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Abstract

Metallic nanostructures have received great attention due to their ability to generate
surface plasmon resonances, which are the collective oscillations of conduction band
electrons in a metal excited by an electromagnetic field. Ever-increasing interest in
plasmonic metal nanostructures has emerged into the field of plasmonics, which can be
defined as the science and technology of generation, control and manipulation of excita-
tions resulted by the light-matter interactions. Plasmonic nanostructures have been used
in many different applications spanning over the fields of biology, physics, chemistry, en-
gineering and medicine. For instance, they are widely used in sensing, surface enhanced
Raman spectroscopy (SERS), plasmon-enhanced solar cells, photodetectors, drug deliv-
ery and cancer therapy as well as nanolasers, invisibility cloaks and quantum computing.
It is very-well known that plasmonic properties of metallic nanostructures are greatly
affected by different parameters such as the size, shape, composition and local environ-
ment. Thus, understanding and manipulating the plasmonic properties at the nanoscale
is essential to fabricate devices with the desired features. In this thesis manuscript, we
present a detailed characterization study on the plasmonic properties of hollow AuAg
nanostructures by using electron energy-loss spectroscopy (EELS) technique. Hollow
nanostructures are known to have enhanced plasmonic properties compared to their
solid counterparts due to the coupling of inner and outer plasmon resonances. This
study involves the first examples of spatially resolved plasmon mapping in hollow AuAg

nanostructures such as nanoboxes and nanotubes, both in 2D and 3D.

This thesis manuscript is divided into six chapters. Chapter 1 is the introduction,
which includes the theoretical background of surface plasmon resonances, the reviews
of different parameters that affects the plasmonic properties of metal nanostructures,
the application areas of plasmonic nanostructures and characterization techniques used
to determine the plasmonic properties. In Chapter 2, details of the methodology are
presented. This chapter includes the details about the synthesis, EELS experiments,

data processing and simulations as well as general introductions to the techniques.

Experimental results and accompanying simulations are presented in Chapters 3, 4 and
5, where we perform a detailed characterization and modeling studies on complex metal
nanostructures. Chapter 3 deals with the characterization of plasmonic properties of
cuboid AuAg nanostructures, which are engineered from solid Ag nanocubes to hollow
AuAg nanoboxes and nanoframes. The EELS data are processed by different routines
and their influence on the obtained results are discussed. A series of boundary element
method (BEM) simulations are used to elaborate the experimental results presented in
this chapter. Moreover, the sensing properties of single-walled AuAg nanoboxes and solid

Au nanoparticles against conjugation events with bovine serum albumin (BSA) and its
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antibodies are compared in this chapter, revealing about 5-fold higher sensitivity for the
case of hollow nanoboxes. Plasmonic properties of 1D hollow AuAg nanostructures are
presented in Chapter 4. In this chapter, plasmon resonances of completely hollow AuAg
nanotubes and hybrid AuAg nanotubes, a sequence formation of solid Ag core with
AuAg alloyed shell and hollow AuAg parts, are compared, where simulation studies are
used to discuss the difference between solid nanowires and hollow nanotubes. Chapter 5
deals with the 3D plasmonic properties of different AuAg nanostructures such as Ag@Au
core-shell nanocubes, partially hollow AgAu nanocubes and AuAg nanoframes, as well as
the coupling between two core-shell nanocubes and a core-shell nanocube and an AuAg
nanoframe. Finally, Chapter 6 includes the general conclusions of the whole thesis and

some future works that are already on-going or planned to be done in the near future.
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1.1 Plasmonics: Theoretical background

Metallic nanoparticles have a crucial role for the emerging technologies in the area of
optics since they can manipulate light far beyond the diffraction limit [1]. Interaction of
electromagnetic radiation and conduction electrons of metals (at the interfaces or small
nanostructures) leads to an enhanced optical near field of sub-wavelength dimensions,
termed as plasmons [2]. Thanks to the recent developments and increasing interest, a
branch of photonics, ”plasmonics” has grown into an independent research field, which
deals with the science and technology of generation, control and manipulation of the

excitations resulted by the light-matter interactions [1-6].

We start with the theoretical basics leading to the plasmon resonances, thus, plasmonics
phenomena. It should be noted here that fundamental equations shown in this section
are mostly adapted from Stefan A. Maier’s [2] and Charles Kittel’s [7] indispensable
books.

1.1.1 Light, an electromagnetic wave
1.1.1.1 Maxwell’s equations

Electromagnetic fields and their interaction with metals (even at the nanometer scale,

down to few nanometers) can be defined classically by Maxwell’s equations [8]:

V'D:pe:pt (11)
V.B=0 (1.2)
0B
oD

Equations (1.1) - (1.4) are related to four macroscopic fields of D (the dielectric dis-
placement, Coulombs per square Meter), B (the magnetic induction or magnetic flux
density, Teslas), E (the electric field, Volts per Meter) and H (magnetic field, Amperes
per Meter) with external charge (pey:) and current (J,;) densities. Note that charge
and current densities are presented as external instead of total of internal and external

as the external set drives the system [2].
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These four macroscopic fields are furhter associated with the polarization P and mag-

netization M by

D=¢E+P (1.5)
1

H=—B-M (1.6)
Ko

where € is the electric permitivity (eg ~ 8.854 x 10~'2 Farads per Meter) and jq is the
magnetic permeability (po ~ 47 x 10~ Henries per Meter) of free space, i.e. vacuum.
Since we are interested in nonmagnetic media throughout this thesis manuscript, we will
not consider a magnetic response represented by M, therefore, we only consider cases
where B = pouH (as the relative magnetic permeability of the nonmagnetic medium g
= 1, it becomes B = poH) [2]. P is the density of electric dipoles, which are caused by
the alignment of the microscopic dipoles with the applied electric field, inside a material
[7]. Tt is related to the internal charge density (V-P = -p) and the conversation of
charges (V-J = - 0p/0t) compels that the internal charge density and current density
are linked by

_oP

J—E.

(1.7)

The electrons within a material will generate a P as a respond to an applied E (according
to equation (1.5)) [9]. When we consider a linear, isotropic and nonmagnetic media, D

can be expressed as

D = ¢¢cE (1.8)

where € is the dielectric constant or relative permitivity of the nonmagnetic medium.
This linear relationship between D and E can also be defined by using the dielectric

susceptibility x, which describes the linear relationship between P and E, giving

P= 60XE. (19)

Inserting equations (1.5) and (1.9) into (1.8) yields ¢ = 1 + x. The last important

fundamental relationship need to be mentioned here is between the internal current
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density J and the electric field E, which is defined via conductivity o
J=0E. (1.10)

Electromagnetic phenomena with metals can be defined using both ¢ and o. For in-
stance, at low frequencies the conductivity, ¢ is the preferred quantity, whereas, the
dielectric function is commonly used in optical frequencies [2]. As underlined before,
above presented relations are only valid in linear media and they do not exhibit tem-
poral and spatial dispersion. However, the optical response of metals are known to be
dependent on frequency (w) and wave vector (K). Therefore, we have to express these
linear relationships by taking the non-locality in time and space into account. They can

be simplified as the following in the Fourier domain [2]:

D(K,w) = ¢e(K,w)E(K, w) (1.11)

JK,w) =0K,wEK,w). (1.12)

Using equations (1.5), (1.7) and (1.11-1.12), we can derive the fundamental relationship
between the relative permitivity (i.e. dielectric function) and the conductivity (in the

Fourier domain 0/0t — -iw)

ia(K,w).

K =1
e(K,w) + o

(1.13)

The spatially local response of metals can be defined as the following for the optical

properties:
(K =0,w) = e(w). (1.14)

This is only valid for the conditions where the wavelength A is larger than the character-
istic dimensions of the material (mean free path of the electrons inside the material can
be considered as a characteristic dimension for the surfaces). As mentioned earlier, we
are interested in the plasmonic properties of hollow metal nanostructures throughtout
this thesis manuscript. This allows us, since the wavelength of the light is larger than
the nanoparticle dimensions, to neglect the dependence on momentum and to use this

quasistatic approximation [2].
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In general, as linked to equation (1.13), €(w) = €1 + iez and o(w) = o1 + iog are
complex valued functions of the frequency w. € can be defined experimentally at optical
frequencies by reflectivity studies and the assessment of the complex refractive index
n (w) = n(w) + ik (w) of the medium, defined as n= y/e. k is called the extinction
coefficient which determines the optical absorption of electromagnetic waves propagating

through the medium. x is associated with the absorption coefficient a by the relation

alw) = . (1.15)

This indicates that the imaginary part e of the dielectric function dictates the amount of
absorption inside the medium. For the cases where |e1| > |es], real part of the refractive
index n is mainly determined by €;. Examination of equation (1.13) thereby reveals that
the real part of o regulates the amount of absorption and the amount of polarization is

governed by the imaginary part which contributes to €; [2].

When examining the traveling-wave solutions of Maxwell’s equations (1.3 and 1.4) in
the absence of an external stimuli and in the time and Fourier domains, one can come
up with two distinguishable cases depending on the polarization direction of the E: For

transverse waves, K-E = 0, yielding a dispersion relation of

2

w
K? = e(K,w)C—2

(1.16)
and for long longitudinal waves ¢(K,w) = 0. The latter signifies that the longitudinal

collective oscillations can only take place for frequencies that correspond to zeros of e(w),

which will be revisited in the following while mentioning about bulk plasmons.

1.1.1.2 The dielectric function of the free electron gas

We continue by introducing the dielectric function of the free electron gases of metals
[7]. The optical properties of metals can be described by a plasma model, where a gas of
free electrons with an electron concentration of n moves against a stable background of
positive ion cores [2, 7]. We should point out here that plasma is a medium with equal

concentration of positive and negative charges where, at least, one charge type is mobile

[7].

The dielectric response €(w,0) or e(w) of an electron gas can be obtained from the

equation of motion, where we apply Newton’s law to a single free electron, where the
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electrons oscillate in an applied field E and their motion is damped via collisions with a

collision frequency of v = 1/7 (7 being the relaxation time of the free electron gas):

d*x dz
mog + my o = —ecE. (1.17)
If x and E have the harmonic time dependence (E; = E(O)e_i‘”t and x(;) = X(O)e_th),
then
(1 B0 (L18)
x(t) = . .
m(w? + iyw)
The P can be given by
ne?
P=-nex=-——-——E. (1.19)
mw* + 1yw

As given in equation (1.13), the dielectric function at a frequency w can be expressed as

[7]

(1.20)

We reach to the dielectric function of the free electron gas by combining (1.19) and
(1.20):

2

=1-— 1.21
€(w) eomw? + iyw (1.21)
The plasma frequency w), is defined by
2
9 Me
= 1.22
wp =20, (1.22)

which emerges as the frequency of the collective oscillation of the free electrons in the
metal, i.e. the oscillation is originated by an electric field due to all the electrons, hence it
is called a collective oscillation [10]. The definition of a plasmon relies in this argument:

A plasmon is a quantum of a plasma oscillation (the collective oscillations of the free
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electrons defined by the plasma frequency) [7, 10]. We, therefore, write the dielectric
function as

w2

=1-—2 1.23
€(w) w? + iyw (1.23)

This equation is known as the ”Drude” model [11, 12]. Fig. 1.1 shows the variation
of the dielectric function of a free electron gas versus w/wy, [7]. As can be seen in this
figure, electromagnetic waves propagate without damping only for the conditions where
€ is positive and real. For negative €, electromagnetic waves are totally reflected. This
behavior can be understood by considering the dispersion relation presented in equation
(1.16), which tells us a lot about the dielectric function and frequency relationship.
For instance, if we consider a real and positive €, K is real for real w and a transverse

1/2 For a real but negative

electromagnetic wave propagates with a phase velocity of ¢/e
€, K is imaginary for real ¢, where the wave is damped with a characteristic length of
1/|K|. When ¢ is imaginary, K is imaginary for real w and waves are damped in space.
Two other cases can be defined considering ¢ = oo and € = 0. When ¢ = oo, the sysyem
has a finite in the absence of an E where the e(w,K) determines the frequencies of
the oscillations. As mentioned before, when ¢ = 0, longitudinally polarized waves are

possible only at the zeros of € [7].

FIGURE 1.1: Dielectric function e(w) of a free electron gas versus frequency (in plasma

frequency w,, units). Electromagnetic waves propagate without damping (lossless) only

for the cases where € is positive and real, whereas they are totally reflected when € is
negative (figure adapted from [7])
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Here, we are interested on the frequencies w < w,, where metals retain their metallic
character [2]. For large frequencies, where w is close to wy, the dispersion relation leads

to a negligible damping where €(w) is predominantly real and can be expressed as
ew)=1-—=. (1.24)

However, it should be noted that the behavior of noble metals, such as Au, Ag and Cu,
in this frequency region is completely regulated by the interband transitions, leading
to an increase in the imaginary part of the e. As suggested by the name, this model
assumes an ideal free-electron metal, which is not completely valid for the real metals [7].
One needs to modify the so-called Drude model for the noble metals used in plasmonics.
Free-electron model dictates that € — 1 at w > w,. An extension to this is needed in
the region w > w,, where the response is dominated by free s electrons for the noble
metals such as Au, Ag and Cu. This is due to the fact that the d-band is close to
the Fermi surface, which generates a highly polarized environment due to the positive
backgound of the ion cores [2]. We describe the Po, = €p(€x - 1)E, after adding this to
the equation (1.5) P represents only the polarization caused by the free electrons. e

lies in the range of 1 < €5, < 10, thus, we can write the dielectric function as:

2
“p (1.25)

€w) T oo T 13 +iyw’

Application of this description to Au and Ag is shown in Fig. 1.2 illustrating its validity
limits. This figure shows the real (on the left) and imaginary (on the right) parts of the
dielectric functions of Au (A) and Ag (B) for the free-electron model (black solid lines)
and experimental dielectric data (red dotted lines). Experimental dielectric data used
in this figure is obtained from Johnson and Christy [13]. As seen in these figure, the
Drude model is not acceptable for describing either real or imaginary parts of Au and
Ag due to interband transitions not being taken into account [2]. Especially for the case
of Au, its validity breaks down in the visible range (even starting from the near-infrared

region).

It is clear that the Drude model fails in describing the optical properties of Au and
Ag at the visible frequencies. One can overcome this by taking the effects of interband
transitions into account by replacing equation (1.17) by

Az dzx

mog + mY Ly + mwiz = —eE, (1.26)
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FIGURE 1.2: Real and imaginary parts of the dielectric functions of Au (A) and Ag

(B) for the free-electron model (black solid lines) and experimental dielectric data (red

dotted lines). As seen in these graphs, the interband transitions limit the validity of
the model (figure adapted from [2]).

which relates the interband transitions to the classical picture of a bound electron with
resonance frequency wg. We therefore obtain so-called ” Lorentz” model, which is derived
as [2]:

2

wp

(1.27)

€w) = €™ 3

— wg +iyw’
It should be pointed out that both the Drude and Lorentz models are useful and describe

the optical properties of many materials quite accurately.
Volume plasmons

We have already introduced the term plasmon as collective oscillation of the conduction
electrons in a material. We have also introduced the conditions for plasmon excitations.
Here, we like to shortly mention about the volume plasmons, also known as bulk plas-
mons, as the next section will be focused on the surface plasmon resonances. Volume
or bulk plasmons are the plasmons inside the "bulk” of the materials. As mentioned
above, when w = w,, € = 0 and K = 0, the oscillation of the conduction electrons has
a constant phase throughout the metal, where all the free electrons are oscillating in

phase at the plasma frequency [7].

Fig. 1.3 schematically shows this mechanism. Let us assume that we have a metal film
as shown in Fig. 1.3A. We locate the charges as 74”7 signs representing the fixed positive

background of the ions and the free electron gas as dark gray background (as shown in
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F1GURE 1.3: A. Schematic of a metal film. B. Cross section along the dotted lines in
A, where the positive ion cores are presented by + and the free electron gas is presented
by gray background. C. shows the distribution of charges after a motion of the free
electron gas, where the negative charges are uniformly displaced upward by a distance
of ”x”. As a result of this motion, upper part of the metal film has a region of negative
charges (with a surface charge density of -nex, ne being electron concentration) and the
lower part of the film has a region of positive charges (with a surface charge density of
+nex). An electric field E = 4mex is created inside the metal film.

