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Abstract

Surface/interface plasmons (SP/IP) are the plasmons confined at specific boundaries,
describing the surface/interface charge density oscillation. They are generated when the
scattered electromagnetic wave with its scattering vector component parallel to the
boundary propagates along the surface/interface. Study of surface plasmon resonance in
noble metals such as gold and silver nanoparticles have started decades ago, and recent
interests are focused on the plasmonic properties of individual nanoparticles, as enabled
by the size/shape control in the nanostructure growth and advances made in the
characterization methodologies Besides the noble metals, semiconductor such as silicon
also attracts much attention for its plasmonic behavior. The surface/interface plasmon
resonance frequency of Si-based nanostructures occurs at relatively higher energies
(compared to Au and Ag), making it a perfect system to be studied using electron energy
loss spectroscopy (EELS) based techniques. When performed jn a scanning transmission
electron microscope (STEM), such a technique enjoys excellent spatial resolution, and

can map the local plasmonic properties of individual nanostructures.

The plasmon excitation depends sensitively on not only the material dielectric

properties but also the geometrical configurations of the material. In the present thesis



work, silicon-based nanostructures with planar, spherical, and cylindrical boundaries
were investigated using both experimental and theoretical approaches, with focus on
the plasmon oscillation originating from the Si/SiOi interface. The specimens employed
include silicon/silica thin films, Si-core/SiOa-shell nanoparticles with different aspect
ratios and spherical-shaped nanoparticle chains, as well as Si-core/SiQOi-shell

nanocables.

In this thesis study, the surface/interface plasmon excitations in different Si
nanostructures were revealed through the EELS study in TEM/STEM. In the case of the
planar boundary such as the wedge-like specimen, the spatially resolved EELS results
disclose the dependence of the intensity and the position of the interface plasmon peak on
the sample thickness. In the case of the Si-core/ SiCh-shell nanoparticles, we found that
the SP/IP peak will firstly red-shifts with the increase of the SiO: shell thickness and
eventually levels off . As the aspect ratio of the Si nanoparticles increases, (from
spherical particle to nanorod and nanowire) > the SP/IP will split into two branches:
transverse and longitudinal modes. We also found the intensity ratio of the
transverse/longitudinal mode excitations depends on the diameter of the Si core size in
the nanostructures. In the one-dimensional interacting Si nanoparticle chains, the Si
nanoparticles were embedded in the Si02 shell, the splitting of the SP excitation into
transverse and longitudinal modes was also observed. As the inter-particle distance
reduces to several nanometers, the coupling of the IP excitation between the adjacent
particles becomes significant, and results in the local field enhancement in-between the

two particles. This is directly visualized using EFTEM imaging in TEM/STEM.
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Chapter 1. Introduction

The plasma oscillation is collective excitation of the weakly bonded electrons in
the material, and the oscillation can be excited either by photons or high energy
electrons passing by the material[i’[] [The resonance frequency of this plasmon is
directly related to the density of states of free (weakly bounded) electrons in the solid.
Therefore, study of the plasmonic properties provides abundant information on the

electronic properties of the materials.

For an ideal case when material electrons can move freely, the system can be
treated as electron gas. This is best represented by metal such as aluminum (1)-in
which the outer shell electrons can be considered as free electrons. Considering
excitation by high energy electrons, when fast electrons pass through a thin metal foil,
the apparent feature is caused by the plasmon oscillations in low energy loss region,
which can be revealed by the electron energy loss spectrum (EELS)[4]. Besides the
volume plasmon, surface/interface plasmons[5] refer to the plasmons confined at
specific boundaries, describing the surface/interface charge density oscillation. They
are generated when the scattered electromagnetic wave with its scattering vector

component parallel to the boundary propagates along the surface/interface [r] °



The plasmonics in metal has been investigated intensely under the framework of
classical dielectric description [:(1)]>nhwhich the Drude model was employed to
describe the dielectric response of the solid. Mie theory”[has been widely applied to
calculate the inelastic scattering in small spherical particles, giving analytical
solutions to the Maxwell's equations for the scattering of electromagnetic radiation. It
was then extended to the configuration with cylindrical boimdaries[i2] .For
semiconductors, the oscillation can be treated similarly to that in a metal~the
valence electrons are considered as weakly bounded electrons, contributing to the
generation of plasma oscillations when excited collectively by the external
Study of surface plasmon resonance in noble metals such as gold and silver
nanopartides[i3-i5] can be dated back to decades ago. Besides the noble metals,
semiconductor such as Si also attracts much attention for its plasmonic behavior[i6-i7]
However, the relative higher surface/interface plasmon resonance frequency of Si-
based nanostructures (when compared to Au and Ag) makes it rather difficult to be
studied using conventional optical means. This is the reason why there is rare work
done on the system of Si nanostructures in different geometrical configurations in
previous years. While recent progress on the shape, size and composition controlled
silicon nanostructures fabrication [1820] make it possible to study their plasmonic
properties in great detail. Electron energy loss spectroscopy (EELS)[5]| performed in
scanning transmission electron microscope

(STEM) [24”] provide a unique
opportunity to study the plasmonic properties of Si-based nanostructures, due to its

wide energy detection range, and more importantly, the excellent spatial resolution



that enables the very localized property investigation.

The objective of this thesis is to understand the surface/interface plasmon in
different Si/Si02 nanostructures, such as planar boundary in thin films, spherical
boundaries in nanoparticles, cylindrical boundary in nanowires and nanorods, and
interacting nanoparticle chains. We start from an introduction of fundamental
dielectric theory to describe the Plasmon oscillation in chapter 2, in which the adopted
simulation methodology is also explained. Chapter 3 illustrated the experimental
apparatus and methodology. The experimental techniques used in the thesis study
involve EELS in STEM, in particular, spatially resolved EELS and energy filtered
imaging, all of which enable the study of surface/interface plasmon excitations in

individual Si nanostructures.

In Chapter 4 the planar boundary was studied by using a wedge-like specimen.
The dependence of the SP/IP on the thickness of the specimen was investigated
experimentally. We found that relativistic effect should be considered in interpreting
the experimental results. In Chapter 5, we move to Si/SiOi core/shell nanostructures
with spherical interfaces. The EELS reveals a red-shift of the IP energy when the
SiOz shell thickness increases. In Chapter 6, we increase the aspect ratio of the Si
nanostructures from spherical particle to nanorods and eventually long nanowires.
We have found the splitting of the IP into transverse and longitudinal mode when the
aspect ratio of the Si nanostructure deviates from 1. Direct visualization of the IP

distribution in different nanostructures is realized using EFTEM imaging. Based on



the understanding obtained in chapter 6, we further investigated the plasmonic
properties in interacting Si nanoparticle chains in chapter 7. Strong coupling along
the chain axial direction is visualized when the interparticle separation reduces to

several nanometers. At last, a summary is given in the chapter 8.



Chapter 2. Background: Interface Plasmon
In  Nanostructured Materials Excited by
Fast Electrons

The description of the polarization response of the medium to the external field is
usually characterized by a dielectric function s*co.q) , which is a function of
frequency and wave vectorThe dielectric function affects the physical
properties of the solids significantly, such as the absorption and scattering. Therefore,
one can deduce/understand the plasmonic properties of the materials by obtaining a
good knowledge of its dielectric function. In this regard, we first introduce, in this
chapter, the dielectric function of Si, followed by the classical dielectric response

theory expressed in terms of the dielectric function of the material.

The dielectric response of a piece of material can be obtained by many means.
Conventionally, optical methods can be used {5 . On the other hand, when the material
is exposed to the fast electrons in an electron microscope, inelastic scattering will
occur. The electrons of the material will be excited under thje external electrical field,
and the incident electrons will suffer from energy loss accordingly. By analyzing the

profile of the energy lost electrons, one can also obtain the dielectric response of the
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materials. As plasmon refers to the collective oscillation of free (weakly bounded)
material electrons, such information is contained in the dielectric function of the
material. We will compare the material plasmon oscillation excited by electrons to
that excited by optical means in this chapter. The advantages of the electron
excitation in this study will be discussed. Finally the research status of the

surface/interface plasmon excitation in Si nanostructures will be illustrated.

2.1 classical dielectric theory

2.1.1 dielectric function of Si

As indicated before the dielectric function of the material depends on both the
frequency co and the wavevector g. The g dependence of the dielectric function labels
the dispersion characteristic of the dielectric medium. The calculation of £((0o,q) of a
Fermi gas described that the external perturbation leads to the interband transitions
and change the electron state of the Fermi gas from the energy level E*to E@/ In
this process the momentum hq is transferred. In this thesis, the local response
approximation for homogeneous medium is adopted, thus the dispersion character is
ignored. It means the dielectric function g) can be simplified to a spatially local
response. Here £{co,r-r') =S{r-r)£{cci) and £{0)) is independent on the wave
vector, r and r' are the displacement of the source and filed point. Such conclusion is

valid at optical frequency range

11



@) (b)

Fig.l (a)dielectric function and (b) loss function of Si

The dielectric function of Si[29] is shown in Fig.l. In Fig.1(a), real part and
imaginary part are plotted respectively. In Fig.1(b), the ibss function —Im[l/& : 10
calculated from Fig.1(a) is given as well. In general, the dielectric function of
material is complex valued functions of angular frequency. The real part is considered
to contribute to the polarization of the material under the external field, the imaginary

part determines the amount of absorption by the material™

2.1.2 dielectric theory of the material excited by fast electrons

The object of the dielectric response theory is to form quantitative description of

a dielectric system under the influence of the external field. Under the assumptions of

12



classical dielectric response theory, the incident electron is defined as a particle
following a fixed path, and the path will not be affected by the interaction between the
incident electron and the dielectric medium. Secondly, only one electron interacts
with the medium at one time, no successive incident electron will be involved into the
interaction. In the field emission STEM, the validity of these approximations were
proved and the spectrum can be obtained by convolution of the loss probability with
the point distribution function (determined by the size of the probe and the

spectrometer response function), if necessary™\\,

Under the local dielectric response, and in a homogeneous medium the Maxwell's

equation can be written as[6]:

(2.1a)

VXH{rj) =Jrt + }’)EL (2,1b)
t

V-D{r,t) =p(rt) (2.1c)

=) =0 (2.1d)

The transformation is introduced between time dependent and frequency

dependent quantities:

A(r,0))= }roo dtexp(ia)t)A(r,t) and A(rt)= ;;O dcoQxp(-ia)t)A(r,6)) (2.2)

13



Thus the Maxwell's equations are rewritten as:

V X E{r,co) =i(oB{r,co) (2.3a)

VxH{r,(D) =J{r,0))-icoD(r, co) (2.3b)

V-D(rt) =p(r,co) (2.3¢)

V-B{ra) =0 (2.3d)

To decouple the electric and magnetic field the Hertz vector I(r,cD)[E is
introduced. The question is then transformed to finding the solution of the Hertz

vector:

[+2+ n(r - I=.j0(r,CO) (2.4)

The solution of the Hertz vector can be divided into two parts: EL (> @) is due to

the field generated by the moving electron itself, rL(r, co) is due to the field produced

by the induced charges. The electric field can be solved in terms of the solution to the

Hertz vector FL (r, co), thus the electron energy loss produced by the potential of the

induced charge can be obtained. The result can be expressed as:

=[. pz [dcoexp(~z6 ; MV)[— (VA (r,0y))] (2.5)
in which V”~r*o0)) indicates the induced part of the solution of the electric

potential. The total energy loss is related to the probability by

14



M= 0 —=J n 2.6

o (2.6)
From equation (2.6) the loss probability can be obtained finally. Therefore the
calculation of the spectrum is actually to find the solution of the electrostatic potential
for an electron located in the dielectric medium. The theory has been applied to the

particle geometries [f>3:>3 "~ has been proved to be identical to the method of

solving the screen interaction under the self-energy formalism R, 3

Fig.2 schematic description of the interface of planar boundary

Now we are taking one example considering the interf*ice between two dielectric
material with the dielectric functions  and in a planar boundary configuration
shown in Fig.2. The extended case such as spherical configuration, cylindrical
configuration and interacting particle chain configurations, will be discussed in
Chapter 5-7. In the Fig.2 x [1 ithe distance between the trajectory of the electron and
the interface, this value is defined as the impact parameter. We make the assumption
that the electrons incident parallel to the interface of the two materials. The interface

is along the y-z plane and the z direction is defined as the same as the incident

15



electrons'. ,

In the interface, the transform of the Hertz vector as functions of the wavevector

along the interface (7} and g”) is introduced[86]:

n(rco)=  jdg" jdq* exp[2m(qy + (2.7)

After the Hertz vector is obtained, the induced potential can be solved by
using the method introduced above. The solution can be substituted into equation (2.5)
and the differential excitation probability under the non-relativistic limit can be

expressed as : :

d P A~~2ArLIm{- L}{In(2;rtv/6j)- - 1+ Im{——-~)K*{20kJV)
dcodz  kt’SqHv* ¢ s/ 1 “ " “©o £/+£2

(2.8)

The volume plasmon term related to Im{-1/~,} and interface excitation related to
Im{-2/(£', +72)} appear at the same time. It means the dielectric function of the
materials in both sides of the interface contribute to the interface plasmon excitation.
The boundary condition required that the continuity of the tangential components of E
and H parallel to the interface at the boundary must be satisfied. By considering the
direction of the vector, s"EM = -e"E" can be obtained. Therefore, the interface
plasmon is characterized by q + & =0 under the situation of this semi-infinite planar

boundary.

