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ABSTRACT
In this work, we investigated nano-metal plasmonic coupling between dissimilar
metals. We measured the optical transmission of nano-Ag coupled to other nanometals using glass and Si substrates respectively. The reflected colors shifted from
yellow to violet were obtained through the plasmonic coupling with nearest-neighbor
nano-metals such as aluminum, magnesium, and ytterbium nano-metals. They were
deposited randomly next to the nano-Ag. The metal size is from 8 to 15 nanometers.
The results show that the colors changing is essentially due to plasmonic coupling
between nano-Ag and another the nano-metals e.g. nano-Al The coupling caused a
red shift in plasmonic resonance frequency, thus, changing the reflection color. The
resonance shift agrees well with the simulation result using COMSOL. The interparticle distance and particle size dependency of the optical spectra correspond to
surface plasmon resonance extinction peaks for isolated nano-Ag and coupled with
those neighboring nano-metals.
Due to plasmonic coupling between nanoparticles in small space can create new
resonances; red shifts as the interparticle distance reduce. Wavelengths are tuned by
the extent of the interparticles interactions which relate to the particles size,
interparticles distance and the similarity of nano metals. Using different nano metals
to fabricate thin films can change the plasmonic resonance frequency which makes
the reflected colours become multihued.
When we look into the effect of the nano-particle size, and the distance between
nano-particles, we discovered that larger nano-particle size has larger distance
between the particles, and since the plasmonic coupling is a function of Inverse
Square of the distance between particles. Therefore, smaller nano-particles have the
strongest plasmonic coupling. Al produced the smallest nano-particle therefore it has
the shortest distance between nano-Al and nano-Ag. Since the size of the particles
can be controlled during deposition, the color changing of nano-Ag can be well
defined. Thus tunable color changing devices can be fabricated.
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1. Introduction
1.1 Aims
We investigate the plasmonic coupling of nano-Ag and other nano-metals
including aluminum, magnesium, and ytterbium, and shifting of surface
plasmon resonance extinction peaks of Ag thin film in this research.
Fabricating tunable color changing device is one of our goals as well.

1.2 Background of Plasmonic Effect
The first image of Plasmon is raised by David Pines and David Bohm in 1952
from a research for the long-range electron-electron correlations [1]. Most of
plasmonic properties can be proved from Maxwell's equations. Having
realized that plasmons play a significant role in the optical properties of
semiconductors and metals, researchers put more effort into investigating its
property. The study of Plasmon covers from macro to micro scales, even to
atomic scale [1]. Therefore, the physics of Plasmon unravel. Even though
plasmonic effects have been known by the researchers for nearly half a
century, the investments of plasmon-based technology only began in the early
1970s [2]. The first person who studied how light scatters from molecules to a
silver surface is Martin Fleischmann who is a chemist at the University of
Southampton, UK. Another chemist at Northwestern University in Illinois,
Richard Van Duyne discovered that plasmonic scattering can be improved by
six orders of magnitude which is a huge enhancement. Surface plasmonic
resonance that we are focusing on is one of the interesting topics proposed
from those researches.

1.3 Applications
The unique properties of plasmonic effect have applied to fabricate diverse
applications and devices, especially on many products such as solar cells,
transistor, semiconductor, light-emitting diodes and so on. The development
of plasmonic nanoparticles not only limits in optoelectronic region, but also
creates different devices in biomedical, color engineering, plasmonic solar
1

cells, and spectroscopy and cancer treatment. Stable nanoparticles such gold
and silver can be function as plasmonic biosensors to find out the specific
biomolecules for specific diseases [3]. More applications have made use of
the properties of surface plasmonic resonance including extraordinary optical
transmission [4], subwavelength confinement [5 - 6], and local field
enhancement [7, 8]. The low absorption property and the special ability of
scattering light back into the photovoltaic structure of plasmonic nanoparticles
can enhance the efficiency of solar cell [9]. Plasmonic effect is widely used
for spectroscopy because of building epidermal growth factor receptors
(EGFRs) which can increase the resolution [10]. Gold nanorods can be used
for targeted radiation treatments as well [11]. However, some design
orientations of those applications are limited by the simple plasmonic
structures because of the difficulties in fabricating micrometers to
micrometres devices. This is one of the reasons why Plasmon-based products
cannot fully realize in commercial-scale manufacturing [12].
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2. Theory
Before discussing the plasmonic effect, we first describe a few definitions.
Plasmon is a collective oscillation of quanta of free carriers, such as the
oscillations of the electrons in the metals, or the positive and negative
carrier oscillations in semiconductors. There are different kinds of
Plasmon occur in most metallic materials. “Volume Plasmon” and
“Surface Plasmons” are excited in the atomic crystal [13].

The volume Plasmon can be excited in metals, semiconductors and
insulators duo to the collective oscillations of free carriers with a
longitudinal or compressional wave. When there is an incident electron
beam excites a metal, it induces a density change to form the Coulomb
force in the free electrons. The induced Coulomb force becomes the
driving force which creates a longitudinal oscillation wave of the free
electron on the specific frequency. The energy of the volume Plasmon can
be expressed by the equation (2.1). The energy level of the volume
plasmon is around 15eV which is proportional to the square root of the
free electron density for metals or the valence electron density for
insulators and semiconductors.

𝐸𝑝 = ћ𝜔𝑝 = ћ√

4𝜋𝑒 2 𝑁
𝑚

(2.1)

Where ћ is Planck‟s constant, 𝜔𝑝 is the angular frequency of the plasma
oscillation. N, m, and e respectively is the density of the free electrons, the
mass of an electron, and the elementary charge of an electron respectively
[14]. Plasmonic is a branch of physics and technology mainly focus on
the change of electromagnetic fields on small scale. Also, the various
technical applications mentioned in the following chapter.

Surface Plasmon is another common term of plasmonic effect. Surface
Plasmon can be considered as the collective oscillation of the free
3

electrons which are localized on the interface between the metal and
dielectric, for example, silver film and air. [15] When there is the light
with right conditions, the free charges in the conductive surface are easily
excited. Base on the derivation of the conditions for the plasmonic effect,
it is necessary for the metals to have negative permittivity. When pure
metals fulfil the requirement i.e. the negative permittivity below the
plasma frequency, the surface plasmons can be formed [16]. However,
there is generally energy loss by metals in the visible and UR regions due
to the interband transitions. Most of the metals can only constitute surface
plasmons at the specific spectral regions with narrow frequency ranges.

2.1 Surface Plasmon Polariton
The surface Plasmon polariton(SPP) is formed by the surface Plasmon
coupling with photons at the metals/dielectric interface. We can consider a
situation which polarized wave reaching a planar interface between metal
and dielectric at an incident angle 𝜗1 (Fig2.1). [17] The polarized incident
on the interface, the surface charges undergo a collective oscillation
because of the oscillating electric field at the interface. If the frequency
and the momentum of SPPs can match that of the photon, the resonance
will occur. The radiative surface plasmons are coupled with the
propagating electromagnetic wave. Even the wave is totally reflected by
the interface, it decays in a direction normal to the interface. (Fig2.2).
However, the non-radiative surface plasmons act oppositely. It does not
couple with propagating electromagnetic wave. Therefore the perfect SPP
should be irradiative. It is a difference from volume Plasmon, which is
related to the intrinsic property of those materials, surface plasmon
excitation can be understood in artificial plasmonic crystals. Most of the
plasmonic crystals can be periodic nanostructure.

4

Figure 2.1 the Diagram of the polarized electromagnetic incident upon an
interface between metal and dielectric[18].

Figure 2.2(a) the Diagram of surface charges and electromagnetic wave at the
interface between two media, (b) the changing of locally electric field
component with distance to the interface.

From Maxwell’s equation, the properties of SPPs can be derived as the
following equations (Equ 2.2-2.4). When the wave propagates in the
interface (Z = 0 plane; metal is Z < 0; dielectric is Z > 0), the electric and
magnetic fields can express as a function of (t)time and (x, y, z) position[19].