Fig. 1.3B). Let us now suppose that the electrons are displaced by distance of "x”,

creating the positively and negatively charged regions (as illustrated in Fig. 1.3C). This

displacement of charges generates a charge density p:

p = 4mnez. (1.28)

An electric field E is generated by this charge density:

E = 4mnex. (1.29)

The oscillating electrons are faced to a force by this generated electric field, therefore,
the oscillation can be explained by the above presented (equation (1.17)) motion. The
plasma frequency was defined in equation (1.22). With this, we can express the equation

of motion as the following:

-z T wix = 0. (1.30)
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This relation clearly shows that w,, is the frequency of the oscillation of the conduction
electrons, hence, the plasmons being the quanta of these plasma oscillations. It was
Pines and Bohm who first discussed a quantized bulk plasma oscillation of electrons in
a metallic solid in order to explain the energy losses of fast electrons passing through
metallic foils [14]. They called this excitation a ”plasmon” in 1952, nowadays, we have
slightly modified this definition by naming it as volume or bulk plasmon in order to

distinguish between the surface plasmons, which will be introduced in the following.

1.1.2 Surface plasmon resonances

So far, we have introduced a background leading to the plasmons from a solid state point
of view and the concept of volume plasmons. In this section, we will present the surface
plasmons. In general, the surface plasmon term is used to describe both polarization
oscillations of metallic nanoparticles (known as localized surface plasmon resonances)
and waves propagating along a plane interface between metal and a dielectric (known
as propagating surface plasmons or surface plasmon polaritons(SPPs)) [10]. The surface
electromagnetic waves were first discussed by Zenneck [15] and Sommerfeld [16]. Rithie
expanded the work of Pines and Bohm and investigated the metal film surfaces where
he found the presence of a new lowered loss at the interface due to the excitation of
surface collective oscillations [17]. In 1959, Powell and Swan manifested the existence
of these oscillations by a series of electron energy-loss spectroscopy studies in aluminum
[18] and magnesium [19] foils. One year later, Stern and Ferrel named these oscillations

as surface plasmons [20].

As we will be showing results about plasmonic properties of metal nanostructures along
this thesis manuscript, we will give an emphasis to the former case, i.e. localized surface
plasmon resonances (LSPR). Yet, it is important to mention about the surface plasmon

polaritons as they have been used in many different applications [21].

1.1.2.1 Surface plasmon polaritons

As mentioned above, surface plasmon polaritons are surface electromagnetic waves that
propagate along the metal/dielectric(or vacuum) interface. Fig. 1.4A shows the disper-
sion curves of bulk plasmon (green-dashed line) and surface plasmon polariton (blue-
dashed line) [22], whose behavior will be discussed in detail in the following. Fig. 1.4B

shows the schematic of the SPP propagation and surface charge density between two
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semi infinite nonmagnetic media. Medium I is a material (or environment) with a pos-
itive dielectric constant and medium II is a material (metal) with a negative dielectric

constant.

>

F/
/,

Bulk Plasmon’,’
_-~" / Light in vacuum (w=ck)

-
L - =

£
-

-
]

- o

Energy (®)

_® Surface Plasmon Polariton

e

Momentum (k)

Medium | e{w) > 0 Iz

R T T R T N\ Ve Elz)
o/ { \ 74 0 WL/ AL S 4] /
FOATAA N 5 OO A S WA\ Z

o .

Medium Il €(w) <0
.

FIGURE 1.4: A. Dispersion curves of the bulk plasmon (green-dashed line) and surface
plasmon polariton(blue-dashed line), where the curve of light in vacuum is shown as a
solid black line. Certain momentum provisions that allows coupling to light are shown
by red dots and red-dashed lines. B shows the representative sketch of a mechanism of
propagating surface plasmon polariton (figure adapted from [22])

The electric field E related with the surface plasmon, known as the evanescent field, drops
off exponentially in the metal and in the dielectric [2]. The E complies the Helmholtz

equation in both media [10]:

2
w
V2E; + pici—5 Bi = 0, (1.31)

with i = 1, 2. Solutions to the Maxwell’s equations are generally classified as s-polarized
and p-polarized electromagnetic modes [23]). For an ideal surface that can generate
propagating waves along the interface, component of the electric field must be normal
to the surface. Therefore, s-polarized mode, with its E being parallel to the interface
do not exist [23]. We seek a solution for the p-polarized mode, which is also called
transverse magnetic (TM) mode as it is H is parallel to the interface. x-axis being the

propagation direction, we can write,
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z>0 E; = Epexpliax +iv12], (1.32)

2 <0 Ezo = Epexpliar — iyaz], (1.33)

which satisfies the continuity condition along the interface [10]. In these conditions,

w? 1/2
= [Mlelcj —a’l (1.34)
with Im(;) > 0 and
2 1/2
w
V2 = [M2€207 - 042] (1.35)

with Im(vy2) > 0, defining the evanescent decay length of the fields perpendicular to the
interface [2, 10]. As stated, we only look for transverse waves, thus, V - E = 0. In

Fourier domain, this relation becomes k - E = 0 where k = («, 0, ), following:

kE
z2>0 E, =——"expliaz +iy2], (1.36)
M
kE
2<0 E,=—expliax —iyyz]. (1.37)
72

When we implement the continuity condition of the z-component of €E at the interface,

we get

2__%2

1.38

g €1 ( )
Equation (1.38) is the surface-plasmon condition [23]. This equations shows the disper-
sion relations of the surface wave, where the confinement to the surface demands Re[e ]
< 0 if €5 > 0. Thus, the surface waves exist only at interfaces between a conductor and
an insulator. For TM polarization, the surface-plasmon condition can be expressed as

(where « is shown as Kgp(w)) [10]:

w2 €1€2

2 —
Ksp(w) = e te

(1.39)
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With this information, we can revisit the dispersion relation presented in Fig. 1.4A. For
small momentums corresponding to low frequencies, the SPP propagation constant is
close to kg at light line. In this regime, the waves extend into dielectric space over many
wavelengths and SPPs have hte nature of a grazing-incidence light field, also known as
Sommerfeld-Zenneck waves [2]. In the regime of large momentums, the frequency of the

SPPs reaches to the surface plasmon frequency

Wp

N (1.40)

U.)Sp ==

In the limit of negligible damping, where Im[e; (w)] = 0, the wave vector (momentum)
goes to infinity as the frequency approaches to wg,. Thereby, the mode acquires electro-

static character and it is known as the surface plasmon [2].

1.1.2.2 Localized surface plasmon resonances

Localized surface plasmon resonances (LSPRs) are non-propagating excitations of the
conduction electrons of metallic nanoparticles under an applied electromagnetic field.
Within this definition, we already mentioned about the terms ”localized” and ”non-
propagating”, which differentiates these oscillations of surface charge densities of metallic
nanoparticles than the above presented surface plasmon polariton. In this case, the
oscillations are under the constraints of the physical boundaries of the nanoparticle
geometry [2, 22]. Another difference between the SPPs and LSPRs is that the LSPRs
occur naturally due to the scattering of small (sub-wavelength where the particles size,
d < A) metal nanoparticles even by direct light illumination, where the phase-matching
techniques has to be employed for the SPPs [2]. In 1908, Mie solved the Maxwells
equations developing an electromagnetic theory of scattering and absorption of light by
spherical particles [24]. This so-called Mie theory is still valid for spherical nanoparticles
and can be used for non-spherical nanoparticles after modifications. In Mie theory, the
scattering and absorption by a nanoparticle can be given by scattering and absorption
cross-sections which relate the energy that is scattered (sent back) to the far field and
absorbed (depleted) within the nanoparticle [22]. Scattered cross-section Cseqr can be
related to the scattered power . and incident power I by Cseat = Lscat/line, where
absorbed cross-section Cgps = Iyps/Line. For a spherical nanoparticle with a radius a, we

can find
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k4 9 a®
= a’agph| = Cscat XX ﬂ (141)
(13

77

€sph — €med

8
Cicat = —-k*a®
scat 3 €sph + 2€med

€sph — €med

(1.42)
€sph + 2€med

Clops = 4mka’Im { } = kImag,, = Caps

where oy, is the dipolar polarizability of the spherical particle, defined by p = epenaEg,

in the quasistatic approach:

3 €sph — €med

, 1.43
€sph T+ 2€med ( )

gpn = 4mepa

where €, being the dielectric function of the spherical particle and €4 being the
dielectric function of the surrounding medium [22]. If the €, is constant and its imagi-
nary part is negligible, the scattering cross-section reveals a a flat spectral response and
almost zero absorption. A resonant enhancement can be obtained when the | ez, +

2€med | is a minimum, which simplifies to
Re [e (w)] = —2€med, (1.44)

for the case of small or slowly-varying Im[e] [2]. This relationship gives the dipole
localized surface plasmon mode of the metal nanoparticle and it is called the Frohlih
condition [2, 22, 25, 26]. For a metallic nanoparticle in vacuum (€, = 1) with a
dielectric function given as the Drude model (equation (1.23)), the Frohlih condition
is met at a resonance frequency wpes = % At the Frohlih frequency, along with
a generation of a very large P, the amplitude of the E outside the particle becomes
very large (especially near the particle surface) [26]. The resonance, which generates
the dipole surface plasmon modes, shifts to lower energies (red-shifts) as the dielectric
constant of the medium increases [2]. The schematics of dipole localized surface plasmon

mode excitations from a spherical and elongated particle are shown in Fig. 1.5.
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F1GURE 1.5: The schematic representations of the oscillations of surface charge densi-
ties, creating dipole localized surface plasmon modes, in spherical (upper) and elongated
(lower) nanoparticles under applied E.

The equation (1.44), which leads to the generation of the dipole localized surface plasmon

modes, is simply the same equation as:

[+1
e(w):—%emed, 1=1,2,.. (1.45)

with 1 = 1 [26]. It is, thus, clear that generation of high order localized surface plasmon
modes complies the same relation. Fig. 1.6 shows the schematic representation of higher
l-order LSPRs generated in a metallic nanorod [22]. These higher order modes are time-

oscillating, stationary surface charge densities.

As a conclusion to this section, we can summarize the above mentioned resonance con-
ditions and frequencies for different type of sample geometries, hence, different type of
plasmon resonances. Table 1.1 shows the resonance conditions and related resonance fre-
quencies for the plasmon excitations for a bulk metal, planar surface, thin film, spherical

and ellipsoid nanoparticles (only dipole modes), which is adapted from [27].

In this section, we have presented the theoretical basics behind the excitation of different
kinds of plasmon resonances such as volume plasmons, surface plasmon polaritons and
localized surface plasmon resonances. As mentioned, we are mostly interested in the
LSPRs, which is the type that is generated by the investigated nanostructures in this
thesis manuscript. After giving a short theoretical background about the LSPRs in this
section, the following section is devoted to the characteristics of LSPRs such as shape

and composition dependency, substrate effects and so on from a practical point of view.
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FIGURE 1.6: Schematic representation of higher l-order modes for an elongated

nanorod, showing the distribution of zero order, first order, second order, third order,
fourth order and ninth order LSPR modes (figure adapted from [22]).

TABLE 1.1: Plasma resonance conditions and related resonance frequencies for different
sample geometries in vacuum (€, = 1). d is the thickness of the thin film and x is

the direction parallel to the film. im denotes the depolarization factor (Table adapted

from [27]).
Sample geometry Resonance condition Resonance frequency
Bulk metal e1(w) =0 w1 = wp
Planar surface e1(w) =-1 wy = \w/—%
. 1
Thin flm drt = exp(—(k),d) w1 = 2 \/Texp (= (k),d)
Spherical nanoparticle €1(w) = -2 wi = \“}—%
Ellipsoid nanoparticle € (w) = —gﬂ wy = wpim
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1.2 Effects of intrinsic and extrinsic parameters on the
LSPRs

This section is about the effects of intrinsic and/or extrinsic parameters such as size,
shape, composition, environment (surrounding medium, substrate) or coupling on the
final properties of LSPRs. As mentioned above, we will present these effects from a
practical point of view, i.e. by not going deep into the theory and physics behind them.
For further information, these effects are widely described in literature [2, 6, 21]. It is
well-known that the LSPR properties of the metallic nanostructures are affected by their
size, shape, composition and environment [28, 29] and, many different nanostructures
have been investigated so far [30]. In the following, we will present an overview about

the effects of these parameters on the LSPRs of different metal nanostructures.

1.2.1 Size effects

Instric size effects of the plasmonic nanoparticles can be understand by taking size
dependent damping into account [2, 22, 31], as standard Mie theory and scattering-
based methods only allow the study extrinsic size effects [32, 33]. There are numerous
studies investigating the size effects of various metal nanostructures on their plasmonic
properties [28, 29, 31-44]. In the following, we will give examples from several studies

pointing out the typical size effects for different kinds of metal nanostructures.

Berciaud et al. [33] investigated the intrinsic size effects of the individual Au nanopar-
ticles, with diameters between 5 and 33 nm, on their optical properties. They reported
that the energy of the plasmon peak shifts to higher energies as the particle sizes get
smaller (Fig. 1.7A). Another effect of the decreasing nanoparticle size is on the full-
width-at-half-maximum (FWHM), which gets broader as the size gets smaller and it is
almost impossible to define the FWHM for the 5 nm Au nanoparticles from the given
absorption spectra (Fig. 1.7C). Therefore, they have introduced another parameter of
red half-width at half-maximum T'; ), = Eg - E1/2 where E1/2 is the resonant energy
at half of the absorption intensity [33]. It shifts to higher energy widths as the particle
diameter gets smaller. Link and El-Sayed [43] studied the optical properties of spherical
Au nanoparticles with sizes between 9 nm and 99 nm, and reported a similar behavior
as [33], where the plasmon energy shifted to higher energies as the nanoparticle size was
getting smaller (Fig. 1.7B). They also showed that the plasmonic properties of nanopar-
ticles smaller than ~12 nm are controlled by the intrinsic size effects, whereas when
their sizes get bigger, then the plasmonic properties are determined by the extrinsic size
effects (Fig. 1.7D.)
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F1cURE 1.7: A. and B. Absorption spectra of the Au nanoparticles with various sizes,

where the experimental values (open circles) are compared with the Mie theory simula-

tions (solid lines) in A. C. The shift of the I'; /, (indicated in A) versus the nanoparticle

diameter. D. Change in the wavelength versus nanoparticle sizes defining the intrinsic
and extrinsic regions (figure adapted from [33] and [43].

Another example about size effects of nanostructures on their plasmonic properties is

shown in Fig. 1.8. Sanchez-Iglesias et al. [34] investigated the synthesis of Au nanodec-

ahedra with fine size tuning and they reported that plasmon resonances shift to lower

energies (higher wavelengths) as the size of the nanodecahedra get larger (Fig. 1.8C).

Photographs of the solutions taken from the different stages of the typical nanodecahe-
dra synthesis (Fig. 1.8A) and a TEM micrograph (Fig. 1.8B) showing the synthesized

Au nanodecahedra are also presented in this figure. As seen in the photographs of the

solution, a fine control over the optical properties can be obtained simply by controlling

the sizes of the nanostructures.
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Ficure 1.8: A. Photographs of solutions at various times during a typical synthesis

of Au nanodecahedra with size control. B. UV-Vis spectra showing the absorption

changing by size. C. TEM micrographs of Au nanodecahedra (figure adapted from
[34]).
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Spectral tunability of Au nanorods in terms of control over nanorod size and aspect
ratio is well documented in the literature [29, 39, 43, 45]. Fig. 1.9 shows the change of
optical properties of Au nanorods by the changes in their aspect ratio. As seen in Fig.
1.9A, the plasmon resonances shifts to higher wavelengths (lower energies) by increasing
aspect ratios [29]. Fig. 1.9B, Fig. 1.9C and Fig. 1.9D are TEM micrographs of different
Au nanorods with aspect ratios of ~2.4, ~2.6 and ~3.8, respectively [39]. Insets in the
TEM micrographs are the photographs of the solutions revealing the change in optical

properties by controlling the aspect ratio of the nanorods.
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FIGURE 1.9: A. Absorption spectra of different Au nanorods with aspect ratios between

1.94 and 3.08, where the shift to higher wavelengths with the increasing aspect ratio

is clearly revealed. B, C and D are TEM micrographs of different Au nanorods with

aspect ratios of ~2.4, ~2.6 and ~3.8, respectively. Insets in the TEM micrographs are

the photographs of the solutions revealing the change in color by aspect ratio of the
nanorods (figure adapted from [29] and [39]).

