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Abstract

Plasmonics deals with the collective excitations of light coupled with free electrons in
matter. It has widespread use in the fields of biosensing and nanoscale waveguiding
due to the enhancement of the electric fields. My thesis deals with an important
frontier in the field of plasmonics by analyzing excitations in the deep ultra-violet
(DUV) and extreme ultra-violet (EUV) spectral region. Specifically, I have employed
a unique experimental method to probe light-matter interaction in the DUV and
EUV regimes beyond the spectral range of conventional probes such as ellipsome-
ters. One long-term outcome of my work is to propose new sources of light in this
regime where we envision future applications such as DUV and EUV lithography.
For this purpose, I have employed a unique momentum-resolved electron energy loss
spectroscopy (q-EELS) technique to probe photonic modes in thin films at DUV and
EUV energy scales. This thesis presents the theory and experimental results related
to q-EELS of semiconductor thin films. EELS deals with the measurement of energy
loss of relativistic electrons in a transmission electron microscope (TEM). Our tech-
nique, q-EELS is an important advancement that measures not only the energy loss
but also the momentum loss of electrons thus giving insight on phenomena such as
Cherenkov radiation. For the first time, we show the existence of DUV plasmons in
Germanium, opening the possibility of using semiconductor materials as new plas-
monic light sources. In addition, we analyze excitations in the extreme-ultra-violet
regime in silicon and the temperature dependent characteristics of these high energy

plasmonic excitations.
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Chapter 1

Introduction

1.1 Plasmonics

Plasmonic properties of different materials stem from collective excitations of charged
carriers and have lead to unprecedented applications in the field of nanophotonics [1]
such as photovoltaic devices [2],[3] medical sensors [4], perfect absorbers [5], [6], litho-
graphic techniques [7], surface enhanced spectroscopy and sensing [8],[9],[10]. There
are two separate classes of free electron oscillations in metals. The first class, bulk
plasmons, occur at or near the plasma frequency of the metal. It is a resonant phe-
nomenon where collective oscillations of free electrons and light lead to a unique
mode, the bulk plasmon. In the second class, the oscillations occur on the surface
of the metal, not in the bulk. These are propagating waves with unique electric and
magnetic field profiles on the metal’s boundary with a dielectric (insulator). These
are known as surface plasmon polaritons. Popular material choices in the research
community for studying plasmonics include conventional metals (silver, gold, alu-
minum) as well as highly doped semiconductors (Indium Tin Oxide, Indium Gallium

Arsenide).

While the visible, infrared and terahertz (THz) spectral regions have seen consid-
erable advances in terms of light emitting diodes and lasers, the progress in the DUV

spectrum has been limited to expensive and bulky plasma sources. There are several



applications in diverse fields such as biological sensing, electronic spectroscopy, UV
diffraction and lithography which will benefit from UV photonics. These applications
are of interest to researchers in diverse backgrounds ranging from particle physics to
medicine. The purpose of this thesis is to explore a new frontier by merging the fields
of plasmons and DUV-EUV sources of radiation. DUV plasmonics has remained
largely ignored, as most known materials posses metallic properties at lower energy
ranges. Identifying materials which have nanophotonic excitations beyond the range
of conventional plasmonic materials (e.g noble and Drude metals) that are also suit-
able for device fabrication, will pave the way towards EUV and DUV electronics.
In this research work DUV is defined as a UV radiation with wavelengths between
100 - 300 nm and EUV is defined as a UV radiation with wavelengths between 10
- 100 nm. We use momentum resolved electron energy loss spectroscopy (q-EELS)
to characterize optical modes of germanium in order to assess its potential for DUV
photonics. This unique technique allows us to map photonic band structure of ger-
manium and demonstrate germanium can support propagating surface plasmons in
the DUV range. Further computational efforts are made to design a DUV source
employing plasmonic properties of germanium to generate plasmon-assisted DUV ra-
diation. This novel approach for developing DUV sources will solve the long-standing
problem to realize an energy efficient and compact radiation source in the DUV en-
ergy region of the spectrum, which is compatible with table-top applications making
them convenient to use. This innovation builds on our demonstration of the existence
of collective excitations of light and matter (surface plasmon polaritons) in thin films
of germanium and is less expensive than powerful lasers and x-rays currently used to

generate DUV radiation.

In the long-run, access to a miniature light source in the DUV range can open
up new probes of matter and also bring germanium photonic technologies (filters,

metasurfaces, waveguides, switches, modulators, detectors) to a fundamentally new



part of the electromagnetic spectrum. Our research can lead to an exciting frontier
combining fundamental material science and EUV and DUV photonics. Advances in
UV photonics benefit many applications in different fields such as biological sensing
[11], electronic spectroscopy [12],[13], UV diffraction [14] and lithography [15]. Over
the last few decades several technologies have been developed to provide coherent
and incoherent electromagnetic radiation in DUV and EUV spectrum. These in-
clude synchroton radiation [16] which can be used to produced soft X rays (1-25 nm
wavelength). However, the synchroton sources rely on generating ultra-relativistic
electrons in large user facilities and are not amenable for use at laboratory scale. A
relatively recent approach, which has significantly shrunk the use of electron-driven
X-rays, is based on laser-wakefield accelerator [17]. Although this source is smaller
in size it involves the use of multiple laser beams to create, heat and drive a plasma.
This approach can be prohibitively expensive and complicated for users. Another
laser based approach involves high-harmonic generation (HHG) of attosecond pulses
using high-intensity femtosecond pulses. Once again, this technology requires consid-
erable expertise with ultra-fast laser systems. Also, the efficiency of the HHG process
in terms of power spectral density is quite low. Traditionally excimer laser such as
the XeCl lasers operate between 150 nm-200 nm, however they are energy inefficient
and not easily scalable. The fundamental issue with development of short wavelength
sources is sharp rise in amplified spontaneous emission since the ratio of Einstein’s
A and B coefficient scales as cube of laser frequency. This makes the lasing process
extremely inefficient at short wavelengths. In this thesis, we use a paradigm shift of
exploiting relativistic electron-matter interactions to obtain high frequency radiation.
We believe this can lead to an important avenue in the future once high efficiencies

are obtained.