16



2.2 Plasmonic properties studied using optical means and electron energy

loss spectroscopy

When the size of the material is decreased into nanometer scale, the size and the
dimensionality confinement may influence the electromagnetic and optical properties

of the material significantly.

The surface/interface plasmon can be excited by both electrons and photons, thus
both optical and electron-based measurement can be used to obtain the material
plasmonic properties. After Ritchie proposed the concept of surface plasmon in 1957,
the optical method has long been the powerful technique to characterize and

investigate the plasmonics properties

2.2.1 Optical Method

In the noble metal particles, strong light absorption and scattering and great
local-field enhancements occur at the plasmon frequency. The extinction can be
directly observed though dark-field illumination scattering spectroscopy[87-89]. The
dark-field spectroscopic technique allows us to record single-cluster spectra with little

background.

1. The advantages of the optical method is as following:

The halogen or xenon lamp is used in the dark field optical method, and the

specimen is immersed in the solution. Therefore the requirement of vacuum is not as

17



restrict as in electron related techniques, thus the vacuum instruments may be not

necessary in this technique.

The extinction of the noble metal can be visualized conveniently in the range of
visible spectrum. The requirement of the sample is relatively less strict than that in an

electron microscope.

The depth of field in a microscope is a variable to describe for how long the
image of the object we are observing remains sharp along the optical axial direction.
The optical method can easily achieve the much larger depth of filed ranges around
hundreds of nanometers compared with the EELS method in a TEM/STEM. That
means in the large magnification the specimen can be observed more easily in optical

method.

2. The disadvantages are:

In the optical microscopy the spatial resolution is in the order of the wavelength
or sub-wavelength due to the diffraction limit. When the size of the noble metal
particles or clusters are in the range of hundreds of nanometers the optical
experiments can be done. As the specimen become smaller, the much more localized
information need to be acquired thus the optical method may limit its application in
the nanometer scale. Furthermore in the optical illumination the higher order
multipole mode will play less important role compared with the electron excitation.

The reason is that the dipole excitation is considered as making dominant contribution

18



within the optical range.

2.2.2 EELS method

Similar to the optical excitations, the electron excitation process includes the
illumination, interaction between the specimen and the incident electron, and the
spectrum collection. Compared with the diffraction limit in the optical experiments
(around hundreds of nanometers), the powerful technique of electron microscope
allows one to study the electronic structures of the surface/interface of the materials in
nanometer scale. By analyzing the EEL spectra, we can obtain information of the

plasmonic properties in the vicinity of the surface/interface in the solid.

1. The advantages are:

The spatial resolution of EELS in the TEM/STEM depends on the electron beam
size, the delocalization distance and the beam broadening[9i(] The delocalization
distance in the low loss region is in the range of a couple of nanometers when a 200
kV acceleration voltage is applied in TEM/STEM. Although the electron probe size
can be confined to the order of angstroms, the obtained information is coming from
the averaged area larger than the probe size. Nonetheless the spatial resolution of the
EELS in TEM/STEM can still be restricted to the nanometer scale, this is superior to

the optical ones.

Secondly, the diffraction pattern can be obtained in the TEM/STEM, thus the

crystallography of the specimen can be analyzed at real time.

19



Furthermore the spectrometer attached to the TEM can provide the spectrum of
the small interested area with large energy range to tens of of eV with the energy

resolution limited within 1eV.

2. The disadvantages are:

The disadvantage is that the requirement of the specimen will be strict. The depth
of field is very short compared with optical ones, it can be improved limitedly by
using smaller electron entrance aperture but at the cost of illumination decrease in

imaging.

2.3 Research Status of SP/IP excitation in different Si nanostructures

In the early years a bt of work was developed to explore the plasmonic
properties in noble metal [i~"> 3 ~"jjg the research on the Si-based structures is
limited by the specimen syn+hesis and conventional optical-based experimental
technique. In recent years more attractions was drawn on the plasmonic properties of
the Si nanostructures. One reason is the breakthrough of the synthesis of the Si
nanostructures with different geometries, the other one is the convenience of the
application of EELS related technique in TEM/STEM. In this section we will review
the research status of surface/interface plasmon excitation based on the Si

nanostructures.

In the early research work done by Ugarte, Colliex, Reed, Howie etc. 45460

STEM and EELS experiments were performed on different Si nanostructures. The

20



geometries of the specimen included nanospheres, filaments in nanometer scale
(nanowires), multilayer of Si/SiCh stacks and clusters of nanospheres. In the
nanoparticles, Ugarte and Colliex etc. found that there exist two apparent excitation
modes below the energy of bulk plasmon of Si. They attributed the lower energy
branch to the incompletely oxidized silica layer. But it was latterly proved that the
incompletely oxidized laye" is not likely thus the physical nature of the lower energy
feature remains unclear. When the particle was elongated to the cylindrical
configuration, such as Si tips or filaments, Reed etc. found the similar two branches in
the EELS as well. The sharp %\ver energy feature was identified and considered as the
interband transitions in Si. Nevertheless > as such a feature is not always observed in

any Si nanostructures, the eKp”~aaation of interface transition seems problematic.

Furthermore, the plasmc - coupling in the structure of multi-layers and multiple
particles (aggregates) were ...estigated as well was stated from Batson's
experiment that besides the expected bulk and surface plasmon features the coupling

appeared when the adjacent spheres were in close contact.

The SP/IP excitation probability has been theoretically studied and calculated in
nanoparticle, nanowire and pkmar boundary by Abajo, Ferrel, Echnique, etc)\"W'"\
under the classic dielectric ihecuy. The relativistic correction was considered in planar
boundary and particle uonfiguration and clusters[32’54-56] Xhe calculation
quantitatively explained fi.. f~urface/interface plasmon excitation in the planar,

spherical and cylindrical gfjijetries. Also the coupling of the SP/IP modes is

21



discussed in the references [ [0 " by”’employing the model of double particle system.
From the calculation results the multipole modes can be excited and result in lower
energy branch and higher energy branch. Moreover the quantum approach,
anisotropic excitation respcnsf surface exciton polaritons coupling, are developed in
the refereiice[62-64] The results indicated that the quantum approach will give the
identical results as the ones under the classical description, providing the target of the
silicon is not so small (1-2 iim) . All of the work constituted the background of the
research on the plasmonics properties of Si nanostructure. In the following chapters
we will investigate and d srv.ss the plasmonic properties in the corresponding Si

nanostructures in more detail

22



Chapter 3. Instrumentation : TEM/STEM
and EELS

EELS is the analysis of the profile of the primary electrons as a function of
energy loss, after they interact with the specimen. A detailed study of the valence
electron excitation by EELS can provide substantial information of the material, for
example the band gap, the interband transition and the plasmon oscillation . It is a
powerful technique in exploring the nature of the surface/interface plasmons down to
the nanometer scale. At small sizes, the geometrical shape and configurations of the
material can affect the distribution of the surface/interface charges significantly,

which are induced by the incident electrons.

In studying the surface/interface plasmon excitation in Si nanostructures, the
mainly ”sed instrument include the EEL spectrometer in a TEM/STEM to collect the
EEL spectrum after the specimen interacted with the incident fast electron, the Gatan
Image Filter is used to record the Energy Filtered TEM (EFTEM) image[4 > 24]. In this
chapter we will briefly introduce the corresponding instruments and the working

mode used in our experiments.

3.1 The conventional/scanning transmission electron microscope

23



3.1.1 Conventional TEM

The basic concept of TEM is similar to the optical microscope. The microscope
can be divided into 3 main parts in general: the illumination system (source and

condenser lens), lens system and imaging system.

The electrons are produced from the field emission gun (FEG) or the tungsten
filament. Then the electrons go through the illumination system (condenser lenses)
and objective lenses, followed by the interaction with the specimen. After the
electrons passing intermediate lenses and projective lenses, the image of the
specimen or the diffraction pattern can be observed in the imaging mode or in the
diffracting mode. In this section more detail will be introduced about the illumination

system and the diffraction mode and imaging mode in a TEM .

Fig. 1 illumination system in TEM
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In the specimen illumination system, converged beam and parallel beam mode
are presented in the figure 1. The electromagnetic lenses are plotted in form of
conventional lenses, and Cl and C2 are labeled for the condenser lens in use. In order
to reduce the beam damage due to the converged beam, parallel beam illumination

can be adopted in practical experiments at the cost of image intensity.

The objective lens and sample stage is the most important part in the TEM. The
sample stage is used to clamp the specimen holder in the correct position so that the
objective lens can form images or diffraction patterns in a reproducible way. The
sample stage is usually combined with controllable mechanical part which can adjust
the specimen position. The initial stage position should be close to the symmetrical
plane between the upper and lower objective pole pieces, that is also the eucentric
plane of the microscope. If the specimen is put on this plane, a point on the optic axis
does not move laterally when it is tilted around the holder axis. Furthermore, the

objective lens current is in an optimum value in this configuration.
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Fig.2 (a) imaging mode and (b) diffracting mode

The objective lenses collect the electrons exit the back surface of the specimen,
creating diffraction patterns in the back focal plane or image in the image plane. The
working principles of these two modes are illustrated in Fig.2. The diffraction mode
ana image mode can be summarized into the fundamental operations as below: to see
the diffraction pattern one have to adjust the imaging system lenses so that the back
focal plane of the objective lens acts as the object plane for the intermediate lens, then
the diSiaction pattern is projected onto the viewing screen, shown in Fig.2(a); if one
want to look at an image, readjust the intermediate lens so that its object
plane is the image plane of the objective lens, then the image is projected onto the

viewing screen, shown in Fig.2(b). If the beam is converged at the specimen, the
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diffraction pattern will spread into disks instead of sharply defined points. Thus the
alternative way to obtain diffraction pattern with parallel beam illumination, the

selecting area aperture is used. fi

The Selected Area Diffraction (SAD) pattern contains a bright central spot
(contributed mainly by the primary electrons) and difiraction spots (contributed by the
elastically scattered electrons that satisfy the Bragg conditions). When we want to
obtain the images of the specimen in a TEM, either the central spot or diffraction
spots can be used. Inserting an objective aperture into the back focal plane of the
objective lens can block out most of the electrons except those pass through the
aperture As a result of this > the bright field image will be formed if the center spot is

chosen, or the dark field image will be formed if a specific diffraction spot is selected.

3.1.2 Scanning TEM

Scanning transmission electron microscope incorporate the deflection scan coils
into the conventional TEM column. When the incident electron beam is scanning over
the specimen, the recording of the information can be realized in a point by point
manner. This serial processing mode of the signal recording is different from the

parallel one in the conventional TEM[24].

Based on the reciprocity relationship [0[]]>te STEM and conventional TEM
imaging systems are equivalent. It means when we consider each point of a finite

source and each point of a detector separately, it can be confirmed that the image in a
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STEM is the same as that in a conventional TEM. In the specimen plane > the objective
lens in STEM produce the demagnification of the electron source (FEG) to form the
fine probe with small diameter. The deflection coils serve to scan the electron probe
over the specimen. While in the electronic optics, the key feature is the scanning beam

must not change directions as the beam is scanned.

Electron source

First condenser lens

Diaphragm
Second condenser lens

Double deflection coils

Upper polepiece of objective lens

specimen

Fig. 3 scanning of the convergent beam for STEM image formation

As shown in Fig.3, two pairs of scan coils are sued to pivot beam about the front
focal plane of the upper objective polepiece. The lens then ensures that all electrons
emerging from the pivot point are brought parallel to the optic axis and an image of
the CI lens crossover is formed in the specimen plane. If the objective lens is
symmetrical, a stationary diffraction pattern is formed in the back focal plane. One

advantage of this is that the defects in imaging lenses do not affect the image because

28



they are turned off during the imaging process. Thus the chromatic aberration is

absent in STEM images.