Ex,n (x, y, z, t) = E0 𝑒 𝑖kx 𝑥+𝑖kz,n|𝑧|−𝑖𝜔𝑡
Ez,n (x, y, z, t) = ±E0
Hy,n (x, y, z, t) = H0

5

𝑘𝑥
𝑘𝑧,𝑛

𝑘𝑥
𝑘𝑧,𝑛

𝑒 𝑖𝑘𝑥 𝑥+𝑖kz,n|𝑧|−𝑖𝜔𝑡

𝑒 𝑖𝑘𝑥 𝑥+𝑖kz,n|𝑧|−𝑖𝜔𝑡

(2.2)
(2.3)
(2.4)

Which n represents the material when 1 is the metal at z < 0, 2 is the
dielectric at z > 0, k is the wave vector and ω is the angular frequency of
the waves.

After the incident light converts into SPPs on the surface of the metal, it
starts to propagate until the metal absorpt all the energy. Therefore the
imaginary part of the complex SPP wavevector k spp limite the propagation
length of the SPPs (𝛿𝑠𝑝𝑝 ) which is the distance after the intensity of SPPs
1

drops to 𝑒 of the starting value[19].

𝑘𝑠𝑝𝑝 = 𝑘𝑠𝑝𝑝𝑟 + 𝑖𝑘𝑠𝑝𝑝𝑖
𝜀𝑚 = 𝜀𝑚𝑟 + 𝑖𝜀𝑚𝑖

(2.5)
(2.6)

From the SPPs dispersion relation,

𝑘𝑠𝑝𝑝 = 𝑘 √

𝜀𝑑 𝜀𝑚
𝜀𝑑 +𝜀𝑚

(2.6)

With the equation(2.6),

𝛿𝑠𝑝𝑝 =

1
2𝑘𝑠𝑝𝑝𝑖

=

𝜀𝑚𝑟+𝜀𝑑 3/2 𝜀2 𝑚𝑟
)
2𝜋 𝜀𝑚𝑟𝜀𝑑
𝜀𝑚𝑖
𝜆

(

(2.7)

Where 𝜀𝑚𝑖 and 𝜀𝑚𝑟 are the imaginary and real parts of the dielectric
function of the metal respectively. Consequently, the propagation length of
SPPs (𝛿𝑠𝑝𝑝 ) depends on the dielectric constant of the metal usually, also
the incident wavelength according to the equation (2.7).

2.2 Nano-Metals Plasmonic Coupling Effect
Surface plasmons mainly occur at the surface of metals where the
collective free electron density oscillation in response to an external
electric field.[18,19] (Fig. 2.3) When the interparticle distance is much
larger than the particles size, the surface Plasmon resonance is affected by
the geometry of the nanoparticle, also the dimension of it. However, the

6

surface plasmons can interact with the adjacent nanoparticles; their close
proximity would give rise to Plasmon coupling appear.

Figure 2.3 the Diagram of Electric Field on Electron Delocalization
The main consequence of plasmonic coupling between nanoparticles is the
changing of metals‟ optical properties [20]. The optical properties of the
coupled particles can be much different from that of an individual particle
in bulk state because of the close interaction of coherent oscillation of
electrons. The effect of plasmon coupling can vary enormously (Fig2.4).
there are many inter-play factors in plasmon coupling, such as interparticle
spacing, nanoparticle shape and size, number of plasmon-coupled
nanoparticles, light polarization etc.[20]. Taking the plasmon coupling of
gold nanospheres as the example, there is the noteworthy shift of the
overall extinction peak, which is dominated by absorption, from lower
absorbance spectrum in green to the higher wavelengths on red as the
interparticle spacing is decreased.

Figure 2.4 The changing of the absorbance spectrum of single gold nanosphere.
7

2.2.1 Surface Plasmon Resonance
Surface Plasmon Resonance (SPR) is a phenomenon when incident light
reaches the interface of metal and dielectric where there is different refractive
index [20]. SPR is generated i.e. excited collective oscillations of free
electrons in conduction band of metal which also known as surface plasmons.
At the excitation, SPR creates a dip in reflectance at the specific wavelength
which reflects the absorption of optical energy in the metal. Incident light
beam or electron bombardment can be used to excite surface plasmons
resonance, visible light and infrared light are the typical sources. The incident
light has to match the momentum and frequency of that plasmon. For S
polarized incident light which polarization is perpendicular to the plane of the
light cannot create surface plasmons. Only p polarized light which
polarization is parallel to the plane of light can create the SPR at a specific
wavelength.
There are two main types of SPR which are propagating and localized
respectively [21]. Propagating SPR occurs when plasmons propagate along
the interface between dielectric and metal film, therefore it is mainly in
distance of the order of microns. On the other hands, localized SPR focusing
on the incident light interacts with nano metal much smaller than the incident
wavelength resulting in distance of the order of nanometer.

2.2.2 Localized Surface Plasmon Resonance
When metal nanoparticles sizes is smaller than the incident light wavelength,
strong dipolar excitations are formed and defined as localized surface plasmon
resonance (LSPR). LSPR is a non-propagating excitation of the electrons in
conduction band of nanoparticles coupling with the incident electromagnetic
field [21]. The resonance frequency of the oscillation related to the surface
plasmon energy is determined by several factors, for example the particles
size, the distance between particles, and the dielectric properties of metal and
surrounding medium. A large resonant enhancement of the local
electromagnetic field inside and near the nanoparticles is caused by the
8

collective charge oscillation. This field enhancement can be used in different
potential applications in optical devices [22].

2.2.3 Similar Metals Plasmonic Coupling
When more details of plasmon coupling are investigated, more properties of
plasmonic effect are discovered. Plasmon coupling can further enhance the
properties of individual metal nanoparticles creating new resonances in close
proximity. (Fig 2.5) Because of the localized electric fields are enhanced
between the nanoparticles, the optical resonance wavelengths become
adjustable under strong electromagnetic fields [21].

Figure 2.5 The relation between silver nanoparticles in nanometer distance
and the change of the optical resonance wavelengths [21]

The simple structure we considered, such as sphere, ellipsoid, can reduce the
number of variables controlling the plasmonic effect so that the plasmonic
coupling can only be governed by the change in the distance between
nanoparticles. From classical electromagnetic model, the shorter interparticle
distance creates the stronger plasmon coupling shifting which moves to longer
wavelengths. However, this classical model no longer valid when the gap
distance is less than 1 nm, then Quantum effects including electron tunnelling,
non-locality of dielectric function play the main role in this regime [22]. The
quantum effect is not within this investigation.

9

2.2.4 Dissimilar Metals Plasmonic Coupling
The size, shape, and the surrounding dielectric environment of the single
metal nanoparticles are the main factors to determine the optical characteristic
of localized surface plasmon resonance (LSPR). However, the outcome will
be different if multiple nanoparticles are in close proximity. Because of
electromagnetic interactions, individual LSPRs are coupled to each other
which can affect the plasmonic resonance, as well as create plasmonic hot
spots with strong field enhancement and localization at the same time (Fig
2.6).

Figure 2.6 The theoretical map which was simulated by COMSOL is
showing the electric field distribution around silver nanoparticle. Particle
diameter is 20 nm, the separation is 2 nm, and the incident field is
polarized in the x-direction.
2.3 Plasmonic property of Ag
In recent survey, gold and silver are the two most often used metals for
plasmonic devices because of their low energy loss in the visible and near
infrared ranges compared to other metallic resources. For example, silver
has been used for the fabrication of hyperlens [21], superlens [22], and has
a negative refractive index material in the visible range [23]. Although the
alkali metals, such as potassium and sodium have lower energy loss than
silver and gold, those metals are too reactive in air and with water, limiting
their use. Since the electric field distribution in a material depends on the
10

real part of permittivity, and the energy loss depends on the imaginary part.
In fact, the real part of the silver permittivity is negative with wavelengths
less than or equals to 326 nm. It makes silver becomes an attractive
plasmonic material (Fig 2.7).

