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Abstract
The plasmonic properties of silver-based alloy thin films were studied.
Silver-ytterbium (Ag-Yb) and silver-magnesium (Ag-Mg) prepared by thermal
co-evaporation were investigated extensively for various thin film properties. The
optical properties were intensively analyzed and discussed because the dielectric
response of a material is particularly significant in terms of its plasmonic properties.
The study of silver-based alloy thin films has been mostly about Ag alloying with
other transition metals, but the results of Ag-Yb and Ag-Mg in this work showed that
the intensity of plasma resonance is tunable, in which the idea may also apply to other
silver-rich binary alloy thin films regardless of the kind of second metal components.
In our research, the Ag plasma resonance was weakened with respect to the
concentration of Yb and Mg in the alloy thin films. The change in the optical
characteristics around Ag plasma resonance frequency was attributed to an increase in
“resonance damping”. This is confirmed from modeling using classical free-electron
theory. The increase in the damping was experimentally corroborated by the
concentration dependence of electrical conductivity and estimated average crystallite
size of Ag-Yb and Ag-Mg thin films. The reduction in electrical conductivity was not
only caused by introducing less conductive Yb or Mg but also through disturbing the
Ag lattice structure to promote additional electron scattering at grain boundaries.
The Ag-Yb and Ag-Mg alloys carried intermediate properties between their pure
components despite the presence of Yb or Mg oxides. Besides optical and electrical
properties, changes in the electronic work function were also assessed since it is also
important in applications. Plasmonic nanostructures and transparent organic
light-emitting diodes (OLEDs) were fabricated to demonstrate their potential
applications. Two-dimensional disc-arrays nanostructures composed of pure Ag and
Ag-Yb were implemented to evaluate the plasmonic properties. The damping loss in
Ag-Yb caused weakened coupling of incident photons and surface plasmons when
compared to pure Ag without altering the coupling wavelengths, suggesting potential
plasmonic materials for tuning the coupling strength of surface plasmons by
controlling the concentration of Yb which may also apply to Ag-Mg. Ultrathin Ag-Yb
and Ag-Mg films were used as cathodes in transparent OLEDs for demonstration,
which was beneficial by virtue of overall device transmittance though sacrificing
electrical conduction leading to poor light emission unless inserting additional
ultrathin lithium fluoride to modify the ultrathin cathodes.
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Chapter 1 Introduction
Material science has always been the forefront of many aspects in science. New
materials continuously open the door to new technologies and influence our lives by
all means. It involves using, changing, or enhancing the inherent properties of the
materials to make better products. The study of the materials covers from macro to
micro scales, and even further to atomic scale these days. With more and more
attention being drawn to nanotechnology, the spotlight of material engineering is
certainly focused on developing and applying novel materials in the related fields
such as plasmonics, optoelectronics and photonics.
The types of materials for material engineering are not limited to metals only.
They also include alloys, ceramics, composites, polymers, etc. The advancement in
characterization and fabrication techniques allows continuous growth of the basic
knowledge about different properties of these materials. Still, metals as well as alloys
are always important because of their uniqueness and long historical standing.
1.1

Metals
Metals constitute the largest group of materials in the periodic table. They are

generally characterized by high electrical conductivity and mechanical strength. The
majority of metallic elements possess one of three crystal structures: body-centered
cubic, face-centered cubic and hexagonal close-packed. The closely arranged metal
atoms give rise to the mechanical properties like ductility and malleability. When
metal atoms are brought together to form a crystal, collective metallic bonding is
formed. The loosely bound outer electrons of the atoms (also referred to free or
valence electrons) are delocalized and so free to travel around the well-arranged metal
ion core. The ability of these “sea of electrons” moving readily under the influence of
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an electric field accounts for the electrical conductivity of metals.
The free electrons contribute to not only electrical conductivity but also optical
properties. The high reflectivity of metals is attributed to the collective oscillations of
free electrons under the influence of incident electromagnetic radiation and then
re-emitting those radiations with the same frequency. But, when the incident field
oscillates too fast for the electrons to follow, the metal loses its reflectivity. The
boundary dictating these two phenomena is called plasma frequency (Section 2.2.4).
For an ideal free-electron metal, the reflectivity approaches unity below the plasma
frequency but decreases rapidly with increasing frequency above the plasma
frequency. Most metals are characterized by their plasma frequency in ultraviolet (UV)
and near-UV regions resulting in a high reflectivity in the visible region.
With advanced techniques and awareness of the potential market, there has been
a rapidly growing interest and demand in nano-scale integration. The drive to
miniaturization of products and devices has urged for new research in different types
of materials including metals. Apart from their unique optical and electrical properties,
metals are also substantially useful by virtue of their plasmonic properties. The term
‘plasmonic’ here means the ability of a matter exploiting surface plasmons (Section
2.3) originated from light-matter interaction where in metals the free electrons are
responsible for the generation of surface plasmons.
1.1.1

Metals as plasmonic materials

In general, surface plasmons are collective oscillations of free charges in a
conductive surface which are often excited by light with proper conditions. The
oscillating electric charges generate an electromagnetic field confined to only a small
region near the surface which carries energy and decays exponentially. Based on the
2

derivation of the conditions for such plasmon phenomenon, it is essential for the
material to have negative real permittivity [1].

Figure 1.1 Dielectric constants of four common metals: (a) Ag, (b) Au, (c) Cu and (d)
Al taken from [2].
Pure metals can fulfill the requirements to realize surface plasmons as their free
electrons provide the negative real permittivity below the plasma frequency. The
excitation of surface plasmons is commonly realized via the interaction between light
and metals because of abundant free electrons in metals and that an extremely fast
oscillating electric field is required to excite collective oscillations of the electrons in
metals. Thus, plasmonic devices generally involve metallic components and are
typically designed to operate in optical and telecommunication frequencies. However,
metals are generally lossy in the visible and UV regions partly due to interband
transitions (Section 2.2.5). Figure 1.1 illustrates the complex dielectric functions of
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four common metals: silver (Ag), gold (Au), copper (Cu) and aluminum (Al). They
are regarded rather stable in air for plasmonic applications. It is important to note that
these metals can support surface plasmons at different spectral regions over narrow
frequency ranges only. Silver is considered to be the best among the four metals for
operating in optical frequency because there exists a region of negative real
permittivity (  1 ) but a low loss as implied by relatively small imaginary permittivity
(  2 ) (Figure 1.1 (a)). Similarly, gold and copper are better operating at near-infrared
(NIR) region while aluminum works at deep-UV region.
The essential criteria to realize plasmonic effects are to have negative real
permittivity and a considerably low loss in certain frequency ranges. Despite the fact
that abundant free electrons make it probable to generate surface plasmons, each
metal possesses individual intrinsic properties. With a more sophisticated
development in fabrication techniques for subwavelength structures these days,
modifying the structures and surrounding environments of plasmonic devices can
mitigate the metal losses to a certain extent but the compensation can be marginal.
The inherent characteristics of metals still pose limitations in their functions as
plasmonic materials.
1.1.2

Pure metals in plasmonic applications

The unique properties of metals have led to diverse products and applications
even in nanotechnology. Many optoelectronic devices including transistors,
light-emitting diodes, and solar cells require metal contacts for electrical conduction.
Besides that, metals in the nano-scale forms (thin films, nanoparticles and
nanostructures) also make them fascinating for their plasmonic properties [3].
The plasmon effects can be applied to a wide range of applications including
4

imaging, sensing, optical communication, diagnostics and therapeutics. More
specifically, the applications have made use of the properties of surface plasmons, for
examples, subwavelength confinement [4, 5, 6, 7, 8, 9], extraordinary optical
transmission [10, 11, 12], local field enhancement [13, 14, 15] and ultrafast surface
plasmon propagation [16, 17]. The basic idea is to exploit the intrinsic properties of a
particular metal along with structural engineering. Since the plasmonic structures are
in micro-meter and even nano-meter scales, simple structures would be desirable to
avoid fabrication difficulties. However, simple structures are limited in their design
orientations. Implementing complex nanostructures is feasible but it is probably only
satisfied in laboratory curiosities and is hard to evolve to commercial-scale
manufacturing. Thus, material engineering would be an alternative solution to sustain
the development of plasmonic technology.
1.2

Alloys
Alloying different metals is the simplest solution to extend the number of

metallic materials. Essentially alloying allows metallurgists to manipulate any
property by adjusting the components and their relative concentrations. Metallurgists
have been studying many alloys with different combinations of metals reporting a vast
number of phase diagrams, which tell the constitution phases and solubility at
equilibrium [18, 19]. Alloys are usually prepared by mixing metals in molten state and
then leaving the mixture to solidify. The major concern is usually the physical
properties of the metallic components like density and melting point. A light metal is
highly unlikely to dissolve into a heavy one. For example, casting aluminum into lead
would result in into two separate layers behaving like pouring oil into water. A large
difference in the melting points of constituent elements also makes it difficult to gain
a high yield.
5

An alloy can have four different types of constitution: immiscible phases, solid
solution, partial solution, and intermetallic compounds. Aluminum and lead would be
a typical example for two immiscible phases if molten aluminum was cast into molten
lead. An alloy is called a solid solution if it exhibits a single phase (i.e. a single type
of crystal structure) such as copper-nickel and cadmium-magnesium. A partial
solution is an intimate mixture of two or more phases in equilibrium in general. An
intermetallic compound is referred to the formation of a completely new lattice
differing from that of either of the metallic constituents.
Excluding the immiscible phases, Hume-Rothery rules [20] are generally used to
predict the constitution of an alloy formation. Most traditionally prepared alloys obey
Hume-Rothery rules. The rules state that solid solubility (or miscibility) of the
metallic components is dependent on atomic size, crystal structure, valency, and
electronegativity. These factors also pose limitations on the solid solubility and so the
flexibility on exploiting the properties of the alloys.
1.2.1

Making metastable alloys

As mentioned, a traditional way to make alloys involves heating the individual
components to molten state, mixing them together and cooling the mixture. Alloys can
also be prepared by fusing a mixture of the components in powder form with a
combination of high temperature and pressure. An alloy prepared by traditional
methods is described by typical phase diagram. This results in practical limitations
upon the utility of an alloy in the modification of its properties. But, with additional
processes or special treatment (i.e. non-equilibrium processing), the end product may
achieve metastable state [21]. The metastable alloys can be crystalline,
quasi-crystalline, or amorphous. For alloys, a metastable state usually refers to an
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extension of solubility limit. The system is considered to have a “configurationally
frozen” metastable structure. Once allowed to gain enough energy, the system restores
to its original stable state expressed by typical alloy phase diagram.
A general procedure to obtain metastable material is to ‘energize’ then ‘quench’ a
material appropriately. That is, energization raises the energy of a phase at ambient
conditions followed by quenching back to ambient conditions. The energization can
be in the forms of increasing the temperature or pressure, evaporation, dissolution,
irradiation or sever plastic deformation. Quenching is simply cooling the system but
with a controlled rate of solidification which may result in micro-structural refinement,
extended solid solubility, formation of unique metastable phases, greater chemical
homogeneity and/or changes in crystal morphology. Among various types of
non-equilibrium processing, deposition from gas or liquid phase is most common
including evaporation, sputtering, rapid solidification, and melt-spinning.
Recent experiments have shown that it is possible to obtain metastable or
amorphous thin alloy films by gas phase deposition [22, 23, 24, 25, 26] . The phases
present in these films may differ greatly from bulk equilibriums. Metastable
copper-silver alloy thin films could be prepared by simultaneous evaporation of the
two metals on a cold substrate where the resultant thin films was amorphous and so
possessed a relatively high resistivity [23]. The equilibrium state could be restored via
annealing above 100℃ as indicated by a sudden drop of resistivity and an apparent
change into polycrystalline structure. Metastable solid solutions of copper-cobalt alloy
at extended concentration range could also be prepared by the same method [24]. The
resultant as-deposited alloy thin films exhibited magnetic moment where the spin
moment only agreed with the calculated value for the thermodynamic equilibrium
state after annealing above 600℃ in vacuum.
7

It can be deduced that the properties of alloy thin films can not only be changed
with the composition but also the preparation method as suggested from the
observable behaviors like structures and resistivity. And, this temporal state, also
referred to metastable state, could have a long lifetime unless a sufficiently high
energy is applied to the system. Although there are numerous reports of the phase
diagrams of various binary alloys and correspondingly achieved metastable alloys,
most study remains extensive in determining the change in some properties only.
1.2.2

Potential applications of alloys in nanotechnology

Traditionally prepared alloys are made for bulk wares. The use of alloys has
become widespread in many infrastructures and appliances by taking advantages of
their outstanding mechanical properties like steel. More recently exploited has been
the shape-memory effect of certain special alloys in industrial and surgical fields [27].
With non-equilibrium processing and other advanced fabrication techniques
giving rise to other potential properties, there has been a greater freedom in the utility
of alloys. Nanotechnology can also make good use of these alloys. One of the major
issues in the research of organic light-emitting diodes (OLEDs) is the electrical
conductive electrodes. It is most definitely convenient to use metals as cathodes due
to its highly conductive and reflective characteristics for conventional bottom emitting
OLEDs, but the demand for transparent OLED displays cannot be dismissed.
Although researchers have devoted efforts to replace the metals with transparent
conducting oxides [28], metallic cathodes remains attractive and superior because the
conductivity is guaranteed with acceptable transmittance and the preparation of metal
thin films is less invasive or destructive to the organic layers compared to transparent
conducting oxides. It leaves the modification of metallic cathodes to focus more on
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the choice of metals and alloys with additional adjustment in the configuration of
device structures. And, there have been some reports demonstrating transparent
OLEDs using magnesium-silver and ytterbium-silver alloy thin films despite lacking
in-depth investigation in explaining the changes in properties [29, 30, 31].
Alloys in nano-scale forms can also be applied in other fields. Liang and Grütter
[32] showed that superior aluminum-rich aluminum-ytterbium (Al-Yb) alloy could
replace pure aluminum coatings on scanning near-field optical microscopy fiber tips
because Al-Yb alloy thin films are pinhole free and smooth so increasing the
resolution of the probe. Sharma and Gupta [33, 34] demonstrated better performance
using silver-gold alloy nanoparticle films for fibre optic surface plasmon resonance
(SPR) sensor rather than metal-host nanoparticle layers. Sharma and Mohr [35]
further showed that single metals were limited by their individual properties and
exhibit a trade-off between sensitivity and signal-to-noise ratio based on theoretical
modeling on SPR for fibre optic sensors. It was believed that bimetallic nanoparticle
alloys could achieve an overall sensing performance with high sensitivity and
signal-to-noise ratio in a wide operating range.
While brand-new artificial materials are available where some hard work is
possibly needed, alloying can be the simplest solution to improve various properties
for specific applications. Nevertheless, it is important to understand the relationships
between properties, structure, fabrication, and performance so that a new material can
be applied properly.
1.3

Scope of the research
Pure metals are useful but their applications are often limited to each individual

metal’s properties. Alloying allows one to modify and even optimize one or more
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properties where a binary alloy constitutes the simplest two-component system for
investigation and application. The constitution phases of traditional alloys are
described by typical phase diagrams which cannot account for alloys prepared by
non-equilibrium processing. There are a variety of other preparation methods for
making alloys aided by the concept of rapid solidification, in which deposition from
gas or liquid phase is the most common one. The possible modification in alloy
properties originated from such preparation methods allow greater freedom in alloy
design. Among various deposition methods, thermal co-evaporation is popular
because of simplicity and ease of control. During the process, simultaneous
evaporation takes place with two individual resistively-heated metal sources. In fact,
thermal evaporation is extensively applied in thin film preparation in optoelectronic
and plasmonic fields.
In this research, we explored the properties of silver-based alloy thin films
prepared by thermal co-evaporation without introducing additional heating to the
substrates, which can be referred to vapor quenching method but specific at around
room temperature. That is, the hot metal vapors were immediately condensed (or
quenched) on the cool substrates. The resultant thin films can be treated as forcing
two phases to be blended into one solid; and carry some intermediate properties from
their metallic constitutes. For industrial convenience, thin film co-deposition is
generally controlled by varying the relative deposition rates of individual sources
yielding a volume ratio to represent the relative composition of the constituents. Since
the composition of the alloy thin films can also be expressed in weight and atomic
percentages, a detailed conversion is illustrated in Appendix A.
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(a)

(b)

Figure 1.2 (a) Ag-Yb and (b) Ag-Mg phase diagrams taken from [36] and [37].

Ag is the most electrically conductive element. Among the pure metals, Ag is the
best plasmonic material at optical frequency because of its interband transition near
3.8 eV (Figure 1.1(a)). Essentially alloying Ag with another metallic component
would alter certain properties. This research was aimed at studying how the plasma
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resonance of silver was affected via alloying with other metals and its effects towards
other

observable

behaviors.

In

particular,

silver-ytterbium

(Ag-Yb)

and

silver-magnesium (Ag-Mg) alloy thin films in various compositions were studied in
depth for their optical, electrical and electronic properties. Yb and Mg are
considerably stable in air. They have relatively low melting points which do not
greatly differ from that of Ag. With the reported phase diagrams of Ag-Yb and Ag-Mg
binary alloy systems (Figure 1.2), it is assured that Ag can form miscible phases with
Yb and Mg respectively. But these phase diagrams only represent conditions under
which the variables change so slowly that the system is always in equilibrium. They
do not account for rapid changes due to, for example, quenching.
Some works [29, 30, 31, 38, 39] have reported seemingly promising Ag-Yb and
Ag-Mg alloy thin films at certain compositions; but their uses have been restricted to
metal contacts for optoelectronic devices specifically OLEDs. The research in Ag-Mg
and Ag-Yb has been focused on demonstrating possible alternative cathodes based on
utilizing low work function metallic components like Yb and Mg. Magnesium-rich
Ag-Mg alloy has been widely adopted for OLED cathode since the first ‘efficient’
OLED was made [38]. It is attributed to Mg having a low enough work function in
favor of OLED operation [39]. Most metals are characterized by their plasma
frequency in UV and near-UV regions, thus resulting generally high reflectivity in the
visible region. However, with sufficiently thin films, metals can be ‘transparent’ in the
visible region which makes it possible to realize transparent OLEDs with thin
magnesium-rich Ag-Mg film [29]. Ag-Yb alloy thin film, on the other hand, is valued
by its relatively higher transmittance at visible wavelengths besides its sufficiently
low work function when compared with Ag-Mg [30, 31]. These results are merely
observations rather than a study of the materials, which provided little information on
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their properties limiting other possible functions. By studying the concentration
dependence of the second metal in Ag-Yb and Ag-Mg in terms of transmittance,
electrical conductivity and electronic work function, a general view on silver-based
thin films would be more comprehensive, which would be beneficial to the study in
thin metal contacts for transparent optoelectronic devices as well.
Further experiments were made with selected Ag-Yb alloy thin films to
investigate the elemental and chemical compositions as well as structural and
morphological properties. To employ a new material for practical uses, it is necessary
to understand the relationships between properties, structure, fabrication, and
performance. Experience shows that all the useful properties of a material are
intimately related to its structure. Thus, the investigations included which elemental
atoms are present, how these atoms are joined and arranged throughout the material.
Since the optical, electrical and electronic properties are inter-related, any
extraordinary observation in these properties would indicate possible unusual changes
in the structure. Such experiments were confined to Ag-Yb alloys and their metallic
components (but excluded Ag-Mg alloys) because a similarity of as-prepared
silver-based alloys is expected for thin films prepared by the same fabrication method.
The ultimate purpose of material research is to apply the properties of matter in
various applications. Besides characterizing the behavior and properties of the alloy
thin films, evaluation on their performance via applications is also important. Selected
alloy thin films were used in plasmonic and optoelectronic devices to assess the effect
of silver-based alloy thin films on device performances. The plasmonic devices were
two-dimensional gratings constituted by pure Ag and Ag-Yb alloy respectively where
the optical properties of the devices were emphasized. The optoelectronic devices for
demonstration were transparent OLEDs utilizing ultrathin Ag-Yb and Ag-Mg alloy
13

thin films as the electrodes where the optical, electrical, and electronic properties are
all important factors for device evaluation.
This chapter (Chapter 1) has provided a brief introduction on metals and alloys
and also the research focus. Chapter 2 contains the theoretical treatments of the
optical and electrical properties of metals as well as the basic principles of surface
plasmons. Chapter 3 presents a detailed description on the preparation of various
samples and characterization methods. The experimental results and analysis of the
silver-based alloy thin films are given in Chapter 4 for summarizing the general thin
film properties. Chapter 5 presents the experimental results and discussions of
applying selected alloy thin films in plasmonic devices and transparent OLEDs
respectively. An overall conclusion is given in Chapter 6.
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Chapter 2 Theory
The theoretical background of electrical and optical properties of metals and the
fundamentals of surface plasmons are briefly reviewed in this chapter. The intrinsic
properties of a material are stemmed from electronic structure of the atoms and their
interactions with electromagnetic waves. The electromagnetic theory provides a
quantitative and qualitative method to describe these interactions between matter and
electromagnetic waves. It also provides a means for describing the properties of
matter in terms of dielectric constant or electrical conductivity.
The electrical and optical properties of metals are essentially described in the
classical free-electron theory, in which the relationship among the dielectric constant,
optical constant and reflectivity are discussed as well as the effects of interband and
intraband transitions due to free- and bound-electron contributions. The significance
of plasma frequency is addressed for interpreting optical behaviors of metals.
2.1

Electrical properties of metals
The electrical properties generally deal with the conductivity of a material which

can be an electrical conductor or insulator. In some situations the conductivity is
related to the electric polarization determined by the permittivity; but most often it is
concerned with the dissipation of electrical energy under constant or alternating
electric field.
Soon after the discovery of electrons, Drude and Lorentz [40, 41, 42, 43]
recognized that it is the electrons in metals responsible for the generation of current,
and developed a theory of metallic conductivity on this basis. Besides the approach
concerning the optical behaviors of solids (Section 2.2), Drude and Lorentz also
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worked out the free-electron theory for the electrical conductivity by treating
electrons as classical particles moving freely within a material experiencing minimal
interactions. Although the classical model have shortcomings which require the
application of quantum theory to resolve, it is in general satisfactory to provide an
initial description of electrical conductivity.
2.1.1

Electrical conductivity of free-electron metals

The early work of Drude and Lorentz was to explain the electrical transport in
materials especially in metals. It is assumed the valence electrons are loosely bound to
the immobile ion core of metal atoms and move around randomly. The model treats
the electrons as an ideal gas which obeys the kinetic theory although they carry
negative charge and electron density is large ( N 1028 m3 ). The model also neglects
the effect of electron-electron and election-ion interactions.
In the absence of an electric field, the electrons move randomly in all possible
directions resulting in zero average velocity. Once an electric field is applied, the
electrons are accelerated and there is a net drift of the electrons. Moreover, based on
observations this drift will cease quickly after the field is removed, which suggests the
presence of electrical resistance. So, it is postulated that the resistance is due to
interactions of the drifting electrons with some atoms in an imperfect crystal lattice
(which can be impurity atoms, vacancies, grain boundaries, dislocations, etc.).
Drude and Lorentz showed that the electron motion may be counteracted by a
resistive force proportional to the velocity v of an electron opposing the electrostatic
force arisen from a dc electric field [44]. The coefficient  gives rise to the energy
loss due to the resistive force. Considering a metal containing N electrons per unit
volume, each of charge  e (  1.602 1019 C ), the equation of motion governing
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an electron of mass m with a displacement x under the influence of a dc electric
field E is [44]
d 2x
dx
.
m 2  eE  m
dt
dt

(2.1)

It can be showed that the solution with initial condition that v  0 at t  0 is
dx
eE
1

1  exp  t    where   .
dt
m


 is a constant called relaxation time and in fact is very small (  1014 s ) for
common metals thus the steady state of constant velocity can be reached instantly.
Hence the mean velocity v of the drift is

v

eE
.
m

(2.2)

And the mean free path l of the electron, or the distance between two successive
collisions, is defined as l   v .
Since there is a charge  Ne per unit volume and each electron has a (drift)
velocity given by Equation (2.2), the current density J can be calculated which
follows that the amount of charge crossing a unit area per unit time.
J   Nev 

Ne2
E
m

Combining the above equation with one form of Ohm’s law ( J   E ) gives the
expression of electrical conductivity



Ne2
.
m

(2.3)

The resistivity  is just the reciprocal of the conductivity, i.e.   1  . It should be
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noted that the expression given in Equation (2.3) is the dc conductivity where dc
stands for direct current corresponding to the unidirectional flow of electric charges.
Equation (2.3) gives the right order of magnitude for the conductivity; but it fails
to explain the unreasonably large estimated mean free path (~102 Å ≫ typical
interatomic spacing ~Å) when conductivity increases at low temperature. Moreover, if
the electrons in a metal behaved like an ideal gas, each electron would contribute an
average energy

3

2

kT , where k

is Boltzmann constant, T

temperature, and heat capacity per unit volume would be

3

2

the absolute

Nk . But experiments

showed the heat capacity is mainly due to the lattice vibrations not the conduction
electrons in metals. Indeed, the specific heat of the conduction electrons is negligibly
small.
The problem with the specific heat is removed with the development of
Fermi-Dirac statistics [45, 46] in which some elementary particles, such as electrons,
obey Pauli’s exclusion principle [47, 48]. The principle states that no two identical
fermions (particles with half-integral spin) can simultaneously occupy the same
quantum or energy state. In the case of electrons, once an electron existed in some
quantum state defined by the four quantum numbers ( n ,

, m and ms ) other

electrons cannot occupy this state. Thus, there is a distribution of the electrons among
various possible energy levels which is defined by a distribution function f  E  .