1.2 Electron Energy Loss Spectroscopy

Advances in optical microscopy techniques have significantly improved spatial reso-
lution yet they are limited by the diffraction limit of the probing light source (A\2).
There have been two approaches to achieve higher spatial resolution: 1) using a
probing light source with smaller de Broglie wavelength (such as ultraviolet or x-ray
microscopy[18]), 2) utilizing near-field probing techniques (such as near-field scanning

optical microscopy(NSOM)[19])

The fundamental discovery of the wave-particle duality in early 20th century for
particles such as electrons was the cornerstone of developing microscopy techniques
based on electrons as the primary source of probing. Electrons having inherently
shorter de Broglie wavelength proved to be very useful in surpassing the diffrac-
tion limit present in light-based imaging techniques. Electron microscopy has proved
to be a disruptive technology in nanophotonics and enables investigation of opti-
cal response of materials with unmatched resolution ideal for nanophotonics studies.
Electron microscopy configurations are based on analyzing the response of interac-
tion of electron beam with the specimen either through detecting scattered electrons
(scanning or transmission electron microscopy (SEM, TEM) set ups) or emitted ra-
diation (cathodoluminescence light emission (CL)) as a result of electron-matter in-

teraction[20].

In addition, electrons possess evanescent electromagnetic field and when swift elec-
trons are passing through thin specimen the large wave-vector component of their
EM field couple to high-k modes inside the material. The interaction of the incident
electron beam with low energy valence band and collective excitations (plasmons) en-
ables probing excitations far beyond the light cone. Note that free space light cannot

probe these high-k modes due to the momentum mismatch of these high-k modes



with light, thus making electrons a unique tool to probe these excitations [21].

STEM-EELS is scanning mode electron microscopy and provides subnanometer
spatial resolution on the 1-5 nm scale [22],[23]. EELS provides information on the
matter excitations such as bulk plasmons and surface plasmons in the material. Spa-
tial mapping is widely used in the research community but the unique advantage of
q-EELS is that q-EELS provides information on momentum-energy dispersion rela-
tion of such excitations not obtainable through conventional EELS or STEM-EELS.
As swift relativistic electrons undergo energy loss and momentum transfer, it makes q-
EELS a unique tool in nanophotonics with unmatched ability to provide information
on dispersive optical modes of materials. Using q-EELS as the primary tool to in-
vestigate optical response of materials gives insight to dispersive properties of surface
plasmon excitations, their group velocities as well as deep subwavelength properties
of materials. In this thesis, we exploit it to probe material platform to design optical

elements in the emerging field of UV-plasmonics [24],[25],[26],[27].

1.3 Thesis Overview

The thesis is organized as follows. Chapter 2 gives an introduction to the unique
technique of momentum-resolved electron energy loss spectroscopy. While the instru-
mentation for STEM-EELS is widely available around the world in many facilities,
this thesis focuses on the momentum-resolution within EELS. This instrumentation
coupled with theoretical expertise is available only in a handful of facilities around the
world providing a unique foundation for this thesis. Chapter 2 provides an overview

of this unique experimental system.

Chapter 3 presents the major contribution in this thesis where deep ultra violet

plasmons were demonstrated experimentally in the semiconductor Germanium. Mul-



tiple challenges were overcome to first isolate a free thin film of Germanium to avoid
substrate effects. Secondly, DUV plasmons were isolated using momentum-resolved
electron energy loss spectroscopy. A theoretical framework was developed in collabo-
ration with theorists to verify the experimental results. Finally, a new experimental
device set-up was proposed for building DUV sources of radiation. The work in this
chapter can lay the foundation for radiation sources in spectral ranges where conven-

tional photonic sources are not available.

In Chapter 4, we experimentally prove the stability and high temperature proper-
ties of plasmons in silicon. We choose the semiconductor system of silicon since it is
widely used in the field of photonic crystals, silicon photonics, thermophotovoltaics
and nanoscale heat transport engineering. Using a unique temperature dependent
q-EELS set-up, we map the plasmons at various temperatures. We show the presence
of flat dispersionless bulk plasmons, surface plasmon polaritons as well as Cherenkov
radiation of the relativistic electron moving through the silicon sample. An impor-
tant outcome of this experiment is the stable nature of plasmons at high temperatures

showing the potential for applications such as high efficiency, high power DUV sources.



Chapter 2

Momentum-Resolved Electron
Energy Loss Spectroscopy

Here we provide an overview of plasmonic applications and momentum-resolved en-

ergy loss spectroscopy.

2.1 Plasmonics and its Applications

A significant challenge in characterizing and developing DUV and EUV sources is the
absence of optical elements which can be used to develop optical systems. Dielectric
materials such as fused silica become increasingly absorptive at shorter wavelengths.
Consequently, it is not possible to obtain commercially, photonic elements such as
lenses and polarizers, below wavelengths of 180 nm, which serve as building blocks

for optical systems.

An important aspect of the development of EUV and DUV sources is investigation
and characterization of materials suitable for developing DUV and EUV photonics.
Identification of such materials will allow us to refine our preliminary designs and to
design geometrical configurations and multi-layered structures for increasingly effi-

cient photonic devices and sources.