Figure 2.7 The (a) real part and (b) imaginary part of the permittivity of Ag, Au,
Na, K and Al [24]
Consider the quality factors of localized surface plasmon resonance (LSPR)
and surface plasmon polaritons (SPP) systems, the LSPR and SPP system
are denoted as 𝑄𝐿𝑆𝑃𝑅 and 𝑄𝑆𝑃𝑃 respectively. SPP and LSPR system can
enhance the local field performance at the surface of the metal films,
therefore the definition of their quality factors define as below: [24]

𝑄𝑡 =

(𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑑 𝑙𝑜𝑐𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑓𝑖𝑒𝑙𝑑)

(2.8)

(𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑓𝑖𝑒𝑙𝑑)

Quality factor for LSPR is affected by the shape of the nanoparticles as
well, for a spherical particle, 𝑄𝐿𝑆𝑃𝑅 can be defined as follows:[25]

𝑄𝐿𝑆𝑃𝑅 (𝜔) =

−𝜀′(𝜔)

(2.9)

𝜀"

Quality factor for SPP assumes the same form as the above equation. 𝑄𝑆𝑃𝑃
can be simplified as the ratio of the real part of the propagation wave
vector (𝑘′𝑥 ) to the imaginary part of the wave vector (𝑘"𝑥 )[25]:

𝑄 ′𝑆𝑃𝑅 (𝜔) =

𝑘 ′ 𝑥 (𝜔)
𝑘"𝑥 (𝜔)

=

11

𝜀′ 𝑚 (𝜔)+ 𝜀𝑑 (𝜔) 𝜀′ 𝑚 (𝜔)2
𝜀′ 𝑚 (𝜔)𝜀𝑑 (𝜔) 𝜀"𝑚 (𝜔)

(2.10)

which 𝜀𝑚 the permittivity of the metal, and 𝜀𝑑 is the permittivity of the
neighbouring dielectric matter. When|𝜀′𝑚 | ≫ 𝜀𝑑 , the previous equation
can be shown as follows:

𝑄𝑆𝑃𝑅 (𝜔) =

𝜀′ 𝑚 (𝜔)2
𝜀"𝑚 (𝜔)

(2.11)

Both quality factors 𝑄𝐿𝑆𝑃𝑅 and 𝑄𝑆𝑃𝑅 will increase, if the metal has a large
negative real part of permittivity (𝜀′)with a small imaginary part of
permittivity (𝜀"). Given that silver has a large negative 𝜀 ′ and a low 𝜀 " ,
have been the most popular plasmonic material.[26]

Figure 2.8 (a) Quality factor of LSPR and (b) Quality factor of SPP of Ag,
Au, Na, K and Al [27]
The advantage of using silver is more than low loss; it is also easy to
deposit. Silver films can be fabricated by several physical vapour
depositions methods, for instance thermal evaporative deposition which
will be described later, sputter deposition and electron beam deposition.

2.4 Relation between Thin Film and Nanoparticles
Since the condition of inducing plasmonic effect is limited to the
interaction between the nanoparticles of the metal and dielectric. When we
deposited the supposed 1 to 5nm thick silver thin film on the substrates, it
was not thick enough for the silver to form a completed full film on the
substrate surface. In fact silver nano-particles, nano-Ag, were formed and
it is this nano-Ag that react with air or other metallic particles to induce
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plasmonic effect. We are going to discuss the particles size and the space
between the particles on the equivalent thickness in the next chapter.

2.5 Simulation using COMSOL
COMSOL Multiphysics is a cross-platform which can do the element
analysis, solver and multiphysics simulation software at the same time
[28]. The COMSOL simulation let us simulate our ideal physical
environment in the modelling process not only defining our geometry, but
also specifying our physical solving, even visualizing the results in the
predigested way. Therefore we make use of Structural Mechanics Module
in simulation program to simplify the plasmonic effect between the
metallic nanoparticles to confirm our hypothesis related to the shifting of
resonance peaks. The program was created by two Swedish, Svante
Littmarck and Farhad Saeidi from the Royal Institute of Technology in
1986.[28]
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3 Deposition Method and Experimental Details
In this chapter, the fabrication and experimental methods used in this research
will be described. A brief introduction of thermal evaporates deposition is
described to explain the working principle of the thermal evaporation system.
Then, thin film properties i.e. physical properties and film structure will be
discussed together with the corresponding measurement technique. Also, the
source materials, procedures, and equipment for coating sliver-thin films are
presented in details. Then, analytical instruments for thin films
characterization will also be described later.

3.1 Thermal Evaporates Deposition
Thermal evaporation is one of the most common methods of physical vapor
deposition (PVD), because of its simple controlling method. It typically uses
the heat sources with high resistivity to evaporate a solid material, can either
be organic compound or metals, in the vacuum chamber to form a thin film on
the substrate.
When the materials are heated in a vacuum environment until the specific
temperature, vapor will be produced. Under the saturated vapor pressure, the
material transit from the solid phase to the vapor phase at certain pressure.
The vacuum chamber will be filled by the evaporated material with thermal
energy and deposited on the substrates.

3.1.1 Vacuum Condition
The vacuum condition is a complex system which affects the purity of
samples, smoothness of thin film surface, deposition rates and others aspect.
There are three significant aspects of the thin film deposition influenced by
the vacuum condition
1.

The mean free path(MFP) of the molecules associated with pressure;

2.

The fractional pressure of reactive gases in inert background gases;

3.

The ratio of vapor flux density to the flux density from the
background environment
14

4.

The lower the chamber pressure, the longer MFP of the molecules.
The evaporated material can go farther before losing its kinetic
energy.(table 3.1)

Table3.1 the relation between the chamber pressure and MFP of the
molecules and flux density ratio.

3.1.2 Resistive Evaporation
Using resistive heated evaporation sources to deposit the thin films was one of
the practical and most convenient thin film coating techniques. As it provides
a unique combination of economy and reliability [29].

The source materials, which can be pure metals, organic compounds or alloys,
can be deposited on the substrate. After that, the evaporated materials
condense onto the substrate surface. A simple setup for the resistance
evaporation process is shown in Fig.2.1.2. The source that the materials are
going to be evaporated is heated to a sufficiently high temperature so that it
will evaporate. Since heating makes the chamber reached the saturated vapor
pressure [30], the materials start to change their phase from solid to vapor
state. The temperature of vaporization inside the chamber is significantly less
than the corresponding temperature required at atmospheric pressure. At the
same time, the absence of the oxygen in the low-pressure chamber can
prevent oxidation of the sources at the heating process.
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Figure 3.1 Arrangement of resistive evaporation

A source container is needed to hold the source material before
vaporization happened. A refractory metal (e.g., Re, Mo) is the ideal
metals to form an appropriate container for the source material. The
container which physically in contact with the source is heated by the
current. Although the coating process is fast enough for mass production,
alloy may also be produced between the container and its contents.
Therefore the deposited film may become contaminated with the metal of
the container [31].

When the source materials are evaporated, the subliming atoms pass
through the shutter and follow direct line paths until it collides with other
gas molecules or strikes with the solid surface, such as the inner layer of
the chamber. The lower pressure chamber greatly reduces presence of
other gas molecules so that the probability of collisions [32] with other
molecules will be kept to a minimum. Thus, the Mean Free Path of the
evaporating atoms will be increased, the atoms can go farther before
colliding with others. That is the reason why the pressure inside the
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chamber can affect the coating rate [33].

A mechanical manipulator is usually used to rotate the substrate holder so
that all surfaces of the substrates can be coated evenly. When the heated
atoms reach the relatively cool surface of the substrate, thermal energy of
the source molecular is released, and energy level of the impinging [34]
atoms is reduced to some point where it cannot remain in a vapor state.
Therefore, those atoms condense on the surface of the substrate and form
a deposited thin film.

