 3.58eV 6.30 x 10*/0.37eV
Figure 5.5d| EELS Weak |2.75eV 3.92 x 10*/ 1.25eV
Figure 5.5d| EELS Bulk 3.82eV 2.19 x 10* 0.34eV
Parameters for power-law background fits flw)=A -0 +c

Figure A k c

Figure 5.1f 4.56 x 10° —0.81 —5.17x10°
Figure 5.1g 1.57 x 10° —0.81 1.23 x 10°
Figure 5.4d (Point 1) 1.03 x 10° —2.44 1.85 x 10°
Figure 5.4d (Point 2) 6.30 x 10* —1.14 9.97 x 10*
Figure 5.5d 1.23 x 10° —-1.10 1.70 x 10°

Below are all the parameters for all of the fits across both spectroscopies. All
plasmon peaks are fitted with Lorentzians. The CL peaks are fitted in wavelength
and then converted to eV before they are plotted in Chap.5. The background
corresponding to the ZLP is fit with a power law. LA, OOP, and SA refer to the
dominant longitudinal modes, “Trans” is the transverse plasmon, and “Bulk” is the
bulk plasmon referenced throughout Chap. 5. “Weak” refers to the weak plasmon
tail discussed in Sect.5.2.4



Appendix C
Sample Preparation for STEM Analysis

C.1 Solid-State Device Cross-Sections with Dual Beam
FIB/SEM

In order to perform high-quality cross-sectional analysis of solid-state devices, a
dual beam focused ion beam(FIB)/SEM is used to cut lamella out from a die.
Figure C.1 shows an overview of the FIB extraction process. A die, with many
different devices, is sent from IMEC (Fig. C.1a). Each device is localized between
gate, source, and drain pins (or others depending on the nature of the device) utilized
by our electrical engineering collaborators (Fig. C.1b). Once the devices are tested,
the die is sent to us for cross-sectional extraction; the device manufacturers (or our
collaborators) give a specific two-dimensional line desired for the cross section
(Fig. C.1c). Finally, the cross section is milled and extracted and can be used for
STEM analysis (Fig. C.1d). The difficult portion is getting from Fig. C.1c, d. Here,
I provide the recipe I used for preparing the samples.

Figure C.2 shows the process used in the dual beam FIB for sample extraction.
The FIB uses a focused Ga+ beam with a variable beam current (accelerating voltage
is kept at 30kV for this recipe, but it can be lowered as well) to both mill away parts
of the sample as needed, as well as to provide an source for thin film deposition.
Figure C.2a starts off with the schematic from Fig. C.lc, for the region of interest
(ROI) in the sample. Once that region is found, a platinum gas is injected into the
system near the film, and the FIB probe (operated at a relatively low current, either
50 or 100 pA) binds the platinum to the surface of the sample above the desired
region (Fig. C.2b). This is done so that when the beam is brought up to its higher
milling current the ROI is undamaged.

Once the ROI is protected, the cross-sectional lamella can be formed (Fig. C.2c¢).
This is done by milling out large trapezoids out from the surrounding region,
creating a thin wall (or lamella) that contains the region of interest. The lamella
at this point is only connected to the bulk sample at the right side and the bottom.
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Il |

500 nm

FEOS

Fig. C.1 Overview of FIB lamella extraction. (a) Die shipped from manufacturer. (b) Individual
device tested by electrical engineering group. (¢) Requested cross section is given on schematic.
(d) Cross section removed from that area and imaged in STEM

Sl &
—

Fig. C.2 Cross-sectional lamella extraction process. The process used to extract the cross-
sectional lamella from a die for STEM analysis. A full description is included in the main text

Now, I use a high beam current; 2nA is a safe general value, but up to 8 nA have
been used successfully.

To extract the lamella, a micromanipulator is brought in and abutted to the side of
the sample (Fig. C.2d). A small platinum patch is deposited between the manipulator
and the lamella to weld the two together. Once the weld is in place, the FIB beam
cuts off the two remaining connectors to the die, at the bottom and at the side,
leaving the lamella connected to only the micromanipulator.

Next, the micromanipulator is brought to the TEM grid (by moving the grid and
not the micromanipulator, as the weld between the manipulator and the lamella is
extremely fragile and can break easily. The lamella is then pressed up against the
side of the TEM grid, and another platinum patch welds lamella to the sidewall of
the TEM grid (Fig. C.2e). Then the sample FIB cuts away the weld between the
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micromanipulator and the lamella, leaving the lamella attached purely to the TEM
grid. Once attached to the TEM grid, the lamella is highly stable. This is partly
due to the fact that the TEM grid is much more stable than the micromanipulator,
so vibrations are damped out before they strain the weld, and partly because the
entirety of the lamella can be welded to the sidewall of the TEM, while only the tip
of the lamella can be welded to the manipulator.

Finally, the sample is thinned to TEM thicknesses. This is done by rotating the
TEM grid so that the FIB beam is parallel to the side of the lamella. Then gentle
currents (50—100 pA again) are used to mill away the side of the lamella layer by
layer until the ROI is revealed in cross section (Fig. C.2f). Once the entire ROI
has been thinned down to electron transparency, the sample is ready for analysis
(Fig. C.2g).

On a closing remark, the method used for the samples in this involved leaving the
sample slightly thicker than ideal (~120-150 nm thick) and then using an argon ion
polisher at extremely low voltages (900 V) to remove the final ~70 nm of lamella.
The argon ion polisher is much more gentle than the gallium ion beam in the FIB
and results in less damage to the sample. However, others have had good results by
reducing the FIB beam to 10kV and using a 30 pA probe to perform the final gentle
polishing, in the absence of a nanomill.