2.2 Momentum - Resolved Electron Energy Loss
Spectroscopy

Momentum-resolved electron energy loss spectroscopy (q-EELS) is a variation of elec-
tron energy loss spectroscopy (EELS) [28] performed in a transmission electron mi-
croscope (TEM) [29]. Here, we are concerned with -EELS in a TEM, as applicable
to the valence region of EELS (V-EELS). V-EELS refers roughly as the region from
zero-loss peak (ZLP) to the bulk plasmon excitation, of EELS spectra where the EUV
and DUV exciations occur. In practise, the corresponding energy loss region spans
from a few electron-volts (eV) for optical excitations in the visible region to bulk

plasmon excitations in the order of 16 eV in Si or about 35 eV in amorphous carbon.

An electron in a TEM is accelerated to a few hundreds of keV, acquiring speed of
0.5 to 0.7 speed of light. Unlike light, a fast electron can interact with excitations in
the material that are outside the dipole region outside of the light cone[20]. q-EELS
then records both the amount of energy transferred to the sample, the energy loss,
as in conventional EEL spectroscopy. In g-EELS the momentum transfer from the
fast electron to the excitations within the sample is additionally recorded, forming
a two dimensional (2D) map of energy loss and momentum transfer. The fact that
a 2D map of energy and momentum transfer is recorded allows us to link the spec-
tral features to excitations in the sample, and study their dispersion relations. This
was demonstrated in our lab earlier[30] for a slab of finite thickness, also linking the
q-EELS spectral features to the photonic density of states (PDOS)[31]. The exper-
imental dispersion relations in turn allow to unambiguously determine the origin of
the spectral features, such as Cerenkov radiation (CR), surface plasmon polaritons

(SPP), bulk plasmons (BP) and interband transitions.

The electron source in the Hitachi HF-3300 TEM is a cold field emission gun



(CFEG) which generates electron beams of high brightness and coherence [32] com-
pared to thermionic and Schottky electron beam sources [32]. Electrons are emitted
from a very sharp tungsten tip, where a strong electric field is applied to it to ac-
celerate electrons to energies of the order of 100 keV to 1 MeV [33]. The system
operates under high vacuum to avoid sample contamination. The relativistic high
energy electrons (300 keV, 0.78¢) pass through an array of electromagnetic lenses
within the TEM column under high vacuum [34], where a magnified image is formed

of a very thin sample (Fig. 2.1).

q-EELS can be applied to both valence region, as discussed in this work and to
core loss region. When applied to core loss region, g-EELS can be used to study, for
example, bonding anisotropy in materials [28]. In the core loss region, the scattering
vector of interest is comparable to the spatial frequencies of atomic lattice, in the
order of 1 to 10 nm™!, with an angular resolution of at least 2—10 of the studied range.
The g-EELS applied to core loss region is easily accessible as the microscope settings
are identical to those used for selected area diffraction and the incident electron beam
convergence angle in the order of 0.1 to 1 mrad can be utilized. This compares to the
requirement for sub 10 urad convergence angle and camera length between about 30

and 100 m needed for V-EELS, as discussed below.

Momentum-resolved EELS is a uniquely powerful technique for probing high-
energy states which are inaccessible by photon sources. In this technique, the evanes-
cent field of a free electron couples with a photonic mode of the material. This
coupling leads to energy loss in the electron and momentum transfer from the elec-
tron. Simultaneous information on energy and momentum transfer from the free
electron provides deeper insight into the nature of the material under investigation.
Furthermore, g-EELS can be used to probe energy loss and momentum transfer over

a large energy range, ranging between 1 to several hundred electron-volts.
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Figure 2.1: TEM schematic. Cross section view of the Hitachi HF-3300 TEM, equipped
with cold field emission gun (CFEG) to generate coherent beam of electrons. High energy
electron beam (300 keV) is aligned through a complex system of electron lenses to produce
high resolution image or diffraction pattern of the thin specimen.

The major achievement of this thesis is the experimental identification of DUV
and EUV properties of semiconducting materials using a unique probe: g-EELS.
There are unique advantages to exploiting electron beams for studying EUV and
DUV light-matter interaction since these energy ranges are beyond the reach of tra-
ditional optical sources. We now describe the details of the experimental set-up which
requires ultra-sensitive calibration and control over relativistic electron beams to pro-
vide quantitative dispersion data. One important advantage of high energy electrons
are their small wave equivalent de-Broglie wavelength (in the order of a few pm).
Thus employing electrons in imaging would significantly reduce the resolution limit
to sub-nanometer accuracy which can provide atomic resolution imaging. However, in
this work we are interested in momentum resolution so the beam size is made larger

in real space to achieve higher accuracy in momentum space.

These electron lenses focus the electron beam to form a magnified image (concep-
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tually similar to convex lenses in the visible light microscopes). The condenser lenses
demagnify the electron source to form a small probe onto the specimen for added res-
olution. The objective lens forms the first intermediate image and the first diffraction
pattern. The diffraction lenses below the objective lens could then focus on either the
image or the diffraction pattern by changing the focal length of the lenses through
adjusting the strength of the magnetic lenses. The final image or diffraction pattern
is viewed on the fluorescent screen or the CCD camera at the bottom of the TEM

column.

Electron lenses deflect off-axis electrons more strongly, introducing spherical aber-
ration to the image formed, meaning a point would be imaged rather into a disk
[34]. The spherical aberration limits the resolution of the microscope greatly. Mul-
tipole corrector lenses can be used in addition to correct spherical aberration and
astigmatism by introducing additional electric field to correct lens defects caused by
inhomogeneity of the magnetic field. The resolution of the electron beam and quality
of imaging is limited by various elements like electron source, imperfect magnetic
lenses, settings of corrector lenses and beam alignment. These factors were optimized

during the experimental calibration stage to collect data on Germanium.