3.1.3

Nucleation and Film growth

Nucleation is the first step of a growing film of nanoscales thickness. Also,
it plays an important role in the growth on the surface of the substrates
because of governing the microstructure and crystallinity of the film.
Mostly, nucleation occurs in these three ways, island/ Volmer–Weber,
layer/ Frank–van der Merwe, and island–layer/ Stranski–Krastonov
nucleation.[35]

Figure 3.2 Schematic illustrations of three basic modes of initial nucleation in
the film growth [35]

When the atoms are bound to each other stronger than the binding
between the substrate, island growth occurs. It merges and forms a
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continuous film subsequently. The layer growth stands on the opposite
side of the island growth. The bounding between the atoms and the
substrate is stronger than to each other, the complete monolayer can be
formed. However, the layer growth procedure is not in the scope of this
work. The critical nucleus size (r) and the corresponding free energy
barrier (∆G) are related to the stress which is developed during the
formation of the nuclei (equ 3.1-3.2)[36].

r= (

∆G = *

2𝜋𝛾𝑣𝑓
∆𝐺

)*

𝑠𝑖𝑛2 𝜃+2 cos 𝜃−2
2−3𝑐𝑜𝑠𝜃+𝑐𝑜𝑠 3 𝜃

2−3𝑐𝑜𝑠𝜃+𝑐𝑜𝑠3 𝜃

16𝜋𝛾𝑣𝑓
3(∆𝐺𝑣

+

+(
)2

4

(3.1)

)

(3.2)

Where𝛾𝑓𝑠 , 𝛾𝑣𝑓 , and 𝛾𝑠𝑣 are the e interfacial energies of nucleus–substrate,
vapor–nucleus, and substrate–vapor interfaces, respectively, θ is the
contact angle, and ∆𝐺𝑣 is the change in Gibbs free energy per unit volume
of the solid phase.

According to Young–Dupré equation [36], the contact angle is larger than
zero for island growth (equ3.3).

𝛾𝑠𝑣 < 𝛾𝑓𝑠 + 𝛾𝑣𝑓

(3.3)

If the substrate is not wetted during the deposition process, the nucleation
is homogeneous nucleation(𝜃 = 𝜋).

3.2 Deposition of Silver Thin Film
The preparation details of the metal thin film are presented in this section. The
study of the different aspects of the thin film‟s properties including optical
transmission, particles‟ size and the space between the particles are also
showed.
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3.2.1 Sample Preparations
Thin film was deposited on either plain soda-lime glasses (SLG) or silicon
(Si) wafers with different sizes in accordance with characterization
requirements. The characterizations include investigating its structural,
optical, morphological properties. Silicon wafer substrates have a <1 0 0>
crystal orientation and the SLG substrates are amorphous.

In order to clean the surface of the substrates for deposition, all the
substrates, including Si wafers and SLG, were wiped with acetone first to
remove any resistant organic and inorganic contaminants. Then the
substrates were soaked in diluted detergent solution (TFD-4) for 30
minutes, and then in de-ionized (DI) water for another 30 minutes twice
inside an ultrasonic bath (Bransonic Ultrasonic Cleaner Model 1210) to
further remove the contaminants. After immersing in DI water, the
substrates were left in an oven for 2 hours (Binder Universal Drying and
Heating Oven Model ED23-UL Benchtop) with 110ºC temperature to dry
away from the remaining moisture on substrate surfaces [37].

The most common method to deposit metal thin film is the resistance
evaporation. Since most of the metals have relatively low evaporation
temperatures under low pressure. The coating system in this work (JunSun
Tech Co.Ltd) is designed to have ten independent source materials. Each
evaporation materials connect to power supply independently. There were
four metals for the preparation of pure metals thin films, which are silver
(Ag), magnesium (Mg), and ytterbium (Yb), Aluminum (Al). The purities
of the metals are 99.99%, 99.99%, 99.9%, and 99.99% respectively (from
Kurt J.Lesker Co.). All the metals were in the form of pellets.

Films of 1 to 5 nanometers thickness were prepared. The film thickness
and the coating rate were monitored by an adjacent quartz crystal
microbalance inside the chamber. The shadow masks were placed in the
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substrates holder for defining desirable patterns on the substrates‟ surface.
Two masks defined a square region of 30mm × 30mm and 13mm × 13mm
respectively.
The base pressure of the chamber was below 4× 10−6 mbar. To remove
unwanted surface contaminants, the sources materials were outgassed.
However, Mg and Yb also are getter metals which would react with the
remaining gases and the vapors inside the chamber. The deposition would
not begin until the chemical reaction consumed most of the residual gases,
shown by a decreasing pressure value. The deposition can start when the
reading of pressure becomes steady [38].
3.2.2 Thin Film Characterizations

3.2.2.1 Film Thickness Determination
The thickness of the thin films was determined by measuring the step
height of the border relative to the film by an alpha-step profile meter
(Veeco Dektak 150 Surface Profiler) in ambient conditions. The
dimension of the film was defined by placing a shadow mask in front
of the substrates when evaporating the sources. Before fabricating the
sample, the quartz crystal microbalance in the coating system needs to
be calibrated. By comparing the actual and recorded thickness of a
particular evaporation material film, derivation can find out the true
tooling factor for the microbalance. [39]

3.2.2.2 Optical Transmission Measurement
The normal incidence transmittance of thin film samples was
measured by the spectrophotometer (HEWLETT PACKARD UVVisible Spectrophotometer Model 8453) in ambient at room
temperature. The samples coated on plain glass substrates to make sure
the incident light was absorbed by the metals films. The measured
wavelength is from 190nm to 1100nm, with a resolution of 1nm. In
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order to eliminate the effect of the glass on the metal thin film, the
transmission spectrum of bare SLG substrate was measured also. The
transmittance spectra of the samples were divided by that of SLG
substrate to obtain the metal film transmission.[40]

3.2.2.3 Scanning Electron Microscopy
Scanning electron microscopy is the commonly used to perform
surface characterization. This method uses the scattering of incident
electrons by the specimen to form an image of sample surface. The
main mechanism of scanning electron microscope (SEM) is an
electron beam which is generated by electron gun. The electron gun
produces electron beam with energy typically ranging from 0.2 keV to
40 keV . These primary electrons are focused and reach the surface of
a specimen by a scan coil and system of lenses.

An interaction volume is shaped when the primary electrons incident
onto a specimen. The penetration depth is related to the mean atomic
number of the sample and the accelerating voltage of the electron
beam, so the maximum penetration depth can be 2μm. The operation
of SEM (LEO1530) was executed under a high vacuum just below
10−6 Torr. The acceleration voltage of the incident electrons used in
our work is 20kV. All the metal thin films were coated on Si substrates
to prevent serious charging on the sample surface. The magnification
of the thin film surface image is 200kX.[41]

3.2.2.4 Atomic Force Microscopy
Atom force microscopy (AFM) is one of scanning probe microscopies
that has very-high-resolution. The demonstrated resolution is 1000
times better than optical magnification, also of the order of fractions of
a nanometer. Therefore, AFM can show the details of the structure of
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the samples at atomic level. However its scanning area is considerably
smaller than that of optical microscope and SEM.

The AFM is equipped with an ultra-fine needle which is attached to a
cantilever beam. To form an image of samples, the tip needle runs over
the edges and valleys of the films‟ surface. The tip follows the surface
to move up and down. The movement of the tip causes the deflection
of the cantilever. In the basic controlling mode, a laser irradiates on the
cantilever at a slanting angle, then measure the deflection in the
cantilever by monitoring the change in the angle of reflection using a
position sensor. In this way, AFM can create an image of the sample
surface at the atomic level (Fig 3.3).