According to Fermi-Dirac statistics, the average number of electrons of one spin
occupying a stationary state of energy E at temperature T is given by
f E 

1
,
exp  E  EF  / kT  1

(2.4)

where E F is the Fermi energy to be determined defining the energy difference
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between the highest and lowest occupied single-particle states at absolute zero
temperature. The energy of the highest occupied single-particle state is called the
Fermi level. The Fermi energy E F is given by
2

h 2  3N  3
EF 

 ,
2m  8 

(2.5)

where h is Planck constant ( h  2 ); and a more detailed calculation can be
referred to [44]. The equation shows the value of the Fermi energy is determined
primarily by the electron concentration. For metals, the electron density N is
approximately 1028 m-3, and then one can estimate that EF  2  10 eV .
When the system is above 0K , thermal energy may excite the electrons below
the Fermi level to higher possible energy levels. The energy of an electron absorbs
thermally is proportional to kT as suggested from the distribution function. At room
temperature ( T  300K ), kT  0.025 eV , which is much smaller than typical E F
for metals. Therefore the thermal excitation only affects the electrons close to the
Fermi level and this small fraction also explains the small electronic specific heat of
the conduction electrons.
2.1.2

Electrical resistance and electron scattering

According to Matthiessen’s rule [49], the electrical resistivity  are due to
independent scattering processes which are additive, that is,
  T   R .

(2.6)

The resistivity is the sum of the ideal resistivity  T due to scattering by phonons
which depends on temperature and the residual resistivity  R due to scattering by
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impurities which is independent of temperature. From Equation (2.6) the overall
resistivity can be further elaborated to



m 1
m 1
 2 .
2
Ne  T Ne  R

(2.7)

The terms 1 /  T and 1 /  R indicate the probability of the drifting electron suffering
a scattering per unit time.
For metals, the number of free electrons is essentially constant towards
temperature. At higher temperatures, lattice ions vibrate more frequently and hence a
higher rate of scattering and a decrease in the relaxation time  T . The temperature
dependence of the ideal resistivity  T at about room temperature or higher is
straight forward which is characterized by a linear temperature coefficient of
resistivity, but becomes complicated at low temperatures where a linear relationship
does not hold anymore [44].
If a metal has a perfect crystal structure, according to the quantum theory of
solids, it would be a perfect conductor at absolute zero temperature. Measurements of
pure metal specimens (except superconducting materials) always yield non-zero
resistance even at T  0K indicates a deviation from periodicity in the lattice,
leading to a residual resistivity  R . It is well known experimentally that the presence
of impurities, cold working or alloying is the reason for  R and so affecting the
relaxation time  R . In the case of high-purity metals,  T is usually the dominant
term. When it comes to alloys and contaminated metals  R may prevail. It is worth
noting that deviations from Matthiessen’s rule may occur for some metals and alloys
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owing to additional scattering process by magnetic moments in ferromagnetic metals
(Kondo effect) [50] or complications in the band structure of the conduction electrons
[51].
2.1.3

Electrical resistance of metallic alloys

The electrical resistivity can be affected dramatically by alloying since the
intrusion of the solute atoms into the host solvent matrix causes lattice perturbations
which can modify the lattice-vibrational spectrum and electronic band structure, and
also changes the Fermi energy and electron density of states, etc. Rules have been
developed to predict the residual resistivity [52] through establishing the relationship
with the mole fraction of the components (Nordheim’s rule) [53] or valence difference
between the solute and the solvent atoms (Norbury-Linde’s rule) [54, 55, 56, 57], but
applicable only to homogeneous disordered solid solutions (i.e. single-phase alloys) of
two components excluding transition metals and polyvalent elements.
Mott [58] followed these preceding works and argued that a disordered alloy
may be treated as an effective medium. In the case of a binary alloy system containing
two phases, the overall electrical resistivity

 of the alloy is equal to the sum of the

product of the resistivity of each phase and its volume fraction, that is,

  1  x   A  x B ,

(2.8)

where  A and  B are the electrical resistivity of metal A and metal B, and x is
the volume fraction of metal B. And, considering heavy metals for alloying where
band interaction (e.g. s-s scattering, s-d scattering) or magnetic moments may occur
[59, 60, 61], the resultant resistivity can have combined effects that modifications are
required based on the abovementioned rules.
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2.1.4

Quantum corrections to electrical conductivity

It has been showed that the electrical conductivity  (Equation (2.3)) is
proportional to the relation time 

related to the so-called resistive force

encountered by electrons during collisions or scattering. In fact, the model of collision
that the momentum of the electrons is dissipated while colliding with the atoms in the
lattice is flawed. It is necessary to settle the problems using quantum concepts.
An electron has wave properties as well as particle properties. Based on the
theory of wave propagation in discrete structures [62], a wave passing through a
periodic lattice continues propagating indefinitely without scattering but with a
change in the velocity only. An electron wave in the same sense is not scattered if the
ions form a perfect lattice that there is no collisions, then the mean free path l
becomes infinite and so are  and  , which does not actually happen. Thus the
finiteness of  must have been due to some distortions of infinite periodicity, which
is a consequence of the presence of any irregularities in the lattice including thermal
agitation of ions.
As in the band theory [63], the possible states of an electron in the lattice may be
divided into zones (the Brillouin zones). The energies of the states in a given zone
form a continuous band, which may be separated by an interval of forbidden energies
from the energies corresponding to the next zone. The Bragg scattering may introduce
new energy gaps at the intersection of the Fermi surface and the Brillouin zone
boundaries, and hence affect the effective density of conduction electron N eff and/or
the effective mass of electron m * . These effects can be incorporated into the
classical free-electron model by expressing the electrical conductivity as
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N eff e 2
m*

.

(2.9)

The relaxation time  is calculated by quantum-mechanical method concerning
the interaction of the electrons with the scatters. The quantum-mechanical scattering
rate is given by Fermi’s golden rule [20]:

1





2

M   EF  1  cos   ,
2

(2.10)

where   EF  is the density of electron states at the Fermi level and  is the
scattering angle. The quantity M is the matrix element of the potential fluctuation
between the initial and final states.

The deviation of effective mass m * from the free electron mass mo
(  9.109  1031 kg ) is usually attributed to the response of drifting electrons with
respect to the band structure of the lattice. Derivation of the effective mass by
quantum-mechanical means gives [49]
1

m* 

2

 d 2E 
 2  ,
 dk 

(2.11)

where E is the electron energy, k is the wave vector, and d 2 E dk 2 is the
curvature of the energy band in k-space. For a narrow band (i.e. a flat band or an
electron band with a low curvature) d 2 E dk 2 is numerically small and hence

m*  mo , that is, the acceleration produced by a given field is small. On the other hand,
for an electron band with high curvature mo  m * . It is also noted that m * appears
negative when d 2 E dk 2 is negative, meaning the momentum transfer to the lattice
for an electron going from state k to state k   k is greater than that to the electron.
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In the case of metals with partially filled bands or with overlapping bands, the ratio

m * mo 1 , which is a frequently used approximation for simplification purposes
[49].
The ways that the electrons are accommodated by the Brillouin zones determine
the properties of a solid. In the actual periodic field in a crystal, the acceleration of an
electron under the influence of an electric field is usually smaller than that of a
perfectly free electron. The effective density of conduction electron in a metal is given
by [64]

N eff 

1 m  dE 
,
2
 2  dk k kmax

(2.12)

where N eff depends on the band structure and the surface of Fermi distribution. For
a fully occupied zone, dE dk is zero at the top of a band, then the effective number
of electrons is zero. It follows that, if all states in a given zone are occupied by
electrons, the total current due to these electrons is zero, just as the case of a closed
shell of an atom. It is the partially filled zone(s) contributing to the current as it may
happen that more electrons are moving in one direction than in the other when a dc
electric field is applied. For simplification purposes, one can estimate electron
concentration N from the valence of the metal Z v and its density  m . The
expression follows that

N  Zv

m N A
Mm

,

(2.13)

, where N A is the Avogadro’s number and M m is the atomic mass. For most metals,

N 1028 m-3 .
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2.2

Optical properties of metals
The optical properties of a material describe how the material interacts with

incident electromagnetic waves. In the case the conduction electrons in the metals
oscillating under the influence of an alternating electric field, these oscillations
representing the optical behaviors are expressed in terms of dielectric constant or
optical constant.
The classical free-electron model is commonly used to describe the interaction of
light with electrons in a material relating to the dielectric constant. The interaction
between the electromagnetic waves and the electrons is essentially related to the
excitation of plasma oscillation of the conduction electrons and other effects due to
bound elections, interband and intraband transitions. Alternatively, other optical
behaviors including reflection, transmission and absorption can also be defined in
terms of the optical constant.
2.2.1

Optical constants and dielectric constants

Refractive index is one of the optical constants; and is dimensionless. The
refractive index n (or index of refraction) is given by [65]
n

c,



(2.14)

where c (  3.00  108 m s ) is the speed of light in free space and  is the speed of
light in a medium.
The dielectric constant, on the other hand, is the relative permittivity, which is
also dimensionless. The relative permittivity of a medium is defined as the ratio of the
permittivity of medium and the permittivity of free space. The relationship between
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the optical constant and dielectric constant can be derived from Maxwell’s equations
[65, 66]. All electromagnetic waves in free space travel with the same speed c given
by

c

1

,

 o o

(2.15)

where  o (  8.85  1012 F m ) and o (  4  107 N A2 ) are the permittivity and
permeability in free space respectively.
Considering electromagnetic waves travelling in an isotropic and non-conducting
medium of relative permittivity  and relative permeability  , the wave equations
for the electric and magnetic fields E and B are

and

2B   o o

 2B
t 2

(2.16)

2E   o o

 2E
.
t 2

(2.17)

The solutions of these equations represent the waves travelling with a speed 
give by


1

 o o

.

(2.18)

Since the quantities  and  vary with frequency, the speed of the wave in a
medium depends on the frequency as well. Hence from Equations (2.14) and (2.15)
n   .

(2.19)

Thus the refractive index also varies with frequency.
For non-ferromagnetic materials, the relative permeability can be taken as unity
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and Equation (2.19) reduces to

  n2 .

(2.20)

The relative permittivity or dielectric constant is essentially a complex quantity
for attenuating media, i.e.   1  i 2 , which is alternatively known as complex
dielectric function. The real (relative) permittivity  1

corresponds to the

polarizability in the medium while the imaginary (relative) permittivity  2 is related
to phase shift of the polarization which gives the attenuation of electromagnetic waves
passing through the medium. The varying complex dielectric function with respect to
frequency characterizes the dispersion properties of a material. The refractive index is
also a complex quantity, i.e. Equation (2.20) becomes

  1  i 2   n  i  ,
2

(2.21)

where the real part n is the ratio of the speed of an electromagnetic wave in free
space to its speed in a medium (Equation (2.14)), and the imaginary part  is the
extinction coefficient indicating the rate of the decreasing amplitude of the electric
field E of the waves passing through the medium.
2.2.2

Simplified Drude model of optical properties

Drude model (or the classical model) describes the behavior of electrons in
metals where Newtonian mechanics is applied to express the motion of electrons. The
free electrons can be treated as contributing either to electrical conductivity or to
dielectric constant. The derivation focuses on the oscillations of electrons in response
to the incident electromagnetic waves and relates the dielectric constant to the
polarization properties. The model assumes that the valence electrons in a metal can
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move freely around the immobile ion core and can be accelerated by an external field.
Also, under the external field, some electrons collide with the lattice ions of the metal.
When deriving the optical properties, it is assumed that the periodically oscillating
free electrons are driven by an alternating electric field, (say) at visible range, instead
of a constant electric field.
The simplest case is to consider that the electron oscillation takes place in an
ideal free-electron metal without damping, i.e. no collisions with the perfect lattice.
And, the source of incoming electromagnetic radiation is a plane polarized wave with
angular frequency  represented by
E  Eo exp  it  ,

(2.22)

where t is the time, and Eo is the maximum amplitude of the electric field E . The
equation of motion for a free electron of mass m and charge  e with a
displacement x under the influence of the field is [49]

m

d 2x
 eE .
dt 2

(2.23)

By differentiating the trial solution x  x o exp  it  with respect to the time to
obtain the second derivative, the stationary solution can be shown as
x

eE .
m 2

(2.24)

The polarization P is defined as the dipole moment per unit volume [66]; and
each oscillating electron carries an electric dipole moment defined as the product of
the electron charge and its displacement. Considering the metal containing N
electrons per unit volume, the polarization is given by
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P   Nex .

(2.25)

When a medium is polarized, its electromagnetic properties change, which can be
expressed using the well-known equation from electrodynamics:

P 
D   oE  P   o 1 
E.
 oE 


(2.26)

P is the field induced in the medium by bound charges shifted in response to the

total field E while D is the electric displacement vector representing the field due
to the remaining free charges. The (relative) permittivity is denoted by
  1

P .
 oE

(2.27)

when comparing Equations (2.26) with the constitutive relation D   o E for
isotropic, homogeneous, and linear media. Combining Equation (2.27) with Equations
(2.24) and (2.25) yields
  1

Ne2
,
 o m 2

(2.28)

where it is obvious that the complex dielectric constant depends on the frequency 
(where angular frequency   2 ). From Equations (2.20)

nˆ 2  1 

p2
,
2

(2.29)

where n̂  n  i denotes the complex refractive index,  p is called the plasma
frequency (see Section 2.2.4) and  p 2  Ne2  o m .

2.2.3

Conductivity and optical properties

As in the classical free-electron theory (Drude model) of metals, electrons are
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thought to suffer from collisions due to imperfection of the lattice, that is, the free
electrons in the metal perform forced vibrations with damping. Thus, a damping term
proportional to the velocity of electron is added in Equation (2.23) and the equation of
motion becomes

m

d 2x
dx
 m
 eE ,
2
dt
dt

(2.30)

which is just the same as Equation (2.1) except the presence of an alternating current
(ac) field.  is a damping factor and related to the relaxation time   1  (c.f.
Section 2.1.1) and that the dielectric constant or the (relative) permittivity is
intimately related to electrical conductivity.
Considering a transverse electromagnetic field propagating in x-direction and
polarized in y-direction as expressed by Equation (2.22), the equation of motion of a
conduction electron in the presence of this ac field is represented by Equation (2.30),
which yields the steady state solution
v

e
1
E.
m 1  i

(2.31)

A similar approach in Section 2.1.1 with the current density J   Nev leads to
the ac electrical conductivity [20]



1  i

,

(2.32)

where  is the static conductivity given in Equation (2.3). Now the conductivity is a
complex quantity,    ' i " where the real and imaginary components are
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(2.33)

The real component  ' represents the in-phase current which generates the resistive
joule heating whereas the imaginary component  " represents the 
out-of-phase inductive current. For low frequencies 
essentially resistive characteristic. As 

1,  '

2

 " , indicating an

1014 s , the approximation is valid up to the

far infrared region. For high frequencies corresponding to visible and ultraviolet (UV)
ranges, 1

 ,  '

 " , the electrons exhibit inductive characteristic with no

energy absorbed from the ac field in this regime and no joule heating occurs.
The relationship between the conductivity and dielectric constant can be derived
with the effects from both the conduction electrons and the ion cores via manipulating
one of the Maxwell’s equations [66]

  H   L o

E
J,
t

(2.34)

where the first term on the right represents the displacement current associated with
the polarization of the medium due only to bound charges; the second term J is the
convective current of the conduction electrons.  L is the relative permittivity of the
lattice and is real. In an ac field, the current density can be written as
J   E   i  E t , and Equation (2.34) is written as

  H   o

E
,
t

(2.35)

where  is the total dielectric constant accounting for the induced current in the ion
cores and the free current due to conduction electrons, then
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(2.36)

From Equation (2.33), the dielectric constant is expressed as


  1  i 2   L 


 




i


.
 o 1   2 2     o 1   2 2  

(2.37)

The second term of the real part of the dielectric constant in Equation (2.37) is
recognized as the free carrier term, which makes a negative contribution to  1 and
cancel the lattice contribution represented by  L . Using Equation (2.3) and defining
 p 2  Ne2  o m , the dielectric constant in Equation (2.37) can be written as



  1  i 2   L 



 p 2    p 2
i
.
2
2
2
2
           

(2.38)

A less rigorous approach such as in Section 2.2.2 which would exclude the effect of
lattice would yield


  1  i 2  1 



 p 2    p 2
i
,
2
2
2
2
           

(2.39)

which only accounts for the free carriers.
2.2.4

Plasma frequency

As mentioned in the preceding chapter, metals are characterized by high
reflectivity that the reflectivity approaches unity for frequencies below the plasma
frequency. The reflectivity can be defined as the ratio between reflected intensity I r
and incident intensity I o of the light. For the reflectivity at normal incidence at an
interface between an ideal free-electron metal and air, one can find [67]
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 n  1   2 .
nˆ  1
R
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nˆ  1
 n  1   2
2

2

(2.40)

From Equation (2.29), two extreme cases for an ideal free-electron metal can be
determined.

(i)

For small frequencies, the term Ne2  om 2 is larger than unity. Then n̂ 2 is
negative and n̂ is imaginary that n  0 and   0 . The numerator and
denominator in Equation (2.40) have the same magnitude, and the reflectivity
becomes unity. The electrons are oscillating out of phase with the electric
field.

(ii)

For large frequencies (in UV region), the term Ne2  om 2 is smaller than
unity. Then n̂ 2 is positive and n̂ is real that   0 and 0  n  1 . The
reflectivity becomes 0  R  1 . In this range, the metal behaves optically like
a non-absorbing transparent dielectric. The electrons are oscillating in phase
with the electric field that the light is partially reflected.
The characteristic frequency separating the low-frequency reflecting regime from

the high-frequency transparent regime is called the plasma frequency  p , and is
defined by
p2 

Ne2
.
 om

(2.41)

The significance of  p is that it denotes the natural frequency of the collective
oscillations of the electron ‘gas’. Metals are characterized by  p in UV and near-UV
regions as one can approximate the electron density N 1028  1029 m3 assuming
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the electron mass as the rest mass.
The fact that   0 (more precisely  1  0 ) at the resonance condition    p
has physical meaning. According to Maxwell’s equations [65], there exists a
longitudinal mode for which  E  0 only if   0 ; and  vanishes only at
   p which corresponds to the plasmon mode. Moreover, longitudinal modes

cannot be excited by transverse electromagnetic waves. In a classical point of view,
plasmons are described as collective longitudinal oscillations of the free electrons.
2.2.5

Bound-electron contributions

Drude model is satisfactory to interpret the optical properties of metals in
infrared and visible spectral regions. But, at high frequencies (in UV region), other
considerations are needed to explain the spectral features appeared in the optical
spectra of metals. An extension of the classical free-electron theory was developed by
Lorentz [42, 43] by considering bound electrons.
The Lorentz (oscillator) model, which is usually applied to insulators, considers
an electron bound to the nucleus. The situation resembles a small mass bound to a
large mass by a spring. An additional term mo x representing a restoring force as in
the Hooke’s law is added in Equation (2.30). The equation of motion becomes

m

d 2x
dx
 m
 mox  eE ,
dt 2
dt

(2.42)

where o denotes the resonance frequency of the oscillator. This equation describes
the motion of the bound oscillators and gives rise to the absorption at high frequencies
(in UV region). A similar approach as the preceding section about the derivation of
the dielectric function yields
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Separating the above dielectric function into real and imaginary components gives


 p 2  2  o 2   
 p 2

i
.
  1  i 2  1 
2
2
2
2
2 2
2
2
2 2















o 
o 





(2.44)

The above relation for free electrons is obtained by putting o  0 as free electrons
are considered unbound that Equation (2.44) becomes Equation (2.39).
Typically, there are two kinds of transitions in real metals [68]: intraband
transition and interband transition.
Intraband transitions correspond to the optical excitation of an electron from
occupied states below the Fermi level to unoccupied states above the Fermi level
within the same band. These transitions are usually assisted by phonons so they are
indirect transitions. The intraband transitions are due to acceleration of the conduction
electrons in the conduction band of metals by the electromagnetic field, and hence
contribute to the dielectric function (both real and imaginary components) described
by Drude model. The transitions can occur only in metals since only metals have
partially filled bands to allow such excitation of electrons. Intraband transitions are
not quantized and such photon-induced absorption mechanism prevails at low
frequencies. The maximum photon energy absorbed by an intraband transition
corresponds to an excitation from the lower to the upper band edge; and all energies
smaller than this maximum energy are absorbed continuously.
Interband transitions are directly related to the interband energy separation, the
shape of the bands and the spectral features of the imaginary part of the dielectric
function  2 . These transitions occur when the electrons in state k make a transition
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to another state k ' in a higher band by absorption of electromagnetic radiation. The
interband transitions are mostly direct transitions, i.e. k  k ' , because the transitions
involve only the excitation of the electron by a photon, and these direct transitions
contributes to  2 . There is threshold energy for direct interband transitions for metals
depending on the energy difference between the bands.

Figure 2.1 Gold scalar-relativistic band structure (black dots) [69].
These effects of interband transitions are more prone to transition metals such as
gold, silver and copper where the energy bands of d electrons are just below the Fermi
level. The d electrons can be excited to the Fermi surface provided that they absorb
sufficiently high incident photon energy. As the d band has a finite width, typically
about a few electronvolts, it leads to a strong contribution to  2 . For example, an
examination of the graph of  2 in Figure 1.1(b) shows a minimum at about 2.0 eV
corresponding to the minimum photon energy occurring along the Γ–Χ direction of
the energy band structure of gold in Figure 2.1 [69, 70]. Also, the spectral features at
higher energies in Figure 1.1(b) are related to the direction transitions at the Χ point
with photon energy of 3.0 eV and at the L point with photon energy of 3.7 eV in
Figure 2.1.
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In the analysis of the dielectric function of real metals determined from optical
spectra, it is useful to separate the dielectric function into free- and bound-electron
contributions [68, 71]. That is,

and

1  1 f  1b

(2.45)

 2   2 f   2b .

(2.46)

where the free-electron part corresponds to Drude free-electron model given by
Equation (2.39) while the bound-electron part corresponds to the Lorentz oscillator
model given by Equation (2.44).
2.3

Surface plasmons
A plasmon, from a classical point of view, can be defined as the collective

oscillations of free electrons. Plasmons can be categorized into different types
depending on the dimensions of the metallic system where the excitation takes place.
Volume (or bulk) plasmons are excited, usually via electron spectroscopy, in bulk
metal structures. An interface between a metal and a dielectric material (e.g. air) can
support propagating surface plasmon polaritons (surface plasmons) when coupled to a
photon while low-dimensional structures can support localized surface plasmon
resonances.
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Figure 2.2 Surface plasmons at metal/dielectric interface.
Surface plasmons are optically induced oscillations of charge carriers (usually
free electrons in a metal) at the interface of conductive and dielectric media (Figure
2.2). The oscillating electrons would create an electromagnetic field decaying
exponentially into the two media defining the interface. Surface plasmons are
alternatively referred to longitudinal electromagnetic waves in the plane of the
metal/dielectric interface. The collective oscillations of electrons can only be driven
by p-polarized waves (electric field parallel to the plane of incidence) as suggested by
the boundary conditions for the existence of surface plasmons. Besides that, the
conditions also require negative real permittivity which is often achieved in metals
within particular regions. The surface plasmon wave vector is given by the dispersion
relation [1]
ksp  k

 m d ,
m  d

(2.47)

where k is the wave vector of the incident light in the dielectric medium;  m and
 d are the frequency-dependent dielectric constants of metal and dielectric material

respectively.
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Figure 2.3 Dispersion curves illustrating the mismatch between wave vectors of
surface plasmon and in free space.
Considering a vacuum environment or air as the dielectric medium, the surface
plasmon wave vector is always larger than the in-plane wave vector at angular
frequency  (Figure 2.3), i.e. ksp  ko , leading to a momentum mismatch. In other
words, direct coupling of light to plasmons is allowed. The in-plane wave vector k x
of the incident light has to coincide with the dispersion relation by modifying the
surface conditions for surface plasmon excitation; and such wave vector along the
interface is determined by incident angle  with respect to the surface normal:
k x  ko sin  .