The electrons are scattered as they pass through the sample. They transfer some of
their energy and momentum to various excitation modes of the sample. The scattered
electrons are then collected and mapped according to their energy and momentum
loss (Fig. 2.2). The crucial detection system that allows this is the Gatan Image Fil-
ter (GIF). An EELS slit selects electrons scattered along the specific momentum £k,
to enter the spectrometer. The spectrometer is positioned to exploit the diffraction
pattern formed on the back focal plane as an object. Electrons undergo momentum
transfer and are scattered at an angle 6(urad) and electrons of different energies are

separated by electromagnetic lenses at the spectroscope and are finally projected onto
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Figure 2.2: gq-EELS schematic. A transmission electron microscope (TEM) is used
to generate an electron beam with energy of 300 keV. In q-EELS these electrons undergo
energy loss and momentum transfer when interacting with the nanophotonic excitation
modes of the thin sample. High dispersion of q-EELS tool allows energy resolution with
high dynamic range and good sensitivity.

the CCD camera. This image on the CCD strikingly shows the energy-momentum

dispersion of the optical modes inside the material.

The q-EELS experiment requires a complex system of hardware and software to op-
erate and communicate together, including the TEM and the spectrometer. Maestro
[35] is a centralized instrument control system and is based on MATLAB (Fig. 2.3).
The experimental setup is fully controlled by a single PC through Maestro and it
allows to record the many experimental parameters to access later for data inter-
pretation purposes or loading optical parameters to regenerate the data acquisition
conditions. The image acquisition is an automated process of multiple exposures and
alignment of acquired data to create a final image, which if it were done manually
it would take tremendous amount of labour hours, and it is performed through a

Graphical User Interface (GUI) controlled by Maestro.

Theoretical modeling of the energy loss spectra is associated with photonic exci-

tations in thin materials [23]. The dielectric approach with considering retardation
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effects provides a complete description of the electron energy loss probability function

correspondent to the photonic excitation cross section [22].

' = Hitachi TEM
S —

W |

Control software
(eg. Digital Micrograph™)

31 party

Control parameters

Figure 2.3: TEM communication layout. Communication layout of the TEM
controlled by MATLAB based centralized control system of Maestro.

Software/Hardware

We note that q-EELS requires a different setup of the TEM compared to STEM-
EELS techniques. For this thesis, g-EELS was performed using a Hitachi HF-3300
TEM/STEM with a cold field emission gun (CFEG) and a Gatan Image Filter (GIF)
Tridiem™™ as well as the MAESTRO central computer control system. The TEM
operation in q-EELS uses a parallel electron beam (300 keV incident energy), different
from the point like probe of STEM-EELS with a highly convergent beam. This allows
us to map g-space dispersion of the excitations. Relativistic electrons at normal
incidence pass through the sample and are scattered simultaneously with a momentum
transfer (Aq) as well as energy transfer (AE = w) mapping directly to the momentum
and energy of excitations in the sample with resolutions of ~ 0.35 urad and =~ 0.30
eV, respectively down to ~ 1.2 eV until the zero loss peak tail. A specified range
of scattering angles (corresponding to transferred momentum q) is selected with an
EELS slit in the diffraction plane and the high electron energies are dispersed using

the EEL spectrometer. The g-EELS experiment was performed in diffraction mode

13



with about 30 meter camera length and the sample was illuminated with a 0.8 pm
diameter probe. The GIF was aligned using a series of energy selecting slits ranging

274 order below

from 10 eV to 2 eV and tuned to have nonisochromaticity to 15 and
0.05 eV and 0.43 eV, respectively. Although the total GIF alignment was performed
(including tuning for image distortions, achromaticity, and magnification), no energy
selecting slit was used during the g-EELS acquisition. The parallel illumination allows
for the entire q-EELS energy-momentum map image for each sample to be recorded

using a 1 second acquisition time integrated over 5 images in the GIF spectroscopy

mode.
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Chapter 3

Deep Ultra-Violet Plasmonics:
Exploiting Momentum-Resolved
Electron Energy Loss Spectroscopy
to Probe Germanium

3.1 Introduction

The plasmonic properties of materials have found a number of applications in the
development of photovoltaic devices [2], medical sensors [4], perfect absorbers [5, 6],
lithographic techniques [7], surface enhanced spectroscopy and sensing [8-10]. Ob-
taining the plasmonic properties of different materials across the electromagnetic
(EM) spectrum is of great interest for all such nanophotonic applications [1]. Plas-
mons can be observed in graphene in the terahertz regime [36], highly doped III-V
semiconductors in the infrared range [37], metallic systems such as copper (Cu) in
the visible [38], and heavy metals such as magnesium (Mg) and gallium (Ga) in the
ultraviolet region [39]. Achieving plasmonic properties at much higher energies is a

new frontier to design devices in the deep ultraviolet (DUV) regime.

New light sources operating in the extreme ultraviolet (EUV) and deep ultraviolet
spectral regions (DUV) have several potential scientific and industrial applications.

DUV and EUV sources are extremely important in semiconductor photolithography
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techniques. The most popular technique is the immersion lithography [40] which em-
ploys excimer laser sources of wavelength 193 nm. Currently, the immersion lithogra-
phy has been succeeded by EUV lithography through laser-produced plasma sources
[41]. The state of art for lithography is at 13.5 nm, however currently a major interest
exists in the development of DUV sources for next generation longer wavelength reti-
cles and wafers [42]. DUV sources also have huge relevance in designing helical drilling
systems [43], protein structural analysis [44], and angle-resolved photo-emission spec-

troscopy [45].

In this research work, we have experimentally explored the plasmonic properties
of germanium (Ge) in the DUV regime (Fig. 3.1). We show that Ge supports surface
plasmon polaritons (SPP) in the DUV region with its surface plasmon resonance more
than twice that of aluminum, a typical material of choice to construct UV devices.
One can employ DUV plasmons in Ge to construct DUV waveguides, metamaterials,
and other devices that are currently not possible with other conventional plasmonic
materials. Germanium is a technologically important material thanks to its semi-
conducting properties at the infrared wavelengths. Counter-intuitively, here we show

that Ge acts like a Drude-type metal in the DUV region.