1.2.2 Shape effects

After presenting the size effects on the plasmonic properties of some commonly used
nanostructures like spherical nanoparticles and nanorods, and some highly faceted nanos-
tructures like nanodecahedra, we continue with the shape effects on the plasmonic prop-
erties of different metal nanostructures. As mentioned in the previous section, LSPR
resonances are under the constraints of the physical boundaries of the nanoparticle ge-
ometry [2, 22]. Therefore, the shape of the nanoparticles define their LSPR properties.
Similar to the size effects, there are many studies, both theoretical and experimental,

about the effects of nanostructures’ shape on their plasmonic properties [30, 46-59].

Fig. 1.10A shows the resonance range of different Au and Ag nanostructures from UV

to mid infrared region [60]. As it can be seen here, modifying the shape, and/or size, of
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the nanostructures allows one to tune the plasmonic properties within the visible range
and beyond. Fig. 1.10B shows the extinction spectra of different polyhedral Au nanos-
tructures such as octahedron (in red), truncated octahedron (in yellow), cuboctahedron
(in green), truncated cube (in blue), cube (in purple) and trisoctahedron (in black) [57].
Even though they have similar sizes (the length scale shown along the sketches are the
same for all nanostructures), the possibility of fine tuning the plasmonic properties is
obvious. Fig. 1.10C shows the plasmon resonance wavelength for spherical, pentagonal
and triangular Ag nanostructures with different sizes [53]. The reason for the scattering
of the plasmon resonance wavelengths for the case of Ag triangles was revealed to be
due to the three-dimensional shape anomalies in triangular structure, suggesting the im-
portance of the shape effects on the plasmonic properties of the nanostructures [53]. By
looking at Fig. 1.10B and Fig. 1.10C, one can see that the shape of the nanostructure

has more prevailing impact on the plasmonic properties than the size.
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FIGURE 1.10: A. Different silver and gold nanostructures presenting their plasmon

resonances in a wide range of spectrum from UV to mid infrared (figure reproduced from

[60]). B. Extinction spectra of various polyhedral Au nanostructures (figure adapted

from [57]). Note that the colors in the extinction spectra are the same as the colored

squared around the structures, i.e. spectrum corresponding to the cuboctahedron is

green. C. Plasmon resonance wavelengths for Ag spheres, pentagons and triangles with
various sizes (figure adapted from [53]).

Another commonly used modification of the morphology to control and tune the optical
properties of metal nanostructures is creating hollow nanostructures [61]. Here, we
present a set of calculations that we have conducted based on the Mie theory [62] in

idealized hollow Ag and Au spherical nanoparticle systems. Here we assume perfectly
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symmetrical void/Ag and void/Au systems with different void sizes as shown in the
accompanying sketches (Fig. 1.11). As seen in these figures, even the smallest change in
the void size modulates the plasmon resonance significantly. These calculations clearly
reveal the extend of plasmon resonance engineering by hollow nanostructures, which
is the main motivation of the experimental and simulation studies conducted during
this thesis manuscript. The changes observed are mostly due to a mechanism called
plasmon hybridization [63], which will be explained in detail in the following. It is also
worth noting here that the extinction efficiency of Ag nanostructures are a lot higher
than those of Au nanostructures, which can be understood by considering the above
mentioned (Fig. 1.2) differences in interband transition effects for Ag and Au, resulting

the presence of more intense and sharp plasmon peaks for Ag nanostructures [53, 64].
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FIGURE 1.11: Mie calculations for idealized void/Ag (upper) and void/Au (lower)
spherical systems with a total diameter of 50 nm, where the shell thickness varied
between 2.5 nm and 22.5 nm.

As seen in Fig. 1.10B, the difference between the plasmon resonances of truncated octa-

hedron, cuboctahedron, truncated cube and cube nanostructures is quite negligible. The
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fact that nanostructures with different morphologies can have similar plasmon resonance
energies arises the question about the determination of shape effects on the LSPR prop-
erties. As the LSPRs are constrained by the morphology of the nanostructures, their
shape must have crucial effects on the LSPR properties. However, the differences on the
plasmonic properties may not always be manifested in plasmon resonance energies, as it
is the case for the above presented polyhedral Au nanostructures. The distribution of
the plasmon resonances is equally important as the plasmon resonance energy for many
applications and it can not be distinguished by the UV-Vis spectroscopy. For instance,
Chen et al. [56] reported the shape dependent refractive index sensitivities of various Au
nanostructures that have the same plasmon resonance wavelengths, yet, the distribution
of plasmon resonances for each nanostructure is different (shown in Fig. 1.12). Fig.
1.12 shows the TEM micrographs and electric field enhancement contours of various
Au nanostructures such as nanorods with different size and shapes, nanobipyramid, and
oxidized nanorod and nanobipyramids. Altough their corresponding extinction spectra
reveal that they have almost the same plasmon resonance wavelengths, their distribution
is different for each nanostructure resulting in 2-fold differences during refractive index
sensing [56]. In general, it is safe to say that even slight variations in the morphology
generate plasmon resonances with different energies and/or different distributions. For
instance, Qian et al. [59] reported the effects of edge rounding on the plasmonic proper-
ties of nanocube and nanobox-like structures and concluded that, along with its effects
on the distribution, plasmon resonances shifted to higher energies for the nanocubes/-

nanoboxes with rounded edges compared to those of with sharp edges.
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FIGURE 1.12: TEM micrographs of Au nanostructures: (A) large nanorod, (B)

nanobipyramid, (C) oxidized nanobipyramid, (D) oxidized nanorod, (E) dog-bone-like

nanorod, (F) peanut-like nanorod and (G) small nanorod. Their corresponding electric

field enhancement contours (at the logaritmic scale) are presented in the lower row.

The extinction spectra of the nanostructures are shown on the right (figure adapted
from [56]).
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1.2.3 Composition effects

Composition of the plasmonic structure is another crucial parameter on the plasmonic
properties. As it is discussed during the previous section based on the dielectric constant
of different materials (for instance, see Fig. 1.2) and indirectly shown during the above
sections about size and shape effects (for instance, see Fig. 1.10), a material’s plas-
mon resonance is highly dependent on its composition. Before starting showing solely
compositional effects on the plasmonic properties of different nanostructures, we find it
convenient to mention about the galvanic replacement process, where the modulation in
the plasmonic properties can be accounted both as morphological and chemical manip-
ulations [50, 61, 65-69]. It should be noted here that the hollow metallic nanostructures
studied in this thesis manuscript are also synthesized by the galvanic replacement reac-

tion [69], details of which will be presented in Chapter 2.

Absorbance (a.u.)

400 600 800 1,000
Wavelength (nm)

FIGURE 1.13: (Upper row) Photographs of solutions at different stages of galvanic

replacement reaction, where Ag nanocubes (far left) are used as templates to synthesize

AuAg nanocages (far right). (Middle row) TEM micrographs of Ag nanocubes and

AuAg nanoscages. (Lower row) UV-Vis spectra obtained from the different stages

of the reaction, where the amount of Au increased from left to right. Colored arrows

indicate the photographs and UV-Vis spectra corresponding to the initial Ag nanocubes
and final AuAg nanocages (figure adapted from [65]).

As the differences between Ag and Au nanostructures are also mentioned above while

discussing the size and shape effects, we will shortly talk about the alloyed nanostructures
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and the effects of chemical composition on their plasmonic properties. This issue is also
widely investigated in the literature in various experimental and simulation studies [70-
78].

We must stress here that most of the studies reporting the effects of composition on
the optical properties of metallic nanostructures tend to disregard the effects of size
differences of the synthesized nanoparticles. Liu et al. [79] investigated the effects of
composition on optical properties of mono-disperse AuAg alloy nanoparticles (Fig. 1.14).
They have synthesized mono-disperse nanoparticles with different AuAg compositions,
all of which have an average diameter of ~6 nm. As seen in the UV-Vis spectra, the
plasmon resonance peak shifts to higher wavelengths (lower energies) as the amount of
Au increases, in fact, the plasmon resonance wavelength is dependent on the Au amount

showing a perfect linear relation [79], which was also reported in [70].

Absorption (normalized)
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FIGURE 1.14: UV-Vis spectra of several AuAg alloy nanoparticles with different compo-

sitions, along with the TEM micrographs taken from the Aug.o5Ago.75 and Aug.75Ag0.25

nanoparticles revealing the size homogeneity within and between the samples. Note that

the AuAg alloy nanoparticles have similar sizes of ~6 nm for all compositions (figure
adapted from [79]).

Another issue to be taken into account is the distribution of the composition, i.e. alloy
formation or segregated alloys/heterostructures/core-shells etc. The formation of alloys
for the spherical nanoparticles, to some extend, can be directly detected by the shape
of the UV-Vis spectra, where the optical absorption spectrum of the alloys reveals the
presence of only one plasmon band (note that it is only valid for the small sized spherical
nanoparticles) [70, 74, 80, 81]. For instance, Fig. 1.15 shows the absorption spectra taken
from AugsAgg s nanoparticles with an average size of 13 nm. As seen in this figure, the
absorption spectrum of the alloyed Aug 5Agy.5 nanoparticles (in red) shows the presence
of one peak generated by combined resonances of the alloy, whereas the absorption
spectrum taken from the Augs5Agy 5 nanoparticles formed by physically mixing 50% Au
and 50% Ag nanoparticles shows the separate plasmon resonances associated to Au and

Ag nanoparticles.
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F1GURE 1.15: Absorption spectra taken from ~13 nm Aug 5Agg 5 nanoparticles formed
an alloy (in red) and mixing Au and Ag nanoparticles (in blue) (figure adapted from
[74].

1.2.4 Environmental effects

The plasmonic properties of the nanostructures are highly affected by the environment.
In the previous section (1.1), we have described in detail the theoretical background
of the dependency of the optical properties on the dielectric constant of the environ-
ment. The fact that plasmonic properties of nanostructures are highly dependent on
the surrounding medium forms the basis of plasmonic sensing [82-84], which will be
elaborated in the following section. Yet, it should be pointed out that we also take into
account the presence of substrate, which also affects the plasmonic properties remarkably

[38, 47, 85-92], when we mention about the environmental effects.
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F1cUrE 1.16: A. Comparison of the extinction cross-sections of 20 nm Au nanospheres

and ellipsoids with aspect ratio 2 in different dielectric environment (figure reproduced

[82]). B. Resonant Rayleigh scattering spectra obtained from a single Ag nanoprism in
various solvent environments (figure adapted from [83]).

Fig. 1.16A shows the comparison of extinction cross-sections of 20 nm Au nanospheres

and ellipsoids (with aspect ratio of 2) in different environments whose refractive index
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n = 1.33, 1.43 and 1.53 [82]. As seen in this figure, the peaks shift to higher wavelength
as the refractive index increases and the difference is more significant for the ellipsoid
Au nanostructures. Another example about the plasmonic behavior of nanostructures
in different environments is shown in Fig. 1.16B where the resonant Rayleigh scattering
spectra obtained from a single Ag nanoprism in different chemical solvents such as
nitrogen, methanol, propan-1-ol, chloroform and benzene [83]. About 100 nm difference
in scattering wavelength can be observed between the nanoparticle in nitrogen and in

benzene.
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FIGURE 1.17: A. Scattering spectra of a 60 nm Ag nanocube in vacuum (in black) and

on a glass substrate (in red). B. Electric field enhancement maps of two resonances

labeled as I and IT in A. C. Schematics of charge distributions showing the primitive

dipolar (D°) and quadrupolar (Q°) modes. D. Energy diagram and schematic of the

substrate effect leading the formation of hybridized bonding D and anti-bonding Q
modes (figure adapted from [91].

Zhang et al. [91] reported the formation of substrate-induced fano resonances in a Ag
nanocube (Fig. 1.17). Fig. 1.17A shows the scattering spectra obtained from a 60 nm
Ag nanocube standing in vacuum (in black) and on a glass substrate (in red). As seen
in this figure, plasmon resonance of the nanocube in vacuum shifts to higher wavelength
(labeled as I) and a new mode (labeled as II) emerges due to the substrate effects.
Fig. 1.17B shows electric field enhancement maps corresponding to the modes labeled
as I and II, revealing that mode I is confined in the region that is in contact with the
substrate and mode II is present more intensely at the upper part. The schematics of
charge distribution showing the primitive dipolar (D?) and quadrupolar (Q°) modes are

shown in Fig. 1.17C. As the distribution of these primitive modes can not explain the
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electric field enhancement maps, a hybridization model is proposed (Fig. 1.17D), which
results in the generation of hybridized bonding D and antibonding Q modes [91]. These
bonding and anti-bonding modes are usually referred as proximal and distal modes,

respectively, and they will be used as such throughout this thesis manuscript.

Nicoletti et al. [90] reported the distribution of multiple proximal and distal modes
in a 100 nm Ag nanocube experimentally by three-dimensional EELS analyses. More
recently, Li et al. [92] showed the energy transfer from plasmonic Ag nanocubes to dif-
ferent semiconducting substrates such as amorphous silicon (a-Si) and boron phosphide
(BP) and to an insulating substrate of silicon dioxide (SiO2). A hybridization model,
similar to the one presented in Fig. 1.17D, is suggested, where the model is further

expanded to the dependency of the dielectric constant of the substrate.

In this thesis manuscript, we have obtained the EELS data from the nanostructures
deposited on 15 nm thick SigsNy grids for the results presented in Chapters 3 and 4,
whereas the results presented in Chapter 5 are obtained by using 18 nm thick SiO9
grids. In Chapters 3 and 4, we have discussed the effects of SisN, grids on the plasmonic

properties of hollow AuAg nanostructures.

1.2.5 Plasmon coupling

Another factor that affects the plasmonic properties of metal nanostructures is the pres-
ence of another metal nanostructure nearby, what is known as plasmon coupling [93].
When two metal nanostructures are placed close to each other, their LSPRs interact
with each other and create electric field enhancements in the gap region that are much
larger than those for the isolated nanostructures. This enhancement is investigated
widely for many different nanostructures with many different alignments as it signifi-
cantly increases the efficiency of plasmonic applications, especially in sensing and surface

enhanced Raman scattering leading the way to the detection of single molecules [94—105].

The interaction between plasmon fields of adjacent nanostructures modulates the energy
of plasmon resonances, where, as a universal rule in the classical regime, plasmon reso-
nances shift to lower energies with decreasing gap sizes. Having said that, one needs to
take the quantum effects into account for very narrow gaps, where the electron conduc-
tion plays an important role and diminishes the coupling plasmon strength (for instance
see the chapter in [93] on quantum plasmonics in coupled nanoparticles with narrow
gaps). Scholl et al. [106] experimentally observed quantum tunneling between two plas-
monic Ag nanoparticles with a gap ~0.5 nm. More recently, Tan et al. [107] observed

quantum tunneling between two adjacent Ag nanocubes, where they could increase the
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gap up to 1.3 nm for the charge transfer via quantum tunneling thanks to bridging by

self-assembled monolayers.

Fig. 1.18 shows two examples of plasmon coupling between nanodisks and nanotriangles
(so-called bowtie nanoantennas), with gaps in the classical regime (figures adapted from
[96, 105]). Fig. 1.18A shows a typical SEM micrographs of Au nanodisk pairs with 12 nm
gaps, where the individual nanodisk is 88 nm in diameter and 25 nm in thickness. DDA-
simulated extinction efficiencies versus the interparticle gaps are shown in Fig. 1.18B,
revealing that the extinction efficiency icreases and the peaks shift to higher wavelengths
as the interparticle gap gets narrower [96]. Another typical example of plasmon coupling
is so-called bowtie nanoantennas. Fig. 1.18C shows the simulated electric field contours
of bowtie nanoantennas with parallel and perpendicular polizations. Fig. 1.18D and
Fig. 1.18E shows the Raman spectra and enhancement factors for different gaps, where
the Raman signal and thus, enhancement factor significantly increase as the gaps get

narrower [105].
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Ficure 1.18: A. Representative SEM micrograph of Au nanodisk with a gap ~12

nm. B. DDA-simulated extinction efficiency for varying interparticle gap for parallel

incident light polarization direction (figures adapted from [96]). C. Simulated electric

field contours of bowtie nanoantennas with parallel and perpendicular polizations. D.

Raman spectra and E. enhancement factor for varying gap size between nanoantennas
(figure adapted from [105]).