(a)

(2.48)

(b)

Figure 2.4 (a) Kretschmann and (b) Otto configurations of prism coupling setups for
surface plasmon excitation.
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The most traditional excitation mechanism is using prism coupling by the
evanescent waves [72, 73]. Kretschmann and Otto configurations (Figure 2.4) are the
two commonly used setups. The in-plane wave vector along the interface is modified
to k x  k  prism sin  via directing the incident light through a prism with a higher
dielectric constant  prism . In the arrangement, the total internal reflection at the prism
interface results in the evanescent waves which can couple to the propagating surface
plasmon modes at the metal/air interface.
Surface plasmons can also be excited by the diffraction effects due to grating
structures of metal films. The magnitude of the reciprocal vector of a grating with
period a is given by

g

2
.
a

(2.49)

The coupling to surface plasmons takes place when the following condition is
achieved [1]:

ksp  k sin    g ,

(2.50)

where  is an integer. The grating structures can have a variety of features such as
strips, slits, dots and holes; and can be designed for coupling either in or out of the
propagating surface plasmons. Although a corrugated metal surface can also support
propagating surface plasmon modes, it is considered uncontrollable. Thus, it is
preferable to use designed setup or structures for the study of surface plasmons.
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Chapter 3 Experimental Procedures
In this chapter, the procedures of thin film and device fabrication are presented in
details. The chapter is divided into three sections based on the types of samples: thin
films (Section 3.1), plasmonic nanostructures (Section 3.2) and transparent OLEDs
(Section 3.3). The experimental setups and analytical instruments are described at the
end of each section based on the characterization methods in accordance with the types
of samples and devices.
3.1

Thin film Fabrication
This section presents the preparation details of pure and alloy metal thin films for

the study of different aspects on their properties including optical transmission,
dielectric response, electrical conductivity, work function, chemical composition,
crystalline structure, and surface morphology. It also contains descriptions of the main
techniques to characterize the pure and alloy metal thin film grown in this research.
3.1.1

Sample preparations

Thin film samples with were prepared on either plain glass or silicon (Si) wafer
with different sizes according to sample requirements in various characterizations to
investigate their optical, electrical, electronic, chemical, structural and morphological
properties. The plain glass substrates were amorphous while Si wafer substrates had a
crystal orientation <1 0 0>.
To ensure a clean surface for thin film deposition, the glass substrates were first
wiped with acetone and then ethanol to remove any resistant inorganic and organic
contaminants during packaging and storage. They were then subjected to a series of
cleaning procedures. The procedures involved a sequential cleaning in an ultrasonic
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bath (Bransonic® Ultrasonic Cleaner Model 1210) with substrates soaked in diluted
detergent solution (TFD-4), and then with de-ionized (DI) water for twice to further
remove any contaminants. After discharged of DI water, the glass substrates were left
in an oven (Binder Universal Drying and Heating Oven Model ED23-UL benchtop)
heating at a temperature of 110°C so that the remaining moisture on substrate surfaces
was dried away. Similarly, the Si substrates were cleaned sequentially in the ultrasonic
bath with acetone, ethanol, and de-ionized water, and then stored in a 110°C oven for
the removal of moisture.
The most common method for metal deposition is resistive thermal evaporation
since most metals have relatively low evaporation temperatures under vacuum. The
deposition system in this work (JunSun Tech Co. Ltd.) is designed to support a
maximum of ten evaporation materials with independent power sources. There were
four metals for the preparation of pure and alloy thin films: silver (Ag), ytterbium (Yb),
magnesium (Mg) and copper (Cu); and their purities are 99.99%, 99.9%, 99.99% and
99% respectively (from Kurt J. Lesker Co.). Ag, Yb, and Mg were in form of pellets or
grains while Cu was in form of powder.
Films of 20 – 120 nm thickness were prepared. The film thickness and the
deposition rate were monitored by an adjacent quartz crystal microbalance in the
vacuum chamber. Shadow masks were inserted for depositing desirable patterns of thin
films on substrates subjected to various measurements. Two masks were used and
defined a square region of 13 mm × 13 mm and 30 mm × 30 mm respectively.
The base pressure of the vacuum chamber was below 3.0 × 10-6 Torr and the
process pressure was about 2.0 × 10-6 Torr. Before any deposition on substrates, all
evaporation materials were out-gassed to reduce unwanted surface contaminants,
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where some materials like Yb and Mg are considered as getter materials where
chemical reactions take place between the vapors and the residual gases in the chamber.
The deposition, therefore, should wait until the reactions consumed most of the residual
gases, which is indicated by a dropping of pressure value. The deposition was carried
out when the pressure reading became steady.

Figure 3.1 Schematic diagram of co-deposition.
Co-deposition can be achieved by evaporating two materials simultaneously
(Figure 3.1). A vapor phase mixture is then formed and reached the substrate.
Additional heating was not introduced to the system. The preparation was also
considered as a vapor quenching method but specific at about room temperature. The
volume ratio of the mixture can be controlled by varying the deposition rates of
individual sources. The total evaporation rate of the two materials was 2.0 Å/s.
3.1.2
3.1.2.1

Thin film characterizations
Film thickness determination

The thickness of the as-deposited films was determined by measuring the step
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height of the film edge relative to the substrate by an alpha-step profile meter (Veeco
Dektak 150 Surface Profiler) in ambient conditions. The film edge was made by
placing a shadow mask on the substrate when the evaporation took place. Before
sample fabrication, the quartz crystal microbalance in the evaporation system needs to
be calibrated. By comparing the actual and recorded film thickness of a particular
evaporation material, derivation can yield the true tooling factor for the microbalance.
3.1.2.2

Transmission measurement

Normal incidence transmission were measured on thin film samples on plain glass
substrates

using

a

spectrophotometer

(HEWLETT

PACKARD

UV-Visible

Spectrophotometer Model 8453) in ambient at room temperature. As most metal films
over 30 nm are opaque in visible region, the thickness of the sample was about 20 nm
to achieve reasonable transparency for comparing overall transmittance. The measured
wavelengths ranged from 190 nm to 1100 nm, with a measurement division of 1 nm.
The transmission spectrum of the glass substrate was also measured. To separate the
effect of the metal thin film from the substrate, the transmittance spectra of the samples
were divided by that of glass substrate to achieve the metal film transmission.
3.1.2.3

Spectroscopic ellipsometry

Figure 3.2 Illustration of the principle of ellipsometric measurement.
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Spectroscopic ellipsometry (SE) is a non-destructive depth profile technique
which can provide thickness information of each layer in multi-layered samples [74].
Figure 3.2 illustrates the principle of an ellipsometer. When the sample film is not
completely opaque to radiation, reflection occurs at the film/substrate interface. SE
measures the change in the polarization state of light as it reflects from a sample surface.
The change is expressed as the ratio of the complex Fresnel reflection coefficients rp
and rs (for light polarized parallel and perpendicular to the plane of incidence,
respectively). The measurement results are usually presented in terms of ellipsometric
parameters cos  and tan  at a selected angle of incidence within the spectral
range of interest. The ratio  r is given as [75]

r 

rp
rs

 tan   exp  i  ,

(3.1)

where tan  is the amplitude ratio of rp and rs , and  is the phase difference.

To study the optical reflectance response and determine the dielectric function (or
index of refraction), a variable-angle broadband spectroscopic ellipsometer (Sopra
GES 5) was used. Si substrates were specifically adopted in sample preparation for as it
provides a smooth and flat surface for the reflection of light at the film/substrate
interface. The light source was a Xenon lamp. The setup includes a rotating polarizer
and analyzer configuration to resolve the polarization state of light. The measurements
were carried out at an incident angle of 75° at 801 wavelengths distributed in the
spectral range of 200 – 1000 nm.
The ellipsometric data is able to yield optical constants based on a fit model
analysis. The model-based analysis is carried out by commercial analysis software
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(WinElli II SOPRALAB), which processes equations in a number of models
describing the interactions between light and materials and performs numerical
regression to adjust the parameters in the equations until the deviation between the
calculated and measured data is minimized.
The calculated and experimental data were quantified by the coefficient of
determination (i.e. R squared, R2). R squared is a statistical measure of how well a
regression line approximates real data points. It is a descriptive measure between zero
and one, indicating the quality of the model fitting of the data. The closer the R squared
value is to one, the greater the ability of that model to predict a trend. For example, an R
squared of 0.85 implies that 85% of the variability with the variables specified has been
accounted in the fit model. It is noted that all the model-based analysis in this research
yielded a reasonably good fit between the calculated and measured results with R
squared value larger than 0.99.
3.1.2.4

Four-point probe method

Figure 3.3 Schematic diagram of a four-point probe.
The electrical conductivity of the thin films can be evaluated by four-point probe
technique. The configuration of a four-point probe (Figure 3.3) involves four pointy
parallel gold-coated probes where the first and last probes apply current I across the
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metal film and the two inner probes measure the potential difference V . The sheet
resistance Rs is given by [76]

Rs 



V 
V 
   4.5324   .
ln  2   I 
I

(3.2)

The resistivity  is the product of the film thickness t and Rs whereas the
electrical conductivity  is the reciprocal of  . It should be noted that the geometric
factor 4.5324 in Equation (3.2) is used only if the probes are centered on a very wide
and very thin sample. That is, the lateral dimension d is much larger than the probe
spacing s (i.e. d
(i.e. t

s ) but the film thickness is much smaller than the probe spacing

s ). For a sample with finite width and non-negligible thickness, Rs should be

corrected by multiplying additional factors [76].
The electrical conductivity of pure and alloy metal thin films were measured by a
four-point probe (Keithlink 4 Point Probe Station) in this study. The sample film on
glass substrates had a square region defined by a 30 mm × 30 mm shadow mask and a
thickness less than 100 nm. The probe spacing is 1.59 mm. Therefore, the finite
thickness correction factor is 1 (i.e. fulfilling the condition t

s ), and the measured

Rs is adjusted by the finite width correction factor only. The geometric factor is 4.3284
for this particular dimension of thin film samples and 4-point probe configuration. Each
measurement took ten consecutive data points to obtain reliable results and was
performed in ambient conditions.
3.1.2.5

Kelvin probe method

Electronic work function is the minimum energy required for the valence electrons
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to overcome the potential barrier at the surface of a solid. It primarily depends on the
electronic structure of the material. The measurement of the work function of metal is
divided into two categories: absolute and relative. Absolute measurement involves the
observation of electron emission from the sample by different means, for example,
photo absorption, high temperature, external electric field or using electron tunneling.
Relative measurement, however, observes the contact potential difference between the
sample and a reference electrode.
Kelvin probe method is considered as a relative measurement [77, 78, 79]. It is
simple and fast to achieve work function by measuring the contact potential difference
established between the surfaces of two conductors brought into contact. A vibrating
probe is used to give a varying capacitance inducing a sinusoidally varying current. The
oscillating signal of the sample is monitored and then altered by applying a
compensation voltage (or backing potential) until it becomes null.

Figure 3.4 Working principle of Kelvin probe method.
Figure 3.4 illustrates the working principle of Kelvin probe method. Before the
two conductors, usually two parallel metal plates referring to the probe and the sample
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having different work functions, comes into contact, the Fermi energy levels E probe
and Esample are not equal. When two plates are in external contact, the Fermi level is
aligned and surface charges accumulate on the plates generating a potential gradient
like a capacitor. In order to compensate this contact potential difference VCPD , an
external backing potential Vb is applied such that the surface charges disappear (i.e.

Vb  VCPD ). This Vb is recorded for further calculation of work function of the sample
 sample . As Kelvin probe method is a relative measurement, a reference is necessary to
know the actual work function of the sample. Highly oriented pyrolytic graphite
(HOPG) is an ideal reference material as a standard sample [80] as it has a fairly
constant work function of around 4.6±0.1 eV and is inert with respect to most surface
absorbates [81, 82, 83].
Work function of pure and alloy metal thin films was evaluated by Kelvin probe
method (Shanghai University) in ambient at room temperature. The thin film samples
were supported by glass substrates and had an area defined by a 30 mm × 30 mm
shadow mask and a thickness of 20 nm. The standard reference sample was a freshly
prepared 20 nm pure Ag thin film on plain glass, where its work function  ref was
determined by ultraviolet photoelectron spectroscopy (Section 3.1.2.6). As this method
is sensitive to the environment, all samples were freshly prepared as described in
Section 3.1.1. The work function of the sample is calculated by

 sample   ref  q  V ,

(3.3)

where q is the electron charge and V  Vsample  Vref . Vsample and Vref are the contact
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potential difference of the sample and reference towards the probe.
3.1.2.6

Photoelectron spectroscopy

Photoelectron spectroscopy (PES) is a spectroscopic technique which measures
the energy of electrons emitted from specimen and originated from the study of
photoelectric effect (discovered by Hertz in 1887 [84]). Such phenomenon occurs
when a surface is exposed to high energy of electromagnetic radiation. Electrons in the
atoms then gain sufficient energy by absorption of the incoming light and escape the
surface of the material. The kinetic energy of the emitted photoelectron depends on the
energy of the illuminating source and the binding energy of the electron in a specific
orbit of the atom. It is expressed by the Einstein’s equation for the photoelectric effect
[85]:

h  KE  EB ,

(3.4)

where h is Planck’s constant,  is the frequency of the incident radiation, KE is
the maximum kinetic energy of the ejected electrons, and E B is the binding energy.

A typical PES instrument [85] basically consists of a photon source, an electron
energy monochromator and an electron detector system. PES uses monochromatic
radiation, usually UV or X-ray, as the illuminating source. The sample is exposed to the
radiation inducing photoelectric ionization which gives off photoelectrons escaping the
sample surface to the vacuum. The emitted photoelectrons carry the characteristic
energies of their original electronic states. They are collected by an electron energy
analyzer which disperses the emitted electrons according to their kinetic energy and
thereby measures the flux of electrons of a particular energy. A high vacuum
environment is required to avoid the collection of emitted electrons interfered by gas
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phase collisions. PES is regarded as surface analytical studies that the probing depth is
typically about a few mean free paths of electrons (i.e. 1 – 2 nm).

Figure 3.5 XPS spectrum of Au thin film on glass substrate.
X-ray photoelectron spectroscopy (XPS), also named electron spectroscopy for
chemical analysis (ESCA), refers to PES using soft X-ray (200 – 2000 eV) as the
incident radiation. XPS probes the core level electrons of the atoms which interacts
with the high energy X-ray and provides the elemental and chemical information of
the sample in terms of binding energy. The result is usually visualized in a plot of the
number of emitted photoelectrons as a function of their binding energies (Figure 3.5).
The observed peaks corresponding to various core level binding energies in a
spectrum are used to identify most elements present in the specimen by matching with
reference spectra except hydrogen and helium. References and tabulations of binding
energies can be found in a variety of databases [86, 87]. Since binding energies are
sensitive to the chemical environment of the atoms, XPS is also useful to obtain
chemical state information. A change in binding energies of the core electrons of an
atom can be measured if the atom is strongly bound to other electron withdrawing or
donating groups.
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Figure 3.6 UPS spectrum of a clean Au surface [88].
Ultraviolet photoelectron spectroscopy (UPS) is able to probe the density of state
of the near surface of a material. It refers to PES using vacuum UV radiation (10 – 45
eV) as the illuminating source. As UV light is considered low energy when compared
to X-ray, it can only excite the outer shell electrons at the valence level. Compared to
XPS, UPS measurement has higher sensitivity to the surface states of a sample. Figure
3.6 is a UPS spectrum measured from a clean gold (Au) surface [88]. A typical UPS
spectrum of metal is featured by sharp edges at both ends. The region of low kinetic
energy or high binding energy is on the left side of the spectrum representing the
secondary electron background due to electrons losing energy via inelastic scattering
before escaping the sample surface. The sharp edge in this region defines the low
energy cutoff position (also known as the secondary edge or high binding energy
cutoff) where the secondary electron background drops suddenly. Another is the Fermi
level ( EF ) position (also known as the low binding energy cutoff) locating at the right
side of the spectra, which corresponds to electrons leaving the sample surface with
high kinetic energy. UPS is one of the absolute measurement techniques for
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determining work function. Work function of metal is calculated by UV photon energy
subtracting the spectrum “width” (W in Figure 3.6), which is the difference of the
energies labeled by the two featured positions in the spectrum. Besides that, the EF
position of the instrument can be calibrated using a metallic film such as Au and Ag as
they provide an observable sharp Fermi edge.
UPS and XPS (SKL-12 Multi-technique Surface Analysis System) were utilized
to examine freshly prepared thin films. The system is equipped with an argon ion (Ar+)
sputter gun for surface cleaning of the samples if necessary. The measurements were
performed under the same vacuum chamber with a base pressure below 10 -8 Torr. The
samples were prepared on amorphous glass substrates. It should be noted that all
samples were loaded into the chamber of the surface analysis system from ambient
immediately after leaving the vacuum chamber of the thermal evaporator.
For UPS examination, photons generated by helium I alpha transition with energy
of 21.22 eV were used to excite electrons of the sample surface. Sufficient bias voltage
was applied to observe the secondary cutoff. It is noted that the work function of freshly
prepared 20 nm pure Ag films determined by UPS measurement served as the reference
work function mentioned in Section 3.1.2.4. Besides that, the EF position obtained
from the UPS spectra of the Ag thin films was adopted for calibrating the Fermi level
of the spectrometer which serves as a binding energy reference to PES analysis. UPS
was also carried out on 20 nm pure Yb and Ag:Yb (7:3) thin film samples for
evaluating their work functions. Each sample was scanned at least twice to obtain a
more accurate resolution for UPS spectral analysis.
For XPS examination, either aluminum Kα at 1486.6 eV or magnesium Kα at
1253.6 eV was used as the photon sources. The experiment was performed on 60 nm
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pure Ag, pure Yb and Ag:Yb (1:1) thin films on gold-coated glass substrates. The Au
layer was prepared for calibration purpose and had a thickness of about 30 nm.
Another separate pure Yb thin film (95 nm) on plain glass substrate was prepared for
XPS study with and without Ar+ sputtering post-treatment. The Ar+ sputtering was
carried out at ~1.4 × 10-5 Pa with an input energy of 2 kV. Each set of the results
obtained from one sample contains a wide scan of XPS spectrum and several other high
resolution scans of particular binding energy range corresponding to specific orbital of
the elements in the sample. Some of the scans were averaged from eight times at most
in order to achieve a better signal.
3.1.2.7

X-ray diffraction

Figure 3.7 Reflection of X-rays from successive planes of crystal.
Diffraction occurs when each object in a periodic array scatters radiation
coherently [89]. Considering a single particle, the oscillating electric field of light
interacts with the particle, producing uniform scattering in all directions. In the case of
a crystalline material, the multiple scattered radiations may add together at certain
specific directions and reinforce each other to give concerted constructive interference.
X-ray diffraction (XRD) analysis utilizes the interaction of X-rays with the atoms
in a crystal acting as coherent scatters to deduce the atomic arrangement within the
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crystal. A unique diffraction pattern is formed due to different planes of atoms in a
crystal, providing the crystalline structure of the material. As the wavelength of an
X-ray is of the same order of magnitude as the lattice constants of crystals, diffraction
occurs and diffracted beams are generated at some specific angle  (Figure 3.7). The
diffraction depends on the crystal structure and the incident wavelength  .
Constructive interference of the radiation from parallel lattice planes spaced d apart is
given by Bragg equation [90, 91]:

n  2d sin ,

(3.5)

where n is an integer representing the order of the beam. Bragg pointed out that if
the scattering material is distributed sinusoidally, then n  1 only and the relation is
simplified to   2d sin  [90]. Since each material is specified by the angle of
diffraction and the spacing between lattice planes, which are also associated with
plane orientation and lattice constant, XRD is able to verify any crystal growth in a
particular material and even identify the compositions in the material.
To study the crystalline structure of the thin films, XRD measurement was
performed using Bruker AXS D8 Advance X-Ray Diffractometer. Monochromated
copper Kα X-ray (λ = 1.54184 Å) operated at 40 kV and 40 mA was used as the
illuminating radiation. The measurement was carried out at ambient conditions with
samples prepared on amorphous glass substrates. The scanning angle ranged from 20°
to 60° with a scan step of 0.02°. A small scan step of the angle is desirable as the
diffraction is sensitive to the d-spacing of the lattice planes in atomic scale. The scan
speed was either 0.2 s or 0.4 s per step, where a slower scan speed would provide a
better signal for the measurement. As X-ray radiation has a large penetration depth into
matters, an adequate film thickness is required to attain relatively high diffracted
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intensities compared to the background (i.e. diffraction due to the substrate). The film
dimension was 22 nm × 22 nm. The thickness of sample films was 120 nm to ensure a
reasonable good signal-to-noise ratio. Although grazing incidence diffraction
technique (not-in-use in present work) can be adopted for thin layer analysis where the
measurement is performed at very low incident angles to maximize the signal, very thin
film samples are not ideal for the analysis and estimation of crystallite size.
The measurement of the diffracted beams gives the directions of diffraction
represented by the apparent peaks at some diffraction angle 2 in an XRD pattern,
which serves as a signature of a material. The peaks and their associated angles are
considered to identify the crystalline phases and orientations to confirm the
composition(s) in a specimen; and their corresponding peak profiles are analyzed for
evaluating mean grain size.
3.1.2.8

Scanning electron microscopy

Electron microscopy is widely used in surface characterization method. This
technique takes advantage of the interaction between the incident electrons and the
atoms in a specimen to image a sample [89]. Scanning electron microscope (SEM) is
equipped with an electron gun generating an electron beam as the illuminating source.
The electron beam is typically accelerated with an energy ranging from 0.2 keV to 40
keV, by thermionic emission from a metal filament. These primary electrons are
focused and resolved by a system of lenses and scan coils and reached the surface of a
specimen.
When the primary electrons interact with a specimen, an interaction volume is
formed. The penetration depth can be up to 2 μm and is a function of the accelerating
voltage of the electron beam and the mean atomic number of the sample. The electrons
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lose energy by frequent random scattering and absorption among when they reach the
sample surface, leading to a series of emissions: secondary electrons, backscattered
electrons, and X-rays. These emissions are picked up by different detectors to generate
useful information. It should be noted that an electrically conducting sample surface is
necessary for SEM imaging to prevent the electron beam from charging up the surface.
For insulating materials, a thin (~10 nm) metal layer, usually Au or Ag, must be
deposited by glow discharge sputtering in advance.
The SEM (LEO 1530) examination was carried out under a high vacuum below
10-6 Torr. The accelerating voltage was 20 kV. Pure and alloy metal thin films were
grown on Si substrates to avoid serious charging on the sample surface due to the the
electron beam. The thin films had a thickness of 20 nm and no additional metal layer
was deposited. The thin film surfaces were imaged at the magnification of 100 kX for
comparison.
3.2

Plasmonic nanostructures

3.2.1
(a)

Preparation methods
(b)

Figure 3.8 Illustrations of (a) top and (b) side views of the 2-D disc-array.
Plasmonic nanostructures were fabricated on glass substrates first cleaned
sequentially in the ultrasonic bath with acetone, ethanol, and de-ionized water, and then
blow-dried using high purity compressed nitrogen gas. The pattern of the
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nanostructure was a two-dimensional (2-D) disc-array (Figure 3.8). Each circular disc
had a diameter of about 300 nm and a height of about 40 nm and separated by 300 nm
in the x- and y- directions as illustrated in Figure 3.8(a). The circular discs formed a
square region with an area of 2.5 mm × 2.5 mm. The materials of the discs were either
pure Ag of Ag-Yb alloy. The sample preparation required two processes: mask
fabrication, pattern transfer by optical lithography.