We probe the plasmonic properties of germanium using relativistic electrons through
momentum resolved electron energy loss spectroscopy (q-EELS). Unlike the tradi-
tional electron energy loss techniques [46], in this work both the energy and momen-
tum dispersion of the plasmons are mapped simultaneously [30, 31]. This allows us to
obtain the plasmonic behavior and the corresponding photonic band spectrum in thin
Ge single crystal slabs even as small as 60 nm. The measured photonic band spectrum
shows an excellent agreement with the macroscopic electrodynamics electron energy
loss theory. Furthermore, we explain the dielectric behavior of DUV plasmons in

Ge through first-principles density functional theory (DFT) calculations. Finally, we
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Figure 3.1: DUV plasmonics across electromagnetic spectrum. a) Comparison
of surface plasmon frequency in different material systems across the electromagnetic
spectrum. b) Schematic display of bulk and surface plasmons in Germanium.

numerically simulate a Smith-Purcell radiation source (with a wavelength resonance

close to 145nm) in the DUV regime by employing SPP in Ge.

3.2 DUV Plasmons in Germanium Measured With
q-EELS

The DUV plasmonic properties of germanium are measured with relativistic electrons
and ¢-EELS setup in a transmission electron microscope (TEM). Traditional electron
energy loss spectroscopy techniques account only for the amount of energy loss of the
electron. In -EELS, the momentum loss information is also obtained by measuring
the scattering angle () of the electron after passing through the sample. The amount
of energy and momentum carried away by the excitations within the sample directly
corresponds to the energy and momentum lost by the incident electron. Thus, using
q-EELS one can clearly map the photon/polariton band structure [31] and identify
photonic excitations such as Cherenkov radiation (CR), waveguide modes, surface

plasmon (SP) and bulk plasmon (BP).

The samples were prepared via focused ion beam milling (FIB) and mounted on a
TEM grid to create free-standing (10 gm x 5 um) slabs with thickness 60 nm, 100 nm
and 200nm. The focused ion beam milling is conducted through a 40keV Ga™ ion
beam in a Hitachi NB5000 dual beam instrument, and polished using a 5keV Ga™

ion beam to reduce amorphous layer. This is important as we try to observe SPP, as
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Figure 3.2: q-EELS measurements for germanium. (a), (b), (¢) Photonic band
structure of thin germanium samples of thicknesses 60 nm, 100 nm and 200 nm are
measured using q-EELS. The dispersionless BP is observed at ~ 16eV, the SPP
lies at the DUV energy range (4-10eV) and the CR is observed at 2-4eV. The solid
lines represent the energy-momentum dispersion of the scattered electrons obtained
using macroscopic electrodynamics calculations. (d), (e), (f ) The electron scattering
probability for all three exciations as measured by q-EELS integrated over several
scattering angle intervals are plotted as a function of energy for the 60, 100, and
200 nm thin germanium slabs, respectively. A blue-shift is observed for the peak of
the surface plasmon with increase in scattering angle for all three samples, whereas
no such shift is observed for the bulk plasmon peak.

the surface needs to be free of Ga™ damage as much as possible.

In Figs. 3.2(a)—(c), we have shown the photonic band spectrum measured using
q-EELS for the free standing Ge samples of thicknesses 60 nm, 100 nm and 200 nm,
respectively. A flat-band is observed at 16 eV without any dispersion in all three sam-
ples. This flat-band is attributed to the BP excitation of germanium. Bulk plasmons
occur when ege — 0, which is well into the EUV regime (See Fig. 3.1). We note that

such longitudinal BP oscillations occur at such high energies even in other materials
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such as aluminum and silicon [30].

The highly dispersive bands observed between ~ 4 — 10eV in Figs. 3.2(a)—(c) are
the surface plasmon polariton excitations of Ge in the DUV regime. Note that
wep = wp/V2 & 11.3eV, which indicates that Ge is a Drude-like metal in the DUV.
This is in stark contrast with the semiconducting properties of the Ge observed at
visible and infrared wavelengths. The highly dispersive nature of SPP bands are
further evident in Figs. 3.2(d)—(f), where we have plotted the scattering probability
as a function of energy, obtained within several intervals of scattering angles. We
observe a blue-shift in the SPP peak with increase in scattering angle for all three
samples, whereas no such shift is observed for the BP peak. In the following, through
DFT calculations we explain that the metallic nature of Ge in DUV regime is due to
the weak interband transitions between valence and conduction bands, which creates

unbound valence plasmons that can support SPP excitations.

Band structure of Germanium is calculated using HSE06 hybrid functional [48]
along W-L-I'-X-W points (see Fig. 3.3(a)) in the Vienna Ab Initio Simulation Pack-
age (VASP) [49]. Hybrid functional approximates the exchange correlation functional
by separating electron interaction into long-range and short-range part in the ex-
change energy. In the DUV region, the interband transition between valence band
and conduction band is very weak and the electrons in valence band behave like free

electrons which leads to the plasmonic behavior of germanium in the DUV region.

Dielectric function of germanium shown in Fig. 3.3(b) is calculated using GW,
& Bethe-Salpeter Equation (BSE) in VASP. GW, & BSE takes the excitonic effects
into consideration on top of GW results for the electron energy. In the DUV regime,
electron-hole pairs are not tightly bound and the dielectric function reduces to a

simpler form similar to Drude model with Re(e) < 0. At high frequencies, valence
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Figure 3.3: Band structure calculations of germanium. (a) The face-centered
diamond-cubic crystal structure of germanium is shown. (b) The first Brillouin zone
and the high symmetry points of the germanium crystal are displayed. (c) Electronic
band structure of germanium obtained using density functional theory calculations
is plotted. (d) Experimental [47] and density functional theory calculation values for

the permittivity of germanium are compared. Plot shows the metallic character of
germanium in the DUV (¢ < 0) in the 6-12eV (103-207 nm) range.

electrons behave as collective oscillations instead of undergoing interband transition.
In Ge, due to exhaustion of f-sum rule [47] in the DUV region, valance band electrons
behave effectively like unbound free electrons and contribute to the observed metallic
behavior. For frequencies below the transition frequency between d-band and con-
duction bands, coupling between bounded d-band electrons and unbounded valance

electrons will not disturb the Drude-like optical response [47].