Plasmonic coupling between two Ag@QAu core-shell nanocubes separated with a ~22 nm
gap and between an Ag@Au core-shell nanocube and an AuAg nanoframe separated

with a ~14 nm gap are presented in Chapter 5 with 3D EELS analyses.
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1.2.6 Plasmon hybridization in void plasmons

We have already introduced the term of plasmon hybridization in several occasions
above (for instance, see Fig. 1.11 and Fig. 1.17). Plasmon hybridization mechanism,
developed by Prodan et al. [63], is a model that explains the plasmon resonances of
complex nanostructures with complex geometries as the interaction or ”hybridization”
of plasmons generated by simpler geometries (Fig. 1.3). This principle has opened the
way to rational designs of complex nanostructures with desired plasmonic properties by
a simple approach [108]. Although it has also been widely used to explain the interaction
between two solid nanostructures, or solid nanostructure/environment interactions [91,
92, 102, 109-112], we will focus on its application for the plasmonic properties of the
hollow nanostructures during this section [63, 108, 113, 114]. We use the term of ”void
plasmons” for the plasmon resonances generated in the hollow nanostructures [2] and

note that they are also known as cavity plasmons.
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F1GURE 1.19: A. Schematic energy-level diagram illustrating the plasmon hybridiza-
tion mechanism in metal nanoshells as a result of the interaction between the sphere
and cavity plasmons. Anti-symmetrically coupled, anti-bonding, mode (wy) and sym-
metrically coupled, bonding, mode (w_) are shown (reproduced from [115]). B. Extend
of the hybridization for thick (upper) and thin (lower) metallic shells revealing that the
hybridization is much higher for the thin metallic shell (figure adapted from [116]).

Fig. 1.19A shows the schematic of plasmon hybridization mechanism developed by
Proden et al. [63], where the energy-level diagram describing the mechanism in metal
nanoshells as a result of the interaction between the sphere and cavity plasmons. The
plasmon resonances present in the metallic shell are identified as anti-symmetrically
coupled anti-bonding mode (w4) and symmetrically coupled bonding mode (w_). Fig.
1.19B shows the plasmon hybridization mechanism in metal nanoshells with different
shell thicknesses and reveals that the interaction of plasmon resonances, thus, plasmon

hybridization is much higher for the thin metallic shells [116].



Introduction 31

As this thesis manuscript is about nanoenginnering of plasmon resonances in hollow
nanostructures, it is convenient to elaborate the physics behind such a mechanism. Let
us assume a metallic structure containing dielectric inclusions with dimensions a (where
a < ). Similar to the hybridization model presented in Fig. 1.19A, we have a nanovoid
with a radius r = a, which has a dielectric constant ¢,, in a homogeneous metallic body

with a dielectric constant e(w) (Fig. 1.20).

v
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F1GURE 1.20: Spherical dielectric nanovoid in a homogeneous metallic body.

This dielectric nanovoid can sustain an electromagnetic dipole resonance analogous to
a metallic nanoparticle. Simply, we can imagine this system like a spherical metallic
nanoparticle with a dielectric constant €, placed in an environment with a dielectric
constant €(w). Simply changing e(w) (or €gn) — €, and €, — €(w) in equation (1.43),

we can express the polarizability of the nanovoid as [2]:

€m — €

_ 1.46
€m + 2€ ( )

a = 4ra®

Note that the induced dipole moment is oriented antiparallel to the applied outside field

in this case, contrary to metal nanoparticles [2]. The Frohlih condition becomes

Re e (w)] = —%em. (1.47)

As shown in the hybridization model in Fig. 1.19A two fundamental dipolar modes of a
void/shell nanoparticle system can be considered as they emerged by the hybridization
of dipolar modes of a metallic sphere and a dielectric void in a metallic substrate.
[63]. As a result of this hybridization, a bonding mode and an anti-bonding mode
are generated in the metallic nanoshell. Validity of this model is proven by quantum-

mechanical calculations and finite-difference time-domain simulations [115, 117, 118]. If
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one describes the particle plasmon as an incompressible deformation of the conduction
electron gas of the metallic nanostructure, such deformations can be expressed by using
spherical harmonics of order [ [63]. The frequencies of the hybridized plasmon resonances

(wy+) can be written as for each [ > 0 [63],

2
9 wy, 1 a
== |1+ ——/14+ 41 +1)(-)2H1 14

where a and b are the inner and outer radius of the shell, respectively.

The plasmon hybridization model can explain the interactions between the plasmon
resonances of more complex systems such as double-shell metallic nanoparticles [63].
Recently, it has been implemented to explain quantum plasmonics in a complex system
of so-called "nanomatryushka” [119]. Fig. 1.21 shows the geometry of a nanomatryushka
(Fig. 1.21A) and induced electric field distributions for the modes located at 1.81 eV
(top) and 2.87 eV (bottom) with varying component sizes (Fig. 1.21B) as indicated in
paranthesis below the figures where the colors correspond to the colors of the arrows in
the geometry. For a total nanomatryushka size of ~8 nm, the induced field maps fit
well with the classical modeling, where the mode located at 1.81 eV induces a strong
field in the core-shell gap and the mode located at 2.87 eV induce strong field both
in the gap and outside of the shell. As the diameters (given in parenthesis, in nm)
get smaller, the electric field inside the gap diminishes gradually. In the size regime
of ~1.5 nm nanomatryushka, similar to above mention plasmon coupling in quantum
regime, charge transfer between the core and shell becomes so strong and the nanoma-
tryushka system acts like a spherical nanoparticle [119]. Fig. 1.21C shows the plasmon
hybridization diagram between the nano-core and nano-shell, resulting in the genera-
tion of bonding hybridized plasmon resonance located at 1.81 eV (w_~>x)s) primarily
due to hybridization of nano-core plasmon mode (w_>n¢) and the bonding shell plas-
mon mode (w™>xg). The higher energy dipole mode located at 2.87 eV (w_">np)
is created from the nano-core plasmon mode and the anti-bonding shell plasmon mode
(wt>pNg) with a slight admixture of bonding shell plasmon mode. A third non-bonding
mode (w_T>yp) is also predicted as an anti-bonding combination of the nano-core reso-
nant mode and the anti-bonding resonant mode of the shell, which was not visible in the
spectrum due to its low dipole moment [119]. Fig. 1.21D shows the schematic surface
charge distribution corresponding to the modes located at 1.81 eV (left) and at 2.87 eV
(right).
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F1GURE 1.21: A. Geometry of a nanomatryushka, consisting of a spherical Au nanopar-
ticle/void/Au nanoshell system. B. Induced electric field distribution for the two modes
located at 1.81 eV (top) and 2.87 eV (bottom). Distances between the components
(shown with colored arrows in A) increase from left to right, which are given in paren-
thesis with colors corresponding to the color of the arrows. C. Plasmon hybridization
diagram, where the NC is nanocore, NS is nanoshell, NB is nonbonding and NM is
nanomatryushka. D. Schematic surface charge distributions for the modes located at
1.81 eV (left) and 2.87 eV (rigt) (figure adapted from [119]).

As shown here the plasmon hybridization model can be used to explain plasmon reso-
nances generated by voids in metal nanostructures. Therefore, we will use this model
in order to explain and understand the plasmon resonances of hollow AuAg nanostruc-
tures synthesized by galvanic replacement reaction [69] investigated during this thesis

manuscript, as it is also suggested by [61, 66, 67].
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1.3 Applications of plasmonic nanostructures

Plasmonic nanostructures can be termed as nanoantennas with an anology to radio
antennas as their EM modulation mechanism is quite similar to those of the radio an-
tennas [120, 121]. They have the ability to direct and enhance radiative emission (and
vice versa) in transmission mode and they can convert propagating free-space EM wave
to highly confined and strongly enhanced electric fields [120-125]. With the ability of
the localization of light at nanoscale, plasmonic nanostructures are attractive build-
ing blocks for nano optics and novel applications such as sensor devices [126], surface
enhanced Raman spectroscopy (SERS) [127], photovoltaics [128], theranostics [68], su-
perlenses [129], nanolasers [130], invisibility cloaks [131] and quantum computing [132]
among others. In this section, we will give some information about most common appli-
cations of plasmonic nanostructures such as sensing, SERS, photovoltaic solar cells and

nanomedicine.

1.3.1 Plasmonic nanosensing

As mentioned extensively in the previous section, LSPR properties of nanostructures
are known to be highly sensitive to the local environment, as well as to their size and
shape. Label-free optical sensing with plasmonic nanoparticles is based on the detection
of adsorbate induced refractive index changes near or on the nanoparticles, which change
the dielectric constant of the surrounding medium and can be measured by using UV-
visible extinction spectroscopy [83, 84, 126, 133]. Adsorbate induced shifts in LSPR can
be expressed as AMyqz, which is simply given in the equation (1.49) [84]:

AMaz = Amaz < after > — Az < before > . (1.49)

Early biosensing experiments are based on the label-free colorimetric assays where the
color change produced by aggregation of Au colloids are used as probes to detect interac-
tions between DNA stands [82]. The color change in this simple setup can be visualized
even with "naked” eye. A schematic representation of colorimetric detection of nucleic
acid sequences is shown in Fig. 1.22A. In this strategy two metal nanoparticle colloids,
each capped with a different and non-complementary single stranded DNA (ssDNA)
are mixed together (which are labeled as DNA-Au NP probes in the figure). Further
addition of a third oligonucleotide induces aggregation due to the hybridization between
the oligonucleotides resulting in change of color of the colloidal solution [82, 134]. The

color changes are amplified when the aggregates are visualized on a chromatographic
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plate such as glass, and by this way, detection limits in zeptomolar range (about 600
molecules) can be obtained [134]. This technique is quite versatile and can be applied

easily to different bio-molecular detection and medical diagnostic applications [135-138].
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F1cURE 1.22: A. Schematics of colorimetric detection of nucleic acid sequences: DNA-
Au nanoparticle probes are hybridized to a DNA target in solution and deposited onto
a glass substrate, which is then illuminated with white light. The Au nanoparticles
having 40-50 nm diameter scatter green light, whereas completed DNA-Au nanoparticle
probes scatter yellow to orange light (figure reproduced from [134]). B. Bovine serum
albumin (BSA) sensing with Au nanodimers, where sensing enhancement versus the
gap size between dimers are shown for different BSA coverage amounts. On the right,
schematics of BSA molecules located at the interparticle gap (figure adapted from [101]).

It has been reported that by carefully engineering the nanoparticle assemblies, it is possi-
ble to visualize single binding events such as DNA hybridization and protein conjugation
[95, 101]. As mentioned above, plasmon coupling enhances the efficiencies of plasmonic
applications due to the presence of highly enhanced fields in the gap between two inter-
acting nanostructures. Such an enhanced fields can be exploited to detect single protein
binding events [101]. Fig. 1.22B shows the sensitivity enhancement of Au nanodimers
towards bovine serum albumin (BSA) protein sensing by different interparticle gaps.
The percentages shown in this figures represent the BSA coverage of Au dimers. On
the right, schematic of nanodimer-protein interactions is shown, where one (top) or two

(down) BSA molecules are located at the gap region [101].
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Hollow nanostructures are known to have better sensing properties than their solid
counterparts due to the above mentioned plasmon hybridization mechanism [63] result-
ing in the enhanced plasmon fields along with more homogeneous distribution [67, 139,
140]. For instance, Sun and Xia [141] compared the sensitivity of Au nanospheres and
nanoshells and reported that a SF of 60 nm/RIU measured for the solid nanosphere
becomes 409 nm/RIU for the case of a hollow nanoshell of the same size, which corre-
sponds to almost a 7 fold increase in the SF. Similarly, in their review article, Mahmoud
et al. [140] tabulated a 5 fold increased SF when comparing Au nanocubes and hol-
low Au nanocages. Fig. 1.23A shows the modulation of LSPR peak positions for Au
nanoframes (NF) with different edge lenghts and wall thicknesses, which are simulated
by discrete dipole approximation (DDA) assuming perfect shapes [67]. As seen in this
figure, even the sub-nanometer changes in the wall thickness result in significant changes
in the LSPR peak position, suggesting their high sensitivity to the modifications. In or-
der to prove that, plasmon resonances of Au NFs with 40 nm and 90 edge lengths are
simulated for the NF's located in different environments with different refractive indexes.
Fig. 1.23B shows the DDA simulated extinction spectra of 40 nm NF with 7.2 nm thick
walls surrounded by different media. As seen in these figure, about the peak located at
about 900 nm for the NF in air shifts to about 1150 nm for the NF in water. For the 40
nm Au NF with 7.2 nm thick walls a high sensitivity factor of 739 nm/RIU is calculated
[67]. Fig. 1.23C the DDA simulated extinction spectra of 90 nm NF with 21.6 nm thick

walls surrounded by different media and indicates a sensitivity factor of 494 nm/RIU.
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Ficure 1.23: A. DDA simulated plasmon resonance maximum peak positions for Au

nanoframes (NF) with different edge lengths and wall thicknesses. B. DDA simulated

extinction spectra of 40 nm Au NFs with 7.2 nm thick walls in various environments.

C. DDA simulated extinction spectra of 90 nm Au NFs with 21.6 nm thick walls in
various environments (figure adapted from [67]).

In Chapter 2 of the present thesis manuscript, we will measure the sensitivity of single-
walled AuAg nanoboxes and solid Au nanoparticles against conjugation events with BSA
and its antibodies, in order to reveal the effects of enhanced plasmonic properties of such

nanostructures on their sensitivity.



Introduction 37

1.3.2 Surface-enhanced Raman spectroscopy

Surface-enhanced Raman spectroscopy (SERS), a technique where the enhanced Raman
scattering is obtained due to the localization and amplification of incident light fields
by a surface plasmon resonance, is arguably one of the most common applications of
plasmonic nanostructures since its discovery about 40 years ago [142-144]. With the
developments in the spectroscopic information and nanofabrication techniques and novel
detection schemes, SERS has been established as a powerful tool in sensing and detecting

in molecular level [127, 145].

After the pioneering works of Nie and Emory [146] and Kneipp et al. [147] reporting the
ability of SERS for single molecule detection, it has extensively been exploited for the
detection of different molecules at single molecule level [148-151] and for detection of
disease markers [152—-154]. Moreover, utilization of SERS in living cells [155] and in-vivo
tumor targeting and spectroscopic detection [152] has been realized. Fig. 1.24A shows
the schematics of cancer cell targeting and spectroscopic detection by using antibody-
conjugation SERS. Spherical Au nanoparticles with ~60 nm in diameter are stabilized
with thiol-polypolyethyleneglycol (thiol-PEG) and used as the plasmonic component
during targeting and SERS. Fig. 1.24B shows the SERS spectra obtained in-vivo from

the cancer cells along with the control data and standard tag spectrum [152].
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FiGURE 1.24: A. Schematics of cancer cell targeting and spectroscopic detection
by using antibody-conjugated SERS where Au nanoparticles stabilized with thiol-
polyethyleneglycol (thiol-PEG) are used as plasmonic component. B. SERS spectra
obtained in-vivo from the EGFR-positive cancer cells and EGFR-negative cancer cells
along with the control data and the standard tag spectrum (figure adapted from [152]).
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F1cUrRE 1.25: A. Schematic of the tunneling-controlled TERS setup. B. STM topo-

graph sub-monolayered HyTBPP molecules (the inset is the chemical structure of a

single molecule). C. TERS spectra obtained for different conditions (figure adapted
from [156]).

More recently, Zhang et al. [156] used a modified SERS system termed as tip-enhanced
Raman spectroscopy (TERS) to chemically map single molecules on Ag substrates.
Fig. 1.25A shows the schematic of the TERS system based on the scanning tun-
neling microscopy coupled with SERS providing spatial resolutions at sub-nanometer
scale, i.e. sub-molecular scale. STM topograph of sub-monolayered meso-tetrakis(3,5-
di-tertiarybutylphenyl)-porphyrin (HoTBPP) molecules (the inset is the chemical struc-
ture of the molecule) on Ag(111) surface is shown in Fig. 1.25B, revealing the sub-single
molecule resolution power of the setup. Fig. 1.25C shows the TERS spectra obtained
from different conditions and locations such as tip-retracted TERS (i.e. standard SERS)
on the Ag substrate, TERS on the substrate and TERS on single molecules, molecule
islands and powders [156]. As seen in this figure, tunneling-controlled TERS setup
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can provide chemical information from the single molecules with sub-molecular spatial

resolutions thanks to the enhanced field generated by plasmonic substrate.