The bright field (BF) image and dark field (DF) image will be formed by using
central electrons or scattered electrons, which is similar to the conventional TEM. In
general to get reasonable intensity in a STEM BF image in reasonable time, large
intensity beam will be used thus the resolution will be poorer than TEM for good thin
specimens. The DF image in conventional TEM is usually formed by allowing a
fraction of the scattered electrons to enter the objective aperture, while the DF image
in STEivl are formed by collecting most of the scattered electrons on the Annular Dark
Field (ADF) detector. Thus ADF images in STEM are less noisy than the DF images
in conventional TEM, and the contrast is also greater than the ones in conventional

TEM.

Annular Dark Field detector

FE)

Eitctron Efieiiy
Loss Speedometer

Fig. 4 ADF detector and line-scan mode
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The DF images in STEM can be obtained by selecting the electrons that suffered
energy loss of several eV, for example the plasmon excitation, or selecting the
electrons suffered higher energy loss such as the inner-shell electron excitations. In
our experiments the contrast of the image in the Si/Si02 nanostructures is highly
expected. The boundary of the silicon/silica nanostructures can be clearly
distinguished by choosing the electrons involved in the imaging process with different
energy, this can be attribute to the different plasmon excitation energy of silicon and
silica. The configuration of the detector is illustrated in Fig.4. We can see the ADF
detector is located in the region between the view screen and the specimen plane. Also,
because of the scanning controlling system can determine the trajectory of the

electron probe - the line-scan EELS mode is also available in a STEM.

3.2 electron energy loss spectroscopy

3.2.1 EEL spectrometer

When the electron beam is striking on a piece of thin specimen, the incident
electrons will suffer from energy loss due to their interaction with the material. The
EEL spectrometer is used to collect the scattered electrons and disperse them on the

detector to form a spectrum.
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Fig.5 schematic illustration of parallel EELS

There are two ways to acquire a spectrum: serial acquisition EELS (SEELS), in
which the spectrum is collected in one channel at one time; and parallel EELS
(PEELS), in which the spectrum can be acquired through all the channels
simultaneously. Apparently, the efficiency of PEELS is much higher than that of
SBELS as the electrons from all regions of interest are collected for the whole
integration time. In the experiments, PEELS mode is adopted to obtain the spectrum

all the time. In the following discussion the term EELS refers to PEELS.

The schematic illustration of the PEELS is presented in Fig,5, the projective lens
crossover serves as the objective plane of the spectrometer. After the electron get
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through the entrance aperture, the magnetic prism will disperse the electron according
to the different energy of the electrons, a YAG scintillator coupled via fiber optics to a
semiconductor photodiode array in the dispersion plane of the spectrometer is
mounted after the electron shield, the function of the quadrupole lenses will be
introduced in Gatan Image Filter in the section of Energy Filtered TEM. The
photodiode array consists of multiple electrically isolated silicon diodes which are

thermoelectrically cooled.

The spectrum accumulates across the whole energy range simultaneously, the
integration time can vary from milliseconds to hundreds of seconds. After integration,
the whole spectrum can be read out via an amplifier though A/D converter and into

multi-channel analyzer system.

3.2.2 spatially resolved EELS

In order to determine the changes of the surface/interface plasmonic excitation
moHes in the near surface/interface region, the ability of displaying the distribution of
the spectra is expected. For example when we are investigating the detailed spectra
features across an surface/interface, the most important information lies in the
variation between the successive two spectra, which are taken in the successive
position of the probe. Thus the expectation of acquiring the spectrum in the
corresponding position of the specimen through a point by point manner becomes
more and more important. Jeanguillaume and a)lliex_7] proposed the new

technique in EELS measurement named as spectrum imaging or spatially resolved
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EELS to meet this requirement.

Fig.6 data cube of the spatially resolved EELS

The spatially resolved EELS (SREELS) allows the investigation on individual
specimen structure such as Si nanostmctures in our experiments, giving information
on both single electron excitation and collective electron oscillation such as plasmon,
also the spatial distribution of specific excitation will be given [68-70 (when the
electron probe in the STEM scanned over one specific region of the specimen in a
point by point manner, the spectra will be taken at the real space thus the data tube
shown in Fig.6 can be constituted. The x-axis and /)-axis corresponds to the spatial

position of the area of interested, and the energy dispersion is along the z-axis in each



point of the spatial position. Thus each unit array along the energy axis indicates the
spectra in the corresponding coordinates. The spatial resolution is determined by both

the size of the electron probe and the step size of the two successive acquisition of

spectra.

Qo v —c ey

SREELS Photograph Intensity

“QourT| o (Ceq)
n

Energy Loss (eV)
Fig. 7 (a)spatially resolved EELS illustration of imaging selecting slit and

(b)the spectrum image of the selected area

In our experiments, an imaging selection slit near the image plane of the
objective lens was used to select the area of the specimen we were interested in.
Because only one-dimensional spatial coordinates is involved, the data cube is
transformed into a spectrum image. The SREELS spectra image of one sampling Si
nanowire is shown in Fig.7(a), with the x-axis representing the energy loss and /)*-axis

the spatial coordinate in the real space. By integrating the energy loss intensity along
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the /[-axis for a chosen pixel size (shown in the rectangular in Fig.7(b)), the spatially
resolved EEL spectra from the corresponding area of interests can be reproduced. The
detailed analysis will be imposed in the Chapter 4-7, it is also evidenced that SREELS

is an perfect alternative to the conventional line-can EELS detection in STEM [ .

3.2.3 Energy Filtered TEM

In the STEM section (3.1.2) and EEL spectrometer section (3.2.1), we discussed
that the entrance slit or entrance aperture will allow some part of the diffraction
pattern to transmitted into an EEL spectrometer, so that the EEL spectra or an image
will be recorded. The image will be produced with electrons having energy loss of
specified value. In section (3.2.1) we have seen the structure of the EEL spectrometer
is basically the Gatan Image Filter(GIF)[24], The difference between the PEELS and
GIF are that an energy selecting slit after the magnet, and multipole correction lenses
and a two dimensional slow scan CCD array detector instead of a photodiode array

detector are used.
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Fig.7 Gatan Image Filter attached to the TEM/STEM column

The Fig.7 given the schematic description of the GIF. In order to get good quality

images with the electrons suffered energy loss, the first two quadmpoles increase the

dispersion of the spectrometer onto the slit. The quadmpoles after the slit have two

functions: one is to project the image of spectrum at the slit onto the CCD, the other

one is to project the image of the specimen onto the CCD. The former one is just the

sarpe as standard PEELS, and for the latter one it produces the energy filtered TEM

images (EFTEM) selected by the slit.
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Fig. 8 comparison between

(a) darkfield(b) bright field and (c) energy filtered TEM image

One of the example of EFTEM image is shown in Fig.8. The specimen in the
experiments is composed of Si cored nanowire, coated by the shell of SiO) , inthe BF
and DF images > the Si core and SiCb shell can not be distinguished while in the
Fig.8(c) the Si core and oxidation layer can be clearly distinguished, by selecting the

bulk plasmon energy of Si (-16.5 eV) in EFTEM imaging mode.
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Chapter 4. Interface plasmon excited on
pianar Si/SiOi interfaces

4.1 Experimental results
4.1.1 Spectrum recording mode

In the EELS experiment, the spectra may be taken at different modes that give
different information of the material plasmon oscillation. The simplest experiment
can be done at the TEM-image mode, ie. - alarge area of specimen is illuminated by a
broad electron probe first. When the beam transmits the specimen, the exit energy loss
electrons will be dispersed and refocused at the dispersion plane before they are
recorded by CCD at the back of the EEL spectrometer. The image mode has rather

poor spatial resolution due to the large illumination area of the specimen.

There are two other modes that provide much more spatially resolved
information~the line-scan spectrum mode and spectrum imaging mode. In line-scan
mode, a series of EEL spectra can be recorded in a point-by-point manner a focused

electron probe travels along a fixed path. The real space spatial resolution is mainly
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determined by the finite electron probe size » which can be as small as sub-nanometers.
In spectrum imaging mode, the spectrum-image is taken by one shot and such a
spectrjm-image contains all the spectra data from the confined sample region, the

detailed information can be found in the last chapter.

4.1.2 General features in the spectrum taken at the imaging mode

The Si/Si02 interface in planar geometry draw much attraction because of the
influence on the performance of semiconductor devices[5’53, 7i]. in this chapter we
using the spectra taken from spectrum imaging mode to show how the plasmon
excitations in the near region of Si/Si02 interface can be affected by the factors such

as: impact parameter of the incident electron and the thickness of the specimen.

Fig. 1 Geometrical configuration of the Si/Si02 interface structure.

The sample is composed of Si and Si02 layer, which configuration is similar

to that shown in Fig.l. Rectangular box indicates the sample region confined by
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spatially resolved EELS slit, the single broken curve shows the electron beam path in
line scan EELS mode (see following part). The Si02 layer is formed on the surface of
Si substrate by thermally oxidization with thickness -200 nm. After conventional
TEivi cross sectional sample preparation, the sample was loaded in the microscope for

investigation.

X core-loss EELS data for Si
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Fm 2(a) EEL Spectrum of bulk Si (inset shows the detail in the interested part after zero ioss peak

subtraction)
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Fig. 2(b) EEL Spectrum of Si/Si02 interface after zero loss peak subtraction

Fig.2(a) shows the EEL spectrum taken from silicon, the inset of which is the
enlarged part of the low loss region after the zero loss peak subtraction. From the
inset image we can see the most distinguished feature in this region is the bulk
plasmon peak located at ~17ev. By focusing the electron probe at the Si/Si02
interface, one would obtain a different EEL spectrum (Fig.2(b)). Both the Si (17 eV)
and Si02 (-23 eV) bulk plasmon peak can be observed. In addition, a peak at 8eV

appears, commonly ascribed to the interfacial plasmon peak (IPP).

4.1.3. Spatially resolved EELS taken at the SVSiOi interface
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Fig. 3(a) Typical EEL spectra-image for Si/Si02 planar interface (color bar indicates the intensity

distribution) (b) the extracted corresponding EEL spectra

The interface plasmon of Si/SiOz would change as a function of the
experimental impact parameter, which is defined as the distance between the electron
probe and the exact interface. The polarity of the impact parameter value depends on

the position of the electron beam. If the electron beam is in Si side, the impact
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parameter is defined as negative value, while the positive value indicates the beam is
in Si02 side. Now we illustrate this using a typical Si/Si02 (with specific sample
thickness) EEL spectrum-image (Fig.3(a)) as an example. The selected sample region
is similar to the one in Fig.l. In the spectrum image, the horizontal axis is the energy
dispersion, ranging from 5ev to ~35ev. The vertical axis is the spatial distribution of
the selected sample region, which is approximately 12 nm long across the Si/Si02
interface. The Si/SiO: interface sits at the position 3nm above the bottom of the
spectrum-image. Below the interface is the Si substrate and above is the Si02 layer.
One can see that the zero loss feature has the strongest intensity in the spectrum image,
due to the large amount of transmitted and elastically scattered electrons. The bulk
plasmon features of both Si and Si02 can be clearly observed in the corresponding
regions. A relatively weak IPP appears in the region near the interface, with its peak
energy lies between zero and the Si bulk plasmon energy. Its intensity decreases

rapidly as the impact parameter increases.

The extracted EEL spectra are plotted in Fig.3(b). From bottom to the top, the
spectrum comes from the corresponding position as in the spectrum-image. The bulk
plasmon peak of Si and Si02 can be clearly distinguished, together with the IPP

located in the range from 6 to 8eV.



4.1.4 Thickness dependence of the plasmon oscillations

Fig. 4 Scheme of TEM sample shape for Si/Si02 interface

The interface plasmon also changes as a function of the sample thickness

(electron travel distance inside the sample). Here we took advantage of the TEM

sample's wedge shape, i.e., the area near the peroration is the thinnest part, as electron

beam travels away from the perforation, sample is getting thicker and thicker (as

indicated by Fig.4). The following spectrum images were taken from sample regions

with different thickness.
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Fig.5 (a)-(d), spectrum-image for 4 different specimens, from top to bottom TIX—

3.3,2.65, 11and
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0.36. (e)-(h), EEL spectra of the four specimen with different impact parameters, in each of the single

figure, the spectrafromtop to bottom corresponds to positions from the silicon side to the silica side

As the absolute sample thickness is difficult to evaluate, here we use the ratio
of sample thickness (T) to electron mean free path (X) to describe the different sample
thickness. The T/ X value can be estimated by the equation: T! X =log 7 [1lbg
where /[{s the integrated intensity of the zero loss peak, and the integrated
intensity over the whole spectrum range. The spectrum-images taken at 4 different
T/ X,i.e, 3.3, 265> 1.1 and 0.36, are shown in Fig.5 (a)-(d), respectively. The
corresponding EEL spectra extracted from the spectrum-images are shown in Fig.5
(e)-(Ji). It can be seen that for very thick sample the IPP position does not change
much when the electrons travel through the interface (Fig.5(e)). As a comparison,
more and more obvious shift of the IPP position with the impact parameter is
observed when the samples are getting thinner and thinner. Fig.5(f) shows an energy
shift from 7.8 eV to 6.9 eV for 77 A»2.65 sample, and 7.5eV to 5,1 eV for

sample in Fig.5(g), 7 eV to 4.8 eV for r/2«0.36 sample in Fig.5(h).