(a)

(b)

Figure 3.9 (a) An SEM image of the structure of the Cr hole-array and (b) a
photograph of the Cr mask.
The mask was a chromium (Cr) hole-array fabricated by electron beam
lithography and ion coupled plasma etching of a Cr layer. Figure 3.9 reveals an SEM
image of the structure of the Cr hole-array and a photograph of the Cr mask captured
by a charge-coupled device. A layer of 50 nm Cr film was deposited on a quartz
substrate by radio frequency magnetron sputtering technique followed by a layer of
400 nm e-beam resist (ZEP520A) spin-coated on the as-deposited Cr layer. The
e-beam resist was patterned with squared holes with a feature size of 300 nm × 300
nm and the period was 600 nm. The 2-D hole-array occupied a total area of 2.5 mm ×
2.5 mm. The Cr mask was used in the second process of the sample preparation.
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Figure 3.10 Schematic diagram of photolithography procedures for preparation of
plasmonic nanostructures.
Near-field optical lithography technique [92] was utilized to prepare the
plasmonic nanostructures. A series of fabrication steps are illustrated in Figure 3.10.
First, a layer of 250 nm photoresist (Hir1075) was spin-coated on a clean glass
substrate. The hole-array pattern was transferred to the photoresist by exposing UV
light through the Cr mask as UV light has sufficiently high energy to break the
long-chain of the resist polymer into shorter length. The degraded photoresist was
then dissolved in a developer solution specified to the type of the photoresist, leaving
the unexposed resist polymer layer with the Cr hole-array pattern on the glass
substrate. A 40 nm metallic layer was deposited on the patterned photoresist using
thermal evaporation described in Section 3.1.1. There were two samples. The metallic
layer in the first sample was pure Ag while another was Ag-Yb alloy with 30 vol.% of
Yb. The disc-array samples were completed by the removal of the remaining
photoresist in the lift-off process followed by the deposition of an additional 40 nm of
planar thin films of the same material as the disc-array underneath.
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3.2.2

Sample characterizations

The normal incidence transmission spectra and the electrical conductivities of the
40 nm pure Ag and Ag-Yb thin films with various compositions were determined
using the characterization techniques presented in Sections 3.1.2.2 and 3.1.2.4
respectively. These thin film results were to elaborate the plasmonic response of the
2-D disc-array samples. The optical properties of the disc-array samples were
investigated by transmission measurement and SE. Horizontally- and verticallypolarized light was used to obtain the transmission spectra with wavelengths and
angles ranged from 500 nm to 1700 nm and from normal to 60° respectively. The
examination of the samples using SE (Section 3.1.2.3) was carried out with
varied-angle measurement from 50° to 75°. The results are represented in terms of
ellipsometric parameters cos  and tan  as a function of wavelength for further
analysis.
3.3
3.3.1

Organic light-emitting diodes
Device structures and materials used

Figure 3.11 Configuration of a typical transparent OLED.
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A typical transparent OLED is constituted by a transparent substrate supporting
sequentially deposited organic and/or inorganic materials and then metal followed by
encapsulation process. Figure 3.11 illustrates a general configuration of a transparent
OLED. When the OLED is connected to a power supply, holes and electrons are
injected from the anode and cathode respectively. The charge carriers migrate through
the organic layers towards their oppositely charged electrodes and recombined when
they meet each other to give off light, which is emitted via the top and bottom of the
transparent electrodes. The emission color depends on the electroluminescence (EL)
properties of the organic materials where electron-hole recombination takes place. For
a bottom emitting OLED, the cathode is a thick metal film (usually thickness >80 nm)
acting as an optical mirror such that emitted light is reflected and emission takes place
only at the bottom side of the OLED (i.e. through the transparent anode and substrate).
Simple device structure was used to demonstrate the generosity of the effect
towards the device performance using Ag-Yb and Ag-Mg thin films as cathode. The
organic materials (from e-ray Optoelectronics Technology Company) being used in
this study are well-developed and widely used in organic thin-film devices. The
OLED structure was: ITO/NPB(70 nm)/Alq3(60 nm)/cathode. Each layer has various
functions. ITO (indium-tin-oxide) is a widely used n-type transparent conducting oxide
serving as the anode. NPB (N,N'-Di(1-naphthyl)-N,N'-diphenyl-4,4'-biphenyldiamine)
and Alq3 (tris(8-hydroxyquinoline) aluminum(III)) are the hole and electron
transporting materials respectively. Alq3 is also an emissive material which gives off
green light.
3.3.2

Fabrication procedures

The fabrication of OLEDs involves several steps: substrate cleaning,
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pre-treatment, layer-by-layer thermal evaporation of organic materials and metal
cathode, and encapsulation. OLEDs were fabricated on commercially available
patterned ITO glass. The 45 mm × 45mm glass substrates were pre-coated with ITO
(thickness ~90 nm; sheet resistance ~20 Ω/sq). The routine cleaning of ITO substrates
were the same as that of plain glass substrates described in Section 3.1.1.
After the cleaning procedures, the ITO glass substrates were transferred to a
vacuum chamber for plasma treatment (JunSun Tech Co. Ltd.) of oxygen (purity 
99.7%) and trifluoromethane (purity  99.999%) consecutively. The base pressure
was ~3.0 × 10-4 Torr. The processing power and pressure during the treatment was RF
100 and ~10-1 Torr respectively. Oxygen plasma treatment is to increase the work
function of ITO and remove the hydrocarbons while fluorocarbon plasma treatment can
further facilitate hole injection process [93, 94, 95].
The treated ITO glass substrates were loaded into the thermal evaporation system
mentioned in Section 3.1.1. Prior to deposition, the chamber was pumped to a pressure
below 3.0 × 10-6 Torr to minimize the residual gases which may cause contamination of
evaporates. Shadow masks were inserted for depositing desirable patterns of different
layers for OLED operation. The configuration of the patterns would give an active area
of 0.1 cm2. The deposition rates of the organic materials and cathodes were 1 Å/s and
~2 – 5 Å/s respectively. The total evaporation rate of alloy metal cathode was 2 Å/s,
where various volume composition ratios were controlled by varying the evaporation
rates of the constituent metals individually.

62

(a)

(b)

Figure 3.12 Photos of the (a) top and (b) bottom of a transparent OLED after
encapsulation.
As the evaporated materials are oxygen- and moisture- sensitive which leads to
fast degradation of OLEDs, encapsulation is of importance after thermal evaporation.
The half-finished OLED devices were transferred to an inter-connected glove box filled
with high purity nitrogen. The OLED coatings were shielded using a 22 cm × 22 cm
transparent cap glass which was sealed by UV curing epoxy (ThreeBond UV Curing
Resin 3055B). Desiccant pieces were attached to the cap glass in the shielded space to
absorb residual oxygen and moistures to prolong the lifetime of the devices. Figure 3.12
demonstrates a transparent OLED after encapsulation.
3.3.3

Evaluations and interpretations on device performances

OLEDs are quantified in different aspects. In general, the basic OLED
performance is represented in the current-density – voltage (J–V) and luminance –
voltage (L–V) characteristics. Other parameters like the luminous efficiency (or power
efficiency) and current efficiency (or yield) are also in use.
J–V characteristic directly shows whether the organic EL device is working
properly and gives a preliminary evaluation on its quality. During measurement, a
forward bias voltage is applied to the device connecting to the two electrodes and its
current response is recorded, or vice versa. The carrier injection and the resistance of
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the whole device can be evaluated by observing the J–V characteristic, which also
gives the power consumption of the OLED. The pure current is transformed to current
density (in the unit of mA/cm2) to prevent variations in the active area of different
OLEDs. The current density J also serves as a standard for comparing OLED
performances in research conducted by different laboratories. As the organic materials
within the two electrodes are semiconductors, the current density J would increase
exponentially with voltage V. The conductivity of the overall materials constituting the
OLED and the ability of carrier injection can be interpreted by observing the sudden
rise of J and the slope in the J–V plot.
L–V characteristic gives the relationship between the amount of emitted light and
the applied current (or voltage). The luminance (in the unit of candela or cd in short)
represents the luminous intensity of the light emitted per unit area by a light source
from a particular direction. Through the measurement of I–V and L–V characteristics,
other parameters such as power efficiency and yield can be calculated accordingly.
The efficiency of an OLED can be represented in power efficiency (in the unit of lm/W)
or luminous yield (in the unit of cd/A). Power efficiency is the ratio of lumen (lm)
output to the input electrical power, which is usually visualized in the plot of power
efficiency versus luminance, reflecting the rate of decrease in power efficiency when
the luminous intensity increases. Luminous yield represents the visible light per
current and the plot of yield versus current density implicates the charge balance
between holes and electrons.
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Figure 3.13 CIE 1931 chromaticity diagram [96].
Typical OLEDs emit characteristic light depending on the choice of the organic
materials and device configurations. The color of the emitted light is also one of the
important parameters of OLED performance. The color is represented by International
Commission on Illumination (CIE) [96], which serves as a standard color space where
each color can be represented by x and y coordinates in the CIE 1931 color space
chromaticity diagram (Figure 3.13). The pure white is at the coordinates of (0.33, 0.33).

Figure 3.14 Schematic diagram of OLED measurement setup.
The measurement of the encapsulated OLEDs was carried out at ambient
conditions using the setup illustrated in Figure 3.14. The device was driven by a power
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source unit (Keithley Model 236), and the emitted light was detected and resolved by a
programmed spectra colorimeter (PR650 Spectra Scan Spectrometer). A programmed
forward current (or voltage) was applied in steps to the two electrodes of the device,
and the measured data were recorded and processed accordingly. For transparent
OLEDs, normal incidence transmission spectra of the devices were also measured
from 300 nm to 800 nm (Ocean Optics USB4000-UV-VIS) with Xenon lamp as the
light source.
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Chapter 4 Properties of alloy thin films
In this chapter, various properties of silver-based binary alloy thin films are
examined. The alloying elements with Ag are Yb and Mg respectively. Some essential
physical properties of these elements are summarized in the following table.

Silver

Ytterbium

Magnesium

Ag

Yb

Mg

transition metal

lanthanide

alkaline earth
metal

[Kr] 4d10 5s1

[Xe] 4f14 6s2

[Ne] 3s2

107.87

173.05

24.31

10.49 g cm-3

6.90 g cm-3

1.738 g cm-3

Melting point

961.78 °C

824 °C

650 °C

Boiling point

2162 °C

1196 °C

1091 °C

1

3

2

1.93

1.1

1.31

1.44 Å

1.94 Å

1.60 Å

face-centered

face-centered

hexagonal

cubic

cubic

close-packed

Metal
Symbol
Element Category
Electron
configuration
Standard atomic
weight
Density
(near room
temperature)

Valency
Electronegativity
(Pauling scale)
Atomic radius

Crystal structure

Table 4.1 Essential physical properties of Ag, Yb and Mg.
Alloying is the simplest way to engineer the properties of metals. Using
non-equilibrium processing, two metals can be blended into one solid where the
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resultant (metastable) alloy may consist intermediate properties of its metallic
constitutes. This chapter presents the effect of alloying Ag with Yb and Mg
respectively in the form of thin films in terms of optical, electrical and electronic
properties. It is probably the first time in the field of alloy study that these properties
are presented in a complete series of different composition ratios for Ag-Yb and
Ag-Mg alloy thin films.
The chapter focuses on how the choice of metallic constituents in silver-based
alloy thin films and how the composition of the constituents alter the properties of
interest. Additional characterizations and analysis (including chemical composition,
crystalline structure and surface morphology) were performed on pure Yb and Ag-Yb
thin films which help understand the underlying physics. The concentration of Yb an
Mg in Ag was varied by 10% in volume fraction during preparation. Experimental
results are presented in atomic percentage (at.%) as necessary to explain the change in
material properties; otherwise in volume percentage (vol.%) conforming to industrial
practice. The conversion methods in different representations and composition
conversion tables for Ag-Yb and Ag-Mg alloy thin films are in Appendix A.
4.1

Optical properties of alloy thin films
One of the primary properties of a material is the optical and dielectric response

towards incident radiation. The near-UV, visible and NIR regions are of most interest
because the operating wavelengths of nanoscale devices fall into these regions.
In this part, optical transmission spectra of 20 nm thin films are compared. The
sample films were prepared on glass substrates for transmission measurements
(Section 3.1.2.2). Optical thin film simulation based on transfer matrix formalism
(TMM) [97, 98] was performed to verify the measured transmittance. Besides that,
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the gradual degradation of Ag plasma resonance at ~326 nm was observed and
discussed. Also, the dielectric functions of Ag-Yb and Ag-Mg were derived from the
ellipsometric parameters for further investigations in material properties. All
measurements were carried out in ambient conditions.
4.1.1

Optical transmission of as-deposited pure metal thin films

Figure 4.1 Normal incidence transmission spectra of 20 nm thin films of (a) Ag, (b)
Yb and (c) Mg obtained from measurement and optical simulation.
Figure 4.1 compares the computed and experimental normal incidence
transmittance of 20 nm pure Ag, Yb and Mg thin films respectively. The spectra only
account for the effect due to metal thin films. The computation of transmittance
spectra is performed by MATLAB programming based on TMM [97, 98]. The
simulation needs the film thickness and the index of refraction of each layer material
as input parameters. In this study, the surrounding medium is air ( n  1) and the single
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film thickness is 20 nm. The complex refractive indices of Ag, Yb and Mg are taken
from [2], [99] and [100] respectively. Reale [101] showed that above a critical film
thickness the refractive indices of metal films are independent on film thickness. The
fact that the computed transmittance of Ag thin film (Figure 4.1 (a)) coincides very
well with the measurement implies that the as-prepared 20 nm Ag film in this work
has attained or exceeded the critical thickness of Ag [101]. The optical measurements
on the as-prepared Ag thin films converge to the refractive indices from near-UV to
NIR regions. The refractive index of Ag from [2] agrees with that of the Ag films in
this study.
However, the calculated spectra of Yb and Mg thin films deviate from the
measured spectra (Figure 4.1 (b) and (c)). The difference from the measured spectra
has a maximum of ~15%. Since the film thickness had been confirmed to be more or
less 20 nm, the thin films were probably partially oxidized causing an overall increase
in the transmittance in measurements. Considering the chemical reactivity of the three
metals, Yb and Mg are more chemically reactive while Ag is least reactive. When
exposed to air and/or moisture, the as-deposited Yb and Mg thin films could be
oxidized.
Oxidation could occur during sample preparation. Even at high vacuum (10-3 to
10-8 Torr); a background of residual gases is still present in the deposition chamber.
The residual gases are mainly water molecules and trace amounts of gaseous nitrogen
and hydrocarbons moving randomly in the chamber at thermal velocities [102].
During thermal evaporation, Yb and Mg vapors may chemically react with water
molecules and reach the substrate surface in oxide form. The free electrons of the
metals form ionic bonds with the oxygen in water molecules and become bound. The
partial oxides in Yb and Mg thin films leave less free electrons to reflect or absorb the
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incoming light; therefore transmittance increases. The results from the as-evaporated
Yb and Mg thin films were unable to reproduce the refractive indices of Yb and Mg
reported from [99] and [100]. It can be inferred that the quality of the thin films is
limited by the conditions of the vacuum chamber in this work. Also, it is certain that
the partial oxides in the Yb and Mg thin films are not originated from their thermal
evaporation sources since the melting points of their oxides ( >2000°C) are too high
considering the preparation method in this work. It would be more desirable if the
sample preparation had been carried out at ultra-high vacuum (10-8 to 10-12 Torr) such
that water molecules barely exist in the chamber to prevent significant oxidation
during evaporation.
Oxidation could further take place when the samples were exposed to air. Since
the optical measurements were performed in ambient, oxide formation on the films
was expected. It is worth noting that the transmission spectra of the thin film samples
were reproduced after several days, suggesting any significant oxidation of the
samples should have happened in a short time once exposed to the atmosphere. Hence,
the partial oxides in Yb and Mg thin films was a combination of oxidation due to
residual gases in vacuum chamber during preparation and exposure to air during
measurements.
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4.1.2

Optical transmission of as-deposited alloy thin films

(a)

(b)

Figure 4.2 Transmission spectra of 20 nm Ag-Yb thin films with Yb composition
varied from (a) 0 – 50 vol.% and (b) 50 – 100 vol.% as a function of wavelength.
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(a)

(b)

Figure 4.3 Transmission spectra of 20 nm Ag-Mg thin films with Mg composition
varied from (a) 0 – 50 vol.% and (b) 50 – 100 vol.% as a function of wavelength.

Figure 4.2 and Figure 4.3 are the normal incidence transmission spectra of Ag-Yb
and Ag-Mg thin film samples respectively. Each figure is separated into two
sub-figures with Yb or Mg volume composition from 0% to 50% and from 50% to
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100% for convenient comparison. The effect of glass substrate in the spectra has been
removed.
The transmittance of metallic thin films decreases with increasing wavelength
across the visible region, which generally corresponds to an increase in reflectance
with negligible absorption. As mentioned in Section 2.2.4, this phenomenon is
intrinsically metals since the plasma frequency of metals situates at UV region. The
shape of the decreasing trend over the visible region, however, depends on a number
of factors such as the relaxation time of free electrons (Section 2.1) and the band
structure of the material giving rise to interband and intraband transitions (Section
2.2.5).

Figure 4.4 Normal incidence transmission spectra of 20 nm Ag-Yb and Ag-Mg thin
films at (a) 326 nm, (b) 470 nm, (c) 550 nm and (d) 660 nm as a function of atomic
percentage of Yb and Mg.
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The transmittances of Ag-Yb and Ag-Mg alloy thin films at certain specific
wavelengths are shown in Figure 4.4. The specific wavelengths are 326 nm (Ag
plasma resonance), 470 nm (blue color), 550 nm (green color) and 660 nm (red color).
The optical transmittance is clearly improved with more Yb content in Ag-Yb where
maximum overall transmittance is reached at ~30 – 40 at.% or 50 – 60 vol.%. The
improvement in transmittance with respect to Mg concentration in Ag-Mg thin films
is mild and restricted in a limited range. When the amount of Mg exceeds ~40 at.% or
50 vol.%, a drop of overall transmittance is observed in visible range. Ag-Yb thin
films, on the other hand, are in general more transparent than Ag-Mg thin films. In
other words, adding Yb in Ag is more desirable than Mg in terms of better optical
transmission. Ag is not chemically reactive compared to Yb and Mg, but there is no
clear indication whether Yb or Mg is more easily oxided. If one compares the
calculated transmission spectra of the Yb and Mg using their optical constants
obtained from literatures ([99] and [100]), Yb thin film is in principle more
transparent than Mg (red lines in Figure 4.1 (b) and (c)). However in experiment,
there is no evidence showing the generally higher optical transmittance of Ag-Yb than
that of Ag-Mg in the current work was due to higher oxide content in the as-deposited
Ag-Yb than Ag-Mg.
Some common features in Figure 4.4 can be distinguished for Ag-Yb thin films.
Rises and falls of transmittance are observed with local minimum transmittance
situating at ~15 at.% or 30 vol. % and another at ~50 at.% or 70 vol.%. It is likely that
the thin films at these compositions may possess unusual properties probably
appearance of new or additional crystal orientations, i.e. presence of metastable alloy
phase. Particularly at ~50 at.% or 70 vol.%, it was shown that the drop of
transmittance was due to deleterious effect brought by complex crystal structures as
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suggested from the analysis of XRD measurement in Section 4.5.1. And this
structure-related effect could increase grain boundary scattering, which could also
cause poorer dc conductivity due to a decrease in relaxation time of the free electrons
(Section 4.2). While for Ag-Mg thin films, the initial rise and then fall of the
transmittance across the Mg at.% may just be a span of the preferable crystal
orientation from Ag (face-centered cubic) to Mg (hexagonal close-packed). Such
phenomenon is usual for alloys prepared by non-equilibrium processing such that
forcing two phases to blend into one mixture as mentioned in Chapter 1.
4.1.3

Plasma resonance of Ag

The Ag plasma resonance is of interest because its locating at ~3.8 eV or 326 nm
(Figure 1.1 (a) and Figure 4.4 (a)) is a significant optical feature. It is the only metal
that has resonance close to the optical range and is at the near-UV region which
means Stoke shifting the resonance into optical range is possible. The Ag plasma
frequency can be estimated using Equations (2.13) and (2.41) to get p

9.0 eV ;

instead the plasma resonance appears at ~3.8 eV where the real component of the
dielectric function vanishes (i.e  1  0 ). It is not surprised to see such deviance for
Ag and many other metals since the plasma frequency  p does not take into account
of the band structure and additional constraints [49]. Transition metals, whose d
sub-shell is partially filled, are subjected to the influence of d electrons leading to
potential optical interband transitions which strongly contributes to the imaginary
component of the dielectric function  2 . Ag, as one of the transition metals, is also
characterized by interband transitions. This transition can be determined from the
band structure of Ag at the L point with photon energy ~3.8 eV [103, 104]. In fact, it
is not the only interband transition for Ag but it is the one with optical photon energy.
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Moreover, the absence of other optical interband transitions for Ag is the reason for its
relatively low absorption across the visible region.
The Ag plasma resonance is depicted as the distinct transmission peaks in Figure
4.1 (a) at 326 nm or 3.8 eV. From Equation (2.37), the plasma frequency  p can be
redefined to include the lattice contribution known as the screened plasma frequency
 s . Since  1 vanishes at frequency  s and usually s 2

1  2 , it can be identified

that
s 2 

Ne2
,
 L om

(4.1)

indicating screening of free electrons occurs through the lattice dielectric constant of
the medium. It is by definition that  1 is small in this regime (i.e. s

1 ) and

hence  2 is small. With  1  0 at  s and using the relationship between refractive
index and dielectric function (Equation (2.21)), n

 and  2  2n

2n 2 ; n

tends to be small near  s . Thus a relatively high transmission (or low reflectivity)
occurs near  s . Besides that, the sharpness of the transmission peak is related to the
relaxation time  . A large  (or a small  ) gives a sharp feature at the plasma
resonance (Equation (2.38)). According to Equation (2.3), the dc electrical
conductivity is directly proportional to the relaxation time. Therefore, the sharp
transmission peak in Figure 4.1 (a) can be regarded as a consequence of relatively
high conductivity of Ag.
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Figure 4.5 (a) Resonance wavelength and (b) corresponding peak transmittance of 20
nm Ag-Yb and Ag-Mg thin films as a function of atomic percentage of Yb and Mg
respectively.
When Yb and Mg are introduced into Ag, a small shift of the characteristic
plasma resonance towards higher energy (i.e. anti-Stoke shift) or smaller wavelength
is observed as shown in Figure 4.5 (a), in which the resonance wavelengths and
corresponding transmittances are determined from the transmission peaks in Figure
4.2 and Figure 4.3. Since glass substrates block wavelength near and smaller than 300
nm, it was unable to determine possible plasma resonance wavelengths shorter than
300 nm. In fact the shift of the plasma resonance is not significant, it is only ~15nm
(i.e. ~0.2 eV). As shown in Figure 4.5 (b), the change in transmission peak becomes
less significant and even ceases when the concentration of Yb or Mg further increases.
It is worth noting that the resonance wavelengths in this work are deduced from the
maximum transmission around 326 nm which represents the dominant plasma
resonance. The lowering and seemingly broadening of the transmission peak, indeed,
may suggest a range of possible optical interband transitions. In fact, the interband
transition is intimately related to the band structure and so the imaginary part of the
dielectric function  2 (Section 2.2.5). It is certain that the band structure of Ag is
modified with the introduction of Yb and Mg since the resonance feature is altered.
For Ag-Mg alloy thin films, the Ag plasma resonance seems to have stopped
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moving further below 310 nm at ~30 at.% of Mg (Figure 4.5 (a)), and also the
decrease in corresponding peak transmittance has saturated (Figure 4.5 (b)) with less
distinctive transmission peak. The plasma frequency of Mg is in the vacuum UV
regime [105] and usually optical interband transition is not dominating for light
metals because there is no contribution from d or f electrons (Section 2.2.5). Hence, it
is believed that the Ag plasma resonance may be suppressed or even no longer exist as
the properties of Mg overrides Ag when there is sufficient amount of Mg. According
to Figure 4.5 (a), it is deduced that the cut-off is at ~20 at.% of Mg in Ag.
For Ag-Yb alloy thin films, on the other hand, the drop of Ag plasma resonance
extends further within a larger range of Yb at.%. A rebound of plasma wavelength at
~30 at.% of Yb can be observed in Figure 4.5 (a), but the corresponding peak
transmittance did not fall off the trend as shown in Figure 4.5 (b), where similar rises
and falls around that range of concentration can be observed at selected visible
wavelengths (Figure 4.4). So it was not an experimental error rather it is due to other
additional factors which may be structure-related.
Comparing the resonance wavelengths and corresponding peak transmittances
from 0 to ~15 at.%, the decrease in both parameters are almost identical and linear.
For low atomic concentration of Yb and Mg the properties of Ag are dominating in
Ag-Yb and Ag-Mg. Such change in Ag plasma resonance is also observed in other
silver-based binary alloys [106, 107, 108, 109, 110, 111, 112], for example,
silver-gold, (Ag-Au), silver-copper (Ag-Cu), silver-aluminum (Ag-Al), silver-indium
(Ag-In), and silver-cadmium (Ag-Cd). The study of silver-based alloy thin films has
been restricted to transition metals as the alloying component with Ag, yet the results
of Ag-Yb and Ag-Mg indicate that this change is not limited to alloying Ag with
transition metals. Yb (one of the seventeen rare earth metals [113]) and Mg (one of
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the alkaline earth metals) can also affect the Ag plasma resonance.
Most of the silver-based alloys experience an anti-Stoke shift of the silver-related
resonance ( s ~ 3.8 eV ) just as Ag-Yb and Ag-Mg alloy thin films. Exceptions are
Ag-Au and Ag-Cu that the silver-related resonance moves to lower energy (i.e. Stoke
shift) [106, 107, 110, 111]. In fact, this shift is governed by the choice of second metal
component in the binary alloys. As depicted in Figure 1.1 (b) and (c), there is a ‘bump’
across the visible region for  2 of Au and Cu respectively. The relatively high  2 is
due to a series of interband transitions with optical photon energies [69, 71]. The role
of Au or Cu in Ag is like dragging the silver-related plasma resonance towards
gold-related or copper-related plasma resonance. At the same time, the gold-related
and copper-related resonances in the visible region are pulled towards the
silver-related one.
Although reports [108, 109, 112] (except Ag-Au and Ag-Cu) only demonstrate
anti-Stoke shift of silver-related plasma resonance towards in silver-based alloys, it is
very likely that the plasma frequencies of the second metal components are altered
likewise. The commonplace for those metal components, including Yb and Mg in this
work, is that their plasma frequencies situate in vacuum UV region which is difficult
for experimental identification. Also, the change in silver-related plasma resonance
occurs only within a limited range of atomic concentration for the second metal
component in silver-based alloys. Comparing the anti-Stoke shift of resonance
frequency among different silver-based alloy thin films including the results in this
work, the decrease in resonance wavelength are close to each other as a function of
atomic concentration of the second element, showing that there is a similarity for such
phenomenon. Although the choice of second metal component controls whether the
silver-related plasma resonance is dragged to lower or higher energy, the scale of the
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degrading resonance strength is more or less the same for silver-based alloys with low
atomic concentration of the second metal component.
4.1.4

Dielectric function of alloy thin films

Simulation was attempted to predict the shifting of plasma resonance assuming
an effective medium for Ag-Yb and Ag-Mg. Non-grained materials can be effectively
modeled using a linear combination of the dielectric functions of the constituent
metals [35, 111, 114] , with additional damping term to simulate scattering by grain
boundaries where appropriate. The dielectric function of the binary alloys is expressed
as
  1  x   A  x B ,

(4.2)

where  A and  B are the dielectric functions of metal A and metal B, and x is the
volume fraction of metal B. Equation (4.2) is followed from the work of Mott to treat
an alloy as an effective medium [58].