1.3.3 Plasmon-enhanced photovoltaics

Photovoltaics, the conversion of sunlight to energy, have received great interest as clean
and sustainable source of energy, which, ultimately, has the potential of solving the
problem of climate change [128, 157, 158]. Implementation of plasmonic nanostructures
to photovoltaics improve the efficiency of the devices by increasing light absorption.
There has been numerous studies reporting enhancements in efficiencies of silicon and

other inorganic based solar cells and organic solar cells over the years [128, 157-167].
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F1cUrE 1.26: Different plasmonic light-trapping geometries for various solar cells. A.
Three different designs for thin-film solar cells where the plasmonic nanostructures are
located at the top surface of the cell, embedded in the semiconductor, and located at
the metal /semiconductor interface. B. So-called plasmonic tandem geometry where the
semiconductors with different bandgaps are stacked on top of each other, separated by
plasmonic metal contact layer. C. Plasmonic quantum-dot solar cell with a metal/in-
sulator /metal SPP waveguide. D. Optical nanoantenna array in organic solar cells. E.
Solar cells enhanced by cavity plasmons of a metal film where the voids are filled with
semiconductors. (Figure adapted from [128].)

Fig. 1.26 shows different designs for plasmonic light-trapping for various solar cells
[128]. Fig. 1.26A shows three ways that reduces the physical thickness of the photo-
voltaic absorber layers while keeping their optical thickness constant. On top, metallic
nanoparticles are used as scattering elements that couple and trap the sunlight into
an absorbing semiconductor thin film. In the middle, metallic nanoparticles acts like
nanoantennas where the plasmonic near-field coupled to the semiconductor increase the
absorption cross-section. Lower design consists of a corrugated metallic film on the back
which couples sunlight into SPP modes at the metal/semiconductor interface [128]. In

addition to these three principal design presented in Fig. 1.26A, there are many other
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cell designs that can increase the light confinement and scattering from metal nanopar-
ticles. Four of them are shown in Fig. 1.26. In a plasmonic "tandem” design (Fig.
1.26B, semiconductors with different bandgaps are stacked on top of each other which
are separated by a plasmonic metal layer that couples different wavelength bands into
the corresponding semiconductor layer. A design utilizing quantum-dots and SPPs for
solar cells is shown in Fig. 1.26C. As a result of nanoscale plasmonic solar-cell engi-
neering, an organic photovoltaic light absorber could be integrated in the gap between
plasmonic nanoantennas (Fig. 1.26D). Last example presented in this figure is a metal
film with coaxial voids generating Fabry-Perot resonances and the voids are filled with
semiconductor absorbers (Fig. 1.26E) [128].
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FIGURE 1.27: A. (Left) Schematic representation of light trapping due to LSPR of Au
nanoparticles in an organic solar cell. (Right) Schematic of the local enhancement of the
electromagnetic field, note that the plasmon field decays exponentially with increasing
distances from Au nanoparticles. B. PL decay profiles of the pristine PSHT/PCMB
blend sample and the plasmonic sample, where the schematic of charge transfer process
is shown as inset. C. Schematic of the interplay between LSPR and the excitons where
the resulting interactions enhances the rate of exciton dissociation, thus, reduces the
exciton recombination (figure adapted from [168]).

Wu et al. [168] studied the surface plasmonic effects of metal nanoparticles on the
performance of polymer bulk heterojunction solar cells and reported a ~33% power
conversion efficiency thanks to the plasmonic nanoparticles. Fig. 1.27A shows the
schematic of light trapping mechanism through forward scattering as a result of LSPRs
generated by Au nanoparticles (left) and schematic of the local enhancement of the
electromagnetic field (right) [168]. The plasmonic field decays exponentionally with

respect to the distance from the plasmonic nanoparticles. Fig. 1.27B shows the PL
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decay for the initial P3HT/PCMB blend sample and sample containing plasmonic Au
nanoparticles. Scheme of the charge transfer distribution is shown as an inset in this
figure. Representation of the interplay between the LSPR and the excitons is shown
in Fig. 1.27C, where the interactions results an enhancement of the rate of exciton

dissociation, thereby reducing exciton recombination [168].

1.3.4 Applications in nanomedicine
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FIGURE 1.28: A. Schematics of heat generation by photothermal effect (figure repro-
duced from [169]). B. Shape dependent photohermal stability of various Au nanostruc-
tures and their related applications in nanomedicine (figure reproduced from [170]).

Thanks to their ability to absorb light and convert it to heat by a mechanism called
photothermal effect, plasmonic nanoparticles have been intensively used in different
nanomedicine applications such as imaging, drug delivery, cancer diagnosis and ther-
apy [68, 169-178]. The schematic mechanism behind the heat generation by plasmonic
nanoparticles is presented in Fig. 1.28A [169], where the plasmons of the Au nanocage
generated by near-infrared region (NIR) illumination decay into hot electrons with en-
ergies between vacuum level and Fermi level. The heat generation in the surface hot

electrons will be released to the media causing an increase in the temperature. Fig.
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1.28B presents an atlas of shape-dependent photothermal stability of Au nanostructures

such as nanorods, nanocages and multifunctional nanoparticles [170].

It should be noted here that most of the Au nanostructures used in nanomedicine are
hollow nanostructures or nanorods due to the fact that their plasmon resonances can be
finely tuned (as presented above) in the near-infrared region (NIR) where the blood and
soft tissue are relatively transparent [171]. Moreover, these hollow nanostructures can
be used as suitcases for drug delivery applications [68, 170, 177], where they have been
employed succesfully in therapy of different kind of cancers as a less harmful alternative

to standard chemotherapies [172, 178|.



Introduction 43

1.4 Characterization of LSPR properties

It is crucial to understand and manipulate LSPR properties of metallic nanostructures
in order to fabricated functional devices with desired properties. Over the years, there
have been many different techniques used in order to characterize plasmonic properties
at different length scales. Fig. 1.29 shows an atlas of spatially-resolved spectroscopy
techniques used in plasmon resonances measurements based on their spatial and energy
resolutions [179]. Please note this atlas was published in 2010 and over the recent years,
thanks to the developments in the instrumentation and spectroscopy techniques, there
has been many reported exceeding the spatial and/or energy resolutions presented in
this atlas. Even though, it is useful in order to compare different techniques and as
seen here, cathodoluminescence (CL) and electron energy-loss spectroscopies (EELS)
can provide information with high spatial and energy resolutions. Thus, after giving
an introduction about the different techniques, we will present some examples on the

plasmonic property characterizations by CL and EELS, with an emphasis on the latter.
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FicURE 1.29: Atlas of spatially-resolved spectroscopy techniques used in plasmon
resonance measurements, organized according to their spatial and energy resolution
(figure reproduced from [179]).

Optical spectroscopic techniques such as UV-Vis-NIR spectroscopy and dark field mi-
croscopy are based on the measurements of absorption, reflection or scattering of light

at the nanoparticles, where, usually, sampling volume is larger than the nanoparticles.
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Some efforts have been made to measure plasmonic properties of individual nanoparti-
cles by using UV-Vis spectroscopy where very low concentrations are prepared to ensure
that the interparticle spacing is larger than the optical wavelength (no plasmon coupling)
or, by depositing well-separated nanoparticles and correlation of their measured spectra
with the shape, size and morphology [180]. Dark field microscopy is another commonly
used technique that can provide plasmonic properties at a single nanoparticle level (pro-
viding that the nanoparticles are well dispersed on the substrate) [181-183]. Although
dark field microscopy can reveal the plasmonic properties of individual nanostructures,
it does not provide enough spatial resolution to visualize the morphology of the in-
dividual nanoparticles and it should be used in combination with a scanning electron
microscope (SEM) or transmission electron microscope (TEM). Near-field scanning op-
tical microscopy (NSOM), which provides spatial resolutions beyond the diffraction limit
[184], has also been used to characterize plasmonic properties of individual nanoparti-
cles with several nanometer spatial resolutions revealing the distribution of high order
plasmon modes [185-187].

1.4.1 Cathodoluminescence (CL) spectroscopy

CL is a electron beam based light emitting technique, where the LSPRs are excited via
high energy beam and the radiation scattered into the far field, due to the plasmon
excitation, is detected [179, 188-190]. As it measures the plasmon-mediated emission,
both the wavelength and polarization state of the scattered photons can be measured
[190]. The CL system can be easily adapted to SEM and, therefore, most of the studies
on the plasmonic properties of nanostructures are conducted with SEM-CL systems
where the resolution is limited by the resolution of the microscope [125, 191-199]. Fig.
1.30 shows two examples of plasmon mapping by SEM-CL, by [191] and [197]. Fig.
1.30A is a SEM micrograph of a lithographically fabricated 725 nm long Au nanowire
on a Si substrate. Fig. 1.30B shows CL emission maps of the Au nanowire at different
wavelengths of 592 nm, 640 nm and 730 m, which clearly reveal the presence of different
plasmon modes [191]. Fig. 1.30C shows the CL spectra obtained from the edge and
the tip of an 80 nm thick truncated tetrahedral Au nanoparticle, along with its SEM
micrograph and CL emission maps at 530 nm (edge mode) and 604 nm (tip mode).
This figure is adapted from [197] where Das et al. conducted a systematical study of the
high order surface plasmon modes of such nanoparticles, and could detect ultra-local
variations by SEM-CL setup. Vesseur et al. [193] reported that it is possible to resolve
whispering gallery modes of a plasmonic subwavelength ring cavities by CL. Lassiter
et al. [198] have used CL in order to study the plasmonic properties of highly complex

nanoparticle structures that can support both super-radiant bright and sub-radiant dark
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plasmon modes and reported some ”design rules” for Fano resonance presence in such

structures.
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Ficure 1.30: A. SEM micrograph of a 725 nm long Au nanowire on a Si substrate
(scale bar is 250 nm). B. CL images of the Au nanowire at wavelengths of 592 nm,
640 nm and 730 nm, showing different plasmon modes (figure reproduced from [191]).
C. CL spectra from the tip and edge of a 80 nm thick truncated tetrahedral (TT) Au
nanparticle. Insets show the SEM micrograph and CL emission maps at 530 nm (edge
mode) and at 604 nm (tip mode), scale bars are 200 nm (figure reproduced from [197]).

More recently, Atre et al. [199] characterized 3D plasmonic properties of a so-called
nanocup (crescent) formed by a polystrene (PS) core and an Au shell (as shown in
Fig. 1.31A and B). By tilting this structure over a wide range of tilts (0-165° and
195-360°) and obtaining CL spectrum maps at each tilt, they could reveal the angle-
resolved distribution of different plasmon modes located at the top and bottom part of
the crescent. Construction of CL spectroscopic tomography (Fig. 1.31) based on the
individual CL maps at each tilt reveal the distribution of plasmon resonances in 3D
[199].

CL implemented to TEM/STEM system is rather less studied yet provides higher spatial
resolutions [188, 189, 200-203]. Recently, Losquin et al. [203] reported the plasmonic
properties of a 60 nm Au nanoprism measured both using CL and EELS at the nanometer
scale with a STEM microscope. Fig. 1.32 shows the EELS (in blue) and CL (in red)
spectra obtained from the tip (Fig. 1.32A) and edge (Fig. 1.32B) of the nanoprism.
Plasmon maps of the dipolar (Fig. 1.32C) and higher order (Fig. 1.32D) obtained by
filtering around the energy of the EELS and CL spectra are also shown in this figure.
Although they reveal similar behavior in intensity distribution, their amplitude maps
(not shown here, see [203]) revealed that CL only probes the radiative modes, whereas

the EELS can also reveal the dark modes [203].
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FIGURE 1.31: A. Schematics of the crescents with orientations of 90°, 120° and 150°

where B. shows their corresponding SEM micrographs.
micrographs.

Scale bar is 100 nm for all
C. CL spectroscopic tomography results at different wavelengths from
470 nm to 900 nm, where the intensities are normalized.
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FIGURE 1.32: EELS (blue) and CL (red) spectra obtained from the tip (A) and edge
(B) of a 60 nm Au nanoprism with a 30 nm thickness deposited on graphene
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1.4.2 Electron energy-loss spectroscopy (EELS) for plasmonics

Utilization of EELS for characterization of plasmonic properties is not very-well doc-
umented in the literature. In this section, we will present some examples of ground-

breaking studies conducted over the years.

EELS for plasmonics goes back to the first experimental studies about plasmon reso-
nances. As mentioned above, most of the early studies leading to the discovery of plas-
mon resonance phenomena observed the energy losses of fast electrons passing through
metal films [14, 17-19]. In 2007, Nelayah et al. [204] and Bosman et al. [205] reported,
almost simultaneously, first examples of mapping the surface plasmon resonances of indi-
vidual nanoparticles at the nanometer scale by monochromated EELS in a STEM using

spectrum imaging (SI) technique developed by Jeanguillaume and Colliex in 1989 [206].
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FiGURE 1.33: A. EEL spectra obtained from the tip, edge and center of a 70 nm Ag

nanoprism along with their plasmon intensity and energy (only for the tip mode) maps

(figure reproduced from [207]). B. STEM micrograph of a Au nanorod, the average

spectrum revealing the presence of two plasmon resonances at 1.70 eV and 2.40 eV and
the plasmon intensity maps of these modes (figure reproduced from [205]).

Fig. 1.33A shows the EEL spectra and maps obtained by Nelayah et al. [204] (figure
reproduced from [207]). In this figure, local EEL spectra obtained from the tip, edge and
center of a 70 nm Ag nanoprism are shown in (a), along with their plasmon intensity
maps located at 1.75 eV (b), 2.70 eV (d) and 3.20 €V (e). (c) shows the plasmon
energy map of the tip plasmon mode located at 1.75 eV. Fig. 1.33B shows the STEM

micrograph of a 50 nm Au nanorod where the EELS mapping is obtained. The average
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EEL spectra revealed the presence of two different plasmon modes located at 1.70 eV
and 2.40 eV. Their plasmon intensity maps revealed that the mode located at 1.70 ev is
a dipolar mode confined at the tips of the nanorod and the mode located at 2.40 eV is

a surface mode present all around the nanorod.

Thanks to its high spatial resolutions (sub-nanometer scale) and high energy resolu-
tion (typically better then 0.2 eV), EELS has been used to map plasmon resonances of
different nanostructures including spherical nanoparticles [208-210], nanorod /nanowires
[211-215], nanocubes [90, 216, 217], nanodisks [218, 219], nanoprisms [219-221], nanos-
tars [222], and nanodecahedra [223]. EELS has the ability to reveal full modal spectrum
including dark plasmon modes, which are unvisible to optical spectroscopy techniques,
in coupled nanostructures [208, 211, 215, 218, 221, 224].
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F1cure 1.34: A. EELS spectra of two ~80 nm Au nanoprisms separated by a 3 nm

gap and B is the EELS spectra of two nanoprisms connected by a 4 nm bridge. C.

and D. are simulated charge distributions, experimental EELS maps and simulated

field distributions for various plasmon modes observed for separated and connected
nanoprisms, respectively (figure adapted from [221]).

Fig. 1.34 shows the experimental EELS results and accompanying simulations for the
plasmon resonance mapping of lithographically fabricated ~80 nm Au nanoprisms on
a SigNy substrate [221]. Fig. 1.34A is the EEL spectra obtained from two nanoprisms
separated by a 3 nm gap, revealing the presence of different plasmon resonances at the
gap between nanoprisms or at the edge of the nanoprism. Three modes located at 1.34
eV, 1.67 eV and 2.14 eV can be identified. When they have compared the plasmon
resonances of individual nanoprisms, it has been found that the corner mode located at

1.62 eV for individual nanoprism splits into two modes with one having a substantial
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energy shift to 1.34 eV due to coupling [221]. EELS maps of these modes along with the
simulated charge distributions and field distributions (Fig. 1.34C) reveal that the mode
located at 1.34 eV is a dipolar bright mode, the mode located at 1.67 eV is a dipolar dark
mode and the mode located at 2.14 eV is a coupled quadrupolar mode. When the two
nanoprisms are not separated but connected each other with a 4 nm bridge, a plasmon
peak located at ~0.5 eV is observed, along with two other modes located at 1.67 eV and
2.14 eV (Fig. 1.34B). Their EELS maps and simulated charge and field distributions
presented in Fig. 1.34D reveals that the low energy mode is a charge-transfer (\/2)
mode, classified on the basis of charge-transfer for the longitudinal modes from antenna
theory would correspond to a A/2 resonance. The modes located at 1.67 eV and 2.14
eV are identified as dark (A) and coupled quadrupolar modes, respectively [221].