Contact mode is used to form an image of the thin film surface. After
obtaining the images, they were inputted to Nanoscope Analysis
software to measure the diameter of each particle and the distance
between the particles.[42]

Figure 3.3 Arrangement of resistance evaporation atom force microscopy [42]
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3.2.2.5 Spectroscopic Ellipsometry
Ellipsometry is a non-destructive and sensitive optical reflectance
measurement that uses the changing in the polarization of light. As
figure 3.4 shown, the detector received the light reflected from the
sample surface and measured the amplitude ratio of two
perpendicularly polarized beams [43]. In more detail, the light source
which is a Xenon lamp emitting a broad optical spectrum. Then the
light polarized by a polarizer linearly travelled through a compensator
and incident on the sample surface. The light reflected from sample
passed through optical compensator and a second polarizer (analyzer)
before reaching the detector (Fig 3.4).

Figure 3.4 Illustration of the principle of ellipsometry.
The change of polarization can be expressed as the complex
reflectance ratio (ρ) by the following equation (equ 3.4)[43]:

𝜌𝑟 =

𝑟𝜌
𝑟𝑠

= tan 𝛹 ∙ 𝑒 𝑖∆

(3.4)

Where rρ and rs is the Fresnel reflection coefficient for light
polarized parallel and perpendicular to the plane of incident light
respectively and ∆ is the phase difference.
To determine the polarization of the sample, the spectroscopic
ellipsometer Sopra GES 5 was used. The angle of incident light is set
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at 75 degrees in the spectral range of 200 to 800nm. Silicon substrate
can provide a flat and smooth surface to adopt in sample preparation
for the measurement.

3.2.2.6 X-ray diffraction

Figure 3.5 Reflection of X-ray from single planes of crystal[44]

X-ray diffraction (XRD) is one of the most common uses to identify
crystal structure, specific phase and preferred orientation. XRD is
consisted of three basic tools: an X-ray tube which emitting the X-ray,
a sample holder and an X-ray detector which receiving the reflected
X-ray. X-ray tube produces electrons, accelerate it toward the sample
by heating a filament and applying a voltage respectively. Considering
a single particle, when incident electrons bombard the target particle,
the electrons have enough energy to remove inner shell electrons of
the target particle, characteristic X-ray spectra are produced and
received by the detector. The wavelength of the reflected X-ray is
related to the lattice constants of target particle, and the diffracted
beams are generated at specific angle θ (Fig 3.5). The crystal structure
of the target sample and the incident wavelength 𝜆 determine the
diffraction pattern. Constructive interference of the transmitted
radiation from parallel lattice planes spaced d apart is followed by
Bragg equation [44]:

𝑛𝜆 = 2𝑑 sin 𝜃
Where n is the integer to represent the order of the X-ray beam.
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(3.5)

Since the thinness of our samples which only have 1 to 5nm thickness.
We use grazing incidence X-ray diffraction (GID) to measure the
samples. GID is using small incident angles for the incident X-ray hitting
the target, so that diffraction can be more surface sensitive than the
traditional XRD.

Figure 3.6 Grazing incident diffraction geometry [45]
The incident angle 𝛼𝑖 is close to the critical angle for the target sample,
therefore the diffraction of the sample is given by angle 2θ. Also, Bragg
reflections are coming from the surface structure only which helps to
detect the thin film.

3.3 Simulation Condition
We simulate the condition when the electronic cloud of silver
nanoparticles is stimulated by the incident light beam in order to
understand the surface plasmon (SP) phenomenon. The intensity of the
incident laser is 1× 109 (W/m²) which is same as the experiment, with
the incident angle 45 degrees. The electric field of the incident light is
8.6803×105 (N/C). The diameter of the silver particles is fixed at 10 nm
initially. The gap between the silver particles and dielectric are varied
from 1 nm to 10 nm to determine the surface plasmon resonance as a
function of gap distance. The measuring point is set in the middle of two
objects. The detail setting is shown below (Fig 3.7).
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Figure 3.7 Schematic illustrations of simulation condition.
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4 Results and Analysis
4.1 Simulation of Plasmonic Coupling
From the above simulation condition, we got the results shown as below.
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Figure 4.1 stimulated electric field as function of wavelength.
We take the gap between the silver nano-particles from 1 to 10nm (Fig4.1).
The result shows that the shorter distance between the particles, the stronger
electric field is induced. The largest electric field is stimulated in 1nm
distance which created 6x107 (N.𝐶 −1 ) electric field. The induced electric field
strength drops with increasing gap distance. The maximum value is 100 times
stronger than the incident light field strength. And the peak electric field
appears at 378 to 410nm wavelength which are in violet bands.
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Figure 4.2 electric field peak wavelengths as function of gap distance.
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In Fig 4.2 it is possible to sub-divide the peak shift into two regions; in 1 to
4nm gap distance region, the peak electric field wavelength blue shifts from
410 nm to 378nm. However, when the gap distance between the silver
nanoparticles is from 5nm to 10nm, the peak wavelength remains around
393nm. There is no big change in peak electric field wavelength in the second
regions. Since the plasmonic coupling might have shifted from strong
coupling to weak coupling. The physics of this behavior is currently under
study.
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Figure 4.3 field intensity at peak wavelength as function of gap distance.
Not only has the peak electric field shifted to shorter wavelengths when the
distance between nano-metals and dielectric increasing, but also the maximum
electric field has dropped significantly (fig.4.3). There is a large change of the
electric field in the close distance (1-4nm) and the field becomes weaker and
unchanged later (5-10nm). The maximum and minimum induced electric field
is 6.20 × 107 (N/C) and 5 × 106 (N/C) respectively. The electric field is
induced by the 8.65 × 105 (N/C) incident light, so the electric field increases
by 100 times because of plasmonic coupling effect. Summarizing the above
results, we infer that plasmonic coupling occurs within silver particles
packing tightly. However, the nearest particle to the nano metal that has 10nm
diameter is more than 4nm; the strong plasmonic coupling effect does not
occur and shifts to weak coupling.
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4.2 Characterization of Thin Film
In this section, physical and optical properties of silver-based co-mixed thin
films on fused silica (FS) substrates are investigated. The second metal is 2nm
thick Mg, Yb, and Al respectively. The background pressure is between 3.5
and 5 × 10−6 mbar.

4.2.1 Physical properties of Nano-Metals
Before we discuss the physical structure of the metal thin film, we need to
clarify the relationship between thin film and nanoparticles. Since
plasmonic effect we study is due to the interaction between nanoparticles
of metal and dielectric. When we deposited 1 to 5nm thick silver thin film
on the substrates, it was not thick enough for silver to form a completed
full film on the surface. Instead silver nanoparticles were formed and they
react with air or others metal particles to induce plasmonic coupling effect.
Therefore, we produced nano-metals without the mask and with random
deposition. Henceforth, samples prepared will be referred to as nanometals and thickness will be defined as „effective thickness‟ (ETh).

4.2.1.1 Surface Morphology of Metals Thin Films
This section provides information on the physical property of the
nano-metals. The SEM and AFM micrographs were taken at the
normal view of 1 to 5nm ETh surface on the Si substrates.
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Figure 4.4 SEM micrographs of 1 to 5nm Eth pure Ag on Si substrate
(200kX; scale bar = 200nm),

Figure 4.5 AFM micrographs of 1 to 5nm ETh pure Ag on Si substrate (scale bar = 200nm)
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Fig 4.4 and 4.5 show the respective SEM and AFM images for the atomic
surface of pure Ag nano-particles on silicon substrates. Although the effective
thickness of these samples is only 1 to 5nm, the surface features are still
distinguishable under the SEM and AFM measurements. When the Ag layer is
thicker, the diameter of the grains increases from 8.5nm to 13.7nm.