Figure 4.6 Normal incidence transmission spectra of 20 nm (a) Ag-Yb and (b) Ag-Mg
thin films computed by TMM in which the dielectric function is calculated from
Equation (4.2).
Figure 4.6 shows the normal incidence transmission spectra of 20 nm Ag-Yb and
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Ag-Mg thin films computed by TMM [97, 98] (Section 4.1.1) using dielectric
function calculated from Equation (4.2), where the dielectric functions of the metals
are taken from [2], [99] and [100] respectively. Transmission spectra of Ag-Au and
Ag-Cu are also computed to correlate the change in plasma resonance of Ag. However,
the results turned out to be insufficient to determine the detail degradation process of
Ag plasma resonance or the actual transmission spectra. However, it is able to predict
whether the change in silver-related resonance is a Stoke or an anti-Stoke shift.
In Mott’s assumptions [58], the binary alloy is an evenly blended mixture of two
metal components which is disordered; and any change in relaxation time of the free
electrons and band structure is neglected. However if the crystalline structure is
determined in the alloy thin films then additional damping effects have to be included
to estimate the optical response of Ag-Yb and Ag-Mg.
Since Ag-Yb and Ag-Mg systems are complicated; Equation (4.2) cannot yield
the correct dielectric function without modification. In this work, ellipsometry was
adopted to determine the dielectric function. First, various 100 nm films were
specifically prepared for ellipsometric measurements, in which the measured
parameters were used to derive the so-called pseudo dielectric function. This pseudo
dielectric function was to be input in transmittance simulation for computing the
transmission spectra of 20 nm thin films, which were then compared with measured
spectra. It is shown that using the pseudo dielectric function together with
modification for the presence of oxide, the computed transmission spectra matched
quite well with the measurements.
There are two common methods to determine dielectric function or refractive
index of a material: reflectance measurement and ellipsometry [74]. The reflectance
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measurement input its only parameter into Kramers-Kronig (K-K) relation to derive
both real and imaginary components of optical constants; but its result can be
inaccurate because the derivation covers photon energy range beyond the measured
values. Ellipsometry measures two independent parameters (  and  ) for the
analysis and measures a ratio of intensities instead of absolute intensity. This
eliminates the potential uncertainties arisen from reference sample and dual-beam
measurement setup as in reflectance technique.
Ag-Yb and Ag-Mg samples as well as their pure metal films were studied using
ellipsometry (Section 3.1.2.3). It measures two independent parameters which can be
used to work out the pseudo optical properties for the measured material using the
relation [74, 75]:

  1   2

2
r
 s   a sin  1  
tan

,

  1   r 

2

(4.3)

where  s is the complex dielectric function of semi-finite or infinite medium,  a is
the dielectric function of the ambient environment (usually air,  a  1 ),  is angle
of incidence, and  r is the complex reflectivity ratio given in Equation (3.1). The
analysis is straight-forward for a simple two-phase model (i.e. a single interface
between two homogeneous and isotropic media). This approach is particularly useful
for determining the optical constants of bulk absorbing materials and opaque film. It
should be noted that the two-phase model here does not take into account for any
transition layer or a surface film at the interface. However, all materials have a surface
overlayer which can be due to surface roughness, surface oxide and/or surface
reconstruction [75]. If such a film is present, ultrathin as it may be,  s determined by
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Equation (4.3) is called pseudo dielectric function. For a three-phase model, e.g., an
air/film/substrate configuration with film thickness d , the analysis for the dielectric
function of the film is more complicated. Since there is an extra unknown d , solving
for the dielectric function of the film requires numerical iteration to minimize the
associated error function such that the results meet the two ellipsometric parameters
[74, 75]. This is usually carried out using spectroscopic ellipsometry (SE) modeling
aided by commercial software to process numerous data and numerical iterations
(Section 3.1.2.3).

Figure 4.7 Computed normal incidence transmission spectra of 20 nm (a) pure Ag, (b)
Ag-Yb with 30 vol.% of Yb and (c) pure Yb thin films using dielectric functions
determined by SE modeling and two-phase model.
The results of two-phase model and SE modeling are compared. The film
thickness was 100 nm, sufficiently opaque for the two-model to work. The dielectric
functions determined by SE modeling and two-phase model were then used in the thin
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film simulation using TMM and the results were also compared with the measured
transmittance. Figure 4.7 shows how well the computed spectra by SE modeling (red
lines) and two-phase model (blue lines) agreed with each other, which assures the
reliability of the models. In fact, two-phase model is more preferable since the
accuracy of SE modeling is largely influenced by how small the associated error
function one can get.

Figure 4.8 Computed normal incidence transmission spectra of 20 nm thin films of (a)
Ag-Yb with 30 vol.% of Yb, (b) pure Mg, Ag-Mg with (c) 10 vol.% and (d) 20 vol.%
of Mg using dielectric functions determined by two-phase model.
Using Ag as an example (Figure 4.7 (a)), either method can be used successfully
to determine the dielectric function of the measured material. However, there are
limitations. For samples containing Yb or Mg, it seems that there is always an
underestimate on the calculated values with that of the measurements (Figure 4.7 and
Figure 4.8), suggesting that the pseudo dielectric functions obtained from the 100 nm
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samples are unable to extend to the 20 nm thin films. It is not surprised because
oxidation in 20 nm films would be more severe than in 100 nm samples. As discussed
in Section 4.1.1, Yb and Mg are more likely to react with oxygen and moisture when
compared to Ag.

Figure 4.9 Computed normal incidence transmission spectra of 20 nm thin films of (a)
pure Yb, Ag-Yb with (b) 10 vol.% and (c) 30 vol.% of Yb using dielectric functions
determined by two-phase model.
Based on the assumption that the as-deposited 20 nm thin films containing Yb or
Mg were more severely oxidized, a similar approach using Equation (4.2) was
proposed here by treating the 20 nm thin films as an effective medium with their
corresponding oxides, ytterbium oxide (Yb2O3) and magnesium oxide (MgO),
respectively. The partial oxides were assumed to be disordered and randomly
distributed in the alloy thin films such that Equation (4.2) is valid. In Equation (4.2)
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the parameter  A is the pseudo dielectric function deduced from the 100 nm samples
using two-phase model and the parameter  B is the dielectric function of the
corresponding oxide. The dielectric functions of Yb2O3 and MgO were taken from
[115] and [116] respectively. The volume fraction of the oxide is the adjustable fit
parameter. The simulated results are shown in Figure 4.9 and Figure 4.10, and the
volume fraction of the oxide is remarked on each figure. The results confirmed a
considerate amount of additional oxides did exist in the as-deposited 20 nm thin films.
The ratio of the oxide to the as-deposited thin films ranged from 13% to 30%.

Figure 4.10 Computed normal incidence transmission spectra of 20 nm thin films of
(a) pure Mg, Ag-Mg with (b) 10 vol.% and (c) 20 vol.% of Mg using dielectric
functions determined by two-phase model.
It is believed that the amount of additional oxides depends on the dynamics
between the individual deposition rate and the chemical reactivity of Yb or Mg. A
slower deposition rate of Yb or Mg would give a higher probability of Yb or Mg
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vapors to react with the residual gases during preparation. A very high deposition rate
may not guarantee a relatively low oxide content. Instead, there would be more Yb or
Mg vapors in the chamber that the probability of oxidation remains high enough to
yield a thin film with relatively high oxide content like pure Yb and Mg thin films.

Sample

Volume fraction of
corresponding oxide

Thickness of
intermediate oxide

Yb

30%

6 nm

Ag-Yb (Yb: 30 vol.%)

13%

3 nm

Ag-Yb (Yb: 10 vol.%)

25%

4 nm

Mg

25%

5 nm

Ag-Mg (Mg: 20 vol.%)

15%

3 nm

Ag-Mg (Mg: 10 vol.%)

23%

4 nm

Table 4.2 Comparing the fit parameters for estimating the proportion of corresponding
oxide in selected 20 nm Ag-Yb and Ag-Mg thin films by treating as an effective
medium or two adjacent layers.
Indeed, it is difficult to decide whether the oxidation during sample preparation
or post-oxidation during ambient exposure is the dominant effect. If one assumes the
latter, TMM can be applied for a two-layer simulation where an intermediate oxide
layer of finite thickness is introduced between the ambient and the sample thin film
while keeping the total thickness unchanged. Following the proposition, it is found
that the thickness of oxide layer is 3 – 6 nm, a reasonable thickness for surface
oxidation (Figure B.1 in Appendix B). Table 4.2 compares the volume fraction and
thickness of the corresponding oxide used as fitting parameters in the abovementioned
methods by treating the films as an effective medium or two adjacent layers.
It is worth nothing that in either method, Ag was not considered to take part in
oxidation since the simulation results in Figure 4.1 (a) and Figure 4.7 (a) agreed very
well with the measurements, suggesting negligible oxidation in Ag. If one makes a
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transformation of the proportion of the oxide into thickness using the estimated
volume fraction for a 20 nm thin film (Table 4.2), the calculated thickness indeed
coincides with the estimated thickness using the two-layer simulation. The results
imply that either method works well for the estimation on the general oxide content.
Neglecting the effect of additional oxidation brought to the thin film samples, the
pseudo dielectric function based on two-phase model of ellipsometry is able to
determine the dielectric function of Ag-Yb and Ag-Mg alloys provided that the alloy
films are sufficiently thick for measurement. This method may even extend to
determine the dielectric function of other metal alloys which give opaque films over a
certain thickness.

Figure 4.11 (a) Real and (b) imaginary components of pseudo dielectric functions of
Ag-Yb thin films.

Figure 4.12 (a) Real and (b) imaginary components of pseudo dielectric functions of
Ag-Mg thin films.
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Figure 4.11 and Figure 4.12 show the real and imaginary components of the
pseudo dielectric functions of the silver-rich Ag-Yb and Ag-Mg respectively. The
small anti-Stoke shift of plasma frequency deduced from measured transmission
spectra (Figure 4.5 (a)) corresponds to the position of 1  0 in Figure 4.11 (a) and
Figure 4.12 (a) which is moving towards higher energy region for both Ag-Yb and
Ag-Mg. On the other hand, the increase in  2 as shown in Figure 4.11 (b) and Figure
4.12 (b) implies an increase in damping factor  (Equation (2.39)), which can lead
to the broadening and intensity drop of the characteristic transmission peak. The
progressive increase in the optical transmission of the Ag-Yb and Ag-Mg thin films
(Figure 4.2 and Figure 4.3), however, is due to partial oxidation (Yb2O3 or MgO) in
the as-deposited samples (except for pure Ag). The relative oxide concentration in the
as-deposited thin films ranged from 13% to 30% in the analysis (Table 4.2).
Optically, the classical (Lorentz) oscillator model (i.e. Equation (2.43) in Section
2.2.5) can be further modified to describe the behaviors of a material more accurately
[117]. The term Ne 2 m in Equation (2.43) gives the coupling strength of the
electromagnetic field to the oscillators in classical model. In quantum mechanics, this
term is replaced by f ' , which defines total oscillator coupling strength. The
oscillator strength is a function of dielectric function, which also gives the features of
the transmission spectra. One can relate f ' to the damping represented by 
(Section 2.2.3) to describe the changes in shape and width in terms of a finite f '
[117]. A large  results in the broadening around the plasma resonance frequency. In
this part of the work, the introduction of Yb or Ag into Ag yields a broadened width of
the Ag plasma resonance, implying an increase in the oscillator strength. In fact, the
electronegativity of Ag is higher than that of Yb and Mg (Table 4.1). This could lead
to the drawing of valence electrons of Yb and Mg towards Ag in Ag-Yb and Ag-Mg
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respectively. The charge transfer was from Yb or Mg to Ag as implied from the
difference in the electronegativity and such interaction dilutes the intense Ag plasma
resonance as in pure Ag [118].
In classical view, the characteristics of Ag plasma resonance can be intuitively
related to the relaxation time  , which is also an important quantity in the electrical
conductivity (Section 2.1) to be discussed in the following section. The broadening of
Ag plasma resonance can be seen as a drop in electrical conductivity as Yb or Mg is
alloyed with Ag.
4.2

Electrical conductivity of alloy thin films
Ag-Yb and Ag-Mg thin films were prepared on glass substrates for determining

the electrical conductivity. The thickness t of the thin films is 20 nm where Yb and
Mg are varied by 10 vol.% for each sample. The measurement was carried out using
four-point probe technique (Section 3.1.2.4) in ambient conditions.

Figure 4.13 Sheet resistance as a function of at.% of 20 nm Ag-Yb and Ag-Mg thin
films respectively.
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Figure 4.14 Electrical conductivity as a function of at.% of 20 nm Ag-Yb and Ag-Mg
thin films respectively.
The electrical conductivity is presented in terms of sheet resistance Rs as a
function of Yb or Mg at.% in Figure 4.13, where the error bar indicates the standard
error of a specific data point obtained from two to four separate thin film samples.
The corresponding electrical conductivity  in Figure 4.14, i.e. the reciprocal of
resistivity  (  t  Rs ), is presented for reference.
A general increase in Rs is observed for both Ag-Yb and Ag-Mg alloy thin
films until ~80 at.% of Yb or Mg compositions. Since the electrical conductivities of
pure Yb and Mg are not as good as that of Ag, the loss of conductivity with the
introduction of Yb and Mg is usual. Either Yb or Mg blends in Ag to give a
generalized effect towards the resultant conductivity. The rate of change of Rs is
faster in Ag-Yb than Ag-Mg, which is trivial since the conductivity of Mg is higher
than that of Yb. Comparing pure Yb and pure Mg in Figure 4.13(a), i.e. data points at
100 at.%, the measured Rs of Yb is almost eight times of that of Mg.
There is a maximum Rs around 80 at.% of Yb or Mg in Ag suggesting pure Yb
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and Mg are more electrically conductive without any addition of a second metal
component. In this case, within 20 at.% of Ag in either Ag-Yb or Ag-Mg, Ag atoms
destruct the fine crystalline structures of their pure constituents by introducing more
voids and grain boundaries. These defects impose impeding motion when an electric
field is applied [20], leading to a decrease in the relaxation time  and so a decrease
in electrical conductivity  (Section 2.1). Such phenomenon is referred to defect
scattering which also happened in Cu-Ni alloy system at room temperature [18, 119].
The decrease in  could be confirmed with reduced average crystallite size in
Ag-Yb by XRD measurements (Section 4.5.1).
At another end of Yb and Mg compositions in Figure 4.13 (a), Rs keeps
increasing until reaching the maximal without significant rise or drop. It seems that
the Ag-Yb and Ag-Mg alloy systems are disordered that it is possible to treat the
system as an effective medium to predict the resistivity at varied compositions as
described in Section 2.1.3. However, the condition for such assumption is too harsh
since the samples containing Yb or Mg were partially oxidized as confirmed in
Section 4.1 that Equation (2.8) cannot be applied to this part of the work. The
continuously increasing of Rs up to ~80 at.% can merely be treated as a
consequence of the alloy system including their corresponding oxides. It also makes it
challenging to use other existing rules since they all have certain restrictions, for
example, Nordheim rule [53] is applicable for alloys with low concentration of solute
atoms where there is only one phase presents. It is worth noting that the electrical
conductivity of metal alloys can be affected in a number of ways such as grain size of
the metal constituents, the degree of distortion in matrix structure and a change in
morphology promoted by nucleation. All these give rise to electron scattering
contributing to the residual resistivity mentioned in Section 2.1.2.
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As discussed in Section 4.1.3, classically the features of Ag plasma resonance
and the relaxation time  are inter-related, which is also connected to the dc
electrical conductivity 

(Section 2.1). Equation (2.3) shows that 

is

proportional to  . As suggested from Figure 4.14,  dropped by an order of
magnitude when the concentration of Yb or Mg exceeded ~5 at.%. According to
Equation (2.3), the relaxation time  would be similarly decreased by one order of
magnitude which leads to an obvious broadening of the Ag plasma resonance as
previously discussed. Such phenomenon can be regarded as a loss of conductivity due
to increased electron scattering for Ag-Yb and Ag-Mg.
4.3

Electronic work function of alloy thin films
Work function is not necessarily a constant for a material. It is essentially the

energy difference between the Fermi level E F and the vacuum level [120]. In
general, it can be adjusted via carrier doping [121, 122, 123, 124] and/or modification
of surface dipole [125, 126, 127]. The former can raise the Fermi level resulting in
lowering the work function for a fixed ionization potential while the latter increases
the ionization potential and so the work function for a fixed E F . Researchers have
shown that the work function of one metal can be modified by alloying with another
[128, 129, 130, 131, 132, 133], which allows the work function to vary between the
values of the two metals.
In this section, the modification of electronic work function is demonstrated
through alloying Ag with Yb and Mg respectively. Thin films (20 nm) of pure Ag,
pure Yb , Ag-Yb and Ag-Mg with varied compositions on glass substrates were
investigated using Kelvin probe method and UPS (c.f. Sections 3.1.2.5 and 3.1.2.6).
The calibration of E F using UPS spectra of pure Ag thin films is discussed and
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followed by the analysis of the calibrated spectra of pure Yb and Ag-Yb with Yb
composition of 30 vol.%. Finally, the change in work function of Ag-Yb and Ag-Mg
thin films as a function of Yb and Mg concentrations determined by Kelvin probe
method is presented.
4.3.1

Calibration of UPS spectra using pure Ag thin films

(a)

(b)

(c)

Figure 4.15 (a) UPS spectra of 20 nm Ag thin film on glass substrate. (b) and (c) are
the secondary edge and the Fermi edge of (a).
Two 20 nm Ag thin film samples were prepared for determining the work
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function of pure Ag film. Figure 4.15 (a) displays the entire measured UPS spectra of
one of the Ag specimens measured at 9.12 V applied bias. Bias voltage was applied in
order to shift the spectrum horizontally to observe the secondary edge at higher
binding energy region. With the additional accelerating potential, the signal of the
secondary electrons generated from the analyzer of the UPS instrument is separated
from the secondary edge of the specimen [85]. The x-axes in Figure 4.15 have relative
binding energy as unit because the data are not calibrated such that the Fermi levels of
the sample and the analyzer of the UPS are equalized.
To evaluate the work function, it is necessary to locate the two sharp edges at the
two ends of the UPS spectrum. Figure 4.15 (b) depicts the sharp edge representing the
low cutoff energy position at higher binding energy region. It is determined by the
intercept point between the linear extrapolation of the high binding energy portion of
the UPS spectrum and the background signal. Figure 4.15 (c) depicts another sharp
edge representing E F position at lower binding energy region. The determination of
E F position depends on the nature of the sample [88]. Metals are expected to obey

Fermi statistics that E F is essentially laying at the point where the energy level is
half-filled. Therefore E F position of pure Ag specimen is the midpoint of the leading
edge of the UPS spectrum. The work function is calculated from h  W , where h
is the incident photon energy (= 21.22 eV) and W is the spectrum “width” defined by
the gap between the cutoff energy position and E F position. The Ag work function
evaluated from Figure 4.15 is 4.46 eV. Another value 4.45 eV is obtained from
another Ag specimen measured with applied bias of 5.00 V (Figure B.2 in Appendix
B). Comparing the two work function values from the separate samples including the
locations of the featured edges, it is concluded that the 20 nm Ag films in this work
are consistent and reproducible. The averaged work function of 20 nm Ag thin films is
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4.46 eV, which is also considered as the reference value for measuring the work
functions of Ag-Yb and Ag-Mg thin films by Kelvin probe method.
Regarding the stationary E F position obtained from the two Ag specimens, it is
reasonable to use it to calibrate E F of the spectrometer of the UPS instrument which
serves as a binding energy reference to other UPS analysis. The average relative
binding energy value of E F of the Ag specimens is -0.218 eV. In order to have a
binding energy scale referenced to E F at 0 eV binding energy, the measured
spectrum requires a minor horizontal offset by 0.218 eV. After the calibration, the
difference in work function among other specimens can be obtained from the change
in the low energy cutoff position.
4.3.2

Work function determined by UPS

Figure 4.16 Calibrated UPS spectra of 20 nm Ag, Ag-Yb (Yb: 30 vol.%) and Yb thin
film surfaces. Intensity of the Ag-Yb spectrum is scaled by a factor of 4.
Besides pure Ag thin films, pure Yb and Ag-Yb (Yb: 30 vol.%) thin films were
also prepared to determine their work functions for comparing with the values
determined by Kelvin probe method. The measurements of the samples were carried
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out at a bias voltage of ~5.00 eV. Figure 4.16 shows the different locations of the
shape edges of the specimens at the high binding energy region. The UPS spectra
have been aligned to E F of the spectrometer calibrated by the Fermi edge of pure
Ag thin films and the intensity of the Ag-Yb specimen is scaled up by 4 for
convenience in comparison. It is clear that the binding energy at the secondary edge of
Ag is increased after alloying with Yb, implying a reduction in work function. The
work functions of Ag, Ag-Yb (Yb: 30 vol.%) and Yb are 4.46, 3.95, and 2.82 eV
respectively.
4.3.3

Work function determined by Kelvin probe method

The work function of 20 nm Ag-Yb and Ag-Mg thin films on glass substrates
was measured using Kelvin probe instruments in ambient conditions. 20 nm pure Ag
thin films were used as the reference since results of pure Ag is reproducible and
reasonably stable in ambient, which also served as a baseline to demonstrate the
change in work function values of Ag-Yb and Ab-Mg samples. The work function of
the reference Ag thin film is 4.46 eV as indicated in Section 4.3.1.