Further, we compare our experimental data with the simulations of the macro-

scopic electrodynamics electron energy loss function [22] in Ge for electrons normally
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incident on the sample. In Fig. 3.2(a)-(c) we see that the measured data show a

strong match with the theoretical calculations (shown in solid lines).

Finally, we observe a low energy branch in the visible range (1.5-2.5eV) in Fig. 3.2.
Through electron energy loss function theory, we recognize that this low energy branch
is the visible CR in germanium. When an electron passes through a medium with a
velocity greater than the phase velocity of light in the medium, it generates the CR
radiation. Such CR radiation has been observed previously in energy loss experiments
[27, 50, 51], metamaterials [52, 53|, and even in two-dimensional materials [54, 55].
In dielectrics, CR occurs if the electron velocity is larger than the phase velocity in
the medium (v > ¢/4/¢). The threshold electron velocity for the relativistic electrons
used in our experiment is achieved when ¢ > 1.64. In our q-EELS experiment, the
incident electron beam energy is set at 300keV (v ~ 0.79¢), which is above the CR

radiation threshold.

3.3 DUV Radiation Source in Germanium

Light-matter interactions mediated through periodic structures have been employed
often in stimulating scientific and technological advancements. A worthy objective
premised upon the same is to design alternative sources of light. One such phe-
nomenon dependent upon the periodicity of the medium is the Smith-Purcell effect
which was first experimentally demonstrated in 1953 [56]. It was observed that the
charged particles moving close to a periodic structure at a constant velocity emit elec-
tromagnetic waves. In this section, we numerically simulate a DUV radiation source

in Ge based on the Smith-Purcell effect.

In a periodic grating structure, non-radiating evanescent surface modes exist near

the surface. An electron beam moving above the grating interacts with these evanes-
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cent surface modes. As a result, Smith-Purcell radiation is created during this tran-
sient process[57]. Smith-Purcell radiation is typically observed in metallic grating
structures. For a perfect electric conductor (PEC) grating, the wavelength of the
Smith-Purcell radiation is given by [57] A = (a/g) (cosd — 1/3), where a is the pe-
riodicity of the surface and g is the diffraction order (a negative integer), f = v/c,
and 6 is the angle of propagation of the emitted electromagnetic wave relative to the

initial direction of particle motion.

Smith - Purcell radiation phenomenon can be alternatively understood through
the method of image charges. When an electron is moving above a periodic grating
structure, the distance between the electron and its image charge has a periodic vari-
ation [58]. The resulting oscillating dipole moment created by the electron and its
image charge emits the electromagnetic radiation [59]. However, if we pass an elec-
tron beam through a hole grating structure (Fig. 3.4(a)) instead of the electron beam
above a periodic grating structure, the number of dipole oscillations is quadrupled,

and thereby enhancing the intensity of the radiation in the far-field regime.

We can utilize the metallic behavior of Ge in the DUV region to design Ge based
free electron laser source. We propose a hole grating structure made up of Ge as
shown in Fig. 3.4(a). The hole grating structure is constructed to significantly en-

hance the Smith-Purcell radiation.

To confirm the existence of Smith-Purcell radiation from the Ge based periodic
structure, we simulate this source by particle-in-cell (PIC) method in CST Studio
Suite[60]. In this simulation, a is chosen to be 35 nm with grating hole size 20 x 20 nm.
Electrons pass through the grating structure with a kinetic energy of 20 keV. Given
an electron beam propagating through the grating along the positive z-axis, we ana-

lyze the transient and frequency response of the far-field radiation pattern at different
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Figure 3.4: DUV light source design. (a) The schematic diagram depicts the
Ge hole grating structure for generating the Smith-Purcell radiation. (b) The fast
Fourier transform (FFT) of the radiated E, field component is plotted as a function
of frequency for Ge and silica. Smith-Purcell radiation for the hole grating structure
is simulated by PIC method in CST [60]. Radiation peak around 8.6eV (145nm)
is observed in the spectra of F, for the Ge grating structure. Germanium has a
distinctive radiation peak due to its metallic nature in the DUV regime, whereas
such a peak is absent in silica. Inset shows the difference in the behavior of dielectric
function for both Ge [47] and silica [61] in the DUV regime.
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observation points. The resulting Smith-Purcell radiation component FE, is plotted

as a function of frequency in in Fig. 3.4(b).

From the spectra of E,, we find a broad peak with its center close to 8.6eV
(145nm). Position of this peak matches with the frequency range defined by spec-
tral order ¢ = —1 (shown by the region between two dashed vertical red lines in
Fig. 3.4(b)). Origin of this phenomenon is the metallic behavior of Ge in the DUV
region. In order to show the contrast, we also simulated the radiation from the
same hole grating structure made with silica. The result is shown by the orange
curve Fig. 3.4(b). We find that the real part of silica’s permittivity is positive in
this frequency range and as a result, radiation peak in the DUV range is not dis-
tinct. Whereas, Ge has negative values of the real part of permittivity in the same

range (see inset in Fig. 3.4(b)), as a result we obtain a radiation peak close to 8.6 V.