Figure 4.6 SEM micrographs of 1 to 5nm ETh pure Ag with 2nm ETh Yb on Si
substrate (200kX; scale bar = 200nm)

Figure 4.7 AFM micrographs of 1 to 5nm Eth pure Ag with 2nm Eth Yb on Si substrate
(Scale bar = 100nm)
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The SEM and AFM micrographs are taken at the normal view to the surfaces
of 1 to 5nm pure Ag ETh layer with ETh 2nm of Yb (Fig.4.6-4.7) on Si
substrates for comparisons. While relatively tiny particles around 8.5nm
diameter are found on the surface of 1 and 2nm ETh Ag layer with 2nm ETh
Yb, larger particles around 12nm diameter are visible on 3 to 5nm ETh nanoparticles. Those results are consistent with pure 1 to 5nm ETh Ag, but the
particles size increases.

Figure 4.8 SEM micrographs of 1 to 5nm ETh pure Ag with 2nm ETh Al on Si
substrate (200kX; scale bar = 100nm)

Figure 4.9 AFM micrographs of 1 to 5nm ETh pure Ag with 2nm ETh Al on Si substrate
32 bar = 100nm)
(Scale

Still, formations which are 1 to 5nm ETh Ag layer with 2nm ETh Al nanoparticles are also confirmed for using Si substrates. Uniformly and fine
distributing particles are found on the surface, the surface feature becomes
more obvious when Ag ETh increases and more Ag particles are present on
the films.

Figure 4.10 SEM micrographs of 1 to 5nm ETh pure Ag with 2nm ETh Mg on Si substrate
(200kX; scale bar = 200nm),

Figure 4.11 AFM micrographs of 1 to 5nm ETh pure Ag with 2nm ETh Mg on Si substrate
(Scale bar = 200nm)
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The respective SEM and AFM images show the atomic surface of 1 to 5nm
ETh Ag layer with 2nm ETh Mg (Fig 4.10-4.11). Those samples are prepared
on the room temperature Si substrates. Whatever metal Yb, Al and Mg
fabricate on the Ag layer surface, the surface feature follows the Ag effective
thickness to become obvious. Therefore we can infer that the metal atoms can
merge together during the fabricating process. Evaporated metals atoms have
high thermal energy. When it reaches the surface of the substrates, the islands
nucleation occurs. When more particles reach the surface, it subsequently
merges which increase the particles size under AFM measurement. If we
focus on Ag/Al and Ag/Mg samples, we discovered that the change of the
particle size is larger than the pure Ag nano particles. Also, the second layer
only has 2nm ETh which is not thick enough to form a completed full film on
the surface so that the lower Ag nano particles can be shown. The edge of
particle becomes obvious when the effective thickness increases. In contrast,
the density of atoms increases with decreasing effective thickness of samples
because of the tight packing of metal particles.
Also, the consistent results of SEM images which presenting the larger
surface area leads to more credible AFM results. Therefore, the further
analysis of AFM image such as determining particles size becomes reliable.
However, the accurate elemental composition of each nano particle cannot be
determined by EDX due to its thinness, the particles cannot be distinguished
separately.
4.2.2 Micro-Structure of the Nano-Metals
Plasmonic coupling effect mainly related to the interaction between the
metallic atoms. Therefore, the data of particles size and the distance between
the particles play an important role in this research. We can understand more
details; even control the plasmonic effect by adjusting the particles size on the
surface of the thin films. The size of metals particles was determined by AFM
images of samples surface by NanoScope Analysis software (Bruker
NanoScope Analysis 1.8) in ambient conditions at room temperature, also the
space between grains.
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4.2.2.1 Size of Nano-metals
Each type of samples we have prepared 5 samples to determine the
average size of particles accurately.
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Figure 4.12 Particle size distribution of 5nm ETh Ag
particle

Figure 4.13 Average diameters of Ag
particles as a function of ETh
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Figure 4.14 Particle size distribution of 5nm Eth
Ag with 2nm ETh Yb particle
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Figure 4.15 Average diameters of Ag/Yb
particles as a function of ETh
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Figure 4.16 Particle size distribution of 5nm
ETh Ag with 2nm ETh Al particle

Figure 4.17 Average diameters of Ag/Al
particles as a function of ETh
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Figure 4.18 Particle size distribution of 5nm
ETh Ag with 2nm ETh Mg particle

Figure 4.19 Average diameters of Ag/Mg
particles as a function of ETh

Average particles size(nm) (Nanoscope Analysis)
effective thickness
Ag Ag + 2nm Yb Ag +2nm Mg
Ag + 2nm Al
Ag 1nm
8.60
8.40
8.45
8.36
Ag 2nm
9.47
8.84
8.98
8.17
Ag 3nm
11.52
9.65
10.64
9.09
Ag 4nm
12.04
11.93
11.86
10.16
Ag 5nm
13.75
13.79
14.79
12.53
Table 4.1 Summary of average diameter of each sample
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The size of Ag with different metals (Mg, Al, Yb) in varied Ag effective
thickness are determined (Figure 4.12 - 4.19). NanoScope Analysis software
can analysis the AFM micrographs automatically to determine each nano
particle on the surface and measure its diameter and summarize as the graph
(Fig 4.12,14,16,18). The particle size of each 1 to 5nm Eth samples matches
Gaussian distribution, most of particles concentrate on the same size group
which represents the particle size of that effective thickness. After that, we
combined 1 to 5nm ETh particle size result on the right side(Fig4.13,15,17,19)
The trend of four charts is similar, thicker the ETh deposit, larger the particles
were formed. The average smallest size of particles is 8.45nm diameter for
1nm ETh Ag layer sample. When the effective thickness of the first Ag layer
is increased, the average particles size also increase. The particle size has a
linear relationship with the Eth. Ag with Mg has the largest particles size at
14.8nm diameter corresponding to 5nm ETh Ag layer, also the change in
particles size is the most obvious. In contrast, Ag with Al combination has the
smallest particle size that is the only 12.53nm diameter corresponding to 5nm
ETh Ag layer and the smallest size increase as well. The behaviour of the Ag
and Ag/Yb particles size are similar.
4.2.2.2Distance between the Nano-metals
Each type of samples we have prepared 5 samples to determine the average
distance between the particles accurately.
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Figure 4.20 Average distance between the Ag Figure 4.21 Average distance between the Ag/Yb
particles as a function of particle size
particles as a function of particle size
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Figure 4.22 Average distance between the
Ag/Mg particles as a function of particle size

Ag

13

Figure 4.23 Average distance between the Ag/Al
particles as a function of particle size

Average Distance between Particles (nm) (Nanoscope Analysis)
effective thickness

12

Average particle size (nm)

Ag + 2nm Yb

Ag + 2nm Mg

Ag + 2nm Al

Ag 1nm

4.05

5.43

5.50

3.67

Ag 2nm

3.71

5.56

5.53

3.55

Ag 3nm

3.50

5.32

4.74

3.74

Ag 4nm

3.64

4.51

4.53

3.52

Ag 5nm

3.63

3.80

3.94

2.97

Table 4.2 Summary of distance between particles of each sample
The distance between Ag particles with different metals (Mg, Al, Yb) in
different Ag effective thickness are determined (Figure 4.20 – 4.23). Distance
between the different metals decreased with the increasing effective thickness
of Ag. Although there is an anomalous increase in few samples, the main
trend of the particles gap distance remains going downward. Also, Ag/Mg
nano-particles have the largest distance between the atoms (5.5nm to 3.94nm).
The films have the smallest distance between grains is Ag/Al; it only gets
3.67nm to 2.97nm. This data also matches with the previous particles size
results which Ag/Mg has the largest particles size; Ag/Al has the smallest
particles size. It proves that the particle density depends on the size of the
nanoparticles. If the size of nanoparticles is smaller, the particles will pack
tighter on the surface of substrates. That explains why the smallest
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nanoparticles (Ag/Al) have the closest distance between particles at the same
time. Also, this results match with the simulation which points out the
plasmonic effect should occur within 5nm particles distance.