Such observation is consistent with the literature results
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Fig. 6 Experimental results of IPP position as a function of impact parameter for different specimens,

7/1 =3.3,2.65, 1.1and 0.36

Fig.6 plots the IPP position variation as a function of the impact parameter for the
4 different sample thickness. For all sample thickness, the IPP energy position red
shifts as the impact parameter changes from negative value to positive value, and
eventually levels off at a fixed value for further increase in the impact parameter. At
small impact parameters, the IPP energy positions are similar except for the thinnest
sample (T/A, =0.36) and thickest sample (JIX =3.3). When the impact parameter is
positive large enough the IPP positions levels off to a constant value for each specific
sample thickness, for example, 7.0ev for sample with 77/1 =3.3, 6.5ev for sample
with 77 N — 2.65, 6.2ev for sample with 77 %2~ 1.1, and 5.0ev for sample with
77A = 0.36.
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4.2 Simulation results

4.2.1 The simulation model

Since there is no exactly analytical formula to describe the energy loss of the
fast electron interacted with material at planar interface to date, all of the calculation
results are approximations to some extent. This section is based on the model

structured by Molina [5Cefc., which is similar to that described in Fig. 1.

T _ N ”
(P @ (I T 1 Lo launoy2eXP GV Ly gy
dcodz Itt VCqH = 4 no§Vvoo§f v *
(4.4)
fo / imit (4.5)
dcodz  InWsJi A 1 [f
0 2 exp(-2v,Xo0) { + I}
\Y

Starting from the simplified equation (4.4) and (4.5), the excitation probability
P per unit length along the trajectory and per unit frequency can be obtained, for

non-relativistic consideration and relativistic consideration respectively.

Tn both equations, the integral upper limit ky™ is the largest scattering vector

along the interface direction (y -direction). It is known that the value of scattering

vector is determined by the wave vector of incident electron and scattering angle

together. Experimentally, the scattered fast electrons which can enter the spectrometer
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are determined by the size of the entrance aperture, and the effective collection angle
can be estimated as 15 mrad for a 2 mm entrance aperture, while the cut-off angle for
silicon is around 7 mrad [4]. Therefore, we take 7 mrad as the largest scattering angle

for k@ calculation.
ym

Although the scattering vector k should have projections along both x and y
directions, i.e., A”and ky’ the literature results [53] suggested that the IPP intensity and
energy position are not affected by the k" limitation. Consequently, we do not

involve k" inthe present simulation.

G and £2 are the dielectric functions of Silicon and Silica, which are obtained
from the optical database. The impact parameters we choose here ranged from -5 run
to 10 nm, i.e., the electron beam is scanned from the silicon side to the silica side

across the interface. 0 nm impact parameter indicates the exact interface location.

The term containing Im(-1/22) comes from the bulk plasmon contribution

while the term containing factor Im[l 4£:! + Sj)] gives rise to the interface plasmon

peak, the factor Im[l + £2)] is also named as interface response. The Begrenzung

effect{5’72 > 73] describes that the bulk plasmon intensity may decrease and the IPP

intensity may increase at the same time due to the appearance of surface mode. The

exponential terms -J—exp(-2wco) and —~""" M exp(-2VjXg) depict this trend of the

bulk plasmon peak for non-relativistic, and relativistic situation, respectively.

Correspondingly the terms containing 2exp( 2vKg) » 1 A and
Y S2+ &
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1 Bll
exp(-2v2Xo){ + ——} depict the IPP for non-relativistic and relativistic

situation respectively.

4.2.2 Non-relativistic consideration with zero impact parameter

As described in the previous sections, the IPP arises from the term containing
BLe 1

the factor { } in the integration in formula (4.4) for non-relativistic
\% S2

situation, and the parameter v is the same for the two materials (Si and SiO!).

X lofftSn—realativistic consideration of interface plasmon near surface
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Fig. 6 Simulated spectrum for non-relativistic consideration with impact parameter as 0.

Fig.6 shows the non-relativistically treated spectrum with zero impact
parameter. The IPP located at 7.5 eV can be seen clearly in the spectrum. The bulk

plasmon peak of Si at M7ev can also be distinguished. The broaden shoulder after
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17ev comes from the bulk Si02 plasmon peak which is located at -23 eV. The
spectrum calculated at 0 impact parameter exhibits basic features of Si/Si02 IPR How

this IPP change with impact parameter will be discussed in the next section.

4.2.3 Non-relativistic consideration with different impact parameter
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Fig. 7 Calculated spectra for non-relativistic consideration with different impact parameter.

For the non zero impact parameters, the situation is more complicated. Fig.7
shows calculated spectra for different impact parameters of one sample. From the top
to the bottom spectra, the impact parameter increases from -5 nm to 5 mn, as the

electron travel through Si side across the interface to SiCh side. The inset shows the

51



enlarged energy region containing IPR

Similar to the result at zero impact parameter, the IPP can be distinguished
clearly at ~8eV. The bulk plasmon peaks for Si and SiOi locate at ~17ev and -23ev
(not shown completely in the figure), which is originated from the term containing
Im(-1/f) in the analytical formula. It is intuitive that the IPP intensity decreases with
the impact parameter increases, as a result of the exponential factor exp(-2v:!Co). No
shift on the IPP energy position is generated in the simulation, due to the face that the

integration over ky for term containing Im(l/(fj+£2)) in the non-relativistic

equation (4.4) is only a scaling factor.

4.2.4 Relativistic consideration with different impact parameter

One would notice that the above simulated results do not agree with the
experimental results as impact parameter increases. In this regard, we took relativistic
effect into account. The relativistic effect would modify the speed of the fast
electrons when they enter the medium. In addition, the retardation effect can not be

ignored at large impact parameters.
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Fig. 8 Calculated spectra under relativistic consideration with different impact parameters.

Fig.8 shows the calculated spectra under the relativistic considerations for
different impact parameters, from the top to the bottom the impact parameter
increases from -5 rnnto 10 nm, as the electron beam travels from Si to SiOi across the

interface. The inset gives enlarged spectra which contain IPP as the main feature.

Similar to the non-relativistic case, the intensity of the IPP decreases when the
impact parameter increases. Nevertheless, an energy shift from 7.6eV to 6.5eV occurs
in the IPP as the impact parameter increases from O.Snin to 10nm, which agrees well

with the experimental results.



In the integration Im{  dk 12Qyi*{-2v"x"){ | —+—~~1}]},the IPP
arises from the factor 1 + Vj*i), which is different from the non-relativistic ones.
Due to the finite speed of electron beam, v* and v* cannot be simply replaced by v
as in the non-relativistic case. On the other hand, the term ———can be ignored in

the integration due to its small value. At large values of k”, interface plasmon peak

around 8eV is obtained from the integral, being the same as the non-relativistic case.

This is because Vj« v* ®  for large k*value. Large k™ corresponds to a small value

of scattering wavelength in the real space, when the wavelength is much smaller than
the size of the scattering object, the retardation effect can be ignored. As a

comparison, at ky - the term in the integration cannot be simplified, leading to

different interface plasmon peak at around 6ev, which is called the relativistic peak [53]

The exponential factor exp(-2v2JCo) depends on Al as well, when the impact

parameter x[] increasedhe contribution from the high value of ky becomes more and

more trivial in the integration, so that the relativistic peak is left to dominate the final

spectrum.



4.2.5 comparison between experimental and simulated results as a

function of the impact parameter

In this section we make comparison between our experimental results and the

simulated ones when the impact parameter changes.
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Fig. 9 Comparison between simulated IPP energies and experimental ones - as a function of the impact

parameter

Fig .9 shows the comparison between calculated IPP positions and
experimental ones, as a function of the impact parameter. When the impact parameter
increases from negative to positive values - the IPP energy goes through an

exponential decay in both the simulated and the experimental data. As we know the
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energy resolution of the EEL spectrometer is around 0.7 eV > the simulated data can be

seen to match the experimental ones well.

Although general agreement exists between the simulated and the
experimental results, the current theoretical model employed for simulation has some

limitation.

1 It hds been demonstrated in the experiment that the sample thickness affects the
IPP energy, although not significantly when the impact parameter is not so large.
Nevertheless, effect of sample thickness is not considered in both the non-
relativistic (4.4) and relativistic formula (4.5).

2. The possible existence of a thin intermediate SiOx layer between Si substrate and
Si02 film has not been considered in the present model. Adding such a layer in
the simulation may lead to better match with the experimental data [[]]
Nevertheless, we did not detect such a layer in the experiments (with the current
experimental spatial resolution), but cannot completely eliminate the possibility of

the existence of such a layer with very small thickness.

4.3 Conclusion

In this chapter, we studied the interface plasmon of planar interfaces.
Specimen with the Si/SiOi interface is prepared and the spatially resolved EELS
experimental results disclose the presence of the interface plasmon, which intensity

and/or energy change with the sample thickness as well as the impact parameter
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variations. By introducing relativistic effect to the simulation model, a general

agreement between the experiments and the simulations can be found.
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Chapter 5. Size Effect on the Interface
Plasmon of Si/SiO1 Nanostructures

In the last chapter, we have discussed the interface plasmon in planar Si/Si02
boundary with a thin film configuration, which can be treated as a two-dimensional
system. In the present chapter, we will discuss the interface plasmon in Si-core/SiOz-
shell nanoparticles, with particular focus on how the geometrical size, i.e., the Si core
radius 2nd the Si02 shell thickness in the nanoparticles, affect the interfacial plasmon
in the corresponding systems, using both experimental EELS and simulation

approaches.

5.1 General spectrum features of the Si/SiO! core/shell nanoparticles
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Experimental EELS of Si/Si02 core/shell particle
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Fig.l experimental EEL spectrum of Si/SiO: core/shell nanoparticle

The figure above shows a typical EEL spectrum taken from a Si/SiO: core/shell
nanoparticle, in which the electron beam incidence on the particle at grazing angle. In
the spectrum the zero loss peak (ZLP) was subtracted by using power law fitting [ .
Siniilar to the former cases, a broad peak centered at around 20 eV indicates the
existence of bulk plasmon peaks of both Si (-17 eV) and SiO: (-23 eV) in the
interface region. An additional IPP appears at [7 eV, characterizing the collective

oscillation of weakly bonded electrons at the interface of the core/shell nanoparticles.
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5.2 Effect of the Si core diameter on the interface plasmon oscillation

5.2.1 Experimental EELS results from core/shell nanoparticles

with different Si core size

The sample in the experiments is composed of the Si nanoparticles with different
radius. The oxidation layer is usually unavoidable right after the Si particle is
produced, due to the rough vacuum condition for the nanoparticle growth. After
annealing this oxidation layer could be thicker. Therefore, the first step in the EELS

experiment is to identify the size of the specimen of interest.

“m

@) (b) (©
Fig.2 Energy filtered image of Si nanoparticle of different core size
(@ 2.5 nmradius (b) 4 nm radius (c) 9 nm radius
In the conventional BF (Bright Field) imaging method, it is difficult to
distinguish the boundary between non-crystalline SiOi shell and crystalline Si core
explicitly. Alternatively, the EFTEM (energy filtered transmission electron

microscopy) image is employed to characterize the size of the Si core and SiCh shell.
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The image is formed using a GIF (Gatan Image filter) with electrons of selective
energy range (around the silicon bulk plasmon 16.9 eV in the present case).
Consequently, we can estimate from Fig.2 that the three samples we examined have Si
core radius of (1 2.Am, ~4 nm, and [9 nm, respectively. Their SiO! shell thicknesses

are similar, i.e., 6 nm.

radius =9 nm
6 #& radius=4 nm
. radius:2.5 nm
4
2
a
n
C
B
10 15 20 25

Energy Loss (eV)

Fig.3 EEL spectra taken from Si nanoparticles of different core sizes, spectrum from top to bottom
came from Si nanoparticle of radius [ $hm, ~4 run and -2.5 nm, and the impact parameter is ~10nm,

-5 nm and ~3 nm respectively

The EEL spectra taken from the above three samples are shown in Fig.3. In each
case the electron beam is located in the vacuum close to the outer surface of the
nanoparticles. All the measurements were carried out using a 200 kV STEM. Due to
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the high intensity of ZLP - short spectra acquisition time is used > leading to rough data
in the low loss region (those close to the ZLP) after the ZLP subtraction. In the spectra
shown in Fig.3, the IPP of the 2.5 run Si-cored nanoparticle is found to center at ~7 eV.
Some broadening of IPP is observed when the Si core size increases to 9 nm.