Figure 4.17 Work functions of 20 nm Ag-Yb and Ag-Mg thin films respectively.
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The measured electronic work functions of the specimens are presented in Figure
4.17 with respect to the atomic percentage of Yb and Mg. The data had been averaged
over two to four measurements of the samples The work functions of Ag-Yb thin
films varies between the values of pure Ag (4.46 eV) and pure Yb (2.54 eV), which is
consistent with many other typical binary alloy systems [128, 129, 130, 131, 132,
133]. The work functions of pure Yb and Ag-Yb (Yb: 30 vol.%) obtained from UPS
spectra were also verified by the results in Figure 4.17 (a). Upon alloying, a transfer of
valence electrons will lead to a change in Fermi energy [134]. The charge transfer is
originated from ions with smaller work functions to those with higher work functions,
which in turn affects the densities of states. Thus, there is always a decrease in work
function of Ag when a lower work function metal is introduced.
The Ag-Mg system experiences an initial decrease in work function with
increasing Mg composition, from 4.46 eV for pure Ag to 3.58 eV for Ag-Mg with ~40
at.% of Mg, followed by a minimum at about 3 eV then a linear increase with higher
Mg composition to 3.42 eV for pure Mg. This is also found in some binary alloy
systems with alkali metals [135, 136, 137, 138]. However the explanation on this
phenomenon is still ambiguous; some regarded the minimum in the concentration
dependence of work function as the point of the eutectic composition or the
appearance of intermetallic phase while others believed it is a matter of mutual
surface activity concerning the surface energy and surface tension of the metal
constituents [138]. Since the thermodynamic and surface properties of Ag-Yb and
Ag-Mg binary alloy thin films are not within this study, it is difficult to draw
conclusions from the current results.
The work functions of the pure metals including Ag, Yb and Mg in the present
work are generally lower than most reported. One of the possible reasons is the
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difference in the measured work function values obtained from UPS and Kelvin probe
method. In this work the work function of pure Ag thin film determined by UPS is
adopted. Kelvin probe method measures the contact potential difference established
between the whole sample surface and the probe [79], which gives the average work
function difference covered within the probe. As for UPS, the analysis takes place on
a small area of the sample surface which gives the lowest work function of the
material through the interpretation of the measured UPS spectrum. As a result, a lower
Ag work function of 4.46 eV is obtained from UPS.
As suggested from the results of optical properties (Section 4.1), the oxides in
the samples, Yb2O3 or MgO, are certainly one of the impeding factors in the study.
Even if such oxidation is avoided, experimental measurements of work function can
still be a challenge. It is widely acknowledged that work function is extremely
sensitive to chemical and physical conditions at a surface [85, 88, 139, 140, 141].
That is, a trace amount of surface adsorbates is sufficient to alter the value because of
the rearrangement of electronic structure induced by adsorbed molecules [141].
Besides physisorption, stacking fault during vacuum deposition [142] and varied
crystal structures [143] will influence the measurements. If 4.64 eV [20, 143] was
taken as the reference work function for Ag instead, the values of pure Yb and Mg
would become 2.72 eV and 3.60 eV, which are almost the same as those reported [120,
143].
In summary, it is demonstrated that work function changes with the compositions
of the constituents in Ag-Yb and Ag-Mg alloys. The experimentally obtained values
may have been inconclusive mainly due to uncertainties arisen from partial oxidation
of samples as discussed in Section 4.1. Still, these results indicate the ability to
modulate the electronic work function by alloying Ag with Yb or Mg. Regarding
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methods in determining work function in this work, it would be more accurate if one
uses highly oriented pyrolytic graphite (HOPG) as the reference sample in Kelvin
probe method, which does not form significant interfacial dipoles when making
contact with organic materials [81, 82, 83]; or establishing in situ PES measurements
to avoid exposure of samples to ambient. Also, it should be mentioned that evaporated
alloy films may have deviated surface and bulk compositions leading to misjudgment
in measurements [144]. In situ surface and depth composition analysis, for example
via Auger electron spectroscopy, is recommended in order to ascertain the purity of
the surfaces and to quantify the alloy composition.
4.4

Elemental and chemical compositions determined by XPS
XPS has been frequently used for elemental and chemical analysis (Section

3.1.2.6). Each element has a unique set of characteristic core levels corresponding to
specific binding energies (BE). The main purpose of XPS study is to identify the
elemental and chemical compositions of the measured samples. As the measured BE
are sensitive to the chemical environment of the atoms, this technique is useful to
determine what types of compounds are formed in a reaction.
In this part of the work, XPS spectra of pure Ag, pure Yb and Ag-Yb alloys are
presented and investigated. The measured spectra are divided into two parts according
to two sets of samples. The first set includes 60 nm thin films of pure Ag, pure Yb and
Ag-Yb with a volume ratio 1:1, i.e. Ag:Yb (1:1), on Au-coated glass substrates
without any post-treatment. The volume ratio of 1:1 in Ag-Yb is equivalent to 29 at.%
of Yb in Ag. The energy calibration of the spectra is explained and discussed first
following the interpretation of selected higher resolution XPS spectra at specific
spectral regions to identify the presence of elemental and chemical compositions in
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the as-prepared samples. The second set is a 95 nm pure Yb thin film on plain glass
substrate. This sample was subjected to Ar+ sputtering to clean the sample surface.
The measured spectra are compared and analyzed to how long it takes for Ar+
sputtering to remove the surface contaminants. The interest spectral regions include
carbon C 1s, oxygen O 1s, silver Ag 3d and ytterbium Yb 4d.
4.4.1

As-prepared pure Ag, pure Yb and Ag-Yb alloy thin films

XPS leaves a positively charged surface of the sample as photoelectrons are lost
during photoemission process. When this occurs, kinetic energy of the emitted
photoelectrons is decreased leading to a shift to higher binding energy of the observed
peaks in a spectrum. In the analysis of XPS spectra, careful spectral calibration is
essential in order to obtain correct spectral line energy for peak assignment and
further comparisons.
Adventitious carbon is frequently used for calibration because it is commonly
found on the surface of most samples that are exposed to the atmosphere [145, 146,
147, 148]. A BE of 285.0 ± 0.4 eV corresponding to carbon C 1s level is often
adopted for the energy referencing [149, 150, 151]. Even a small exposure to the
atmosphere can create a detectable quantity of carbonaceous materials, which are
generally comprised of short-chain saturated hydrocarbons (C–C) and a small amount
with singly and doubly bound oxygen components (C–O–C and O–C=O) [146]. The
main advantage of this technique is the spreading of BE values from 284.6 eV to
285.4 eV due to the chemical state of the surface hydrocarbon, thickness of the
adventitious layer and nature of the sample, etc. Nevertheless, the presence of
adventitious carbon on insulating surfaces provides a convenient charge reference by
assigning the main line of the C 1s spectrum to 284.8 eV. Another calibration method
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takes advantages of characteristic spectra of a known material. Commonly used
standard BE references are metallic gold Au 4f7/2 level (BE = 84.0 eV) and metallic
copper Cu 2p3/2 (BE = 932.63 eV) [85]. It is recommended the energy calibration of
the spectrometer is carried out with two referencing BE (e.g. C 1s and Au 4f7/2) for a
reasonable and meaningful comparison of the results.

Figure 4.18 Calibrated full XPS spectra of 60 nm Ag, Ag:Yb (1:1) and Yb thin films
on Au-coated glass substrates.
In the XPS analysis of 60 nm pure Ag, pure Yb and Ag:Yb (1:1) alloy thin films,
Au is intentionally deposited beneath the sample thin film for energy calibration. Au
4f7/2 level (BE = 84.0 eV) is adopted for the calibration [86, 87]. Figure 4.18 shows
the XPS spectra of the three samples after referencing by assigning the main line of
Au 4f7/2 spectra to 84.0 eV. While the peak position represents the element in the
sample and the peak intensity implies how much of the element is at the surface.
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Figure 4.19 Calibrated C 1s spectra of 60 nm Ag, Ag:Yb (1:1) and Yb thin films on
Au-coated glass substrates. Smooth lines represent the fitting curves.

Sample

C 1s peak #1
(dominant)

C 1s peak #2

C 1s peak #3

Ag

284.6 eV

286.4 eV

288.5 eV

Ag:Yb (1:1)

285.3 eV

286.8 eV

289.9 eV

Yb

285.9 eV

287.9 eV

290.4 eV

Table 4.3 Deconvolved C 1s peak positions of the spectra in Figure 4.19.
Adventitious carbon can be found in all three samples as depicted in Figure 4.19
in which the C 1s spectra have been calibrated with reference BE of Au 4f7/2. Each
measured C 1s spectrum is resolved with three peaks by deconvolution and curve
fitting using Gaussian function. The smooth lines in the figure are the fitting curves
with their peak positions listed in Table 4.3. A general increasing trend of the peak
position values concerning the peak assigned to the same peak number (#1, #2 and #3)
can be observed. The presence of saturated hydrocarbons (C–C) is evidenced by the
peaks located at 285.0 ± 0.4 eV. Other carbon species can also be identified at higher
BE.
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Chemical state

C 1s
Binding energy (eV)

C–C

285.0 ± 0.4

C–O–C

~286

C–O=C

~288.5

metal carbonates

288 – 290

Table 4.4 Binding energies of common chemical states of C 1s level [86, 87].
A variety of common chemical states of C 1s components is tabulated in Table
4.4. For pure Ag, the adventitious carbon on the sample surface is mainly composed
of saturated hydrocarbons (C–C) and a small amount with ether (C–O–C) and ester
(C–O=C) components. It should be noted that ester peak falls within C 1s region of
metal carbonate (CO32-) component. Although there is report showing C 1s BE of
silver carbonate (Ag2CO3), at ~288.5 eV [152], it is believed that the as-prepared pure
Ag sample contains negligible or even no Ag2CO3. Further discussion is given
together with O 1s and Ag 3d5/2 chemical state information later.
For the samples containing Yb, C 1s carbonate component is observed indicating
the as-evaporated Yb contains a considerable amount of ytterbium carbonate,
Yb2(CO3)3. It should be noted that the overlapping of C 1s carbonate and C 1s ester
components requires careful characterization for the peak located at ~288.5 eV [153].
In adventitious carbon spectra the intensity of ester component is much weaker than
that of C–C component and tends to be similar to that of C–O–C component, which is
the case for pure Ag. Moreover, the metal carbonate peak is usually narrower than
typical ester peak. The deconvolution in Figure 4.19 shows the full width
half-maximum (FWHM) of C 1s peak #3 of pure Yb at 290.4 eV is 2.39 eV which is
narrower than the ester peak of Ag at 288.5 eV by 60.0%. The intensity ratio of
metallic species relative to C 1s carbonate component is also an indicator of the
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presence of metallic carbonate that the observed intensity ratio should equal or be
close to unity. In this study the intensity ratio of metallic Yb peak at ~182.5 eV to
carbonate peak at 290.4 eV is about 0.85. For Ag:Yb (1:1) alloy, a combining of all
abovementioned chemical states of C 1s BE is expected in one spectrum, making it
difficult to discern metal carbonate peak and ester peak in the region.
When assigning the dominant C 1s (peak #1) of pure Yb according to Table 4.4,
the peak is likely related to C–O–C component instead of C–C component. In fact, it
is because of differential charging. Although charge compensation was applied to
replace loss of electrons on the sample surface during photoemission process,
differential charging may occur if the sample has partial insulating or semi-conductive
island/layer. The discrete insulating domains with varying sizes or thicknesses may
pose a variety of distortions on the measured spectra, resulting in a shift in sensitive
BE peak positions while others remain unchanged. This is the case for the present
XPS study where the dominant C 1s peaks of the three samples deviated from each
other but a negligible shift of to individual Ag 3d5/2 and Yb 4d7/2 BE.
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Figure 4.20 Calibrated O 1s spectra of 60 nm Ag, Ag:Yb (1:1) and Yb thin films on
Au-coated glass substrates. Smooth lines represent the fitting curves.

Chemical state

O 1s
Binding energy (eV)

metal oxides

529 – 531

metal hydroxides

~531.3

metal carbonates

531 – 532

SiO2 (silica)

532.9

organic C–O

531.5 – 532

organic C=O

~533

Table 4.5 Binding energies of common chemical states of O 1s level [86, 87].
Apart from carbon, oxygen is also common on samples exposed to atmosphere
by means of adventitious contamination, oxidation and water (Figure 4.20).
Interpretation of O 1s spectra is usually ambiguous. Table 4.5 lists several common
chemical states of O 1s. Since O 1s BE of many compounds and species overlaps with
each other resulting in a broad peak, it is not possible to distinguish each of them
accurately. It also makes it difficult to uniquely peak fit all multiple overlapping
components for quantification. Since this work only attempts to identify of elemental
and chemical compositions present in the samples, the measured O 1s spectra (Figure
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4.20) are deconvolved using Gaussian function only to determine the position of
major peaks.
O 1s peak at ~532 eV is expected for all three samples due to the exposure to
atmosphere during the transfer of samples from evaporation chamber to XPS
analytical chamber. Compared to samples containing Yb, only one very broad peak at
532.1 eV appears for pure Ag sample. It is believed this broad peak is arisen from
adventitious contamination including adsorbed oxygen, water and some organic
contaminants with carbon and oxygen contents. Two major peaks in O 1s region are
deconvolved for samples with Yb constituent. One peak is located at ~530 eV and
another is ~532 eV. While it is difficult to discern carbonates and other contamination
due to water and/or organic materials, metal oxides appear to be quite different. Most
metal oxide peaks are narrower compared to other oxygen species and locate at ~530
eV. It is apparent that the measured peak at ~530 eV is attributed to metal oxides,
more specifically Yb2O3, while the measured peak at ~532 eV, however, is most likely
due to the contributions from Yb2(CO3)3 and other adventitious contaminations (Table
4.5).
It is often possible to observe the relative peak intensity of the components in O
1s spectra. The relative peak intensity is able to reveal the relative amount of a
particular element in the sample. Comparing the two major peaks obtained from pure
Yb and Ag:Yb (1:1) samples, pure Yb sample appears to have a higher oxide
composition. The observed relative O 1s intensity ratio between oxide peak at ~530
eV and another peak at ~532 eV is 1.13 and 0.77 for pure Yb and Ag:Yb (1:1)
samples respectively.
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(a)

(b)

Figure 4.21 Calibrated (a) Ag 3d and (b) Yb 4d spectra of 60 nm Ag, Ag:Yb (1:1)
and Yb thin films on Au-coated glass substrates.

Figure 4.21 (a) and (b) are the calibrated Ag 3d and Yb 4d spectra of the three
samples. After Au 4f7/2 energy referencing, the measured Ag 3d5/2 BE of pure Ag and
Ag:Yb (1:1) alloy agree with the standard value at ~368.2 eV, which refers to metallic
Ag [86, 87]. The apparent peaks at higher BE in Figure 4.21 (a), corresponds to Ag
3d3/2 arisen from spin orbit splitting (or j–j coupling). Deconvolution gives no peculiar
features resembling to silver oxide or carbonate at a slightly lower Ag 3d5/2 BE [86,
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87], which does not contradict with the measured C 1s and O 1s spectra. Therefore, it
is concluded that the as-prepared Ag sample is basically metallic Ag with negligible
silver oxide or carbonate. It means that Ag is not chemically reactive compared to Yb
and Mg in this study. It also explains the highly resembling transmission spectra of
pure Ag thin film obtained from experiment and simulation in Figure 4.1 (a).
The measured Yb 4d5/2 BE of pure Yb and Ag:Yb (1:1) alloy agree with the
reference values [86, 87]. While Yb 4d5/2 BE at 182–183 eV refers to metallic Yb, Yb
4d5/2 BE at 185–186 eV refers to Yb oxide (Figure 4.21 (b)). The peak-like structures
at higher BE larger than 187 eV are not necessarily caused by the characteristic
energies for the photoelectric lines. Apart from intrinsic photoelectrons brought by
photo-excitation mechanism, electrons emitted within the sample may undergo energy
loss processes like inelastic collisions resulting in a change in the measured energy of
the electrons which deviates from the electronic states. The shape of the measured
spectrum is rather representing the probability distribution for electrons with certain
kinetic energies. If it happens to be some resonance structures, the convolution of the
resonance peaks may produce peak-like structures. They are the backgrounds,
plasmon peaks or shake-up peaks depending on their nature [85]. Without sufficient
information on these peak-like structures, deconvolution of the spectra is impossible.
The presence of Yb2O3 is confirmed by identifying the oxide peaks in Yb 4d and
O 1s regions. The oxide is probably formed during the reaction of the residual oxygen
in the sample preparation chamber as Yb is chemically reactive compared to Ag and it
is not prepared at ultrahigh vacuum. This finding strongly supports the fact that the
as-prepared pure Yb thin film has a higher transmittance than the computation (Figure
4.1 (b)). Moreover, although there is no reference Yb 4d5/2 BE value for Yb2(CO3)3,
the presence of carbonates can be deduced from the chemical state information from
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C 1s and O 1s spectra. The carbonates maybe a product of the chemical reaction
between Yb vapors and residual carbon dioxide (CO2) and carbon monoxide (CO)
gases in the sample preparation chamber, but this reaction has to be promoted by
water (H2O) molecules to form carbonic acid (H2CO3) then H2CO3 can attack the
reactive Yb vapors. Or, the carbonates are the adventitious contaminants, where the
reaction takes place between the as-deposited Yb surfaces and atmospheric gases
since the ambient is filled with CO2. CO and H2O.
As mentioned before, BE are sensitive to the chemical environment of an atom.
The photoelectron core level peaks in elemental samples always give the same BE.
However, the peak position may be shifted for compounds where ionic or covalent
bonding is involved. This change in BE is due to electronegativity effects as the
chemical bonding alters the electrostatic interaction between the core electrons and
the nucleus. For example, oxidation will cause an increase in BE of the core electrons
of the observed atom because the core electrons are withdrawn from the neighboring
oxygen. If the observed atom is an electron withdrawing species, decreased BE of the
core electrons will be obtained. That is the reason for higher Yb 4d5/2 BE referring to
Yb oxide and higher C 1s BE referring to C–O–C and C–O=C components. Since the
observed characteristic energy lines of Ag 3d and Yb 4d remain the same, it is
believed that the electrostatic interaction between Ag and Yb atoms in the alloy is not
significant.
4.4.2

Pure Yb thin film treated with argon ion sputtering

As mentioned before, adventitious contamination always occurs for most
samples especially those exposed to the atmosphere. The adventitious contaminants
are usually in the forms of various carbon and oxygen species. This contamination
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layer is usually ultrathin, typically 1 – 2 nm. This surface can be cleaned by Ar+
sputtering, where Ar ions bombard with sample surface and physically remove the
adventitious contaminants.
A separate pure Yb thin film (95 nm) was examined by XPS with varying Ar+
sputtering time. This additional investigation has two purposes. First, C 1s region is
particularly analyzed to determine whether the presence of carbonate component
accompanied with samples containing Yb in the previous study is due to sample
preparation or adventitious contamination. Second, O 1s spectra before and after Ar+
sputtering are compared to evaluate the effect of adventitious oxygen species towards
the pre-existing Yb oxide in the sample.

Figure 4.22 C 1s spectra of 95 nm pure Yb thin films on plain glass substrate before
and after Ar+ sputtering. (Spectra are offset for better comparison.)
Figure 4.22 shows clearly that adventitious carbon was successfully removed by
Ar+ sputtering. The spectra are offset to avoid overlapping with each other.
Deconvolution of C 1s spectrum without Ar+ sputtering gives three major peaks:
286.5 eV, 288.0 eV, and 290.6 eV. These feature peaks die out after 10 minutes of Ar+
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sputtering, leaving a barely observable peak at ~287 eV. Further Ar+ sputtering leaves
an ambiguous peak at ~284.5 eV. The absence of carbonate component in C1s region
after Ar+ sputtering implies that the origin of carbonates came from adventitious
contamination. There is evidence that CO or CO2 species may play a role in the
gradual appearance of carbon on pristine surfaces within the vacuum of the XPS
chamber [147], which explains the persistent peak at ~284.5 eV even after a long Ar+
sputtering time.

Figure 4.23 O 1s spectra of 95 nm pure Yb thin films on glass substrate before and
after Ar+ sputtering.

Ar+ sputtering time (mins)

Io/Ia ratio

0

0.75

10

1.52

30

1.87

60

1.93

90

1.89

Table 4.6 Peak intensity ratios of oxide and adventitious oxygen components with
varying Ar+ sputtering times.
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Ar+ sputtering also removes adventitious oxygen species. While adventitious
oxygen component dominates the oxide component for the as-prepared pure Yb film,
the situation reverses after 10 minutes of Ar+ sputtering (Figure 4.23). The O 1s
spectra are deconvolved with two major peaks at 530.9 eV and 533.0 eV referring to
oxide and adventitious oxygen components respectively. Table 4.6 summarizes the
peak intensity ratios of the two components. The ratio becomes stable with sufficient
time of Ar+ sputtering.

Figure 4.24 Yb 4d spectra of 95 nm pure Yb thin films on plain glass substrate before
and after Ar+ sputtering.
The removal of adventitious contamination (Figure 4.24) increases the overall
intensity of Yb 4d spectra because of higher resultant cross-section for photoemission
from Yb core level. While the intensity of oxide component at 186.2 eV remains
similar after Ar+ sputtering, the intensity of elemental component at 182.8 eV
becomes more obvious. Further analysis in quantifying the atomic ratio between
elemental and oxidized Yb componenets are possible but sufficient information on the
nature of peak-like structures at higher BE of Yb 4d region is required.
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To summarize, the elemental and chemical compositions in the as-evaporated
pure Ag, pure Yb and Ag-Yb thin films are evaluated by analyzing the several BE
regions of XPS spectra. XPS spectral calibration is necessary for correct peak
assignment to identify the elemental and chemical states of the elements present in the
sample. Au 4f region was used for energy calibration since Au is inert to most
contaminants. C 1s region, however, can only be served as a reference since
differential charging may cause BE shift to sensitive carbon species.
It is concluded that the as-prepared Ag films have untraceable amount of oxide.
As Ag vapors are not chemically reactive to residual gases in sample preparation
chamber, oxide formation is unlikely to occur during deposition process. It also
provides evidence for Section 4.1 that the quality of the as-deposited Ag in this work
was sufficiently good. In fact, an additional 20 nm pure Ag thin film prepared on glass
substrate was also examined by XPS after treated with Ar+ sputtering for 10 minutes
(Figure B.3 in Appendix B). Adventitious contamination including carbon and oxygen
species is successfully removed after the treatment showing the sample is pure Ag in
principle. The remaining O 1s peak at 537.3 eV after Ar+ sputtering is due to the
oxygen species in glass substrates.
For pure Yb and Ag-Yb samples, the presence of elemental Yb and Yb2O3 is
confirmed, which is consistent with the study of optical properties of Ag-Yb in
Section 4.1. Compared to relatively inert Ag, chemically reactive Yb forms surface
carbonates when exposed to the atmosphere. Adventitious contamination can be
removed with sufficient time of Ar+ sputtering. As suggested from the concentration
dependence of Ag plasma resonance (Section 4.1) and electronic work function
(Section 4.3) in Ag-Yb, there is a charge transfer from Yb to Ag. But the comparison
of Ag 3d and Yb 4d regions shows no obvious core level BE shift implying a
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negligible electrostatic interaction between Ag and Yb. The complicated overlapping
components in the interest spectra pose challenges to accurately determine the
chemical states of each species for further anaysis.
4.5

Structural and morphological properties of Ag-Yb alloy thin films
In this section, the structural and morphological properties of Ag-Yb alloy thin

films are discussed. Sample preparation details are given in Section 3.1.1. Pure Ag,
pure Yb and Ag-Yb thin films on amorphous glass substrates were measured by XRD
technique in ambient (Section 3.1.2.7). The crystal structures of the as-deposited
samples are identified via studying the characteristic peaks of their XRD patterns. The
analysis of the XRD profiles and the estimation of corresponding crystallite sizes are
discussed in details. Also, the surface morphology of the samples is imaged by SEM
(Section 3.1.2.8) to confirm film formation and to verify any special surface feature.
4.5.1

Crystal structures of pure Ag, pure Yb and Ag-Yb thin films

As the XRD measurement was operated at large angles (> 20°), the X-ray source
was expected to penetrate into the sample film with a considerable thickness. To
ensure a relatively good diffracted signal from the samples, pure Yb films with varied
thicknesses were prepared to determine the minimum film thickness for investigation.
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Figure 4.25 X-ray diffraction patterns of pure Yb thin films with varied thicknesses.
(Spectra are offset for visualization.)
Figure 4.25 shows XRD patterns of pure Yb prepared on glass substrates. The
XRD pattern of the reference glass substrate is featured by a very broad peak at about
23° without any other distinct peak indicating its amorphous nature. The fact that all
XRD patterns in this study inherited this broad peak implies that the X-ray source is
able to penetrate through the sample film and reach the glass beneath.
The characteristic Bragg diffraction peaks of Yb from 20° to 60° [154] are
identified and visualized by the vertical lines with associated diffraction angle 2θ and
plane orientation (h k l) represented with Miller indices h, k and l in Figure 4.25. The
peak intensity depends on a number of factors. The intensities of the peaks in an XRD
pattern generally drops with increasing diffraction angle 2θ because the differential
scattering cross-section of the electron decreases with larger θ according to Thomson
formula [91]. As observed from Figure 4.25, the peak intensity is correlated with film
thickness. The thin film with a thickness of 44 nm barely gives apparent Bragg peaks
to identify Yb as the sample material. The significant broadening of the scattered
beam is also observed by comparing the line breadths of the dominant peaks at 28.17°.
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Instead of scattering occurring precisely at Bragg angle, other scatterings exist
because now θ deviates slightly from the exact angle. It can simply be explained by
the fact that the diffracted beam intensity is proportional to the number of reflecting
planes [44, 91]. Therefore, a considerably thick film is required to achieve reasonably
high diffracted peak intensities compared to the substrate background signals to
ensure the consistency. Besides, for a very thin film, the structural mismatch between
the substrate surface and the as-deposited material will most likely cause distortions in
crystal growth at the early stage of film formation leading to ambiguous results [91,
155]. In this work, it is shown that a film thickness of 120 nm is sufficient and
adopted for the preparation of Ag-Yb samples.