4.2.2.3 Elemental compositions determined by XRD
In this section, the compositional properties of Ag with Al/Yb/Mg samples
are discussed. XRD has been frequently used for material analysis (section
3.2.2.6) and each element/compound has its own characteristic signal
corresponding to specific crystal structure. However, the main aim of
XRD here was determining the compositions of the samples.
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Figure 4.25 XRD patterns of 5nm Eth Ag with 2nm Eth Al particle

Figure 4.25 shows XRD diffraction of 5nm Eth Ag with 2nm Eth Al
particle prepared on silicon substrates. The characteristic Bragg diffraction
peaks of Ag and Al from 350 to 470 are identified respectively with
associated diffraction angle 2θ and plane orientation which represented as
Miller indices h, k, and l. As observed from Figure 4.25, the XRD result
confirms the presence of both Ag and Al nanoparticles deposited
successfully onto the substrate. Also, combining the XRD diffraction,
SEM and AFM micrographs (Figure 4.8-4.9) of Al/Ag substrates show
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that there are crystal planes of Ag and Al identified [46], it did not form as
alloy which matches our simulation condition of occurring plasmonic
effect.
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Figure 4.26 XRD patterns of 5nm Eth Ag with MgO particle
Ag and Mg nanoparticles deposited on silicon substrates were also studied
(Fig4.26). The peaks at 38.30 and 43.50 are identified as the Bragg peaks of
Ag and MgO respectively. Although, Mg particles are the target metal
deposited on the surface of the substrate, Mg reacted with the oxygen in the
atmosphere forming MgO. Therefore, this is not a surprise with the result.
And the signal of MgO is also a strong evidence prove the existence of Mg on
the sample’s surface.
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Figure 4.27 XRD patterns of 5nm Eth Ag with 𝑌𝑏2 𝑂3 particle
Ag and Yb nanoparticles deposited onto silicon substrate are also measured
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(Fig 4.27). Instead of Yb, distinctive diffraction peak of 𝑌𝑏2 𝑂3 is identified
with Ag peak. Yb is in a similar situation as Mg, both readily react with
oxygen and become oxide when exposed to the atmosphere. However, the
result still satisfies our purpose in verifying the presence of Ag and Yb
particles in the samples.
4.3 Optical Properties of Thin Films
In this section, optical transmission spectra and reflectance of 8 to 15nm
diameter nanoparticles are discussed. Since the optical and dielectric response
towards incident radiation is the primary properties of a material.

4.3.1 Transmission of as deposited thin films
The optical range is the most interesting part as the operating wavelength of
the optical device falls into these areas. The thin films were prepared on the
SLG substrates for transmission measurement.
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Figure 4.28 The appearance of 1 – 10nm effective thickness Ag
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The reflected colors of samples change significantly with nanoparticle
diameter 8.5nm to 14nm, and then samples become continuous metallic films
when Ag particles size increase. Therefore we can focus on 1-5nm ETh
(Fig4.28). The transmittance of the silver samples increases from 200 to
300nm wavelength. There is a general red-shift of transmission dip from 450
to 510nm, causing colours change of the samples from violet to cyan (Fig
4.28-4.30). The transmissions dip decrease, but full width at half maximum
(FWHM) increase with increasing size of the particles at the same time.

Diameter (nm): 8.5nm
Eth (nm):
(1nm)

12nm
(4nm)

10.5nm
(3nm)

9 nm
(2nm)

15 nm
(5nm)

Figure 4.31 The appearances of 1 – 5nm Eth Ag (1-5nm)/ Mg (2nm) ETh
Colour Coordinate of 1-10nm Ag with 2nm Mg Thin Film
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Figure 4.32 Transmission spectra of Ag (1-5nm)
/ Mg (2nm)ETh as a function of wavelength

Figure 4.33 Colour Coordinate of Ag
(1-5nm)/ Mg (2nm) ETh
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The appearance of Ag/Mg is more reflective than pure Ag (Fig4.31). The
reflected colors of the samples are more subdue as Ag samples. The general
transmission dip of Ag (1-5nm ETh)/ Mg (2nm ETh) films is at 500nm
(Fig4.32-4.33). The transmissions dip decrease, while FWHM increase. The
amplitude of the dip rises with increasing the particles size of Ag.
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Figure 4.34 The appearances of 1 – 5nm ETh Ag (1-5nm)/ Al (2nm) ETh
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Figure 4.35 Transmission spectra of Ag (1-5nm)
/ Al (2nm) Eth as a function of wavelength

Figure 4.36 Colour Coordinate of Ag (1-5nm
ETh)/ Al (2nm ETh)
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The reflected colour of 8.5nm to 12.5 nm diameter Ag and Al nanoparticles
films changed from yellow to violet as the thickness of Ag film in increases.
Also, there is a red-shift of transmission a dip from 450 to 550nm (Fig4.3536). FWHM broadens as the transmission dip becomes shallow.
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Figure 4.37 The appearances of 1 – 5nm ETh Ag (1-5nm)/ Yb (2nm) ETh
Colour Coordinate of 1-10nm Ag with 2nm Yb Thin Film
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Figure 4.38 Transmission spectra of Ag (1-5nm)

Figure 4.39 Colour Coordinate of Ag (1-5nm)/

/ Yb (2nm) Eth as a function of wavelength
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The reflected colors of samples changed from brown to violet while the size
of Ag particles in increasing (Fig4.37). The red-shift of transmission dip is
from 475nm to 550nm. When the transmission dip is decreasing, the FWHM
is increasing. The characteristics are similar but the reflected color change is
different (Fig 4.38-39).
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4.3.2 Reflectance of as deposited metal thin films
Reflectance is another important factor in optical properties. It shows the
effectiveness and the polarization of the samples in reflecting radiant energy.
All the samples fabricating on Si substrates are measured using spectroscopic
ellipsometer (Sopra GES 5) in ambient conditions. There are two groups of
measurement: the polarizer sets to 0 and 90 degrees. And the analyzer sets to
0, 45 and 90 degrees for measuring 2nm and 5nm thickness samples
respectively.
4.3.2.1 0 degree polarizer with 0, 45 and 90 degree analyzer
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Figure 4.40 Reflectance of Ag 2nm Eth as a
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Figure 4.42 Reflectance of Ag (2nm)/ Al (2nm)

Figure 4.43 Reflectance of Ag (5nm)/ Al (2nm)
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Figure 4.44 Reflectance of Ag (2nm)/ Yb (2nm)

Figure 4.45 Reflectance of Ag (5nm)/ Yb (2nm)

ETh as a function of wavelength
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Figure 4.46 Reflectance of Ag (2nm)/ Mg (2nm)

Figure 4.47 Reflectance of Ag (5nm)/ Mg (2nm)

ETh as a function of wavelength

ETh as a function of wavelength

The measured reflectance of the specimens is presented; Figure 4.42 to 4.47
with respect to the wavelength from 200nm to 800nm. The measurements
were carried out on 2nm and 5nm effective thickness of Ag thin films and
2nm Eth Al/Yb/Mg layer on silicon substrates at an incident angle of 75
degree. When the polarizer sets to 0 degree, and the analyzer sets to 90 degree,
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we consistently receive the strongest reflectance. The peak appearing at
0.38um comes from silicon substrates. However, we get weaker reflectance
form the 0 and 45 degree analyzer.