Charge transfers between two nanostructures can occur when they are touching each
other (as in the case presented above) or when they are separated by sub-nanometer
gaps as a result of quantum tunneling effect [93, 225]. In recent years, it has been
revealed that EELS is capable of observing such quantum effects. For instance, Scholl
et al. [106] experimentally observed quantum tunneling between two Ag nanoparticles
with a gap of ~0.5 nm, where they used e-beam induced displacements to control the
gap between nanoparticles. More recently, Tan et al. [107] observed quantum tunneling
between two adjacent Ag nanocubes, where they could increase the gap up to 1.3 nm for

charge transfer via quantum tunneling thanks to bridging by self-assembled monolayers.
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FicUre 1.35: A. EELS spectra obtained from the spherical Ag nanoparticles ranging
from 11 nm to 1.7 nm in diameter (shown in the STEM micrographs). The e-beam
was placed onto the edge of nanoparticles in order to excite only the surface plasmons.
B. Plot of the surface plasmon resonance energy versus nanoparticle diameter (inset
shows the bulk plasmon resonance energies). C. Comparison of the experimentally
observed results with the simulated results obtained by DFT-derived quantum permit-
tivity model, where the two results are overlaid. The trend suggested by the classical
approach is given in white dotted line. (figure adapted from [209]).

In addition to quantum effects observed between two nanoparticles, Scholl et al. [209]

reported the presence of quantum plasmon resonances in individual Ag nanoparticles.
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Fig. 1.35A shows the STEM micrographs and EEL spectra obtained from six individual
nanoparticles with diameters of (top to bottom) 11 nm, 8.5 nm, 5.5 nm, 3.5 nm, 2.5
nm and 1.7 nm. The EEL spectra are collected with an e-beam placed onto the edge
of nanoparticles in order to excite only the surface plasmons. As seen in this figure,
the position of the surface plasmon peaks shift to higher energies as the nanoparticle
size gets smaller. Moreover, the peak intensities decrease and their width increases with
decreasing nanoparticle size. Fig. 1.35B shows the trend of surface plasmon energies with
decreasing nanoparticle size. Inset shows the energy of bulk plasmon resonance versus
diameter. In contrary to a monotonic trend as suggested by the classical approach,
greater variations are observed at the smallest sizes. Such alterations are thought to be
due to the fact that nanoparticles are in the quantum regime. In Fig. 1.35C, an overlay
of experimental EELS data with the simulation results obtained by density functional
theory (DFT)-derived permittivity model is shown, revealing a perfect fit between the
experiments and simulations in the quantum regime. The trend suggested by the classical
approach is given in white dotted line for the surface plasmon resonances and gray line

for the bulk plasmon resonances.
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FIGURE 1.36: A. LSPR spectral components («, 3,7, 6, €) obtained by applying non-

negative matrix factorization (NMF) to the EELS datasets at different tilt angles. B.

3D visualization of each spectral components and their overlay (figure adapted from
[90]).

As a final example, we present the application of EELS for 3D mapping of plasmon
resonances in a Ag nanocube. Nicoletti et al. [90] studied the angle-resolved plasmonic
properties of a 100 nm Ag nanocube by using EELS. They have obtained EELS maps
at different tilt angles of 0, -15, -30, -45 and -60 degrees and revealed the presence of
5 individual LSPR spectral components (shown as «, 3, 7, § and € in Fig. 1.36A) by
applying non-negative matrix factorization (NMF) algorithm to the EELS datasets at

diffeent tilt angles. These spectra are used to obtain plasmon maps for each tilt angle and
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by applying tomographic reconstructures 3D maps shown in Fig. 1.36B are obtained. «,
located at ~2.2 eV is identified as proximal corner mode, where [ and ~ are two distal
corner modes located at ~2.6 eV and ~2.9 eV, respectively. § and e, which located
at ~3.3 eV and ~3.5 eV, are identified as distal edge and face modes, respectively. It
should be noted here that the proximal edge and face modes are located at the same
energies with distal corner modes (5 and 7), respectively, revealing the above discussed

substrate effects unambigously.

With Nicoletti et al. [90] paving the way for the 3D characterization of plasmonic
properties by EELS in a Ag nanocube, we have investigated the 3D plasmonic properties
of Ag@QAu core-shell nanocubes and AuAg nanoframes along with plasmon coupling
between two nanostructures, results of which are presented in Chapter 5 of this thesis

manuscript.
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In this chapter, we will give information about the experimental and simulation method-
ologies applied throughout this thesis manuscript. While giving the experimental details,

we will try to be as definitive as possible.

We will start by giving the experimental details for the synthesis of hollow AuAg nanos-
tructures, which are synthesized via the galvanic replacement reaction at room temper-

ature. Details of the BSA sensing experiments will also be presented in this section.

Then, we will give some basic information about transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM) techniques, accompa-
nied by a general information about electron-matter interactions. We will then present
the basics of electron energy-loss spectroscopy (EELS) technique with an emphasis on
the spectrum imaging, low-loss EELS and EELS tomography. Details of the EELS
experiments including the microscopes and sample preparation are also given in this

section.

Next, the details about the data processing routines applied to EELS datasets in order
to determine the plasmonic properties of hollow metal nanostructures will be presented.
Namely, we will talk about Gaussian fitting, independent component analysis (ICA) via

blind source separation (BSS) and vertex component analysis (VCA) routines.

After giving some information about the simulations conducted by boundary element

method (BEM), we will finish this chapter.
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2.1 Synthesis of hollow AuAg nanostructures

The hollow AuAg nanostructures used throughout this thesis manuscript were synthe-
sized via sequential galvanic replacement and Kirkendall growth at room temperature,
which is reported in Ref. [69]. The possibility of straightforward tuning of the plasmonic
properties of metal nanostructures via galvanic replacement has been reported exten-
sively [49, 61, 66, 69, 115, 174, 226, 227]. The galvanic replacement offers a playground
of plasmonic nanoparticles across the visible and near infrared regions. However, none
of the above mentioned studies investigated the local plasmonic properties of individ-
ual nanostructures. In the present thesis manuscript, plasmonic properties of hollow
nanostructures are analyzed via EELS at nano-scale. Here, we present the details of the

synthesis procedures along with the details of the BSA sensing experiments.

For the synthesis of cuboid AuAg nanostructures presented in Chapter 3 and Chapter
5, Ag nanocubes were used as templates, which were synthesized by a modified polyol
method [65, 228]. The straightforward morphological evolution from solid nanocubes to
single-walled nanoboxes/nanoframes is due to the increasing extend of galvanic exchange
between Ag and Au, whereas the synthesis of double-walled nanoboxes were made pos-
sible by slightly modifying the synthesis procedure. To be more precise, in a typical
synthesis of single-walled AuAg nanoboxes 0.25 mL of Ag nanocubes (~10'2 nps/mL)
were dispersed in 1 mL of milli-Q water, 1 mL of polyvinylpyrrolidone (PVP, 1 mM by
repeating unit), and 0.01 mL of absorbic acid (AA, 0.1 mM) were added. Then, 0.3 mL
of HAuCly (1mM), was added through a syringe pump at a rate of 25 pL/min under stir-
ring. After the addition of the HAuCly solution the reaction was stirred for about 30 min
at room temperature. When the UV-vis spectra of the solution became stable, the reac-
tion was stopped. The sample was centrifuged at 8000 g the supernatant was discarded
and the pellet was re-suspended in 1 mL of milli-Q water for further characterization. As
mentioned, this routine applies for the synthesis of intermediate nanostructures between
the nanocubes and nanoboxes such as AgQAu core-shell nanocubes and pinholed AuAg
nanoboxes. The only difference there is the amount of HAuCly addition, which was 0.05
mL for the Ag@Au core-shell nanocubes and 0.1 mL for the pinholed AuAg nanoboxes.
For the synthesis of double-walled AuAg nanoboxes, we have changed the PVP with
cetyl trimethylammonium bromide (CTAB, 1 mL of 0.02 M) and increased the amount
of HAuCl, to 0.5 mL.

The synthesis of AuAg nanotubes presented in Chapter 4 were also done by the galvaninc
replacement reaction but this time, Ag nanowires were used as templates. Several micron
long, penta-twinned Ag nanowires with diameter about 80 nm were synthesized via a
solution-phase approach as reported by Sun et al. [229]. In a typical synthesis of
completely hollow AuAg nanotubes, 0.25 mL of Ag nanowires (310 ppm Ag+, 2.9 mM
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by ICP-MS) were dispersed in 2 mL of milli-Q water, 1 mL of CTAB (14 mM), and 0.1
mL of AA (0.1 mM) were added. Then, 0.5 mL of HAuCly (ImM), was added through
a syringe pump at a rate of 25 pL/min under stirring. After the addition of the HAuCly
solution the reaction was stirred for about 30 min at room temperature.When the UV-
vis spectra of the solution became stable, the reaction has been stopped. The sample
was centrifuged at 5000 g and washed with milli-Q water twice; finally the pellet was
re-suspended in 1 mL of milli-Q water for further characterization. For the synthesis
of hybrid AuAg nanotubes, the procedure was the same except the amount of HAuCly
(ImM), which was decreased to 0.25 mL.

Both cuboid AuAg nanostructures and 1D AuAg nanotubes were ultra-sonicated for
about 20 min prior to depositing on the SizN4 and/or SiO9 grids, in order to assure the

presence of isolated nanostructures.

We have measured the sensitivity of single-walled AuAg nanoboxes towards conjugation
events with BSA and its antibodies. The sensitivity of solid Au nanoparticles were also
measured as a reference. Instead of starting a new section presenting the details of these
experiments, it is found convenient to show them here, together with the synthesis pro-
cedures. In the label free sensing experiments, 900 pL of nanoparticles (102 NPs/mL),
spherical Au nanoparticles (Au NP) or single-walled AuAg nanoboxes, dispersed in phos-
phate buffer 10 mM were mixed with 100 L of BSA (ImM) in phosphate buffer and
placed in an incubator at 37 °C for 48 hours. After incubation of the nanoparticles,
the UV-Vis spectra were acquired. Finally, 20 mL of a 2 mg/mL solution of anti-BSA
were added to the incubated nanoparticles and the UV-vis spectra were acquired. It
should be noted there that the reason why we have used single-walled AuAg nanoboxes
instead of nanoframes or double-walled AuAg nanoboxes was the fact that they can be
synthesized with high abundances (~90%) compared to AuAg nanoframes (~50%) or
double-walled AuAg nanoboxes (~35%), and we wanted to present a reliable sensing
data obtained from such hollow nanostructures. We hope that in the future, by having
a better control over the synthesis, we could obtain high abundance of nanoframes and
double-walled nanoboxes, which are thought to have better sensitivity properties than
those of single-walled nanoboxes, attending to the plasmonic properties shown experi-

mentally and corroborated by simulations.
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2.2 Transmission electron microscopy (TEM)

Transmission electron microscope is a versatile tool that can provide information on
the materials structural and chemical features. Fig. 2.1 shows a block diagram of a
modern day TEM with STEM and energy dispersive X-ray spectroscopy (EDX) and
electron energy-loss spectroscopy (EELS) capabilities [230]. Such an equipment allows
one to obtain imaging with various techniques such as diffraction contrast imaging,
phase contrast imaging (high-resolution imaging) along with the chemical informations
by EDX and EELS spectroscopies [230, 231]. In this section, we will present a very basic
introduction to the conventional TEM and image formation, an introduction to STEM
based imaging and EELS. More details about these techniques can be found in many
fundamental books including [230-234].
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Ficure 2.1: A block diagram of a modern day TEM with STEM and spectroscopy
capabilities (figure reproduced from [230]).

Components of a typical TEM such as the electron source, condenser, objective and
imaging lenses and various detectors are shown in Fig. 2.1. In the following, we will
talk about the interaction of electrons with the specimen resulting in the formation of
different signals, basic principles of TEM and STEM modes as well as the EELS, EELS
spectrum imaging and EELS tomography.
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2.2.1 Electron-matter interactions

When high energy electron beam hits a thin specimen, a wide range of signals are
generated due to the interaction of the e-beam with the sample. Electrons are considered
as ionizing radiation due to the fact that they are capable of removing the tightly-bond
inner-shell electrons from the attractive field of the nucleus [231]. A schematic of this
interaction and resulting secondary signals are shown in Fig. 2.2A. In this figure, we
have indicated the techniques used in this thesis manuscript along with the related
signals. Each one of these signals have been used in different microscopy techniques. For
instance, Auger electrons are used in a surface analysis technique called Auger electron
microscopy, whereas the back-scattered electrons (BSE) and secondary electrons (SE)
are typical signals used in scanning electron microscopes (SEM). Here, we are interested
in the signals exploited by the TEM related techniques. The generated visible (and UV)
lights are used for cathodoluminescence (CL) technique, although it can be coupled with
TEM, we are not going to talk about the CL in this chapter. Its application for the
characterization of plasmonic properties at the nanoscale is presented in the previous

chapter (see Section 1.4.1).

Characteristic X-rays generated from the upper part of the sample carry information
about the atoms when collected by an energy dispersive X-ray spectroscopy (EDX)
detector. They provide information about the chemical composition of the sample. We
will use the EDX technique in order to determine the chemical composition of the hollow

AuAg nanostructures throughout thesis thesis manuscript.

Electrons passing through the sample undergo scattering, which can be either elastic or
tnelastic. In elastic scattering, electrons do not lose their energy, whereas they experi-
ence some energy losses during the inelastic scattering. Both elastically and inelastically
scattered electrons can be coherent (mainly Bragg scattering) or incoherent (mainly
Rutherford scattering) according to their wave nature. Coherently scattered electrons
are those that are in phase with one another (and of a fixed wavelength) and incoher-
ently scattered electrons have no phase relationship after interacting with the specimen
[231]. Basic TEM modes of imaging and diffraction, as well as the bright field STEM,
are based on the coherent elastically scattered electrons, which are scattered nearly par-
allel to the incident beam. At high angles, typically larger than 10°, elastically scattered
electrons become more incoherent. The incoherent elastically scattered electrons are
used in high angle annular dark field (HAADF) imaging, a technique where the inten-
sity measured is barely proportional to the square of the atomic number (Z?) and the
specimen thickness [233]. As mentioned above, inelastically scattered electrons are the

electrons that lose part of their energy due to the interaction with the sample. These
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FIGURE 2.2: A. Different type of signals generated when an indicent beam interacts

with a thin specimen. The techniques used in this thesis manuscript are written in

parenthesis after the related signal. In the lower row, a classical view of electron

scattering by a single carbon atom is shown. B. Elastic scattering. C and D are
inelastic scattering by inner- and outer-shell electrons, respectively.

electrons are collected and their energy-distribution is measured with an electron energy-
loss spectrometer (EELS) [234]. They carry valuable information about the chemistry
and bonding states of the specimen due to the fact that the extend of energy-loss is
specific for each interaction as well as the interactions with different materials/elements.
During this thesis manuscript, we will exploit this technique in the so-called low-loss
region (the regions extends up to 50 eV, whereas we are focused on the energy range
between zero-loss peak and 4 eV), which provides information about the excitation of

outer-shell electrons including plasmon resonances.

In Fig. 2.2, a classical (particle) scheme of electron scattering by single atom (in this
case carbon) is also presented (lower row). Elastic scattering is caused by Coulomb
interaction (attraction) with atomic nuclei (Fig. 2.2B), where each nucleus contains a
high concentration of charge causing an intense electric field in the close surrounding.
When an incident electron approaches close enough to the nucleus, it is deflected with a

large angle, which is known as Rutherford scattering [234]. On the other hand, inelastic
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scattering occurs as a result of Coulomb interaction (repulsion) between the incident
electron and the atomic electrons that surround the nucleus. It can be due to the
scattering by inner-shell electrons as shown in Fig. 2.2C or outer-shell electrons as
shown in Fig. 2.2D.

2.2.2 Basic principles of conventional TEM

Fig. 2.3A is a ray diagram showing the paths of image formation in a conventional
TEM [230]. In this scheme, it is assumed that all the electrons travel straight forward
(parallel to the optical axis) before interacting with the specimen. The image is formed
at the viewing screen by combination of all transmitted and all diffracted rays leaving
the specimen. Having said that, we note that not all the rays in the back focal are
required to form an image, where different type of images can be formed with only rays
passing through the same point in the back focal plane. One can control the rays by
placing an objective aperture along the back focal plane at a specific location to form
an image with different modes or a diffraction pattern. Fig. 2.3B shows the formation
of a bright field (BF) image by positioning the aperture letting only the transmitted
(un-diffracted) electrons to pass. Dark field (DF) images are formed by using diffracted
electrons, in particular one can choose different diffraction spots to create the image
solely formed by those electrons diffracted for that specific diffraction plane. It is done
by placing the objective aperture on a diffracted beam (Fig. 2.3C). In addition to these
image modes, it is possible to obtained diffraction patterns using a conventional TEM.
Fig. 2.3D shows the ray diagram in the so-called selected area diffraction (SAD) mode,
where a second aperture (selected area aperture) placed along the image plane to limit

diffraction pattern formation by the diffracted beams from the selected region of interest.