Figure 4.26 X-ray diffraction patterns of 100 nm pure Yb thin films deposited at
varied evaporation rates. (Spectra are offset for visualization.)
Pure Yb thin films deposited at varied evaporation rates were also measured
(Figure 4.26) to verify the collateral influence. The film thickness is 100 nm and the
deposition rates are 0.1, 0.2 and 0.4 nm/s respectively. All three samples have
distinctive diffraction peaks for the identification of Yb.
In order to qualify the effects of the film thickness and evaporation rate towards
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the crystal growth of Yb on glass substrate for further analysis, the mean crystallite
size each sample is estimated. Basically, the crystallite size is reflected in the
broadening of a particular peak in diffraction pattern corresponding to a particular
planar reflection. The apparent crystallite size L can be estimated through the formula
(also known as Scherrer equation) [156, 157]:
L

K
B cos 

(4.4)

, where K is referred to the Scherrer constant which is dimensionless, λ is the
wavelength of the incident radiation, B is the line breadth of the peak profile in
radians, and θ is the diffraction angle of reflection. The Scherrer constant K depends
on peak shape, crystallite shape and size distribution. The constant K varies from 0.89
for spherical to 0.94 for cubic geometry, but is usually set to 0.9 for unknown shape
[158]. In the present study, B is defined as the full width at half maximum (half-width)
of a Lorentzian profile of the major peak in the diffraction pattern for a rapid analysis.
The major peak is defined as the characteristic peak with the highest intensity since it
represents the preferred orientation exhibited by the particular material. θ is taken as
half of the diffraction angle 2θ of the dominant peak. The X-ray source is Cu Kα with
λ = 1.54 Å. Also, it is assumed that the system carries uniformly distributed spherical
crystals in cubic symmetry so K = 0.94 is used [158].
Before the calculation, each diffraction profile has to be deconvoluted via
subtracting signals of the glass substrate to minimize the additional peak broadening
effects arisen from background and instruments using commercial software
DIFFRACplus Evaluation. The half-width of the major peak at (1 1 1) orientation plane
is determined from fitting the data using a Lorentzian function using OriginLab
software. All the calculated crystallite sizes are tabulated in Appendix B. It is found
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that the variation in the mean grain sizes of the Yb with different film thicknesses is
larger than that of the Yb films deposited at varied evaporation rates. Besides, a very
thin film may result in XRD pattern with insufficient peak profiles leading to failure
in identifying the material. Thus, it is concluded that the effect of the evaporation rate
of Yb is negligible. The film thickness, however, has a more significant impact on the
crystal growth.
(a)

(b)

Figure 4.27 X-ray diffraction spectra of 120 nm Ag-Yb films on glass substrates with
selected Yb concentration varied from (a) 0 – 50 vol.% and (b) 50 – 100 vol.%.
(Spectra are offset for convenient comparison.)
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Ag-Yb thin films with varied Yb volume concentrations are also studied (Figure
4.27). The peaks at 38.15° and 44.34° are identified as the Bragg peaks of Ag [154].
From Equation (4.4), the peak width is inversely proportional to the volume average
grain size. In other words, a narrow peak indicates a larger crystal domain. The
individual crystallite domains of Ag are periodic and in phase, therefore diffraction of
the X-ray beam is reinforced where the waves are constructively added together,
resulting in a very intense and narrow peak. The estimated Ag and Yb crystallite sizes
are 43.3 nm and 14.4 nm respectively. Compared to pure Ag, the XRD pattern of pure
Yb is in general rougher with lower dominant peak intensity. It should be owing to a
mixture of elemental Yb and Yb2O3 in the sample as suggested from Section 4.4.
Ytterbium (III) oxide, alternatively known as ytterbium sesquioxide, has a chemical
formula Yb2O3 containing three atoms of oxygen and two atoms of ytterbium. It has a
cubic lattice system as elemental Yb [159], but it can have an octahedral geometry
while elemental Yb has a face-centered cubic structure. The presence of Yb2O3
hinders the perfect crystal growth of elemental Yb causing serious broadening of the
line breadths. Other broadening factors are the effect of absorption and thermal
agitation of the atoms on the X-rays scattering [91, 44], which are not considered in
our analysis.
It can be seen that the two major peaks in Figure 4.27 (a) are reduced
significantly for Ag-Yb film with only 5 vol.% of Yb implying a noticeable drop in
crystallite size (Equation (4.4)). The peak intensity diminishes with further increasing
Yb composition until 50 vol.%, but the fact that the peak at 38.15° is still observable
suggests the preferred orientation remains (1 1 1) corresponding to a cubic symmetry.
However, as indicated in Figure 4.27 (b), amorphous or other crystal structures
(unusual XRD patterns) appears when Yb concentration is dominating in Ag-Yb
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system. One possible explanation to the existence of additional phases is that Ag-Yb
at certain composition ratios may possess intermetallic phases. The multiple
overlapping XRD peaks in Figure 4.27 (b), particularly for Ag-Yb at 70 vol.% of Yb,
infers that there are extra scattering processes which causes deleterious effect on the
optical transmittance (c.f. Figure 4.4).

Figure 4.28 Estimated crystallite size of selected Ag:Yb alloy films versus Yb
composition ratio in Ag.
The estimation of mean crystallite size was also performed using the line breath
of the peak at 38.15° in Figure 4.27 (a). The calculated size of crystal domains reduces
from about 40 nm to about 2 nm (Figure 4.28) with ~30 at.% of Yb in Ag. The impact
of Yb in the cubic Ag system was so strong that a tiny amount (~2 at.%) of Yb already
retarded the crystal growth of Ag. In fact, it is because the atomic size of Yb is much
larger than that of Ag by over 20%. The rapid decrease in the peak intensity and the
calculated grain size suggest that the system was approaching a disordered state but
the presence of short-ranged order Ag and Yb crystallites could not be ruled out.
The calculated crystallite size in this work only provides an overall picture on
concentration dependence on the mean grain size in Ag-Yb. This study is not aimed at
precise determination of the crystallite sizes as the calculation is subjected to many
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uncertainties. The analysis of the line breadth of the peak profile based on solely
Lorentzian function gives quick results at the expense of accuracy. Indeed, the
diffraction peaks are often the convolution of the constituent Gaussian and Lorentzian
components. A more proper method for evaluating the peak width requires fitting the
data with a profile function that is pseudo-Voigt or Pearson VII curve, which
combines both components [160]; but it is more difficult to implement
computationally. Besides that, a more careful treatment on various line broadening
effects and scattering factors [91] would also be necessary for a thorough analysis.
However, our aim is to have a broad understanding on the crystalline state of the thin
films relating it to the optical and electrical properties. Therefore, more detail analysis
is not essential.
4.5.2

Surface morphology of Ag-Yb thin films

This part serves as supplementary information to the previous section. The SEM
micrographs were recorded at normal view towards the surfaces of 20 nm thin films
on amorphous glass and Si substrates for comparisons.
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Figure 4.29 SEM micrographs of 20 nm pure Ag, pure Yb and Ag-Yb (Yb: 30 vol.%)
thin films on glass substrates. (100kX; scale bars = 200 nm)
Some research has demonstrated that the critical thickness of Ag thin film is
about 15 nm depending on the preparation methods [101], but there is no report on
such information for Yb or Ag-Yb thin film. Figure 4.29 confirms film formation for
the 20 nm thin film samples on glass substrates. The film thickness of these samples is
only one-sixth of those studied by XRD technique, but the surface features are still
distinguishable in the SEM images. While relatively tiny grains were found on the
surface of Ag-Yb with 30 vol.% of Yb, larger grains are visible on pure Ag and pure
Yb thin films. From the previous analysis on the XRD profiles of pure Ag and pure
Yb, the estimated crystallite sizes are 43.3 nm and 14.4 nm respectively. These results
are also supported by the observed crystallite grains in the corresponding SEM images.
As depicted from Figure 4.28, the average grain size of the Ag-Yb sample is estimated
to be ~5 nm, which is much smaller than that of pure Ag and pure Yb. Although the
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grain size of the Ag-Yb sample is difficult to determine from Figure 4.29, it is
possible to deduce that the grain size of the pure constitutes are larger than that of the
Ag-Yb sample.
The magnification of the SEM micrographs could not go beyond 100kX is
probably due to the build-up of static charge of the 20 nm thin films on glass
substrates. Thus depositing a thin metal layer on the sample surface can be a solution,
which is usually used when observing insulating materials, it is possible that the extra
thin metal layer may mask some of the surface features.

Figure 4.30 SEM micrographs of 20 nm thin films of pure Yb and selected Ag-Yb
with varied composition ratios on Si substrates. (100kX; scale bars = 200 nm)
Several 20 nm thin films were also prepared on Si substrates to attempt for a
better electrical conduction for observing the surface morphology (Figure 4.30). It
should be noted that the choice of substrates would certainly have an impact on the
crystal growth [91, 155]. Still, film formation is also confirmed for using Si substrates.
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Fine and uniformly distributed grains were found on the surface of Ag-Yb with 10
vol.% of Yb on Si substrate, but the surface feature was lost when more Yb
constituent was present in the films. When Yb constituent became dominant in the
film, surface feature appeared again which is also confirmed by the XRD patterns in
Figure 4.27 (b). These thin films, although prepared on Si substrates, shows the same
trend on the crystal growths implied from the XRD results.
4.6

Summary
Ag-Yb and Ag-Mg thin films had been investigated extensively. The samples

were prepared on room-temperature substrates by thermal co-evaporation and
characterized in terms of various properties. In order to evaluate the plasmonic
properties, the optical properties were intensively studied for the dielectric function
because plasmonics is all about light-matter interaction involving the free electrons.
The ion cores constituting a matter in which the dielectric function is a crucial
parameter to give the information on how a material respond towards electromagnetic
radiation. Besides that, other essential properties including electrical conductivity,
electronic work function, elemental and chemical compositions, crystal structure and
surface morphology were of importance concerning material engineering and
nano-scale integration.
The transmission spectra and dielectric function of thin films were investigated.
Mathematical simulation based transfer matrix formalism was used to compute
theoretical transmission spectra. The computed and measured spectra were compared
in order to quantitatively evaluate the effectiveness of the dielectric function. The
dielectric function of Ag in-use was taken from literature and obtained from
ellipsometric measurement, which was referred as pseudo dielectric function,
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respectively. The optical transmittance of the pure metal components was studied to
give a general view on the quality of the samples in this study. The agreement of the
measured and simulated transmission spectra of Ag thin film (Figure 1.1 (a)) implied
that the mathematical simulation in the current study was capable to reproduce the
measured spectrum if appropriate dielectric function was used. The pseudo dielectric
function of Ag obtained from ellipsometric data also agreed well with the dielectric
function values used in transmission simulation, indicated the two-phase model of
ellipsometry is reliable provided that an opaque film is measured.
The comparison of the transmission spectra of the pure metal components (Figure
1.1) suggested that there is considerable amount of oxides in Yb and Mg thin films but
not in Ag, implicating all Ag-Yb and Ag-Mg thin films in the current study contained
Yb2O3 and MgO respectively. It is experimentally shown that Ag-Yb was more
optically transparent than Ag-Mg despite of the presence of oxides. The atomic
concentration dependence on the optical transmittance of Ag-Yb thin films showed two
local minimums (~15 at.% and ~50 at.% of Yb in Figure 4.4) suggesting possible new
or additional crystal orientation, where the local minimum transmittance at ~50 at.%
(70 vol.%) was experimentally confirmed from abnormal XRD pattern (Figure 4.27
(b)). Unlike Ag-Yb, the atomic concentration dependence on the optical transmittance
of Ag-Mg did not have similar features.
The presence of oxides, Yb2O3 and MgO, were confirmed by simulations of the
transmittance of samples containing Yb and Mg using the pseudo dielectric functions
determined from ellipsometric measurements. Treating the thin film as an effective
medium of the alloy thin film and oxide, the computed transmission spectra agreed
well with the measured spectra. On the other hand, assuming the film was constituted
by an oxide layer on top of the alloy film, the calculated spectra also gave similar
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results. It was believed that the oxidation occurred during sample preparation as well
as when exposed to ambient during measurements. But which process dominates is
not clear. The presence of oxides, particularly Yb2O3 in Yb-contained samples, is also
verified by XPS.
With Ag alloyed with Yb or Mg, the optical feature near 326 nm (3.8 eV) due to
Ag plasma resonance was modified. The Ag plasma resonance experienced an
anti-Stoke shift with broadening of transmission peak for low Yb and Mg
concentrations suggesting an alteration in the plasma resonance, which was denoted by
the real component of dielectric function  1  0 . This kind of shifting was also
identified in silver-based binary alloys with transition metals as the alloying elements
reported in the past [106, 107, 108, 109, 110, 111, 112]. Combining this work, the
direction of the shifting depends on the choice of the second metal component
regardless the metal group. An anti-Stoke shift could be observed for silver-rich binary
alloys with the alloying metal having its plasma resonance at higher energy than the Ag
plasma resonance at 3.8 eV and vice versa [106, 107, 108, 109, 110, 111, 112].
The pseudo dielectric function of silver-rich Ag-Yb and Ag-Mg determined from
ellipsometry also demonstrated an anti-Stoke shift and a modification of both real and
imaginary components of the dielectric function. In essence, the optical features in a
transmission spectrum are intimately related to the real and imaginary components of
the dielectric function. In quantum view, the change of Ag plasma resonance was due
to charge transfer from Yb or Mg to Ag altering the density of states, which could
increase the oscillator strength f ' and so the damping  .
In classical view, the optical feature at plasma resonance could be related to dc
electrical conductivity using the proportional relationship between relaxation time 
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and conductivity  . The sharp transmission peak of Ag at 3.8 eV could be regarded
as a consequence of high conductivity of Ag. A high  would give a large  and
so a small  . And optically, it would give rise to a sharp plasma resonance peak in a
transmission spectrum. The decrease in  for silver-rich Ag-Yb and Ag-Mg is
consistent with the broadening of Ag plasma resonance peak. The reduction of 
could also be considered as grain boundary induced degradation due to the
substitution of Yb or Mg into Ag matrix. Particularly for Ag-Yb, the XRD patterns of
silver-rich Ag-Yb showed a dramatic decrease in the average crystallite size, which
also supported the fact that the crystal domains in silver-rich Ag-Yb are small, thus a
more severe electron scattering and so a reduction in relaxation time.
Electronic work function of Ag-Yb and Ag-Mg thin films were also evaluated
using the work function of Ag determined from the photoemission spectra as
reference. The work function of Ag-Yb fell between their pure components
demonstrating typical charge transfer from a lower work function metal to a higher
one which would alter the Fermi energy. The concentration dependence of the work
function Ag-Mg, however, showed a minimum at a specific composition ratio, which
was also observed in some other binary alloy systems [135, 136, 137, 138]. This
phenomenon has not been fully understood. It was believed to be composition-related,
either with special phases or deviation in surface and bulk.
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Chapter 5 Applying silver-based alloy thin films in plasmonic and
organic light-emitting devices
This chapter includes the results and discussions of applying Ag-Yb and Ag-Mg
being studied and presented in the previous chapter as plasmonic and optoelectronic
devices. Since practical applications are of importance in material research, the work in
this chapter aims at verifying the thin film properties concluded in Chapter 4 via
evaluating device performances where optical, electrical and electronic properties are
emphasized.
5.1

Plasmonic nanostructures
In this section, plasmonic nanostructures with pure Ag and Ag-Yb were

investigated. The sample preparation procedures and characterization methods are
described in Section 3.2. The excitation of surface plasmons was confirmed by
transmission experiments and ellipsometry, in which theoretical interpretation agreed
well with experimental results. The findings in Chapter 4 were also adopted for
explaining the plasmonic response with respect to the materials in the samples. The
results and analysis are then complied in the summary at the end of this section.
5.1.1

Overview

Plasmonics has been a hot topic in recent years with promising developments in
both theoretical understandings and experimental techniques as well as applications
[1,3–17, [161]]. Many plasmonic devices have been made use of noble metals
because of the well understandings on such metals [2]. And, most importantly, their
high electrical conduction (i.e. free-electron density) and negative real permittivity
reveal a lot of unintuitive optical phenomena. For example, Ag and Au are considered
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to be good plasmonic materials although they are intrinsically lossy over the visible
and NIR regions. In the research of modifying plasmonic materials [162, 163, 164,
165, 166], alloying seems to be simple and straightforward to alter the optical and/or
electrical properties for plasmonics while keeping the fabrication of nanostructures for
the excitation handy and practicable.
Plasmons are collectively oscillations of free electrons when electromagnetic
waves are coupled with the plasmon modes (Section 2.3). The excitation of surface
plasmons occurs at a dielectric and conductive interface where the free electrons
interact with incoming light, and is governed by the dispersion relation (Equation
2.47). Surface plasmons cannot be excited by planar interface due to momentum
mismatch so nanostructure with dimension commensurating with optical wavelength
is needed to provide the correct wave vectors such that the excitation takes place.

Figure 5.1 SEM images of (a) Ag and (b) Ag-Yb disc-arrays constituting the squared
sample areas in the photographs of (c) Ag and (d) Ag-Yb plasmonic devices
respectively.
In this part of the work, the plasmonic response of pure Ag and Ag-Yb was
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demonstrated with nanostructures prepared using near-field optical lithography
technique [92] (Section 3.2.1). The volume fraction of Yb in Ag-Yb was 30 vol.%
(~15 at.%). The pattern was a 2-D disc-array forming a 2.5 mm × 2.5 mm sample area
on a glass substrate (Figure 5.1). The round discs in the array pattern were separated
by 300 nm and each had a diameter of 300 nm and a height of 40 nm. Surface
plasmons were excited by the interaction of light with the disc-array in the
transmission and ellipsometry experiments. There were two samples, one with pure
Ag served as a control device, and the other composed of Ag-Yb with 30 vol.% of Yb.
5.1.2

Surface plasmon excitation

Figure 5.2 Transmission spectra in TE and TM polarizations of pure Ag and Ag-Yb
plasmonic nanostructures with respect to incident angle respectively. The color bar
denotes the intensity of transmittance.
The excitation of surface plasmons of pure Ag and Ag-Yb samples can be

133

observed in Figure 5.2 (c) and (d) in which a visible straight line across wavelengths
from 600 nm to 1200 nm and from 0° to 60° can be seen. The line represents the
condition for exciting surface plasmons by the nanostructures, generating higher
transmittance indicated in the TM polarization transmission spectra. It is obvious that
s-polarized light could not couple to surface plasmon mode since there is no
extraordinary transmittance at specific wavelengths and angles in Figure 5.2 (a) and
(b).

Figure 5.3 Normal incidence transmission spectra of 40 nm pure Ag and Ag-Yb planar
thin films on glass substrates respectively.
Comparing the intensity of transmittance in Figure 5.2, the plasmonic
nanostructure with Ag-Yb is more optically transparent than that with pure Ag. The
difference in the overall transmission intensity is over 10% for both nanostructures
and planar films as shown in Figure 5.2 and Figure 5.3. This increase in transmittance
was attributed to the alteration in the material properties by alloying Ag with Yb
(Chapter 4). Besides the presence of Yb2O3 in the as-prepared Ag-Yb, the introduction
of Yb also modified the dielectric function which led to higher transmission and
diluted Ag plasma resonance (Section 4.1). This also implies a loss in electrical
conductivity upon alloying in which structural contribution could not be ignored
(Sections 4.2 and 4.5). For reference, the measured sheet resistances of 40 nm Ag-Yb
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(Yb: 30 vol/%) and pure Ag planar thin films on glass substrates are 9.3 Ω/sq and 0.7
Ω/sq respectively.

Figure 5.4 Ellipsometric parameters expressed in (a) amplitude ratio and (b) phase
change of several 20 nm Ag-Yb planar thin films.
In fact, the coupling of incident photon and surface plasmons can be observed by
employing ellipsometric techniques as suggested by Gordon II and Swalen [167]. The
ellipsometric parameters in optical wavelengths, i.e. amplitude ratio ( tan  ) and
phase change ( cos  ), of Ag-Yb planar thin films as a function of Yb volume
concentration are presented in Figure 5.4. The measurements were carried out on 20
nm films on silicon substrates at an incident angle of 75°. It should be remarked that
the change of the resonance dip in Figure 5.4 (a) is similar to the change of the normal
incidence transmission peaks in Figure 4.2 (a). The resonance wavelength in Figure
5.4 (a) together with the phase change in Figure 5.4 (b) indicates the excitation
characteristics of collective oscillation of electrons induced by the incident radiation,
c.f. the transmission peaks in Figure 4.2 (a). The parameter tan  is the ratio of the
complex Fresnel reflection coefficients rp and rs (Section 3.1.2.3). When light is
coupled to the metal film at a specific frequency and incident angle, the reflectivity of
p-polarization dropped significantly while that of s-polarization remained unchanged,
thus a drop in tan  resulting a dip in the measurement.
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The plasma resonance near 300 nm in Figure 5.4 is the characteristic bulk plasma
resonance of Ag. It is worth noting that surface plasmons cannot be excited without
compensating the momentum mismatch for planar interface. For pure Ag, the
resonance has a distinct sharp dip (Figure 5.4 (a)) and large amplitude around the
turning point (Figure 5.4 (b)) at around 320 nm. With increasing Yb concentration in
Ag, the resonance dip and the amplitude around the turning point became shallower,
suggesting an increasing damping effect in Ag-Yb as discussed in Section 4.1.

Figure 5.5 (a) Amplitude ratio and (b) phase change at varied incident angles obtained
from ellipsometric measurements of pure Ag plasmonic nanostructure.

Figure 5.6 (a) Amplitude ratio and (b) phase change at varied incident angles obtained
from ellipsometric measurements of Ag-Yb plasmonic nanostructure.
Figure 5.5 and Figure 5.6 shows the angle-dependent amplitude ratio and phase
change of pure Ag and Ag-Yb plasmonic nanostructures respectively. The excitation
of surface plasmons is situated at NIR spectral region in the range of 1000 nm – 1200
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nm for incident angles between 50° and 70°. The amplitude ratio obtained from the
two samples revealed the coupling strength of light into the nanostructures.
Comparing the shape and amplitude of the resonance wavelengths, the coupling of the
device with pure Ag is stronger than that with Ag-Yb. As discussed in Section 4.1 and
also from Figure 5.4 (a) the weakened resonance is due to less free electrons are
available in Ag-Yb for the coupling and the dielectric function of Ag is also altered.
5.1.3

Analysis of resonance wavelengths

As mentioned before, there is momentum mismatch between planar interface
between dielectric and conductive media that compensation of this gap is needed for
exciting surface plasmons. Coupling of light with surface plasmon mode can be
achieved by structural engineering the dielectric/conductor interface. One of the
methods is to introduce a periodic structure at the interface such that the extra
momentum can compensate the mismatch as illustrated in Figure 2.3, and Equations
2.47 – 2.50 are particularly useful to estimate the excitation conditions for simple
structures like gratings and arrays (Section 2.3).
In this work, the structure was a 2-D disc-array designed to have a periodicity of
600 nm. Since the incoming electromagnetic radiation was sensitive to only one of the
dimensions of the nanostructure, Equations 2.47 – 2.50 were applicable. To analyze
the angle-dependence of resonant wavelengths in Figure 5.5 (a) and Figure 5.6 (a),
Equations 2.47 – 4.50 can be rearranged by taking the integer   1 to yield


dm
o  a  sin  
d  m



,


(5.1)

which relate excitation wavelength o with period a , angle of incidence  , and
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the dielectric functions of metal and dielectric materials (  m and  d ). The integer

  1 means the interaction involves the excitation of backward propagating
surface plasmons. The dielectric medium is air, i.e.  m  1 . It should be noted that  d
is complex for metals and metallic alloys due to intrinsic loss. In Equation 5.1, for the
estimation of resonant wavelength viz. o , only the real component is considered.
The dielectric function of Ag was taken from [2], which fits well with the
as-deposited Ag in this work (Section 4.1.1). The dielectric value of Ag-Yb (Yb: 30
vol.%) was taken from Figure 4.11, which was determined from pseudo dielectric
function using the experimental ellipsometric data of an individual Ag-Yb (Yb: 30
vol.%) sample film (Section 4.1.4).

Figure 5.7 Measured and calculated excitation wavelength of surface plasmons with
respect to incident angle. (a = 600 nm for the nanostructures)
The excitation wavelengths for the nanostructures in this work can be estimated
using Equation 5.1. Figure 5.7 shows the relationship between excitation wavelength
and incident angle experimentally and theoretically. Using period a  600 nm , the
angle-dependent resonant wavelengths for the nanostructures with pure Ag and Ag-Yb
should have been more or less the same as indicated in Figure 5.7. However, there
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was a minor offset (~14 nm) of the experimentally obtained resonant wavelengths for
Ag-Yb nanostructure.