It should be noted that the radiation created by a continuous electron beam is not
coherent, and does not have a unique direction. We can easily solve these problems
by instead injecting groups of electrons in intervals. The idea is to shape the electrons
into groups with a required frequency and pass it through the hole grating structure
to create a super-radiant emission [58, 62]. With this extension, by using the pro-
posed grating structure made from Ge one can design a coherent unidirectional DUV

laser source. This idea will be discussed further in a future publication.
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Chapter 4

Probing Plasmonic Excitations at
High Temperatures in Silicon

4.1 Introduction

Silicon is the most prominent material of choice in the semiconductor industry and is
well known for its semiconducting and dielectric properties. Being compatible with
materials used in microelectronics alongside with rapid advances in nanofabrication
techniques paves the way to the extensive use of silicon in modern technology. Sil-
icon plasmonics applications were introduced in the research community by heavily
doping silicon to achieve metallic properties in the near-infrared spectral range for
photodetection, sensing and enhanced absorption in solar cells. Recently it has been
pointed out that silicon can be useful in a new application: DUV and EUV sources,
since it can support surface plasmon excitations in the EUV spectral range [30] .
This is in the contrast to the doping based approach for silicon to exploit metallic
behaviour. This paves the way to UV plasmonics in silicon and future applications
in highly compact nanophotonics and lab-on-chip nanostructures.

In this study, we investigate the presence of surface plasmon excitations in silicon
at the ultraviolet region at higher temperatures up to 400 °C and their stability under
such conditions. The motivation for this study is multiple-fold. In the previous chap-
ter, we explored Germanium plasmons for the first time in DUV and EUV regions

and proposed sources of radiation using electron-matter interactions. When these
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interactions occur and cause the DUV radiation to emanate from the nanophotonic
structure, a large amount of heat is simultaneously generated due to absorption. This
will cause a temperature increase and it is unclear whether the plasmonic response
will be modified or will be heavily damped at high frequencies. Another important
motivation to study the high temperature properties of silicon is for the field of ther-
mophotovoltaics. Silicon is used for photonic crystal based high temperature emit-
ters. The plasmonic properties can enhance the spectral selectivity so it is necessary
to study the stability of high temperature plasmons. Finally, the thermal coefficient
of expansion and other thermal properties can also be identified using the sensitive
nature of the bulk plasmon and surface plasmon resonant frequencies. Thus studying
the resonant frequencies as a function of temperature can shed light on intrinsic bulk

thermal properties of materials.

4.2 Experimental Results

One important constraint for performing q-EELS is to remove the substrate effects
completely. We achieved this using focused ion beam milling and creating 80 nm to
300 nm thick samples of semiconductors. Surface contamination was minimized but
can play a role in the variations of the SP peak. Two silicon films of thicknesses
100 nm and 200 nm were fabricated through FIB technique and were mounted on
a TEM grid as freestanding ultrathin films. The TEM grid was then transferred
to the TEM column on an electrically heated sample holder: the Gatan heating
holder. The heating holder was connected to a power supply outside the TEM tool
through auxiliary electric connections. This Gatan hot stage controller changes the
temperature of the specimen by applying change to the electrical current at a desired
rate.

We first conducted room temperature measurements for 100 nm silicon film and
200 nm silicon films. Then unique temperature stages were leveraged to raise the

temperature of the samples to 400 °C at 10 °C/min. We let the sample stabilize
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Figure 4.1: q-EELS measurements, for 100 nm silicon film at room temperature
showing the bulk plasmon, surface plasmon and Cherenkov radiation. (a) Energy-
momentum dispersion relation of CR, BP and SP excitations. (b) Integrated energy-
loss function over various scattering angles: 5 - 7 urad, 9 - 11 prad, 14 - 16 prad.
There is a blue-shift observed in the CR-peak and SP-peak by increasing the scattering
angle.

overnight at 400 °C and then g-EELS measurements were performed at 400 °C. Fur-
thermore, we varied the temperature down to room temperature (using the Gatan
hot stage controller) while performing q-EELS measurements at fixed temperatures
of 300 °C, 200 °C, 100 °C and 23 °C. We allowed the sample to stabilize after each
temperature change for several hours.

The key takeaway from the experimental results were the observation of Cherenkov
radiation and plasmonic excitations which are robust to high temperature for ultra-
thin silicon films. There exists a bulk plasmon excitation which is a dispersionless flat
band around 16 eV. There also exists a surface plasmon polariton with characteristic
dispersion extending from 4 to 10 eV. Finally in the transparent range, there exists
Cherenkov radiation from 2 - 3.5 eV. There is a blue-shift in the surface plasmon
peak and Cherenkov radiation peak with increasing scattering angle. We perform
a Gaussian fit with MATLAB to calculate SP peak from 1-D plots where electron
energy loss in integrated over scattering angles of 9 - 15 urad. It is seen that SP peak
average for 100 nm sample is 8.46 eV while SP peak average for 200 nm sample is
8.05 eV.

Experimental results of the room temperature data for the free-standing silicon
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Figure 4.2: q-EELS measurements, for 200 nm silicon film at room temperature
showing the bulk plasmon, surface plasmon and Cherenkov radiation. This forms our
baseline comparison for high temperature measurements.
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Figure 4.3: gq-EELS measurements, for 100 nm silicon film at 400 °C.

samples of thicknesses 100 nm and 200 nm are presented in figures 4.1 and 4.2, fol-
lowed by high-temperature q-EELS data in figures 4.3 and 4.4. Comparing the room
temperature data and 400 °C data indicates that the optical modes are stable at
higher temperatures both for 100 nm and 200 nm samples. A closer look at the
SP dispersion band (4.5) shows that the peak of surface plasmon excitations for the
integrated angles of 9 - 15 urad, is between 7.5 - 8.5 eV. We expected to see larger
variations with temperature of the surface plasmon peak but surface contamination
and energy resolution could be limiting factors. Recently a high resolution spectrom-
eter has been obtained and future work will focus on isolating the thermal properties
through the shift in the resonant peaks.