After presenting different modes of conventional TEM, it is convenient to shortly mention
about high resolution TEM (HRTEM, usually referred as phase contrast imaging), as it
is used in several occasions during this thesis manuscript. Contrast in the TEM images
can originate due to the differences in the phase of the electron waves scattered from
the specimen. Although there are many different parameters affecting the contrast such
as orientation, thickness, scattering factor etc. (see, for instance, chapter 23 in [231]
for more details), the phase contrast can be exploited to image the atomic structure of
the materials. Providing that the microscope has enough resolution power to image the
atomic structure, a large objective aperture, which lets the usage of as many as possible
beams for the image formation, has to be selected for high resolution imaging. Phase
contrast will occur whenever more than one beam contributes to the image formation. A
typical HRTEM contains information about the atomic orientation and spacing through

the lattice fringes. However, it should be noted here that the fringes are not direct
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FIGURE 2.3: A. Ray paths in image mode (figure reproduced from [230]). Ray dia-

grams showing the use of objective aperture to produce bright field (B) and dark field

(C) images along with the schematics of diaphgrams on the viewing screen (figures re-

produced from [231]). D. Ray paths in selected area diffraction mode (figure reproduced
from [230]).

images of the structure. Issues like overlapping of two crystals, which always do not
create distinctive Moiré fringes, need to be considered. A nice example of possible
misled of assuming the fringes as atomic planes, as they look like so, is obtained during
the HRTEM studies of this thesis manuscript. Fig. 2.4A shows HRTEM image taken
from an AuAg nanotube (see Chapter 4) revealing nicely oriented fringes with some
dislocations and contrast differences along the image. Fig. 2.4B shows the detail of red
squared region in Fig. 2.4A and suggests the presence of a defect-free mono-crystalline
structure. In fact, this HRTEM image is formed by overlapping of two different crystals
in the penta-twinned nanotube. Power spectrum (fast Fourier transform) shown in Fig.
2.4 reveals that the spacing between these lattices do not correspond to the face centered
cubic lattice of AuAg alloys, yet somehow looks like a diffraction pattern obtained from
a mono-crystalline material. The proof that it is generated by two different crystals is
only visible by some diffraction spots with d-spacing of ~1.23 A (indicated by green
circles) being separated from one another. Each of these diffraction spots belongs to the

{311} planes of two different crystals having the face centered cubic AuAg phase.

2.2.3 Basic principles of STEM

We continue with the basic principles of a STEM. In most of the microscopes (of com-
mon brands like JEOL and FEI) STEM is an operation mode in the same microscope

that can function as a TEM as well (as shown in 2.1) and there are some microscopes
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A

Ficure 2.4: A. HRTEM image obtained from a AuAg nanotube. B. Detail of the red
squared region and C. its corresponding power spectra.

that function only as a STEM (referred as ”dedicated” STEM, for instance Nion mi-
croscopes). Fig. 2.5A shows the schematic representation of a STEM showing different
lenses and detectors. Notice the presence of scan coils, which was not the case for the
TEM (compare with Fig. 2.3). In STEM, a focused electron beam (also called as probe)
rastered through the sample with a fixed beam direction. The necessity of having a fixed
optical axis requires the presence of scan coils, which tune the axis of the probe without
tilting the optic axis [235]. As mentioned above, elastically scattered coherent electrons
are used in bright field (BF)-STEM imaging, and the incoherent electrons, with high
scattering angles, are used in dark field (DF)-STEM imaging.

Electron gun *
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FIGURE 2.5: A. A schematic representation of a STEM, showing the basic elements
and B. schematics of different STEM detectors based on the scattering angle.

In STEM, there are different detectors that collects the electrons scattered at different

angles as shown in Fig. 2.5B. The detectors shown in this figure are namely, high angle
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annular dark field (HAADF), annular dark field (ADF), annular bright field (ABF) and
bright field (BF) detectors. Notice the term of ”annular” for all detectors except the
BF, which is due to the fact that these STEM detectors consist of an annular sensitive
region that detects the electrons scattered with different angles [236]. Related angles
are also shown in Fig. 2.5B. The HAADF detector collects the electrons scattered with
angles larger than 50 mrad. The intensity of the HAADF images are approximately
proportional to the square of the atomic number (Z2), thus, the heavier atoms will be
brighter. For this reason, this method is also known as Z-contrast imaging after Crewe
[237]. It is by far the most popular STEM imaging mode [233]. It is suggested that
high scattering angles (~100 mrad) would enhance the compositional contrast [238].
Moreover, when such high scattering angles are used, the coherent effects of elastic
scattering could be neglected as the scattering in these conditions is almost entirely
thermally diffuse [239]. During this thesis manuscript, we will take advantage of the
HAADF-STEM technique coupled with EELS and EDX.

The ADF detector collects the electrons scattered with angles between 10 mrad and
50 mrad. This range of scattering can also be separated to two different ranges as low
angle ADF (typically between 10 mrad and 25 mrad) and medium angle ADF (typically
between 25 mrad and 50 mrad). In this regime, the contrast of the images is mostly
due to the diffraction contrast [235]. As mentioned above, BF detector collects the
elastically scattered coherent electron with scattering angles lower than 10 mrad. ABF
detectors, which are formed by blocking the center of the BF detector, also collect the
electrons scattered at low angles. With its annular design, the contrast of light elements
is significantly increased, thus, it has been reported to be quite efficient in imaging of
light elements. Even the visualization of H atomic columns is reported thanks to the
ABF-STEM technique [240], where N and O atoms can be easily imaged [241].

2.2.4 Electron energy-loss spectroscopy

As mentioned above, electron energy-loss spectroscopy (EELS) in a S/TEM involves the
analyses of the energy-distribution of inelastically scattered electrons [234]. A schematic
diagram showing the collection of energy-loss spectrum by an image filter mounted to
a S/TEM column is shown in Fig. 2.6 [231]. There is only one commercially available

spectrometer produced by Gatan, Inc. referred as parallel-collection EELS or PEELS.

It is shown that inelastic scattering of electrons occurs due to the Coulomb interactions
between the incident beam and the inner- or outer-shell electrons. The ground-state
energies of inner-shell electrons are typically some hundreds or thousands of electron

volts below the Fermi level of the solid. When the incident beam interacts with the
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FIGURE 2.6: Schematic diagram of a parallel collection of the energy-loss spectrum,
so-called parallel EELS (PEELS)system (figure reproduced from [231]).

inner-shell electrons, note that the unoccupied electron states (as shown in Fig. 2.2C)
can only exist above the Fermi level [234], the inner-shell electrons can only be excited
when they absorb an amount of energy greater than their binding energy. As the total
amount of energy must be conserved for each collision, the incident beam loses an equal
amount of energy, which, thereby, can be detected by EELS. Single-electron excitations
are also possible for the case of inelastic scattering by outer-shell electrons (as shown
in Fig. 2.2D). Due to such scattering, in an insulator or a semiconductor material, a
valence electron makes an interband transition across the energy gap, or a conduction
electron of the metal makes a transition to a higher state (possibly within the same
energy band). Main interest of this thesis manuscript lies in another type of excitation
where, as an alternative to the single-electron mode of excitation, outer-shell inelastic
scattering involves many atoms of the metal. This collective scattering is the plasmon

resonance and its theory and applications are given in detail in Chapter 1.

After this introduction about inelastically scattered electrons, we contiune with the
EELS. In Fig. 2.7, a typical EELS obtained from C is presented, where the intensity is
in logarithmic scale. It is composed of three main parts, namely zero-loss peak (ZLP),

low-loss region and core-loss regions, which are indicated with red, green and blue bars,
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FIGURE 2.7: A typical EELS obtained from C (intensity is in logarithmic scale). Three
different regions of zero-loss peak (red), low-loss region (green) and core-loss region
(blue) are indicated with colored bars above the spectrum.

respectively. ZLP is formed by collection of all electrons that have suffered inconsequen-
tial inelastical scattering. Thus, it contains no measurable spectroscopic information.
Its practical significance for low-loss EELS measurements like plasmon mapping mostly
arise from the fact that it has a tail shadowing the lowest energy-loss region with its
high intensity. This region, unfortunately, corresponds to the near-infrared (NIR)/visible
range of the optical spectrum and contains valuable information [242]. Although it does
not contain any information, it is useful. For instance, the ZLP is commonly used to
determine the thickness of the sample. The most common procedure for thickness deter-
mination is so-called t/\ ratio, where ¢ is the sample thickness and A is the total mean
free path for all inelastic scattering. It is calculated by the ratio between the area under
the ZLP (I,) with the total integrated area (I;) [234]. It is also used as a reference point
to align the energy of different spectra, which is crucial for spectrum imaging (SI) [206].
Let us shortly mention about the other regions of the EELS spectrum before presenting

details of the SI technique.

The energy region between the ZLP and 50 €V is typically considered as low-loss region,
which contains mostly the information related to the interactions with the outer-shell
electrons. This region has a definitive link with the optical properties of materials.
Having said that, also remember that the optical properties depend on the dielectric
properties (see Section 1.1), some electronic properties of the materials can be obtained
by low-loss EELS [242]. All the information presented in this thesis manuscript on the
plasmonic properties of hollow metal nanostructures are extracted from the low-loss

region of the EELS spectrum.
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The core-loss region spans typically beyond the 100 eV and provides information on
chemistry of the materials by elemental analysis, quantification and on the electronic
structure by bonding and valence state analyses. As we are not interested in this region

in the present thesis manuscript, we will not discuss its details here (see Ref. [234]).

2.2.4.1 Spectrum imaging: Data cube

Spectrum imaging (SI) refers to an EELS acquisition technique developed by Jeanguil-
laume and Colliex in 1989 [206] and experimentally applied for the first time by Hunt
and Williams in 1991 [243]. During EELS, we obtain a typical spectrum, as the one
presented in 2.7, which shows the variation of intensity (counts) as a function of energy
loss (eV). Such a spectrum does not give any information about the spatial coordinates
that it has been obtained. Schematic representation of different EELS acquisition tech-
niques are presented in Fig. 2.8. The above presented EELS spectrum correspond to
Fig. 2.8A, where only the energy axis is present. Similarly, we can obtain a spectrum
line as we raster the e-beam over a line and collect the EELS spectrum from each pixel
over one axis (Fig. 2.8B). If we collect EELS spectrum over an area of interest, we
obtain a data cube (Fig. 2.8C) consisting of two spatial axes (x and y) and an energy
axis [206]. This data cube is also known as spectrum image (SI). Over the last decade, it
has become a common practice during EELS analyses and used for obtaining variety of
information from different materials (see [242] for an overview of the technique and its
applications). We will also take advantage of the spectrum imaging technique in order

to spatially mapping the plasmon resonances shown in this thesis manuscript.
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FIGURE 2.8: Schematic representations of different EELS acquisition techniques: A.
single spectrum, B. spectrum line and C. spectrum image, along with the corresponding
cartesian axes of energy (E), x and y.

During the recent years, the term of spectrum voxel (pr spectrum volume) has been
introduced in order to refer the three-dimensional SI EELS analyses, where, after ap-
plying tomography reconstructions to the individual SIs obtained at each tilt angle, the

dataset is formed by four-dimensional information (x, y, z and E) [244-247].
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2.2.4.2 The need for high energy resolution

The energy resolution of the EELS is defined as the full-width-at-half-maximum (FWHM)
of the ZLP. As mentioned above, the tail of the ZLP spans over the low-loss region cov-
ering many useful information about the optical properties of the materials. As the
ZLP gets narrower, thereby the energy resolution increases, one can get the most out of
the EELS data, not only for the mentioned low-loss region used for plasmon mapping
[204, 205, 248], bandgap measurements [249] and valence determination [250] but also for
the accurate determination of the fine structures obtained by core-loss EELS [251-253].

The energy resolution of the spectrometer is defined by the electron source. For in-
stance, at ~100 keV a W source has an energy resolution of ~3 eV, which is ~1.5 eV for
a LaBg source, ~0.7 eV for a Schottky field emitter and ~0.3 eV for a cold field emission
gun (FEG) [231]. As the accelerating voltage gets higher than 100 keV, these values
get slightly worse due to the increased electrostatic electron-electron interactions at the
electron source crossover, which is known as Boersch effect [231, 234]. One needs to
improve the energy resolution of the electron source, thereby the resolution of the spec-
trometer, in order to study the low-loss region. For instance, in this thesis manuscript,
we present plasmon resonances located at energies lower than 0.5 eV observed during
the plasmon mapping on AuAg nanotubes (see Chapter 4). Such an observation would
be impossible with the above mentioned energy resolutions. The most common way
of increasing the energy resolutions is done by using a monochromator [231, 234, 253].
Basically, a monochromator is a system fitted to the microscope column that allows to
narrow the energy spread down by using slits, which results in significant improvements
in the energy resolution. About ~0.7 eV energy resolution of the Schottky field emitter
can be filtered to resolutions better than 0.1 eV [254]. Almost all of the studies men-
tioned in Section 1.4.2 used monochromated EELS for plasmon mapping, which is also

used in the present thesis manuscript.

As an alternative to the monochromators, several mathematical algorithms are developed
in order to increase the energy resolution [234]. In particular, by applying an algorithm
known as Richardon-Lucy, which is based on the deconvolution of the obtained EELS
spectra, typical energy resolutions of ~1 eV could be enhanced down to 0.2-0.3 eV
[255]. It has been extensively used by the ”Orsay STEM Group” in order to improve
the ~0.45 eV energy resolution obtained by using a cold FEG VG microscope during
the characteriation of plasmonic properties (for instance, see [204] and [216]). Moreover,
there have been several studies applied Richardson-Lucy algorithm to the data obtained
by monochromated EELS to further increase the energy resolution [256, 257], where
Bellido et al. [257] reported the possibility of obtaining 10 meV energy resolutions after
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deconvolution of ~75 meV raw EELS data obtained with a monochromated STEM-
EELS.

With their ~0.3 eV resolutions, microscopes with cold FEG sources (like VG and Nion
microscopes and new-generation JEOLSs) provide the best energy resolution among non-
monochromated microscopes. Krivanek et al. [258] designed an all magnetic monochro-
mator/spectrometer system for their cold FEG Nion dedicated STEM setup with a
prediction that it would provide 10 meV energy resolutions at sub-angstrom spatial
resolutions. About five years after its design, it has been experimentally shown that
such a system can, in fact, provide 9 meV energy resolutions and can be used to study

vibrational excitations with energies as low as 106 meV (for SiC) [259].

2.2.4.3 EELS tomography

Electron tomography is a technique used to produce 3D information by acquiring images
at different tilt angles and merging them together for so-called tomographic reconstruc-
tion [260-262]. Fig. 2.9 shows the schematic diagram of tomographic reconstruction
using the back-projection method, where a series of images are acquired at successive
tilt angles and then back-projected into a 3D object space resulting in the 3D recon-
struction [260].

Single axis tilt series Back-projection

0]

FIGURE 2.9: Schematic representation of electron tomography: A tilt series of a 3D
object are acquired and then back-projected to obtain 3D volume (figure reproduced
from [260]).

Electron tomography can provide chemical information in 3D when coupled with the
EDX, EELS or EFTEM techniques [263-265]. In fact, there have been several stud-
ies showing the power of STEM-EELS technique for 3D characterization of different
materials [90, 244-247, 265, 266], most of which have dealt with the core-loss signals.
3D plasmon-field tomography has been shown theoretically by Horl et al. [267]. More
recently, as also mentioned in the Section 1.4.2 (see Fig. 1.36), Nicoletti et al. [90]
reported the first 3D EELS mapping of localized surface plasmon resonances of a 100

nm Ag nanocube. In Chapter 5 of this thesis manuscript, we present 3D plasmonic
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properties of hollow AuAg nanostructures as well as the plasmon coupling between two

nanostructures in 3D.

2.2.5 Experimental details

Throughout this thesis manuscript, we present plasmonic properties of various AuAg
hollow nanostructures obtained by EELS in monochromated STEMs. Here we present

the details of these EELS experiments.