C.2 Direct Sample Preparation of Nanospiral Arrays with
EBL

The nanospiral arrays used in this dissertation are fabricated with a multi-step
process that results with the nanospirals being written directly onto SiN windows.
Figure C.3 shows a schematic of the process from beginning to end. The first step
is to generate a computer-aided design (CAD) file with the desired per-chip array
on. Figure C.3a shows an example of an array; note that this is just representative
of the array and is not to scale; in the actual preparation, different arrays are used
to suit different purposes depending on the aspect of the nanospiral being studied.
Additionally, the CAD file is set to create an array of the nanospiral arrays. The
final CAD file writes 625 separate arrays in a 25 x 25 pattern, where each column
are all identical (in case samples are destroyed or lost or repeat tests are required),
and each row is shot with a different dose to prevent having to do extensive dose
testing beforehand. The spacing of the array is exactly 2.59 mm in both the x and y
direction; this is done so that the corner-to-corner size of the final sample is 3 mm
and will fit in STEM sample holders. The CAD file is then loaded into the EBL
computer, which writes the design onto the Si wafer.

The wafer is 300 wm thick and 4" in diameter with an outer layer of SiN on both
sides to help with the final etching stage. For the data shown in this dissertation,
the arrays were made on 50-nm-thick SiN films; however, new iterations have



118 C Sample Preparation for STEM Analysis

successfully produced samples 25-nm-thick films, and 15-nm films are being
attempted. Before the EBL, double-layer spin coating is performed using PMMA
495 for the first layer and PMMA 900 for the second layer; each layer is spun at
4000 rpm for 45 s and then baked at 180 °C for 5 min resulting in layers of 200 nm
and 100 nm, respectively. The EBL writes the nanospirals, along with two large
alignment markers, directly onto the spin-coated mask of the wafer. The wafer is
then developed in a 1:3 mixture of MIBK and IPA and then submerged in acetone
to remove the lithographic patterns from the mask (Fig. C.3b). The sample is now
ready for metal deposition; for all samples, a thin 5-nm layer of Cr is deposited
first to aid adhesion, and then the Au is laid down with DC sputtering from a
thin gold foil (Fig.C.3c). Using a thin gold foil instead of a target allows for
higher-quality films but requires a low power on the plasma; our experiments use
60V at 7W which results in a deposition rate of 1.92 nm/min; gold is deposited
for different thicknesses in different samples. Once the gold is deposited, the
sample is submerged in acetone and sonicated for 5 min for liftoff of the PMMA
mask. After the liftoff, the result is gold nanospiral arrays in a 25 x 25 grid
pattern (Fig. C.3d).

Now the nanospiral arrays are fully ready; however, they have still to be
developed into usable STEM samples. For this stage photolithography is used. A
single layer mask of S1818 is spin-coated onto the backside of the wafer at 3000 rpm
for 45 s, resulting in a 40- nm-thick layer, and then baked at 115 °C for 1 min. For
photolithography, a physical mask is used that is also a 25 x 25 array of grids,
shown in Fig. C.3e. In this mask, the shape of each grid in the array is a square
hole in the middle (500 x 500 wm) and four, 50- pm-thick, rectangular slits at the
half way point between the square holes. The purpose of these slits is to provide
a chipping line when the 25 x 25 array of samples is broken up into individual
samples. The wafer is then loaded into a SUSS MA6 Mask Aligner. The mask is
then back-aligned (using the alignment marks on the frontside of the wafer and
on the photolithography mask as shown in Fig. C.3f) and exposed with a dose of
50 mW/s for 30 s. The photolithography mask is then developed in CD-26 for 2 min
to prepare the wafer for reactive-ion etching (RIE) and rinsed in water to remove the
mask from the exposed regions. After photolithography, the backside of the wafer
is as shown in Fig. C.3g, with the thin SiN layer exposed in the pattern of the mask
and the rest of the wafer covered by a ~400- nm layer of S1818; then it is exposed to
a chlorine plasma for 1 min. The plasma completely removes the SiN in the exposed
regions, but the masked regions are still masked; the entire wafer is then submerged
in acetone for 5 min to remove the remaining S1818, leaving the SiN film showing
again, but this time with a pattern in the shape of the mask etched out to reveal the
Si beneath (Fig. C.3h).

The final stage of the preparation is a KOH etch. The sample is placed in a wafer
holder that only exposes the backside of the wafer to surrounding liquids and then
is immersed in KOH, heated to 80 °C, and left for 3 h. The KOH reacts with the SiN
much more slowly the Si, so after 3 h the 300 wm of Si in the exposed regions has
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Fig. C.3 Nanospiral array preparation process. The process used to prepare wafers with 25 x 25
grids of STEM-ready samples with arrays of Au nanospirals. A full description is included in the
main text

been dissolved, but the 50- nm-thick SiN layers on both sides of the wafer are still
intact. The wafer is then removed from the KOH bath, rinsed, and air dried, leaving
the nanospiral arrays on 50- nm-thick SiN windows on grids of 2.59x2.59 mm chips
(3 mm corner to corner), ready to be broken up into individual samples and analyzed
in the STEM (Fig. C.3i). The top view and side view of the finished product of an
individual chip are shown in Fig. C.3j, k (not to scale).
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