In addition, we also perform density functional theory calculations (4.8, 4.9) to

analyze the response function of silicon and take a closer look at the EUV region
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Figure 4.4: q-EELS measurements, for 200 nm silicon film at 400 °C.
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Figure 4.5: Surface plasmon peak, for (a)100 nm sample and (b) 200 nm sample
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Figure 4.6: Surface Plasmon Peak at RT, for the 100 nm and 200 silicon film at
RT before heating the sample and after cooling sample from 400 °C down to room

temperature.
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Figure 4.7: q-EELS measurements at room temperature, for the 100 nm silicon
film (a-b)at RT before heating the sample and (c-d) after cooling sample from 400
°C down to room temperature.

in the dielectric. They are performed by our collaborators with the GW method
and Bethe-Salpeter equation. The Ab-initio calculations are performed with the
Vienna Ab Initio Simulation Package (VASP). The dielectric function is calculated
with the GW + Bethe-Salpeter Equation (BSE) method. We consider the cutoff
energy to be 250 eV for the plane-wave-basis set in the calculations. We employ
shifted Monkhorst—Pack mesh to sample the Brillouin zone and average over the
results to improve the dielectric function. These results show that the exciton nature

of the interband transitions plays a key role in matching theory and experiment.

4.3 Conclusion

We have shown the dispersion of bulk plasmons, surface plasmon polaritons and
Cherenkov radiation for ultra thin silicon films at both room temperature and elevated
temperatures. This is the first study that utilizes q-EELS at high temperatures and

thus presents unique data for the research community. In the future using advanced
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theoretical analysis and a high resolution spectrometer, it will be possible to analyze
the thermal expansion properties of materials using the shift in the surface plasmon
peaks. We thus believe our data to be of considerable value to the research community
engaged in multiple fields from silicon photonics and thermophotovoltaics to nanoscale

thermal properties of matter.
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Chapter 5

Conclusions, Recommendations

and Future Work

5.1 Conclusion

We have experimentally demonstrated the existence of DUV surface plasmons in ger-
manium with its resonance energy twice as large as those observed in conventional
metals such as aluminum. Through g-EELS technique, we could map the plasmonic
excitations in Ge (bulk plasmons, surface plasmonics and Cherenkov radiation) up to
a large energy and wavevector values that are not possible through traditional elec-
tron energy loss spectroscopy techniques. The measured photonic band spectrum has
a strong match with the macroscopic electron energy loss theory. We have described
the observed metallic behavior of Ge in the DUV region through first-principles den-
sity functional theory calculations. Further, we employ the DUV plasmons in Ge to
design a DUV radiation source based on the Smith-Purcell radiation phenomena. By
passing an electron beam through a Ge hole grating structure, we demonstrated a
radiation resonance close to 145nm. This free electron radiation source has a great

potential to be employed in DUV device applications.
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5.2 Future Work

In future work, we recommend studying gq-EELS of various semiconductor systems
to isolate deep ultraviolet and extreme ultraviolet responses. This can lead to a new
generation of sources for DUV and EUV lithography. Other important questions are
related to how crystal lattice symmetries affect the EELS spectrum. In this current
work, we have focused on using crystalline samples which are cut out from commer-
cially available wafers. On the other hand, the role of disorder and amorphous phases
have not been explored in detail. The current results help to isolate the role of surface
plasmon polaritons as well as bulk plasmons. They occur due to interband transi-
tions in bulk 3D semiconductors in stark contrast to conventional metals. We believe
plasmonic confinement effects similar to metallic constituents are possible even with
semiconductors. This is due to the low imaginary part of the dielectric constant away

from the interband absorption resonance.

Another future direction is related to phonon-polaritons. They are lower energy
excitations than plasmon-polaritons but can deflect the incoming electrons. The en-
ergy resolution needed to resolve phonon-polaritons is around 100 mev which is very
challenging. This is because the zero loss peak in the current experimental set-up is
around 1 eV. Phonon polaritons are excitations of optical phonons and light. Acous-

tic phonons are lower in energy and exhibit weak interaction with electron beams.

In this thesis, we have worked on temperature dependent plasmonic properties.
This allows us to understand how plasmons will behave in the high temperature envi-
ronment which occurs in deep UV sources. By increasing the spectral resolution, we
believe it will be possible to study the peak shifts of the bulk plasmons and extract

bulk thermal properties of materials.
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Appendix A: Transmission
Electron Microscope

A.1 Experimental Methods

q-EELS measurements were performed using a Hitachi HF-3300 TEM/STEM with
a cold field emission gun (CFEG), a Gatan Image Filter (GIF) Tridiem™ (model
863) and the MAESTRO central computer control system [63]. An electron beam of
energy 300 keV is injected normally onto a thin specimen. EEL spectrometer is used
to resolve the electron energy loss over a range of 0-18 eV. The energy-momentum loss
of the electrons were mapped to the calibrated CCD to obtain the energy-momentum
photonic dispersion in the specified range. Our g-EELS captures the surface plasmon

dispersion that are not possible with the earlier EELS techniques.

First-principles density functional theory calculations are carried out using Vienna
Ab initio Simulation Package [49]. Germanium band structure is calculated through
a hybrid functional method with HSE06 functional [64]. To obtain the dielectric
function values with a reasonable accuracy, we first perform a single shot GW calcu-
lation. A cutoff energy of 180 eV was considered for the expansion of the plane wave
basis, and a I'-shifted 6 x 6 x 6 Monkhorst—Pack [65] grid was used for the sampling

of the Brillouin zone with a default Gaussian smearing.

Germanium grating structure as a DUV radiating source is demonstrated based on

the simulations using CST Studio by PIC method [60]. Open boundary conditions
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are applied on all boundaries of the simulation cell. Electron source is placed on one
end of the grating structure which generates electrons with a kinetic energy 20 KeV
and an effective current 1.6 mA. The x component of the radiated transient electric
field (E,) is analyzed by Fourier transform to obtain the corresponding spectrum. E,

Spectrum is normalized with respect to the peak amplitude at 8.6eV.
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