Nevertheless, no obvious red-shift of the IPP is observed in the spectra.

5.2.2 The simulation model

In the corresponding simulation, we start with the simplest case, i.e., a shell-
free single phase nanoparticle, from where we extend our discussion to core/shell

nanoparticles, the EELS results of which has been obtained experimentally.

Fig.4 Schematics of the shell-free and core/shell nanoparticles

The schematics of the shell free nanoparticle and the core/shell nanoparticles
are shown in Fig.4. In both cases, the impact parameter b is defined as the distance
between the center of the nanoparticle and the incident electron probe. In the case of
shell-free sphere, a denotes the radius of the homogeneous particle, while aiand alJ

refer respectively to the core and the whole sphere radius in the core/shell structure.
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The interaction between the incident electrons and the nanoparticle can be
expressed inthe following way: the incident fast electrons produce an original
electromagnetic field in the vacuum, this in turn engenders an induced field at the

sphere, the induced field then acts back upon the fast electrons, resulting in energy

loss inthem R,2,3

r-0o=l 1 Im{tr} +Ct ImUf}] (6.1)

-X(P X, e + [AT,(A))TAM , "

As the electron beam pass aloof the shell-free nanoparticle, the probability of
specific energy loss is described in equation (6.1), in which t/is the scattering matrix
as defined in equation (6.2). All multipole modes (as denoted by the quantum number
1) lidve been included for simulation based on equation (6.1). The quantum number
m indicates the possible value of I along the fast electron incident trajectory. K/ is
the modified Bessel function oforder mmarising from the spherical wave and

y accounts for the Lorentz contraction of the impact parameter b .
Cim and Cf" represent respectively the two expansion coefficients of the electric and

the magnetic component when solving the Maxwell equations, tf* and r— represent

the scattering matrix of the electronic and the magnetic component accordingly in the

Mie's scattering theory e

In describing the scattering matrix tf* and t* in equation (6.2), j) and h, are
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the spherical Bessel function and spherical Hankel function which characterize the

spherical wave, and the prime denotes the differential with respect to p® . The

superscript plus sign of hi means that the outgoing wave is taken into account. Other
parameters in the scattering matrix depend on the dielectric function of the material

and the geometrical size, which can be calculated separately.

5.2.3 Relativistic criteria for Si nanoparticle

In the STEM, the incident fast electrons can reach the value of v/c =0.6952 at
200 kV acceleration voltage. The large velocity implies the relativistic corrections
may need to be taken into account. Moreover, when the size of the specimen becomes
coniparable to the value of d co, in which cois the frequency of the excitation, the
retardation effects become significant and may result in peak shifting of the plasmon
oscillation and splitting [?>] Thus in order to make the calculated and experimental
spectra comparable we firstly need to carry out the calculation both with and without
relativistic treatment and find out whether it will bring in significant difference in the

spectrum features.
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E ~ "t~ i nanoparticle with 5nm radius: non-relativistic treatment
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Fig.5 Comparison of EEL spectra with different impact parameter in a 5nm-radius Si nanoparticle

(a) without relativistic treatment; and (b) with relativistic treatment.



Fig.5 presented the calculated EELS result of a 5nm-radius Si nanoparticles,
without (Fig.5(a)) and with (Fig.5(b)) the reiativistic treatment. The incident fast
electron energy is 200keV, being identical to that in the experiment. Besides the
particle size, the impact parameter is another adjustable variable in both experiments
and simulations. In both figures, the impact parameter changes from 5.5 nm to 7 run,
from the top to the bottom plots. The impact parameter change is found to cause only
variation in the spectra intensity, being similar to the experimental observations. As
similar results regarding the impact parameter change are also obtained for other
particle sizes, we do not need to consider the effect of the impact parameter change in

the later simulations.

EELS of Sl nanoparticle with 5nm radius EELS of Sl nanoparticle with 10nm radus
reiativistic reiativistic
(a) non reiativistic (b) non reiativistic
© %
M 0
”% E
30
J E
| 5 10
cL c% /
11 V V
5 10 15 20 10 15
Energy Loss (eV) Energy Loss (eV)
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EELS of SI nanoparticle with 20nm radius

-i- 06

5 10 15
Energy Loss (©V)

Fig 6 EELS of (a) a 5nm-radius shell-free Si nanoparticle, with and without relativistic correction; (b)
a 10 nm-radius shell-free Si nanoparticle; and (¢) a 20 nm-radius shell-free Si nanoparticle. The dashed

curves represent the non-relativistic cases and the solid lines for relativistic ones.

We have compared the simulated spectra of nanoparticles with different particle
sizes without and with the relativistic effect taken into consideration (Fig.6). As the
introduction of the surface oxidation layer (Si02) would complicate the situation, we

use lhe shell-free Si nanoparticle in this simulation.

Here we summarize the results for / =1~ 3. Higher order modes with / > 3 are
not included because they contribute very little to both the intensity and the line
profile of the spectrum. Fig.6(a) shows the EEL spectra of a 5 nm-radius Si
nanoparticle, in which the solid line and dashed one indicate respectively the
treatment without and with relativistic considerations. The EEL spectra of a -10 nm

ana 20 nm radius nanoparticles are presented in the same way, and can be found in

Fig. 6(b) and 6(c).
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When the particle is small (radius < 5nm), the simulated results with and without
relativistic consideration are similar, i.e., only very little peak energy shifting is
observed, which can be barely detected in the experimental EELS. The main
contribution to the peak intensity in the simulated spectra comes from the I - \ mode,
which is the dipole mode. When the particle size increases from 5 nm to 10nm and
then 20 nm, the spectra difference with and without the relativistic effect becomes
obvious. Not only a general red-shift in the peak energy can be observed, but also the
contribution from different / modes leads to multiple peaks when relativistic effect is
considered. It can be seen clearly in Fig.6 (b) and (c) the contribution from higher
order mode increased compared to that from /=1 mode, and a red-shift of the overall
peak position exists. The simulation results suggest that the relativistic effect induce
Spectra difference when the particle radius is larger than 5 nm. In the EELS
experiments, most of the nanoparticles examined have the radius ranging from 5to 20
nm. Therefore, the relativistic effect must be considered during simulation, in order

to be comparable to the experimental results.

5.2.4 Simulation results and discussion

Dmde model is usually employed in the simulation for simplicity to
investigate the size criteria for relativistic consideration. While it is also possible to

cany the simulation using the dielectric function of Si obtained experimentally.
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single sphere 1=5 a=9nm b=10nm

Fig.7 EELS in Si nanoparticle by using dielectric fimction obtained from (a) Drude model and (b)

experimental measurement

Fig.7 shows the simulated results with Fig.7(a) taking the analytical dielectric
function such as Drude model and Fig.7(b) using the experimental dielectric function

obtained from optical measurement B .Both spectra were calculated using a 9 nm
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radius shell-free Si nanoparticle > and the relativistic effect has been taken into account.
Peak splitting is observed the in Fig.7(a), as resulted from different modes
contributions. The simulated result in Fig.7(b) generally agrees with that in Fig.7(a),
but the splitting can not be distinguished. This is due to the fact that the energy
resolution has already been considered in the experimentally obtained Si dielectric
function. We therefore choose to use the dielectric function of Si obtained from

experimental measurement in later simulations.
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Fig. 8(a) calculated spectra of Si nanoparticles (shell-free particles)
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Fig. 8 (b) calculated spectra of Si nanoparticles with 6 nm thick oxidation layer

In order to illustrate the size effect of the Si core in the core/shell nanoparticle on
the IPP, the simulated results for nanoparticles of three different sizes, i.e., 2.5 nm, 4
nm, and 9 nm in radius are shown in Fig.8. The results of shell-free particles were
piesented in Fig.8 (a), and those shown in Fig.8 (b) have considered a 6 nm oxidation
surface layer (being consistent with the experimentally chosen nanoparticles in
section 5.1.2.1). In the shell-free nanoparticles (Fig.8 (a)), little change of the surface
p)as;mon peak can be identified when the radius of the nanoparticle increases from 2.5
nm to 9 nm. The relatively high oscillation frequency associated with the surface
plasmon is ascribe to the absence of the surface oxide layer. One can see the IPP blue

shiftsto (7 eV when the surface oxide layer is introduced during the simulation (Fig.8
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(b)) , being consistent with the experimental results. In all cases investigated, the
change of the Si-core size seems to have little effect on the interface plasmon of the
nanoparticle system. On the other hand, the introduction of a surface oxide layer do

affect the IPP, and we will discuss it in the following section.

5.3 Effect of the SiOa shell thickness on the interface plasmon oscillation

5.3.1 Experimental results

@) (b) ©)

Fig. 9 Energy filtered TEM image of Si nanoparticles with similar core size of ~5 nm in radius,

the shell thickness is (a) 1 nm; (b) 3 nm; (c) 5 nm;

In this section, the dependence of the EEL spectra of Si/SiO! core/shell
nanoparticles on the shell thickness will be discussed. The EFTEM images of the
specimen used in experiments are shown in Fig.9. The nanoparticles have similar Si
core size of ~5 nm in radius while the SiO: shell thickness increases from 1 nm to 5

nm.
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Fig. 10(a) experimental EELS of interface plasmon oscillation for 3 different samples (b) the peak

position as afimctionof the shell thickness
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The experimental data were taken in the EELS aloof mode, i.e., the electron
piobe was passing through the nanoparticies, but was located in the vacuum, being
close to the surface of the particle. In this way, one can avoid the high intensity of the
bulk plasmon peak and obtain better signal to noise ratio of the IPP. The EEL spectra
of the three samples are shown in Fig.10(a), the IPP centered at ~8eV dominates
spectra for all three sample alike. The IPP position is found to vary with the SiCb shell
thickness, which is illustrated in Fig.10(b). As the shell thickness increases from 1
nm to 3 nm, obvious red-shift from 7.5 eV to 6.8 eV is observed. Further increase in
the Si02 shell thickness only causes small reduction on the IPP energy, which is

barely discemable.

5.3.2 Simulation results and comparison with experimental ones

In this section in order to investigate the effect caused by the different shell
thickness we calculate the EEL spectra by fixing the core radius of the Si nanoparticle
as 5 nm, and change the shell thickness from 0 nm (shell-free particle) to 20 nm (very
thick oxidation layer). The simulation model is based on the one described in section

5.2.2 with relativistic effect considered.
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Fig. 11(a) calculated EEL spectra in Si nanoparticles of core radius 5nm (b) IPP position as a function

of shell thickness
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Fig. 11 (a) shows the calculation results of a number of core-shell particles with
shell thickness ranging from 0 to 20 nm. The plot represents the spectra of
nanoparticles with increasing shell thickness from top to bottom. In the shell-free
particle, the IPP centered at 9.1 eV is the main feature in the EEL spectrum. For
nanoparticles with a SiO! shell, features above 9 eV appears other than the IPP,
mainly originated from the interband transition of SiO:. Red-shift in IPP is obvious
for thin SiOi layer thickness. A more clear evolution of the IPP with the SiCh shell
thickness is shown in Figure 11 (b), in which the IPP energy position is plotted as a
function of the Si02 layer thickness. For SiO! shell thickness smaller than 3 nm, the
IPP energy is found to drastically increase with the shell thickness decrease.
Nevertheless, further increase in the shell thickness cause little shift in the IPP energy,
which levels off as shown in Figure 11 (b). Such a trend is consistent with the

experimental observation.

5.4 Conclusion

One can see that the simulated IPP energy position does not match perfectly
with the experimental ones (IPP position red shift from 8 eV to 7 eV in the simulation

while from 7.5 eV to 6.7 eV in the experiment), this may be ascribed to two factors:

1 Simulation suggests that small variation in the shell thickness will cause the
significant change in the IPP energy position. However, in the experiments the
spatial resolution in the EFTEM mode determines a relatively large measurement

error of 0 hm for the SiOi shell thickness value.
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2. The imperfect geometrical configuration of the nanoparticles (i.e., shape of the
nanoparticles deviate from perfect spheroid). As will be discussed in the
following chapter, geometrical configuration of the nanostructure will have a

profound effect on the IPP.
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Chapter 6. Interface Plasmon Excitation in
SI/S10l  Core/Shell Nanostructures with
Different Geometrical Configurations

It is known from the research work on the metal nanorods/nanowires that tuning
the surface/interface plasmon energy are available via varying the material aspect
ratio (length/diameter rati(1)[i5,76 , 774nd the field enhancement is found more efficient
at some "hot spots™ in specific nanostructure, such as tips and inter-region of the
particles:[78 79]. It is therefore of great importance to understand the evolution of the
excitation of surface/interface plasmon as a function of the aspect ratio change in 1D
Si/Si02 core/shell nanostructures, as well as the spatial distribution of the IP modes in

those nanostructures.