4.3.2.2 90 degree polarizer with 0, 45 and 90 degree analyzer
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Figure 4.48 Reflectance of Ag 2nm ETh as a
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Figure 4.50 Reflectance of Ag (2nm)/ Al (2nm)

Figure 4.51 Reflectance of Ag (5nm)/ Al (2nm)
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ETh as a function of wavelength
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Figure 4.52 Reflectance of Ag (2nm)/ Yb (2nm) Figure 4.53 Reflectance of Ag (5nm)/ Yb (2nm)
ETh as a function of wavelength

ETh as a function of wavelength

Figure 4.54 Reflectance of Ag (2nm)/ Mg (2nm)

Figure 4.55 Reflectance of Ag (5nm)/ Mg (2nm)
ETh as a function of wavelength

ETh as a function of wavelength

The measurement and samples condition of figure 4.48-55 are the same as
figure 4.40 -4.47. But the polarizer sets to 90 degree with 0, 45, 90 degree
analyzer. We consistently receive the strongest result from 90 degree analyzer,
the weakest from 0 degree analyzer which agree with the previous results.
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I = 𝐼0 × cos 2 𝜃

(4.1)

Where I is the intensity of light transmitted by the analyzer, 𝐼0 is the intensity
of the light incident on the analyzer and θ is the angle between the
transmission axes of the polarizer and the analyzer [8].
Combining two sets of data, we infer that the polarization specular reflection
on the metal surface is not affected by plasmonic effect. When the 90 degree
polarized incident light strikes the Ag thin film, there is no phase change of
reflected light. But when the polarizer sets to 0 degree, the reflected light
changes phase by 90 degree which follows Malus‟s law (equ4.1). Therefore,
irrespective to the angle of polarizer, when the analyzer was set to 90 degree it
gave the strongest result.
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5 Conclusion
In this research, we study the plasmonic effect of silver coupling with aluminum,
ytterbium, and magnesium. All samples prepared by thermal evaporation were
investigated in details for their different coupling effect.
The 1nm to 5nm effective thick deposited samples are verified by XRD to
confirm the presence of silver, aluminum, ytterbium, and magnesium nano
particles. Diffraction signal of Ag, Al, Mg oxide and Yb oxide are obtained from
the samples.
We use SEM and AFM methods to observe the surface morphology of the
samples. Those metal particles neatly arrange on the surface. The size of grains
is getting larger with increasing effective thickness of samples (Fig4.20). This
effect occurs on 8nm to the 15nm diameter of the nano-metals with the smallest
(Fig 4.24) distance between neighbouring particles. The range of the gap
distance is 5.4nm to 7.6nm. There is a positive relationship between the particles
size and inter-particle distance gap for the samples. When the grains become
larger, the distance between particles is increased between the films and vice
versa. Showing that deposition of nano metal without mask using only the
effective thickness to control the particle size is an effective way to achieve
collective plasmonic coupling effect.
The simulation of surface plasmon resonance in COMSOL Multiphysics
software shows that silver particles packing tight enough which intergap is less
than 4nm induces plasmonic effect. Also, there is a limitation of plasmonic
coupling effect which only present in short distance between particles such as
1nm to 5nm. When the distance is getting larger, the induced electric field drops
significantly (Figure 4.2) and Figure 4.3 shows that the shift in Ag resonant
wavelength peak in fact gradually arrived at a stable value when the electric field
drops to saturate value (Fig. 4.2) corresponding to gap distance greater than 5nm.
Therefore, there is a distance limitation for occurring strong plasmonic coupling
effect.
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Figure 5.1 the demonstration of experimental data and simulation result

Those simulations agree with experimental result. From figure 5.1, the resonant
peak wavelength of dissimilar nano metal with different gap distances (Fig 4.29,
32, 35, 38) are extracted. They are overlayed onto the simulated electric field
peak wavelength graph (Fig 4.2). The experimental data follows the same trend
in shift as that of theory. Thus, the plasmonic coupling behaviour as a function
of distance supports the presence of strong to weak coupling transition.

The different metal combinations (Ag/Al, Ag/Mg, and Ag/Yb) create different
color changing since general red-shift of transmission dip the samples. The color
of the thin films changes from violet to cyan with the increasing particles size.
Since larger particles size comes with shorter gap distance between particles
which induce stronger plasmonic coupling effect to change the reflected colours.
The optical characteristics are shown by the transmission spectra and the colour
coordinates (Fig 4.23-4.34). The reflectance of silver based samples is measured
by using spectroscopic ellipsometer. However, the polarization specular
reflection occurs on the metal surface which is not sensitive to plasmonic effect.
Therefore, we can change the color but not the reflectance through plasmonic
effect.
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Base on those experimental results, it can conclude that the plasmonic coupling
effect can change the optical properties of the nano metal, mainly on the
reflected color which is determined by the particles size and interdistance
between particles. Since the shorter distance between nanoparticles, stronger
plasmonic effect induced, and then the coupling effect shifts the transmission dip
to change the reflected colour of the samples. Also, the changing colors are
lightly different between varied conditions (Ag/Al, Ag/Mg, and Ag/Yb), Ag/Yb
has the greatest red shift of transmission dip. As Yb has an empty 5d electron
shell and a full 6s and 4f electron shell. Therefore, electrons participating in the
plasmonic coupling can be quite complicated, giving rise to resonance(s) which
shift the transmission dips and create different reflected colour. Consequently,
we can fabricate a new color changing devices based on plasmonic effect by
controlling composition, particle size and distance between particles.
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6 Future Work

The work presented while has shown the underlying principles of plasmonic
coupling between two dissimilar nano metals, it also seems to raise more
questions on the plasmonic coupling effect. This work mainly focuses on the
collective plasmonic coupling effect. In order to investigate into fine details of
the plasmonic coupling effect, we need to look at the coupling at the theoretical
level.

There is some area arising from this research that should be pursued, for
example there is a hint that the plasmonic coupling strength can be classified
into strong and weak regions. The simulation results (Fig4.2-4.3) and deposited
Ag samples (Fig 4.28) can be the evidence of existence of strong and weak
plasmonic coupling. Theoretical study is needed to unveil the mystery of
plasmonic coupling effect. Some preliminary work is initiated (Appendix A).

Also, the plasmonic effect occurring within silver and aluminum, ytterbium, and
magnesium is concentrated in this research. There are other metals could also
couple plasmonically with Ag and produce similar optical effect, such as gold.
We can try other metal combination to create a new color changing materials.
Although mask-free deposition is effective, deposition with the mask can create
specific gap distance of nano metal which may induce monochromic colour
changing. These would be part of the future work for us.
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Appendix A Study of Strong and Weak Plasmonic Coupling
Effect
To investigate the strong and weak plasmonic coupling transition, first define the
wave function of the plasmon. Assuming there are two independent metal nano
particles 1 and 2 adjacent to each other. The nano-metal is assumed to be
spherical and it is physically isolated. Then the plasmonic oscillation is a local
oscillation of localized surface plasmon. Let the localized surface plasmon (LSP)
wave function of nano-metal 1 and 2 are 𝛹𝐿𝑃1 𝑎𝑛𝑑 𝛹𝐿𝑃2 respectively. If they
couple, then the resultant wave function can be described in two possible
coupling modes.
Strongly coupled:

𝛹𝑐2

=

2 + 𝛹2 )
(𝛹𝐿𝑃1
𝐿𝑃2

𝑑2

+

1
𝑑2

∫ 𝛹𝐿𝑃1 ∗ 𝛹𝐿𝑃2 𝑑𝑥

(1)

Where d is the distance between nano metal 1 and 2. This assumes it is a linear
combination plus the interacting term representing by the convolution term.
Weak coupling:

𝛹𝑐2 =

(𝛹𝐿𝑃1 +𝛹𝐿𝑃2 )2
𝑑2

(2)

In this approach, it is assumed that the interaction term is the product of the two
LSP. The

1
𝑑2

is introduced to take the inverse square effect of electromagnetic

wave into consideration; hopefully the equation converge.
LSP is a stationary wave so its waveform has the following format:

𝛹 = 2𝐴 sin(

2𝜋𝑥
𝜆

) cos(𝜔𝑡)

(3)

Where 𝜔 is angular frequency, 𝜆 is wavelength. Then, taking wave number

k=

2𝜋
𝜆

The approach is preliminary idea; we need further work to elucidate the detail of
plasmonic coupling.
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