In Chapter 3, we present the plasmonic properties of cuboid AuAg nanostructures of an
Ag nanocube, an Ag@Au core-shell nanocube, a pinholed AuAg nanobox, a single-walled
AuAg nanobox, an AuAg nanoframe and a double-walled AuAg nanobox. These EELS
analyses were performed by using a Cs probe-corrected FEI™ Titan 60-300 STEM
equipment operated at 80 kV. This microscope is located at the Advanced Microscopy
Laboratory (LMA) in Institute of Nanoscience of Aragon (INA). It is equipped with a
high-brightness X-FEG gun, a Wien filter monochromator and a Gatan™ Tridiem 866
ERS energy filter with a collection angle of 32 mrad and a dispersion of 0.01 eV per

channel.

We have deposited the AuAg nanostructures on 15 nm thick SisNy grids obtained from
Ted Pella™. These grids have 9 0.1 mm x 0.1 mm windows.We have applied a hydrogen

plasma cleaning by using a Plasma Etch™

plasma cleaner, at room temperature with
an Hy flow of 1000 mT and applied power of 100 W, prior to EELS analyses in order to
eliminate the presence of organic residues from the synthesis procedure. We have used
hydrogen plasma due to the fact that Ag-rich nanostructures get easily oxidized during
the typical Ar-Os plasma cleaning. The plasma cleaning time was typically around 20
minutes but it varied from sample to sample. It should be noted here that the SigNy4

grids can resist up to 1 hour of hydrogen plasma cleaning in given conditions.

We have obtained by EELS maps by using the spectrum imaging technique with spatial
resolutions (pixel size) of about 1.6 nm. Typical energy resolutions of these EELS maps
were about 130 meV. The details of data processing are presented in the next section.
About 20 to 40 EELS spectra were obtained from each pixel with an exposure time ~30
ms. Moreover, the HRTEM micrograph presented in this chapter was obtained by using
a JEOL™ 2010F FEG TEM operated at 200 kV. This microscope is located at the
Scientific and Technological Centers (CCiT) of Universitat de Barcelona.

In Chapter 4, plasmonic properties of AuAg nanotubes are presented. These EELS
analyses were also performed by using the FEI™ Titan microscope at LMA with the

same experimental conditions as the above presented details for the analyses of cuboid
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AuAg nanostructures. Sample preparation routines were also the same as presented
above. The spatial resolution of the EELS-SI obtained from AuAg nanotubes was about
5 nm as they are quite big in size, which is the only difference between the EELS
analyses on the nanocubes/nanoboxes and nanotubes. HRTEM micrographs presented
in this chapter were obtained by using an image-corrected FEI™ Titan® microscope
operated at 300 kV. This microscope is located at LMA-INA. Moveover, the STEM-
EDX maps presented in this chapter were obtained by using a FEG FEI™ Tecnai F20
microscope operated at 200 kV, which is located at the Institut Catala de Nanociéncia

i Nanotecnologia (ICN2).

In Chapter 5, we present the 3D plasmonic properties of different AuAg nanostruc-
tures of an Ag@Au core-shell nanocube, a partially hollow AgAu nanocube, an AuAg
nanoframe, two Ag@Au core-shell nanocubes separated by ~22 nm gap and an Ag@QAu
core-shell nanocube and an AuAg nanoframe separated by ~14 nm gap. These samples
are essentially similar to the ones presented in Chapter 2. The EELS analyes presented
in this chapter were obtained by using the FEI™ Titan? 50-300 "PICO” microscope
operated at 80 kV. This microscope is located at the Ernst Ruska-Centre (ER-C) for
Microscopy and Spectroscopy with Electron at Jiilich Research Centre, Germany. It is
a specially designed microscope referred as the PICO and it is equipped with a high-
brightness X-FEG electron gun, a monochromator unit, a Cs probe corrector, a Cs-Cc
achro-aplanat image corrector and a post-column energy filter (Gatan Quantum ERS
image filter) system. The EELS maps obtained by using this microscope had typical
energy resolutions of 120 meV, where the spatial resolution varied between 1.2 nm and
2.0 nm depending on the spectrum imaging area. We have obtained EELS maps between
tilt angles of £60, (which may differ slightly from sample to sample). Since the SizNy
grids have small isolated windows, they did not allow us to obtain tilt series at these
high angles. Instead, we have used 18 nm thick SiOy grids with a single 0.5 mm x 0.5
mm window area, obtained from Ted Pella™. The rest of the sample preparation was
the same as above. Due to high number of tilt series and, more importantly, e-beam in-
duced morphological changes, we had to reduce the acquisition times to about 5 min per
EELS maps. We have obtained about 3 EELS spectra at each pixel. Moreover, atomic
resolution STEM micrographs and STEM-EDX analyses presented in this chapter were
obtained by using a Cs probe-corrected FEI™ Titan GE 80-200 microscope operated at
200 kV, which is equipped with a high brightness X-FEG, a Super-X EDX system with
four detectors and a Gatan Enfinium ER DUAL EELS spectrometer. This microscope
is also located at ER-C.
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2.3 Processing of EELS data

A typical EELS spectrum is formed by contributions from various types of inelastic scat-
tering, and it is often necessary to separate these components for further studies. For
most of the core-loss EELS experiments, providing that there is no overlap of peaks from
different materials, spectral components can be obtained by just separating them from
the contributions of the background. This can be done quite efficiently by using differ-
ent algorithms including the ones presented in the following. However, for the low-loss
EELS studies like the ones presented in this thesis manuscript, an extreme care must be
given to the separation of the spectral components where numerous different plasmon
modes can be present within a very narrow energy range. We have used three different
processing routines on the obtained EELS data in order to extract the plasmonic prop-
erties of the hollow nanostructures. Prior to the application of the processing routines,
we have aligned the energy of the each pixel of the SI using the zero-loss peak as a ref-
erence. In Chapter 3, we will compare all three methods of spectral fitting via Gaussian
fitting, independent component analysis (ICA) via blind source separation (BSS) and
spectral unmixing via vertex component analyses (VCA). Plasmonic components pre-
sented in Chapter 4 were obtained by using Gaussian fitting and VCA routines. Since
the results presented throughout these two chapter indicated that VCA routine provides
more reliable plasmonic components compared to the Gaussian fitting and BSS, we have
only applied VCA to obtain the plasmonic components of the different nanocubes and

nanoframes in 3D presented in Chapter 5.

2.3.1 Gaussian fitting

We have used Gatan™ Digital Micrograph (DM) software to apply Gaussian fitting
to the EELS datasets using Nonlinear Least Squares (NLLS) curve fitting algorithm
implemented in DM.

In Fig. 2.10, we show the application of a Gaussian fitting to the EELS data of the
single-walled AuAg nanobox. After aligning the ZLP positions, we subtract the ZLP
and background by using power law algorithm [234], also implemented in DM. Thus,
we have a background subtracted EELS SI as shown in Fig. 2.10A. The summed EELS
spectrum of the SI is shown in Fig. 2.10B. We, then, fit a Gaussian to the main plasmon
peak as shown in this figure. After applying the NLLS algorithm, we obtain the results
composed of center of the Gaussian peak fitting in each SI pixel (Fig. 2.10C), amplitude
of the Gaussian (Fig. 2.10D) as well as the FWHM and residual signals after the fitting
procedure (which are not shown here). The center of the Gaussian is based on the

distribution of the energy of the peak positions with maximum intensity. Therefore, it
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is used as the plasmon energy distribution map. The amplitude of the Gaussian reveals
the distribution of maximum peak intensities in each pixel, thus, it is used as plasmon
intensity distribution map. Throughout this thesis we present the results obtained by
Gaussian fitting in the temperature color scale, which are shown in the lower row of Fig.
2.10C and Fig. 2.10D, along with the scale bar of this color scale. For the energy maps,
this color scale represents the distribution of energies in eV. For instance, the colored
center map shown in Fig. 2.10C reveals the distribution of plasmon energies between 1.9
eV and 2.4 eV. On the other hand, plasmon intensity maps are presented in arbitrary

units.

— Center — Amplitude

Min Max

Ficure 2.10: A. Background subtracted EELS SI obtained from the single-walled

AuAg nanobox. B. Summed EELS spectrum over the SI where a Gaussian peak is

fitted to the main plasmon peak. C. Center of the Gaussian fitting, which is used

as plasmon energy distribution map. D. Amplitude of the Gaussian fitting, which is

used as plasmon intensity distribution map. In the lower row of C and D, center and
amplitude maps are shown in temperature color scale.

2.3.2 Blind Source Separation

In addition to the above presented Gaussian fitting, we have used a multivariate com-
ponent analysis (MVA) based technique, namely independent component analysis [234]
based on the combination of principal component analysis (PCA) and blind source sep-
aration (BSS). We have used an open source Phyton library named HyperSpy multidi-
mensional data analyis toolbox to apply PCA and BSS which is freely available online
at www.hyperspy.org [268].

In PCA, which is the most popular multivariate method, the signal is assumed to com-

prise a linear combination of contributions from individual elements and components.
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It is also assumed that these contributions would have higher variance than the noise,
thereby, the noise can be isolated from the signal and, mostly, eliminated from the data
[234]. This technique decomposes the SI into two matrices which are factors and loading
matrices that contain the spectral signature and the weighting of the factor components,

respectively. We elaborate how thesse two matrices are obtained in the following.

The spectrum S; from each pixel, thus, can be written as the sum of the components
X}, which has a weighting P; , [269]:

S; = Sk Pip X, (2.1)

The components are orthogonal and described as eigenspectra [269]. It should be taken
into account that, although the first component of an uncentered data represents an
average spectrum, these components do not, in general, correspond to the ionization
edges of particular elements and therefore may not have direct physical meanings [234].

The SI data can now be arranged as a two-dimensional data matrix

T
D((2),B) = S((@)n)TL(g ) (2.2)

where S is called the score matrix and L(g ) is called the loading matrix (the

z,y),n)
superscript T of L represents a matrix transpose) [270]. In such a dataset, each row of
the matrix LT contains an eigenspectrum which is uncorrelated with the other rows and
each column of S gives the spatial distribution of the corresponding eigenspectrum in
the loading matrix [234, 270]. The individual product of each of these loading and score

matrices is called a principal component [270].

The number of components is n and it is equal to the smaller of x-y and E. Matrix
decomposition is then carried out by applying eigenanalysis or singular value decompo-
sition to the data matrix [234]. In the decomposed matrix, the components are ordered
from high to low according to their eigenvalues, thus, to their variance or information
content. It should be noted that the main idea of improving signal-to-noise ratio by
PCA relies on the fact that the number of the useful data is typically much less than
n and the lower-variance components mostly present the noise. A so-called scree plot
is a plot that shows the logarithms of the eigenvalues against component number. For
instance, Fig. 2.11 shows the variances of the components for the dataset obtained from
the single-walled AuAg nanocube by using PCA in HyperSpy. We have used 5 compo-
nents in order to obtain plasmonic components from these dataset, as the higher number

of components were producing too much noise.
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Single-walled AuAg nanobox
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FIGURE 2.11: Scree plot showing the variance of the components obtained by applying
the weighted PCA on the EELS data of the single-walled AuAg nanobox.

The PCA method is quite useful to improve the signal-to-noise ratio. However, experi-
mental EELS spectra do not always fulfill the requirement of orthogonality and neverthe-
less they are not composed of independent spectra. Bonnet et al. [271] developed a new
method for analysing series of spectra which is called independent component analyses
(ICA) or blind source spearation (BSS). It is based on the complementation of two exist-
ing methods of spatial difference method and MVA [234]. Hence as the name suggests,
this method attempts to find components that are mutually independent, rather than
orthogonal as in the case of PCA. It has been proven to provide completely independent
signal separation by using processed EELS data via differentiation process, where work-
ing with the derivative data is found to be quite efficient [234, 271]. It has been applied
for the processing of EELS data obtained from different materials [265, 272-274] and
shown that it gives more reliable components than PCA [274]. However, as underlined
above, the application of this routine requires the processing of the experimental EELS
datasets such a linear processing which allows the quantification to be performed on the
results of the unmixing procedure [271]. Therefore, it is found convenient to use BSS
method in combination with PCA [265, 273]. These studies clearly demonstrated that
how ICA-BSS algorithm can, in certain cases, transform the principal components into

easily interpretable independent components.

Having said that, let us summarize the procedure we follow in order to apply BSS on the
EELS datasets obtained from the hollow AuAg nanostructures presented in Chapter 3.
In the first step, we use the weigthed PCA, in which the dataset is described as a weighted

sum of finite number of components and Poissonian noise that are separated according
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to their variances. Application of weighted PCA allows us to increase the signal-to-
noise ratio by reconstructing the dataset only with the higher variance components and
therefore, minimizing the noise contribution. Then, we apply BSS algorithm to obtain
independent plasmonic components from the datasets. Both weighted PCA and BSS
algorithms are implemented in HyperSpy [268].

2.3.3 Vertex component analysis

The third approach we have used to process the EELS data is a spectral unmixing (SU)
based routine via combination of vertex component analysis (VCA) improved by the
implementation of the bayesian linear unmixing (BLU) algorithm. VCA is developed by
Nascimento and Dias [275] and BLU is developed by Dobigeon et al. [276].

VCA is an unsupervised algorithm and based on the geometry of convey sets, exploiting
the fact that endmembers (factors) occupy the vertices of a simplex [275]. This algorithm
is based on the hypothesis of pure pixels in the data, assuming that resulting spectra
are present among the observed pixels, however, it is often not the case for experimental
EELS data [274, 277, 278]. A more complex spectral unmixing algorithm, bayesian
linear unmixing (BLU) algorithm, which does not need the assumption of pure pixels,
has been developed by Dobigeon et al. [276] and recently applied to core-loss EELS data
[274].

Dobigeon and Brun compared the efficiency of different routines such as PCA, ICA and
BLU and reported that BLU provides an improvement on the obtained spectral signa-
tures (endmembers) and their associated maps (abundances) [274]. In ICA algorithm,
the endmember signatures are found by multiplying the spectral vectors with an unmix-
ing matrix, which minimizes the mutual information among channels (remember that
they are considered as independent from each other) [275]. If the sources are truly inde-
pendent, ICA provides the correct unmixing as the minimum of the mutual information
corresponds to independent sources. However, it is not valid for dependent fractional
abundances, although some endmembers can be approximately unmixed [279]. It is re-
ported that ICA and PCA may perform poorly for linear spectral mixture analysis due

to the strong dependences between the abundances of different materials [274].

The VCA routine we have used throughout the thesis manuscript is also implemented

in HyperSpy multidimensional data analysis toolbox [268].
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2.4 Boundary element method simulations

We have used simulations based on the boundary element method (BEM) in order to
have better understanding on the results experimentally obtained throughout this thesis

manuscript.

Simulations of electron energy-loss probabilities of arbitrary shaped structures are de-
veloped by Garcia de Abajo and Howie [280, 281], by an approach named as boundary
element method (BEM). It consists in expressing the 3D dependence of the scalar and
vector potentials in terms of interface charges and currents via a set of surface integral
equations, as it assumes that the different media involved in the studied structures are
described by frequency-dependent local dielectric functions (as explained in Chapter 1)
and terminate in abrupt interfaces [281]. In other words, this method is based on the
solution of Maxwell’s equations in the presence of arbitrarily shaped abrupt dielectric
interfaces, which involves the interface charges and currents that act as sources of the
induced electromagnetic field (see [281] for more information about the theory behind

this approach).

In particular, we have used a Matlab™ toolbox developed by Hohenester and Triigler
[282] called MNPBEM, which calculates the plasmonic properties of metallic nanopar-
ticles based on the BEM approach. This approach has several advantageous over other
commonly used approaches such as discrete dipole approximation (DDA) [283, 284] and
finite-difference time-domain (FDTD) [285] as it assumes a dielectric environment where
bodies with homogeneous and isotropic dielectric functions are separated by abrupt in-
terfaces, rather than assuming a general inhomogeneous dielectric environment [286].
Moreover, for the simulation of metallic nanoparticles embedded in dielectric environ-
ments, it has the advantage of generating faster simulations with moderate memory
requirements due to the fact that only the boundaries between different dielectric mate-
rials have to be discretized instead of whole volume [282]. Over the years, BEM approach
has been successfully applied to simulations of various plasmonic nanostructures char-
acterized by EELS [203, 217219, 222, 223, 287-289)].

During BEM simulations presented in this thesis manuscript, we have used the optical
data from Johnson and Christy [13] and modified them according to the [77] for the case
of AuAg alloys. We have also taken into account the size effects on the dielectric prop-
erties [2]. Throughout this thesis manuscript, we have exploited the BEM simulations
in order to elaborate the shape, composition and environmental (substrate) effects on

the plasmonic properties of hollow AuAg nanostructures.
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