To investigate the questions above, techniques besides conventional optical
methods can detect the plasmonic properties with sufficient spatial resolution are
highly expected. The work done on Ag by EEL spectroscopy reveal that the SP/IP
excitation can be investigated within a broad energy range, such as near
infrared/visible/ultraviolet domain, with the spatial resolution down to nanometer
scale. Simultaneously the imaging technique related with EELS, such as Energy

Filtered TEM/STEM (EFTEM) and spectrum imaging, also provide the way of

78



mapping the localized excitations over individual nanoparticle with better spatial

resolution than conventional optical ones.

In this chapter, the energy evolution of the SP/IP in one dimensional Si/Si02
core/shell nanostructures with different aspect ratios and size will be investigated by
EELS measurement. Then the spatial distribution characters of the SP/IP modes are
sxudied by employing EFTEM imaging, which can provide a quick visualization of
the eigenmodes of SP/IP among nanostructures with large field of views and less
irradiation damage to the samples. Based on the experimental observations the
physical interpretation is discussed. The spatial distribution of different SP/IP modes
are compared, and possible influences of retardation effect in long nanostructures are
also studied. The simulations on the long nanowire were carried out, and we also
found the validity in explain the comparison between experimental and theoretical

results.

6.1 The evolution of EEL spectra in the Si/Si02 core/shell nanostructures

6.1.1 Comparison of the general features in EEL spectra between different

nanostructures

The Si based ID nanostructures are synthesized via thermal evaporation of SiO
powder in a high temperature tube furnace. The Si nanostructures with different
morphologies, which are covered with Si02 shell, are formed during the cooling

process in different temperature zone of the furnace. Specifically > nanoparticles are
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mainly formed at 1100°C, and the particles' diameters are around 25+ 10 run. The
nanowires are collected at 1 000C with diameter 30+10 nm, and at 900°"C with
diameter 2010 nm. EELS measurements were carried out in a TEM (Hitachi HF
3300) attached with a GIF (Tridiem”'?) with 0 0.8V energy resolution. By applying
relatively parallel beam illumination, the EEL spectra in this study are acquired from
an area selected by an area selecting slit on individual Si nanostmctures (see Chapter
4). The spatially resolved SP/IP mappings are obtained by employing EFTEM
imaging, with a 2 eV energy selecting slit centered at the specific energy positions, for
example -16.5 eV,[] 4.%V and [J 8V, corresponding to the Si bulk Plasmon,
longitudinal, and transverse Plasmon polarizations, respectively (Details can be found

in later sections).

5 15 15 20 25
Energy Loss (eV)

Fig. 1 comparison of the EELS spectra between different Si nanostmctures with EFTEM imaging taken
at the Si bulk Plasmon loss

80



The EFTEM images and EEL spectra are taken from three different specimens of
distinct morphology, as shown in Fig. 1(b). The spectra are taken from the rectangular
area in the Si/SiO2 core/shell nanostructures with different aspect ratios, i.e., from
nanospheroid (aspect ratio is ~1) , to rod-like structures with different aspect ratios
(aspect ratio is [1 2o 10), and to long nanocable (aspect ratio is >50). The influence
from the zero loss peak was removed by applying power law. Three EFTEM images
(using Si bulk plasmon energy) are selected to illustrate that the diameter of the Si-
core (15 nm) and the SiOOshell thicknesses are similar (-10 nm) for the
nanostructures studied. The dominant peak at [1 16.2V originates from the Si bulk
plasmon, which remains unchanged in different nanostructures. While the peak
features at lower energy range (i.e., 3-10 eV) are found varying with the aspect ratio.
For the Si/SiCh core-shell nanospheroid (the upper specimen), a single peak centered
at 7.8 eV can be clearly observed. Broadening of such a peak and a simultaneous red
shift occur when the nanostructure aspect ratio increases to 2/1. Further increasing the
nanorod's aspect ratio leads to the splitting of the ~7.8 eV peak into two, with the
slightly blue shift of the higher energy branch, and a significant red-shift of lower
energy branch, and finally reaches 8.2 eV and -4.2 eV in the case with extremely
large aspect ratio such as long nanocable. In addition, the intensity of the lower
energy branch increases greatly as the aspect ratio increases, while the opposite trend
happens to the higher energy peak, leading to the dominance of the [ 4.2V peak in

the long nanocable.
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6.1.2 Longitudinal mode and transverse mode

The localized SP/IP excitations in nanostructures such as nanorods and nanowires
are different from those excited in spherical configuration (discussed in the last
chapter). Elongation of the nanoparticle to rod-like or wire-like structures would
lead to different induced charge distributions along the short and long axis in the
external electrical field, forming transverse and longitudinal SP/IP oscillations with
different characteristic frequencies. In general, the oscillation energy depends on the
charge separations along the specific axis, the longer charge separation will result in

lower excitation energy or vice versa.

L
« CD
A
T mode (ii=0, m=I) L mode (e=1, m=0)

(b) L
Ci )

+ K- -+ 4- C4_4---++

I mode (n>0, m=i) L mode (n>0, ni=0)

Fig.2. The schematic description of the charge distributions in the nanorod (a) transverse (T)
modes with n=0, m=I and longitudinal (L) modes with n=1" (b) For long nanocable, the n>0

modes are excited

For nanostructures in the scale of g-a< \, dipole like charge distribution is
predominant, the schematic description in the nanorod or nanowire is illustrated in
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Fig.2. To describe the transverse and longitudinal SP/IP modes (the charge
distributions in different directions), two sets of numbers are used, i.e., (n=0, m=1) for
the transverse and (n=I, m=0) for the longitudinal, where n is the longitudinal charge
modulation number, and m the azimuthal number. Under such dipole approximation,
one can see that when the length of the nanorod increases (while diameter unchanged) ,
the charge separation along the longitudinal direction would increase, resulting in the
decrease in the longitudinal SP/IP energy. As a comparison, one shall expect little
change in the energy of the transverse SP/IP mode, as elongation of the nanorods does
not affect much the charge separations in its transversal direction. This can serve as a
qualitative explanation for the experimentally observed SP/IP energy in Fig.l, in
which the 4-6 eV mode is attribute to longitudinal mode in the axial direction, and the
8 eV mode is attributed to the transverse one in the radial direction. The calculation
results for the evolution from nanoparticle to nanowire will be illustrated in the

following section, using Gans theory[i2].

The oscillation frequency o7fl{qg)of the surface/interface plasmon can be obtained
by setting the denominator of the surface response function Im(7/[\) to zero, with
specific boundary condition Am(/1 ) describes the surface excitation

features in a loss spectrum for object of a given radius in the cylindrical configuration:

{q.GJ}) {qa)k* (qa) - {qa)k* {qa)] (6.

in which q is the scattering wavevector and a is the radius of the nanowire. s#



and £2 are the dielectric functions of the Si and the surrounding SiO!. Im and Km are
the modified Bessel functions, the prime indicates the derivative with respect to the

corresponding arguments. The boundary condition [20'5258] M A expressed as

(6.2)

in which LA = qall,{qd)K"{qa).

The frequency of the SP/IP co”{q) can then be written as

Hqf = {ga)0}, — Im (qd U Kga)col"*] (6.3)

in which and oo™ represent the bulk plasmon excitation frequencies of Si

and the surrounding Si02. As mrepresents the athmuzal number, all possible m value
will contribute to the spectrum. Nevertheless, when considering specific geometrical
configurations, such as thin vs. thick nanowires > one may select specific m values to
make corresponding approximations. Figure 3 (a) and (b) shows an example of the
surface response function of Si as a function of ga and o) when m is taken as 0 and 1,

respectively.
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Fig.3 surface response of Si nanowire for (a) m=0 mode and (b) m=1 mode
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Under the dipole approximation the distance between the charges in the dipole is

supposed to be much smaller than the wavelength of the excitation, which means

1 v

a<Xx co .This is to say, when < 1, the dipole approximation is valid, while
q

in the case of ga » 1 the surface charge density will be complicated .

In Fig.3(a) the surface response function (image part of equation (6.1)) is plotted
as functions of @a (horizontal axis) and frequency co (vertical axis, here we use the
energy value fico to indicate the real frequency o)) , while m=0. The gray level in the
plots indicates the intensity variation which is illustrated by the level bar on the right.
The dielectric function of Si was adopted from optical experiment [*5].h the m=0
mode, there is only one excitation observed, which disperse significantly with qa;
while in the m=l mode, this is also one mode, which does not disperse with ga.
Combine the results from Fig.3(a) and (b), one shall then expect to see two
excitation(0 8V and 8 eV) in the case of small ga (<1), corresponding to the
longitudinal (m=0) and transverse (m=I) oscillations as observed in Fig. 2° (In our
experiments, the specimens of the nanowires are around 10 nm in radius or thinner.

As tor the surface/interface excitations below 10 eV, the gavalue is <1.)

6.1.3 the evolution of EEL spectra as a function of aspect ratio and retardation

effect

To understand the evolution of the two IP modes as the nanostructure aspect ratio

varies, the Gans theory[i2] is used in simulation. As is known that the Gans theory is
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the extension of Mie theory for spherical particles, and it describes the extinction
characteristics of elliptical/elongate particles using a dipole approximation. It is
usually employed to simulate the dependence of the SP/IP mode on the aspect ratio of
elongated particle with size much smaller than the excitation wavelength in optics. By
applying the dielectric functions of Si and SiOi as the target and surrounding

materials, the optical extinction is plotted as a function of 1/aspect ratio in Fig.4.
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Fig. 4. The plots of the extinction spectra for Si/SiO: nanorod with different aspect ratios

(@) contour plot; (b) intensity plot;

The single peak at (7 eV is observed for the nanostructure with aspect ratio
around 1, and such a peak split into two branches which further shift toward ~4 eV
and [ &V as the aspect ratio increases from 1 to infinity. It is has been reported that
the simulation using Gans theory can show great agreement with the experimental
optical extinction results for metal nanorods [6,7] Here, the consistency between the
EELS and the optical simulation is also observed, as the results in Fig.3 agree with the
experimental spectra in Fig.l . Nevertheless, the dipole approximation is valid only
when the nanoparticle of small size, both the diameter and the length of the nanorods

is much smaller than the excitation wavelength. In practical case, as the nanorod
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length increases the retardation effect " >] will be induced thus the dipole
approximation might be invalided in the interpretation. The retardation effect will
introduce periodical charge modulations of opposite charges in the longitudinal
direction of a thin nanocable when its length exceeds the electrostatic limit. As a
result, additional dipole oscillations with shorter charge separations (than the length of
the rod) are also excited along the nanocable's longitudinal direction, and n can take a
series of values greater than 0. An example of such configuration is sketched in
Figure 2(b), in which the azimuth number m”"O (i.e., monopole mode) represents a
uniform charge distribution across the transversal plane and m=/ is a dipole like
charge distribution on the same plane. The overall longitudinal mode in such an
nanocable is then obtained by summation of all charge oscillations with ??=12.N.
Despite the fact that n> modes may produce oscillations with higher energy, their
intensity are less intense than that of the n=/ mode. This is because the higher order
(;:>1) modes have smaller dipole moments than the dipole mode. Consequently, the
retardation effect does not impose significant changes on the IP peak energies, but

may cause subtle difference in the spectrum line shape.

The spatial distributions of different Piasmon modes are then investigated by
EFTEM imaging technique. In Fig. 4, the images are taken using Si bulk Piasmon
(black and white images) and the SP/IP excitations (color images) from nanospheroid,

nanorod and nanowire. In the experiments a 2 eV width slit centered at specific
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energy losses is employed.
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Fig. 5 The EFTEM images of core/ shell Si/SiOj
(a) nanosphere (b) nanorod and (c) nanocable
In Fig. 5(a), the 8 eV EFTEM image of the nanospheroid particle illustrates that
the intensity are found isotropically distributes among the particle, indicating the ~8
eV SP/IP mode are excited from the spherical Si/SiOllinterface with symmetrical

excitation probability. As a comparison, in nanorod (Fig.4 (b)), the spatial characters
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of the two SP/IP modes are inhomogeneous: the 8 eV mode exhibits higher intensity
at the Si/Si02 interface along the short axis and the 6 eV mode mostly resides on the
two ends of the nanorod along the long axis. For the nanocable in Fig. 4 (c), similar
spatial character is found for the transverse SP/IP modes at ~8eV with that observed
in the nanorod. Nevertheless, a rather uniform intensity distribution is observed for
the longitudinal SP/IP mode (at 4eV) along the entire Si nanowire, instead of

concentrating on the tip region.

The transverse nature of the [1 &V excitations in both the nanorod and nanocable
is clearly demonstrated by the intensity distribution of such IP mode, as seen in the
corresponding EFTEM images. The observation that the 11 @V excitation in the short
nanorod intensifies at the two ends along the long axis agrees well with the dipole
approximation (as in Fig. 2(a)), and discloses its longitudinal nature. On the other
hand, the uniform intensity distribution of the [J 4V excitation in the long nanocable
is also consistent with longitudinal characteristic, which is due to the periodical piling
up of opposite charges along the nanocable long axis as a result of the retardation

effect.

6.2 Interface plasmon oscillation in Si/SiOi core-shell nanocables of different

diameter

In this part, the EELS study of the long Si/Si02 core/shell nanowires (thin wires

and thick wires) will be discussed in detail, the experimental results will be

91



demonstrated firstly, then simulation model is given and some of the calculation

results are used to interpret corresponding experimental results.

6,2.1 General features in EEL spectrum for Si/Si02 nanocable

Experimental EELS of Si/Si02 core/shell nanowire

Oy

=CnCov

10 15 20 25 30
Energy Loss(eV)

Fig.6 experimental EEL spectrum in Si/Si02 core/shell nanowire

After ZLP (zero loss peak) subtracting Fig.6 shows a typical EEL spectrum taken
near the center region of the Si nanowire, in which the electron beam incident on the
nanowire perpendicularly. In the spectrum the bulk plasmon excitation of Si ~17 eV
and Si02 [] 28V can be distinguished clearly and a weak surface/interface excitation
(1 &V presence as well, which is similar to the case in the nanoparticle structure.
While an additional IPP peaks at [J 4. %V indicates another excitation mode which is
different from that in the previously cases. In the following sections the investigation

will focus on how these two IPPs can be affected by the diameter of the nanowires.
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6.2.2 Experimental EELS results with different Si

The specimens used in the experiments consist of the Si nanowires with different
radius coated by SiOi oxidation shell. The spatially resolved EELS is employed to
collect the spectra, which is same as the one introduced in chapter 4. The rectangular

spectra collection area is indicated in Fig.70C

5 15

10 20 25 30
Energy Loss (eV)

Hy » 7 series of EEL spectra taken from the rectangular area in the EFTEM images, from the bottom to
the top, the Si core diameter changes from 5 ran to 25 nm separately

The experimental results are shown in the figure above, the three images in the
left show the EFTEM images of the specimens under investigated. By integrating the
energy loss intensity along the y-direction for a chosen pixel size in the spectrum
image (see Chapter 3&4), we can reproduce the spatially resolved EEL spectra from
the corresponding area of interests (the rectangular boxes in the EFTEM images). The
background of the ZLP is subtracted by using power law. When the Si core diameter <

10 nm, the ~4 eV mode is predominant in the low energy region with a very weak



feature of the (8 eV IP mode. As the diameter of the Si core increases, the intensity of
the two peaks become comparable, the further increase of the core size lead to the

reverse of the intensity ratio of the 4 eV/8 eV.

6.2.3 Simulation results with different Si core size

We compare the simulated spectra between thin and thick wire, in which we can

see how the change of the diameter of the nanowire would contribute to the spectra

features.
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Fig. 8. The simulations of EEL spectra, contribution from m=0 mode (black cross) andfroma
summation of m=0 to 5 modes (black circles), the contribution from discrete mode of 1 to 5 is plotted

in dashed line, from top to bottom



Fig 8 shows the results of the simulated EEL spectra of Si nanowires. In the
figure the total spectrum is composed of transverse modes (8 eV) and longitudinal
mode (-4.5 eV) separately. The -4.5 eV peak feature (can be described using /72=0), is
dominant in thin nanocables [i8, 19 , which corresponds to a uniform charge distribution
across the cylindrical surface in the longitudinal direction. In long and thin nanowires,
such a mode should make dominant contribution to the spectrum although one shall
expect the dipole mode (m=I) is also there. While for the thicker nanocables (in the
scale of -20 nm), multipole excitations besides dipolar excitation come into play,
leading to the intensity increase of the transverse excitation, as compared with the

longitudinal one.

configuration~from nanoparticle to nanocable of small and large diameters
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9CGmparison of the optical extinction spectra among Si nanostructures of different geometrical

configurations

When the morphology of the free standing Si/Si02 core/shell nanostructures
changed from spherical to cylindrical, we observed outstanding extinction modes
appear in the near UV region (3-5 eV) through the optical study, the results are
presented in Fig.9. The left hand side of the Fig.9 shows the low magnification TEM
iiiiages of the three samples. The absorption of the nanoparticle (the bottom curve)
continuously increases from 1.3 eV to 5.5 eV while no distinct feature is observed. In
the case of the nanowires > an obvious absorption appears at 3-5 eV, and as the
diameter decreases (the top curve), the intensity of the absorption band increases. This
macroscopic feature in the extinction spectra of the Si nanostructures agrees well with
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the EELS results.

6.4 Conclusion and discussion

In conclusion, the SP/IP excitations which depend on the aspect ratio of the
Si/Si02 core/shell nanostructures have been investigated using EELS-related
techniques under near parallel illuminations in STEM, making the results comparable
to those obtained by optical methods. Elongation from a perfect spherical nanoparticle
results in splitting of the SP/IP modes into a transverse and a longitudinal branch.
Retardation effect comes into affect in longer nanostructures such as nanowires or
nanorods, and the corresponding charge distribution in such nanostructure is revealed
by the uniform intensity distribution along the longitudinal direction of the long
nanocable in the EFTEM images. Simulations are also carried out by considering the
cylindrical configuration, the size of the Si core in the Si/Si02 nanowire determines
the intensity ratio (transverse/longitudinal) of the SP/IP modes. All these
understanding provide important guidance to the tuning of SP/IP in nanostructures by

control their size and aspect ratio.
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Chapter 7. Interface Plasmon in Interacting
Si Nanoparticle Chains

In the previous chapter, we have studied the effect of geometrical configuration
on the plasmonic properties of individual Si nanostructures. In particular, we found
the surface charge redistribution resulted from the nanostructure shape change (from
spheroid to nanorod and nanowire) would lead to splitting of the interface Plasmon
into transverse and longitudinal polarizations, the weight of the which in the overall

plasmon oscillation also depends on the geometrical configuration..

When the individual nanostructures are organized together in a specific manner
(such as forming nanoparticle chains), one would expect possible interactions among
the particles[57,59’6i,80]  jg easy to image that such interaction would affectthe surface
charge distribution, and consequently affect the plasmonic behavior of the interacting

system.

In this chapter, we have investigated the plasmonic behavior of one-dimensional
Si nanoparticle chains, in which slightly elongated Si nanoparticles (nano-ellipsoids)
are aligned in Si02 nanowires with different particle-particle separation distance. By
employing the technique of EFTEM imaging, the spatial distribution and possible
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interaction of different SP/IP modes have be visualized, disclosing the local field
enhancement as a result of the coupling effect. The absorption properties of the
nanoparticle chains are explained, which is found to directly correlate to the

plasmonic behavior of the nanostructures.

7.1 Sample preparation and experimental setup

The Si nanoparticle chains were synthesized via thermal evaporation of SiO
powder in a high temperature vacuum tube fumace™l Pure Ar gas was introduced as
the carrier gas, and the total pressure of the system was kept at 200 mbar for the
whole fabrication process. The source material was heated up to 1300°C for 2hrs
before the tube furnace was eventually cooled down to room temperature, and the
products were collected at the temperature zone of ~1000°C in the downstream of ihe
tube furnace. A higher processing pressure at 300 mbar leads to the formation of
other forms of Si nanostructures, i.e., Si nanowires (being collected at 900-1000°C
temperature zone), and well separated Si nanoparticles (being collected at 1100°C
temperature zoiie)[20]. The products were annealed at 700 °C in oxygen atmosphere for
20 minutes before taking out from the tube fiimace. In the present study, we have
investigated the SP/IP excitations in the Si nanoparticle chains, in which the Si
nanoparticles are 12 nm in diameter, and they are assembled into one-dimensional
chain-like structure by embedding in Si02. The separation distance between
individual particles is in the range of several to several tens of nanometers. In order

to make comparison, different Si nanoparticles chain with different inter-particle
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separations was used in the experiments, for example (1 3@m,[] 2@m,[] 1@m and [

0 nm.

The morphology and microstructure of the products were characterized using a
TEM, (Tecnai G2) with a GIF, (Tridiem™) attached to it. SREELS spectra were
acquired in the STEM line scan mode with the electron probe size of -0.5 nm and
1 0.8V energy resolution. The EFTEM images were taken using a 2 eV slit centered
at specific energy positions of interest. The optical extinction spectra of ail the
products (dispersed in ethanol) are measured using a UV~VIS spectrometer (Hitachi

spectrophotometer U-3501).

7.2 EEL spectrum in the Si chain nanostructures with different particle

distances

10 15 20
Energy Loss |eV|

Fig. 1 (a) EFTEM image of an isolated Si particle embedded in a SiO manowire; (b) the corresponding
EELS line scan spectra starting from the particle centre to the SiO] matrix wire along the chain axial

direction.

100



We start our discussion with an isolated Si nanoparticle firstly. Fig. 1(a) shows
the EFTEM image (using a 2 eV slit centered at the Si bulk plasmon resonance -16.9
eV) of a spheroid nanoparticle with -12 nm diameter, embedded in the wire-like SiO[]
matrix. A slight elongation of the spheroid is observed along the wire's axial direction,
and the surface oxide thickness is 3 nm. EELS line scan has been taken across the
nanoparticle along the wire's axial direction (as marked by the red line in Fig. 1(a). Si
bulk plasmon at -16.9 eV dominates the EEL spectra (Fig. i(b)) with a weak peak
appearing at [J 7.&V, when the electron probe is located on the nanoparticle. The
intensity of the Si bulk plasmon peak drastically decreases when the electron probe
moves away from the particle and spectrum features being characteristic of SiCh

become obvious. At the same time > a slight red shift of the 7.8 eV peak occurs.

The [J 7.8V peak is commonly understood as the surface/interface plasmon
arising from the Si surface surrounded by Si02 medium, similar to the situation in
Chapter 5. In spherical particles with diameter below 100 nm, the oscillation
frequency of the surface/interface plasmon can be generally estimated using point
dipole approximation. Although the SP/IP excitation energy is expected to change
with the size of the particles, such effect is rather weak for particle diameter
<100nm[JI[.The shape deviation from a perfect spheroid to ellipsoid could have more
profound effect, i.e., a splitting in the SPR energy would occur, with one appearing at
higher energy, and the other at lower energy, corresponding respectively to the

transverse and longitudinal polarization of the surface plasmon(4) , which has been
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discussed in the last chapter. However, the energy difference between the two split
peaks would also be fairly small for a slightly elongated spheroid®—such as the one
shown in Fig.2. Consequently, it would be difficult to identify two distinct peaks
(transverse and longitudinal modes) in the EEL spectra (as limited by the energy
resolution and the signal to noise ratio of the technique) taken on such Si nanoparticle,
but observe a “red-shift” of the SPR when the electron probe moves aloof the

nanoparticle along the chain axial direction™/

5 10 15
Emrgy Lm* (e¥)
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rig. 2 bFTEM images of particle chains with different inter-particle spacing,(a) -30 nm, (¢) 20 nm,
(e)16m and (g) 0 nm; (b) (d) (f) and (h) are the corresponding EELS line scan spectra taken

across the Si particles along the chain axial direction.

The electron probe then scans across multiple nanoparticles witn inter-
particle separation of -30 nm, which is shown in Fig. 2(a) (the inter-particle
separation is defined as from edge to edge). The diameter of the Si nanoparticles

in the chain and its surface oxide thickness are similar to those of the isolated Si
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nanoparticle in Fig. 2(a). The SPR peak is observed to red shift from [ 7.&V to
-6.7 eV when the electron probe moves from the center of the Si nanoparticle to
the SiOi connection wire, with the SPR intensity significantly weakened in the
middei of two particles. This red shift is only slightly larger than that in isolated
particles. However, distinct difference in the EEL spectra is observed with inter-
particle separation reduces to -20 nm in Fig 2(c). When the electron probe is
loc™ned on the Si nanoparticle, the SPR appears at 8 eV, but with a plateau-like
shoulder intensity extending to 5.5 eV. As the e-probe scans away from the
nanoparticle, a decrease in the ~8 eV peak intensity is observed simultaneously
with an increase in the [ 5.%V one (Fig. 2(d)). Similar trend is observed in the
particle chain with shorter inter-particle spacing (i.e.,10 nm in Fig. 2(e)), but
with one peak occurring at slightly higher energy, i.e., ~ 8.1 eV (as compared to 8
eV), and the other at even lower energy, i.e., 4.8 eV (as compared to 5.5 eV) in
Fig.2(f). Inthe extreme case, i.e., the Si nanoparticles are about to touch/touching
each other in the chain, forming continurious wire-like morphology (Fig.2(9)),
little variation is observed in the EEL spectra as the e-probe scans to different
position on the chain. A low energy peak at -4.2 eV is constantly observed in all

of the spectra, while another weak furure can be barely discerned at ~8‘2 eV.
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Fig.3 electron trajectories in the bispherical system

The chain structure is assumed to consist of nanoparticles aligned closed with
small gaps between them. Based on the works done by Schmeits and Dambly,
Zabala and Echenique Ruppin[57°59’6if#l' the surface/interface plasmon excitations
eigenenergies in this bispherical system correspond to the ratio of x=r/d
sensitively, r is the sphere radius and d is the distance between the centers of the
two spheres, here we assume the two spheres have the same size (x=0 indicates
the isolated sphere, while x=0.5 indicates the touching of the two spheres). The
CGnflBArations of the fast incident electron in the bispherical system can be
divided into 4 cases, which is indicated in the Fig.3. In different electron incident
configurations, different SP/IP modes will be excited which will result in the

different dominant peak.

In this section, EELS line-scan mode was adopted, case C and D are
involved in the analysis of the excitation modes. The ratios of xr/d are 0.15 in
Fig3(a), 0.20 in Fig.3(c), 0.30 in Fig.3(e) and 0.45 in Fig.3(g). When the x-ratio is

not big, for example in Fig.3(a) and Fig.3(c), the coupling is not so significant,
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thus the dipolar-like surface/interface induced charge distribution dominates,which
is -9.5 eV for silicon. While in Chapter 5 we have seen the Silica oxidation layer
will reduce the SP/IP energy. Considerting the energy resolution (-0.5 eV) of the

STEM we used, the ~8 eV features in Fig.3(a) and (c) can be atrribtue to this.

On the other hand, the coupling of the excitation between two spheres leads
to the lower energy peaks around [ 5eV, which corresponds to the two distorted
dipoles. Since the coupling is sensitive to the x-ratio in the bispherical system, the
relative inensity in Fig.3(a) and (c) is very weak. For the cases of the higher x ratio,
there will be lots excitations in the enery region 8 eV-10 eV. But due to the
relative proximity of the SP/IP eigen-energies, the losses features cannot be

resolved and yield a relative intense loss feature at ~8 eV.
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Fig. 4 The SP/IP energy as a function of the inter-particle separation, measured from experimental EEL

spectra of different particle chains and isolated particles
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The general effect of the interaction between close spheres is the splitting of the
interface plasmon peak into two peaks at a lower and a higher energy, which is similar
to the observation in chapter 6, i.e., the SP/IP modes would split into two
polarizations along transverse and longitudinal direction as a result of the surface
charge re-distribution. Fig.4 plots the experimental SPR data as a function of the inter-
particle separation, with the error bar being determined by the energy resolution of
EEIS, i.e., 0.5 eV. Intuitively, when the nanoparticles are far apart from each other,
they can be treated as isolated particles. On the other hand, when the nanoparticles in
the chain are getting closer and closer > eventually a continuous thin nanowire would
be fonned. We therefore include data taken from both the single isolated Si

nanoparticles and the thin Si nanowire as the two ends in such a plot.

When the inter-particle separation gets shorter and shorter, a blue shift and a red
shift have been observed respectively in the high and low energy SPR branches, until
R.2 eV, and -4.2 eV are reached in the case of thin nanowire, corresponding
respectively to the multipole and monopole modes of the SP/IP resonance in the

nanowire.

The observed splitting for SP/IP excitation is a piece of direct evidence of the
dipolar interactions between adjacent particles®*l In such a model, the nanoparticles
in the chain can be treated as an assembly of interacting dipoles, and the interactions
between the particles can align the dipole fields forming collective dipole oscillations

in the particle chain. When the nanoparticles are getting closer to each other, a
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continuously change in the charge distributions on the particle chain would occur as

mediated by the interaction of dipole fields on neighboring particles[57 > 6i>84] jriq

Coulomb force interactions between the electrons in neighboring particles would then

cause a blue-shift for polarization perpendicular to the chain axis (the high energy

branch in the split SP/IP excitation modes, corresponding to the transverse SP/IP

mode), and a red-shift for the longitudinal polarization (the low energy branch in the

split SP/IP excitation modes)[85] This is consistent with our experimental

observations summarized in Fig.4.

.3 spatial distribution of the SP/IP excitations in the Si nanoparticle chains
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Fig. 5. (a) and (b): EFTEM images of two particle chains with different inter-particle spacing;30

nm and -10 nm, imaged at energy losses of 0 eV, 17 eV, 8 eV and 5 eV using a 2 eV width slit;
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Fig. 5. (c) and (d) the intensity profiles retracted along the longitudinal directions of the two Si

nanoparticle chains.

The interactions between the particles can be directly visualized in the energy
filtered TEM (EFTEM) images of the Si nanoparticle chains taken at specific energy
losses. Fig. 5 compares the EFTEM images of two different Si nanoparticle chains
(with inter-particle separation of (a) [ 3@m, and (b) [ 16@m, respectively) taken at 0
eV (corresponding to bright filed TEM image), 17 eV (Si bulk plasmon resonance), 8
eV (transverse mode SPR), and 5 eV (longitudinal mode SPR). To obtain more
straight-forward comparison of different plasmon mode intensity vs. their spatial

distribution, the intensity profiles of the 17 eV -8 eV, and 5 ¢V maps are retracted
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along the longitudinal direction of the nanoparticle chain (as marked by the

rectangular boxes in the corresponding maps), and are plotted in Fig. 5(c) and (d).

One can see that for both particle chains alike, the Si bulk plasmon is highly
localized in the Si nanoparticles, while the 8 eV SP/IP mode is mainly confined to the
spherical interface between the Si nanoparticle and SiCb interface layer. As a
comparison, the spatial distribution of the 5 eV SP/IP mode is very different~
aUhough still locates on the spherical interface between Si and SiOi, stronger intensity
is found on both edges of the Si particles along the chain axial direction. When the
nanoparticles are very close together (  fim interparticle separation, as marked by the
arrow in Fig. 5(d)), the strongest intensity moves to in-between two adjacent
nanoparticles, rather than locates on the Si particle surface, confirming the greatly
enhanced field between the particles—another indication of the coupling. One of the
major differences between the [8 eV (transverse polarization) and the ~5 eV
(longitudinal polarization) is their electron impact parameter, with the latter being
much longer than the former along the axial direction of the particle
Consequently, the dipolar interactions between the nanoparticle would exert stronger
effect on the longitudinal mode of SP/IP (including the obvious red-shift in the SP/IP
energy and its spatial re-distribution of intensity), but weaker effect on the transverse

mode of SP/IP (small blue shiftin the SP/IP energy).



7.4 Absorption property of the nanoparticle chain

The interaction between the nanoparticles in the chain would result in distinct
character in their absorption properties. By controlling the fabrication of Si
nanostructure samples into three different morphologies, i.e., well separated Si
nanoparticles connected by Si02 nanowire, periodically distributed Si
nanoparticles in the SiOz nanowire (i.e., the nanoparticle chains with inter-particle
separation of 20415 nm), and Si/SiO: core-shell nanocables, one can manipulate

the optical property of such material.

Fig. 6. The low magnification TEM images and the optical extinction spectra of (a) well separated Si
nanoparticles (connected by SiO? nanowire), (b) nanoparticle chains with inter-particle separation of

20+15 nm, and (c) Si/SiOa core-shell nanocables.

Fig.6 shows the optical extinction spectra and corresponding bright field (BF)
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TEM images of these three products. While there is no distinct feature presenting
in the extinction spectrum of well separated Si particles (sample a), a broad
extinction band centered at ~5 eV is observed above the 3.4 eV excitation
threshold of Si for the nanoparticle chains (sample b). Similar extinction band has
also been revealed in the Si/SiOi core-shell nanocables (sample c), but at lower

energy of-4.2 eV.

One shall note that absorption measurement was performed on macroscopic
scale, so that the extinction spectrum would represent the average behavior of the
nanoparticle chain with different inter-particle separation (ranging from 5 to 35
nm). Finer control over the inter-particle separation during growth is currently
attracting much more investigation and research. In addition, the SPR modes in
individuc Si nanotrusture are essentially broader than those in metais, as the
imaginary part of the dielectric function of Si is large. This suggests that Si may
be less competetative to metals, such as Au, in the applications of waveguides and

Sensors.

7.5 Conclusions

In conclusion, the surface plasmon resonance in closely packed one-
dimensional Si nanoparticle assemblies has been directly visualized using EELS
and EFTEM imaging, which techniques enjoy spatial resolution down to
nanometer scale. Near-field interactions between the adjacent nanoparticle result

in splitting of the surface plasmon resonance into transverse and longitudinal
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polarizations with different spatial distributions. In particular, spatial re-
distribution and enhancement of the longitudinal mode SPR intensity are observed
to occur when the inter-particle separation is very short (in our case the distance is
shorter than 10 nm). The experimental observation suggest possible tuning of the
surface plasmons and local electromagnetic field enhancement by adjusting the
interparticle separation in the ID particle chain, which may find promising

applications in functional UV optical devices below the diffraction limit of light.
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Chapter 8. Conclusion

In this thesis study, the plasmonic properties of Si nanostructures with different
geometrical configurations are investigated by both experiments and theoretical
siiriuladons. The theoretical solutions are based on the classical dielectric theory and
the mainly experimental techniques include STEM line-scan EELS, SREELS

spectrum image and EFTEM imaging.

The planar boundary was considered in a wedge shape Si specimen, and the
spectrum image is obtained from such a sample. It can be concluded that the SP/IP
excitation modes depends not only on the impact parameter of the electron, but also
on the thickness of the specimen, a general consistency between the experimental

results and simulation ones appeared only when the relativistic correction is adopted.

We then examined Si nanoparticles, in which the interface changes into a
spherical configuration. We have employed two series of samples* In the first series,
the specimen had similar Si core size, while the thickness of the oxidation shell varied;
in the second set, the specimens had similar shell thickness while the size of the Si
core changed. The experiments results showed that the spherical system associates

with an IP at ~7 eV > which red shift obviously only when the thickness of the
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oxidation shell increases. Such a red shift eventually levels off when the shell is thick

enough (in the experiments the shell thickness is more than 5 nm in sample set 2). A

reasonable consistency is found between the experimental and the simulated results

given that the imperfect shape of the specimen is not taken into consideration in the

simulation. When the core size of the Si nanoparticle increases, the multipolar

excitations contribute to the broadening of the IP peak rather than red-shift. As a

comparison, when the thickness of the SiOi shell increases, the depolarization filed

will reduce the restoring force of the multipolar excitation > thus the plasmon eigen-

energy will red shift to lower energy. Nevertheless, as the shell thickness becomes

larger than the interaction distance of the depolarization filed around the particle, the

plasmon excitation energy will level off a constant value while the intensity will

decrease greatly.

As the nanoparticle is elongated along one direction, the nanorod or nanowire

can be obtained, in which the spherical interface evolutes to cylindrical interface. We

consequently investigated specimens starting with isolated nanoparticles to nanorods

and to nanowires. The IP of elongated nanostmctures split into two branches with one

located at lower energy range and the other at higher energy range. The lower energy

excitation mode results from the longitudinal polarization while the higher one from

the transverse polarization. This can be explained by the specific charge distributions

on a cylindrical surface/interface. We have also found that the intensity ratio of the

two IP modes can be modulated by vary the diameter of the Si core in the case of long

nanowire, which is resulted from change of contribution from different modes as the
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nanowire diameter varies.

With the understanding obtained from the isolated Si nanostructures, we then
focus on the plasmon excitation in interacting nanoparticle chain. In the chain
system the Si nanoparticles are connected by amorphous Si02 wire. The nanoparticle
chains have different separation distance between the adjacent nanoparticles. The
local field enhancement of the longitudinal IP excitation between the two adjacent
particles can be clearly observed. This is resulted from the charge re-distribution on
the Si nanoparticles when the inter-particle distance is small—a direct consequence of

the interparticle coupling.
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