Figure 5.8 Measured and calculated excitation wavelength of surface plasmons with
respect to incident angle. (a = 600 nm for pure Ag nanostructure and a = 605 nm for
Ag-Yb nanostructure)
Further calculations were carried out to determine the discrepancy between the
experimental and theoretical values. It was found that it was the minor deviation of
period a causing this offset. The period a for Ag-Yb nanostructure was in fact
605 nm instead of 600 nm. After the correction of period a , the calculation agrees
very well with the experiment with error 0.4% (Figure 5.8). Such experimental
uncertainty in fabrication of these nanostructures is considered reasonable and
acceptable. The results showed that the properties of Ag were still dominate with the
introduction of Yb with 30 vol.% (or ~15 at.%) since the positions of the resonant
wavelengths would be the same as those obtained from pure Ag nanostructure if the
period a were exactly 600 nm (Figure 5.7). But this concentration of Yb
discourages the coupling of light into Ag-Yb. The shallower and broader dip
wavelengths in Figure 5.6 (a) depict weakened resonance for surface plasmons while
those in Figure 5.4 indicate diluted Ag plasma resonance.
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ksp

ksp

(pure Ag disc-array)

(Ag-Yb disc-array)

50

5.9658 + 0.0013i

5.8896 + 0.0089i

55

5.7776 + 0.0012i

5.7269 + 0.0082i

60

5.6314 + 0.0012i

5.5730 + 0.0075i

65

5.5119 + 0.0011i

5.4654 + 0.0071i

70

5.4161 + 0.0011i

5.3897 + 0.0068i

Incident angle

Table 5.1 Calculated wave vector of surface plasmons for the nanostructures with pure
Ag and Ag-Yb with respect to varied incident angle.
This effect can also be realized by determining the wave vector of surface
plasmons (i.e. ksp  ksp ' iksp " ). While the real component ksp ' is related to the
excitation wavelength in Equation 5.1, the imaginary component ksp " yield the
plasmonic loss [1]. Table 5.1 displays the calculated wave vector of surface plasmons
for the nanostructures with pure Ag and Ag-Yb. It is obvious that the loss due to
Ag-Yb is much larger when compared to pure Ag, where such effect was
demonstrated as the shallow and broad dips in Figure 5.6 (a) suggesting weakened
coupling to surface plasmons.
5.1.4

Summary

In summary, two large area 2-D disc-arrays composed of pure Ag and Ag-Yb (Yb:
30 vol.%) were fabricated using near near-field photolithography for investigating the
coupling of incident photon and surface plasmons via ellipsometry. Using the
equations describing the momentum matching conditions for one-dimensional grating,
the theoretical coupling wavelengths were determined. The theoretical values were
well-agreed with the experiment within 1% error if period a  605 nm for the
nanostructure with Ag-Yb was applied, implying the coupling wavelength is very
sensitive to the periodicity of the structure.
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The excitation of surface plasmons located at NIR wavelengths, which was
attributed to the material properties of Ag in both devices. The characteristics of Ag
had been confirmed by the bulk plasma resonance observed in the measurement of the
planar Ag-Yb thin films. And, introducing 30 vol. % of Yb into Ag did not change the
excitation wavelength of the nanostructure implied an insignificant modification of
the dielectric function except an overall increase in optical transmittance. This
negligible change in the dielectric function and the ability to weaken the coupling
strength of surface plasmons suggest that Ag-Yb can be a potential tunable plasmonic
material.
5.2

Transparent OLEDs
In this section, transparent OLEDs using Ag-Yb and Ag-Mg thin films as cathode

were investigated. The fabrication procedures and characterization techniques are
described in Section 3.3. The results of different devices were presented in terms of
current-density – voltage (J–V) and luminance – voltage (L–V) characteristics. Other
device parameters were also compared including EL yield, power efficiency, EL
spectra and device transmittance with elaboration on the transmittance, electrical
conductivity and electronic work function of Ag-Yb and Ag-Mg thin films. The results
and findings are then summarized at the end of this section.
5.2.1

Backgrounds

Since the demonstration of EL in organic materials by Pope et al. in 1960s [168],
excellent progress has been made in developing highly efficient organic EL devices.
The first thin-film small molecule EL device considered efficient was reported by
Tang and VanSlyke in 1987 [38]. Since then there have been tremendous interest and
efforts dedicated into this field to understand the underlying physics [169] for
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commercialized applications such as solid-state lightings and flat panel displays.
Researchers have put lots of resources into experiments and theoretical analysis in
order to improve the efficiency and stability of OLEDs for commercialization.
Practical use of organic EL devices requires high efficiency and relatively low
operating voltage. It is important to have a balanced and optimized transport of the
charge carriers and also a well confinement of the carrier recombination zone within
the emissive organic layer. One of the many hindering factors is the efficiency of
charge-carrier injection. Although the hole current is guaranteed in most EL devices
using ITO as the anode [170, 171], it is the limited electron current at the cathode side
resulting in unbalanced currents which gives poor device performance in terms of low
efficiency and high turn-on voltage [169, 172, 173, 174].
Cathode is one of the essential components in OLEDs. The cathode layer in
typical OLEDs is responsible for conducting electricity and injecting electrons into
the adjacent organic semiconducting layer. Therefore, it is necessary for the cathode
to have high electrical conductivity and relatively low work function. Metals are
characterized by their low electrical resistivity (~10-6 Ω∙cm in bulk at room
temperature). Work functions of metals can be ~2.0 eV (2.1 eV for cesium and 2.3 eV
for potassium) to almost ~6.0 eV for platinum [143]. Their work functions may not
achieve ‘perfect’ match in energy level alignment but optimum choice of metal(s) can
allow for efficient electron injection. And, generally high reflectivity of metals can act
as an optical mirror beneficial to bottom emitting OLEDs. Also, it can be sufficiently
transparent in the optical region provided that the thickness of the layer is well below
the skin depth of the metal, allowing duel-sided emission for transparent OLEDs.
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Metal /
Metallic alloys

Sheet resistance
(Ω/sq)

Work function
(eV)

Ag

1.6

4.46

Yb

84.5

2.54

Mg

8.6

3.42

Ag:Yb (7:3)

18.2

4.00

Ag:Mg (1:9)

28.9

3.29

Table 5.2 Experimental data of selected 20 nm thin films in Chapter 4.
In the previous chapter, optical transmission, electrical conductivity and
electronic work function of Ag-Yb and Ag-Mg thin films were examined and
summarized. Based on the fact that these parameters are tunable among the
composition ratio between Ag and Yb (or Mg), transparent OLEDs were fabricated to
investigate the impact on device performances using Ag-Yb and Ag-Mg cathodes. The
cathodes of transparent OLEDs for demonstration in this study were Ag:Yb (7:3) and
Ag:Mg (1:9) thin films since they have reasonable sheet resistance and work function
for device operation (Table 5.2). The numerical ratio in bracket denotes the volume
ratio of the metal components in the alloy thin film. The efficiency of electron
injection is reflected in the J–V characteristics.
5.2.2

Effect of the thickness of metal cathode

The optical transmittance is a major concern for transparent OLEDs. For
bottom-emitting OLEDs, it is necessary to ensure high reflectivity of the cathode so
that the emitted light is directed for one-sided emission besides high electrical
conduction and low enough work function for efficient electron injection. Metal is
characterized by their plasma resonance at or near the UV region which yields high
optical reflectance (Section 2.2.4), so the emitted light in the device can be reflected
at organic/cathode interface provided that the metal cathode layer is sufficiently thick
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with relatively low absorption.

Figure 5.9 Computed (a) reflectance and (b) absorbance of 80 nm metal films of Yb,
Mg, Al, and Ag using TMM method.
Figure 5.9 (a) presents high reflectance of four metals (Yb, Mg, Al and Ag). The
normal incidence reflectance was calculated using transfer matrix method (TMM) [97,
98] for an 80 nm metal film on a glass substrate. The refractive indices of the four
metals were taken from [2], [99] and [100]. It should be noted that the input thickness
in the calculation for all these metals would give bulk optical response. The
simulation also indicates that these metal films are opaque with an overall
transmittance below 3%, i.e. light is either reflected or absorbed. The absorbance was
also computed for comparison (Figure 5.9 (b)). Ag, Mg and Al films are highly
reflective in optical region with relatively low absorption, especially Mg reflecting an
overall 93% of visible light from 380 nm to 780 nm. As for Yb, there is ~40%
absorbance of light for 80 nm film.
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Figure 5.10 Computed reflectance (R), transmission (T) and absorbance (A) of 20 nm
thin films of (a) Ag, (b) Yb, (c) Mg and (d) Al using TMM method.
The optical response can vary with film thickness. When the thickness of the
metal films is reduced to 20 nm, reflectance, transmittance and absorbance
characteristics are altered (Figure 5.10). A relatively large improvement in
transmittance can be observed for Ag and Yb, but a negligible increase in
transmittance for Mg and Al. In fact, the results are not surprising due to their intrinsic
dielectric response with incident radiation. One can estimate the skin depth of metal
by [67]

 1 


,
4

(5.2)

where  is the attenuation coefficient,  is the vacuum wavelength and  is the
wavelength-dependent extinction coefficient mentioned in Section 2.2.1.  1 is the
distance of electromagnetic wave at a particular frequency traveling when the initial
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intensity drops to its 1

value. At a wavelength of 500 nm, the skin depth of Ag and

Yb is ~14 nm but ~8 nm for Mg and Al, which explains the poor transmittance of 20
nm Mg and Al films in the calculation ((Figure 5.10 (c) and (d)).

Figure 5.11 Computed reflectance (R), transmission (T) and absorbance (A) of 10 nm
thin films of (a) Ag, (b) Yb, (c) Mg and (d) Al using TMM method.
Reducing the thickness of metal close to its skin depth value would give
reasonable optical transmittance for transparent OLEDs. For Mg and Al once the film
thickness approaches the skin depth value, the overall transmittance improves. It is
shown by the computed transmittance of 10 nm Mg and Al thin films in Figure 5.11 (c)
and (d), and similar result for 10 nm Ag and Yb thin films in Figure 5.11 (a) and (b).
In theory the metal cathode can be very thin provided that it forms a functional
metal contact with the adjacent organic material. However, it should be remarked that
sheet resistance is inversely proportional to film thickness (Section 4.2) that the use of
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thin metal cathode would lead to poor device performance due to low electrical
conductivity. Thus, it is important to optimize the transmittance and sheet resistance
of the metal cathode and the choice of metal for transparent OLEDs. Another concern
on the choice of metal would be the electronic work function. For example, a 10 nm
Ag thin film would give relatively high transmittance and acceptable conductivity
(Figure 5.11 (a)) but the work function of Ag is 4.46 eV which would form high
potential barrier at the organic/cathode interface leading to inefficient electron
injection and so poor device efficiency. Therefore, it is necessary to consider optical
transmittance, electrical conduction and work function when metal is used as cathode
in transparent OLEDs. Same criteria also apply to metallic alloy like Ag-Yb and
Ag-Mg in this study.
Regarding the transparency, metal is not ideal because strong reflectance and
absorbance are their intrinsic characteristics compared to other possible transparent
candidates. Transparent conducting oxides (TCOs) have been widely adopted as
transparent electrodes for optoelectronic devices which exhibit a resistivity of the
order of 10-3 Ω∙cm or less and an average optical transmittance above 80% [175, 173,
176]. With appropriate dopant concentration in the host metal oxide, TCOs can be
suitable for use as thin film transparent electrodes having carrier concentration of the
order of 1020 cm-3 or higher and optical band-gap ~3 eV [175, 176]. One of the
extensively utilized TCOs in OLEDs has been ITO [173, 176] though there have been
other promising alternatives like aluminum-doped zinc oxide (ZnO:Al or AZO) and
gallium-doped zinc oxide (ZnO:Ga or GZO) for transparent electrodes [176, 177, 178,
179, 180, 181, 182, 183, 184, 185].
Despite the novel transmittance of TCOs, the deposition process of TCOs makes
it difficult to yield good quality films without some damages on the organic layers
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beneath during device fabrication. Owing to high melting point and rigidity of metal
oxide hosts or metal oxide dopants, the deposition process cannot be accomplished
with thermal evaporation. The deposition of TCOs usually involves high energy
sources in order to achieve acceptable deposition rate. Sputtering and pulsed laser
deposition are commonly used [175, 176]. The former could damage the organic
materials beneath which suffer physical collisions from the sputtered atoms and UV
degradation arisen from plasma generation in the process [186, 187, 188, 189]. The
latter process has limitation on the uniform deposition area to the devices.
Researchers have proposed using buffer layer prior to sputtering TCOs on top of
organic layers [186, 187, 188, 189]. The results seemed feasible which eased the
physical and UV problems but the damages remained. On the other hand, the
deposition of metals or metallic alloys can be achieved with thermal evaporation that
the production of optoelectronic devices can be completed in the same fabrication
chamber, which is more desirable considering less damaging in production and more
time-saving in manufacturing procedures.
5.2.3

Electron injection with Ag-Yb and Ag-Mg ultrathin cathodes

In this section the results of utilizing ultrathin Ag-Yb and Ag-Mg cathodes for
transparent OLEDs. The thickness was fixed at 5 nm only. Devices with extra
ultrathin layer, 1 nm, of lithium fluoride (LiF) deposited prior to the ultrathin cathode
layer

were

also

fabricated

for

comparison.

The

OLED

structure

was:

ITO/NPB/Alq3/cathode. The emitting area was 0.1 cm2.
In OLED cathodes, different ideas to modify the interfacial conditions to
improve electron injection have been researched in the past decades. One of the
approaches is making use of the metal-insulator-semiconductor tunneling effect [190,
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191], where an ultrathin interfacial layer of insulating material is first deposited
before metal. The thickness of this additional layer is only a few nanometers. Some
examples of the materials are LiF [29, 39, 192, 193, 194] , CsF (cesium fluoride) [195,
196] , MgF2 (magnesium fluoride) [197], Al2O3 (aluminum oxide) [198], and other
alkaline metal compounds [199]. Another method is to lower the potential barrier
between EF of the metal and the lowest unoccupied molecular orbital (LUMO) of the
organic material by incorporating low work function metals by means of a thin
additional layer [30, 200, 201, 202] or elemental and alloy cathodes [30, 31, 202, 203].
In fact, LiF/Al and Mg:Ag are the most frequently used cathode materials for OLEDs
because they have shown promising high efficiency and stability [38, 192, 193, 204,
205, 206, 207].
Ideally, using a very low work function metal would be the simplest solution to
facilitate the electron injection process such that the metal/organic contact would
achieve ohmic behavior by the lowering of the Schottky barrier [120]. However, in
practice the experimental barrier height always exists because of (1) the unavoidable
interfacial layer and (2) the presence of interfacial states [120]. The study of Stössel et
al. [203] showed the departure to the ideal situation. Their investigation into
Alq3-based OLED utilizing various cathode metals with work function values from
2.63 eV to 4.70 eV showed that maximum device efficiency occurs at work function
of ~3.7 eV. Same results were observed from the work of Stößel et al. [202], which
also demonstrated LiF/Al was superior to Mg:Ag for Alq3-based OLEDs via
quasi-static and transient I-V measurements.
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Figure 5.12 J–V characteristics of transparent OLEDs using ultrathin Ag:Yb (7:3) and
Ag:Mg (1:9) cathodes with and without an additional LiF layer.
Figure 5.12 displays the J–V characteristics of the transparent OLEDs. It is found
that the devices functioned even with only 5 nm of cathode layer although the surface
morphology of the ultrathin cathodes was not fully investigated. Nevertheless the
results imply possible film formation of ultrathin Ag:Yb (7:3) and Ag:Mg (1:9). Thin
film deposition involves many complex processes [155, 208, 209]. One of the factors
governing the film growth phenomenon is related to substrate surface energy. The
ultrathin alloy cathodes may be film-like network on Alq3 (with or without inserting
ultrathin LiF in-between) but separated islands on amorphous glass substrates. The
results also show high sheet resistance of the ultrathin alloy cathodes for devices
without inserting LiF layer that the operating voltage is over 10V at 100 mA/cm2.

Cathode

Total luminance
(cd/m2)

Bottom and top
luminance ratio

Ag:Yb (7:3)

16.7

1.84 : 1

LiF / Ag:Yb (7:3)

209.2

1.41 : 1

Ag:Mg (1:9)

159.9

1.51 : 1

LiF / Ag:Mg (1:9)

204.4

1.75 : 1

Table 5.3 The sum and ratio of bottom and top emitting luminance of the transparent
OLEDs with selected cathodes measured at 10 mA/cm2.
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The sum and ratio of bottom and top emitting luminance of the transparent
OLEDs operating at 10 mA/cm2 are summarized in Table 5.3. The EL spectra of the
top and bottom emissions of the four devices had negligible spectral shift. The total
luminance obtained from OLED device with Ag:Mg (1:9) cathode was almost ten
times more than that the device with Ag:Yb (7:3) cathode. It was not surprised that a
more efficient electron injection was obtained with Ag:Mg (1:9) because of a lower
work function than that of Ag:Yb (7:3) (Table 5.2).

Figure 5.13 Transmittance spectra of ITO substrate and transparent OLED devices
with selected cathodes.
Assuming there is no interfacial dipole between the organic and cathode layers, a
work function of about 4.0 eV of Ag:Yb (7:3) alloy film would generate a theoretical
barrier height of 1.0 eV with the LUMO of Alq3. Given that the overall transmittance
spectra of OLED devices with the use of either Ag:Yb (7:3) or Ag:Mg (1:9) alloy
cathode are about the same (~70% at 530 nm in Figure 5.13), it is believed that it is
the built-in potential barrier height of Ag:Yb (7:3) cathode degraded the device
operation leading to a very poor total light output (Table 5.3).
The performance of the OLED devices with inserted LiF layer was also
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investigated. It is found that the applying of LiF layer lowers the operating voltages of
the devices significantly (below 10 V at 100 mA/cm2), suggesting efficient electron
injection even at higher bias and therefore improving the light output for both top and
bottom emissions. LiF is an insulting inorganic compound. The Alq3/LiF/Ag:Yb or
Ag:Mg composite layer could act like a tunnel junction. The ultrathin insulating LiF
layer forms a barrier between the semi-conducting Alq3 and conducting Ag:Yb or
Ag:Mg. Electrons can pass through this barrier by quantum tunneling [210, 211]
provided that this insulating layer is sufficiently thin.
From Figure 5.13, the use of LiF layer also enhances the overall optical
transmittance of OLED devices. The transmittance at 530 nm for the devices with
Ag:Yb (7:3) and Ag:Mg (1:9) alloy cathodes increases from 70.4% to 76.2% and from
69.6% to 72.5% respectively. This ultrathin LiF layer changes electric field
distribution within the devices because of interference effect (or weak microcavity
effect [212]). The transmittance gains of the devices after applying LiF layer are not
identical simply because the refractive indices of ultrathin Ag:Yb and Ag:Mg are not
identical. The smaller bottom and top luminance ratio for the device with
LiF/Ag:Yb(7:3) composite cathode is also attributed to the higher overall optical
transmittance after applying LiF layer. Besides that, a thinner Ag:Yb (7:3) film would
have less Yb content compared to thicker film, which would reduce the optical
absorption for the emitted light.
The increase in bottom and top luminance is particularly outstanding for the
device with LiF/Ag:Yb(7:3) composite cathode. It is suspected that the applying of
LiF layer may impose different interfacial chemistry in Alq3/LiF/Ag:Yb and
Alq3/LiF/Ag:Mg composite layers. Further studies involving interfacial analysis to
probe the change in energy levels of the systems are required to confirm this issue.
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Ag-Mg with high Mg volume ratio has been extensively used as OLED cathodes
because Mg is a relatively low work function metal. However, reported experiments
have deduced that vaporized Mg atoms exhibit an extremely reduced sticking
coefficient with a value ~1.3 × 10-5 [213, 214]. The role of Ag is to assist the Mg
deposition by presumably offering nucleating sites for producing the alloy film during
co-deposition. Also, it is found that adding Ag in Ag-Mg retards the degradation due
to atmospheric oxidation and corrosion of Mg [38]. Although sticking coefficient of
Yb for vacuum deposition is not known, its vulnerability towards oxygen and
moisture may be suppressed by the Ag content in Ag-Yb similar to that of Ag-Mg.
5.2.4

Summary

In this part of the study, the performances of transparent OLED devices utilizing
Ag-Yb and Ag-Mg cathodes had been evaluated and discussed. Simulation on
reflectance, transmittance and absorbance showed the thickness dependence of Yb,
Mg, Al and Ag thin films. Although Yb has adverse effect for thick film due to high
optical absorption, the effect can be reduced with sufficiently thin film. Since
reducing film thickness leads to an increase in sheet resistance, film thickness has to
be carefully optimized with the transmittance. Besides that, the concentration
dependence on work function of Ag-Yb and Ag-Mg is also an important parameter in
optimization to achieve stable organic/cathode interface for electron injection.
The results demonstrated functional transparent OLEDs with the use of ultrathin
metallic alloy cathodes (5 nm), in particular, Ag:Yb (7:3) and Ag:Mg (1:9). The
overall optical transmittance of the transparent devices in this work exceeds 65% in
the spectral range 450 nm – 700 nm, and may even reaches a maximum of 77.9% at
578 nm for the device with LiF/Ag:Yb(7:3) composite cathode (Figure 5.13). The
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results of the devices with inserted LiF layer show excellent enhancement in bottom
and top luminous intensity especially at high voltage bias. Since the optical
transmittance of the OLED device depends on the thickness and the composition ratio
of Ag-Yb or Ag-Mg alloy film, the difference in bottom and top luminance as well as
the visual contrast in the ‘on’ and ‘off’ of the transparent devices can be tailor-made.
To summarize, electronic work function of the cathode has significant impact on
OLED performances, other factors (for example, optical reflectivity and electrical
conductivity) of the cathode should not be ignored. Although the interfacial study of
organic/metal contacts is not within the scope of research, the organic-metal
interaction at the interface regions certainly plays a crucial role to the electron
injection and so the device efficiency. Extensive interfacial studies have been carried
out to justify the influence of the complex interfacial regions at the organic/metal
contacts, but there is no general model to describe the direct correlation between the
device efficiency and the properties of the metal cathode. One of the major difficulties
would be the varieties and complexities on the organic semiconducting materials
being used adjacent to the metal cathode. The organic-metal interactions would vary
with different organic/metal combinations depending on the choices of the materials.
Since the injection and interfacial barriers between layers are unavoidable,
careful device optimization and engineering are required to achieve novel device
performance. Carrier injection could be facilitated by applying ultrathin insulating
layer (e.g. LiF) for carrier tunneling injection and suppressing metal vapor penetration
during metallization. Adding extra capping layer on chemically reactive cathode (e.g.
semi-transparent noble metal, transparent organic or oxide thin film) is another useful
way for improvement, which not only withstands the ingression from oxygen and
moisture but also acts as an out-coupling layer for light.
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Chapter 6 Conclusions
In this research, we studied the plasmonic properties of silver-based alloy thin
films. Silver-ytterbium (Ag-Yb) and silver-magnesium (Ag-Mg) thin films prepared
by thermal co-evaporation were investigated extensively for their thin film properties.
The study of silver-rich Ag-Yb and Ag-Mg thin films in this work showed that
the change in Ag plasma resonance is similar to each other and also to other
silver-based thin films alloyed with transition metals such as Ag-Al, Ag-In and Ag-Cd
[108, 109, 112]. The properties of Ag were signified by the characteristic transmission
peaks around 3.8 eV (or ~326 nm) in the spectral analysis. Whether the Ag plasma
resonance is a Stoke-shift or another depends on the plasma frequency of the second
metal component. In our cases, the plasma resonances of Yb and Mg are situated in
deep UV region, therefore an anti-Stoke shift was obtained. This shift occurred only
in a limited range of atomic concentration (<15 at.%). Moreover, the characteristic
transmission peaks near Ag plasma resonance were broadened with reduced peak
intensity with respect to the atomic concentration of Yb and Mg.
The dielectric functions derived from optical parameters in ellipsometric
measurements were able to reflect the change in the feature of Ag plasma resonance in
the Ag-Yb and Ag-Mg samples. Yb2O3 or MgO was found in the as-prepared samples
but their effects were not dominating the thin film properties. The optical
characteristics in transmission spectra are closely related to the real and imaginary
components in the dielectric function. The change of Ag plasma resonance is due to
difference in electronegativity which causes charge transfer from Yb or Mg to Ag. The
transfer alters the density of states and theorectically this is reflected by the oscillator
strength f ' and the damping  of Drude-Lorentz model. A larger  would yield the
broadening around the plasma resonance frequency [117], which in turn can increase in
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the oscillator strength. The charge transfer from Yb to Ag was also revealed in the
concentration dependence of the electronic work function of Ag-Yb, i.e. from a lower
work function metal to a higher one. In Ag-Mg minimum work function occurred at
certain composition ratios. This phenomenon also happened in some binary alloy
systems but it has not been fully understood. Current hypotheses for this lowering of
work function have been the disparity of the surface and compositions or the
appearance of additional phases at certain particular composition ratios [138].
The results of electrical conductivity of Ag-Yb and Ag-Mg corroborated the
change in the optical features around Ag plasma resonance with respect to the
concentration of Yb and Mg. In general the electrical conductivity decreased with
increasing amount of Yb and Mg in the alloy thin films respectively. In classical
physics, the optical features around Ag plasma frequency and the electrical
conductivity would be related by the relaxation time  . The sharp transmission peak at
3.8 eV was a consequence of high  which yielded a large  and thus a small
damping  . The introduction of Yb or Mg would disturb the ordered crystalline
structure of Ag (Section 4.5.1). The foreign atoms in Ag matrix would pose sever
electron scattering in Ag-Yb and Ag-Mg which would lead to reduced  but increased

 , resulting in the broadening effect on the characteristic transmission peaks around
Ag plasma resonance frequency.
2-D disc-array structures were fabricated using pure Ag and Ag-Yb to evaluate
the plasmonic properties (Section 5.1). The theoretical calculation shows the optical
characteristics of Ag-Yb, and excellent agreements between theory and experiment
were obtained. Compared to pure Ag nanostructure, Ag-Yb discouraged the coupling
strength without altering the coupling wavelength of the Ag-Yb nanostructure. It was
attributed to the damping loss arisen from the concentration dependence with Yb that
less free electrons were available for excitation of surface plasmons. Ag-Yb, therefore,
156

could potentially tune the coupling efficiency of plasmonic devices. Similarly, Ag-Mg
could also be potential tunable plasmonic material in plasmonics. Besides that, Ag-Yb
and Ag-Mg were used as cathodes in transparent OLEDs for demonstration (Section
5.2). With sufficiently thin metallic alloy cathodes, Ag:Yb (7:3) and Ag:Mg (1:9), the
devices could benefit from the overall transmittance but suffer from other poor device
performance arisen from relatively high sheet resistance of the metallic contact. The
device performance could be improved by inserting ultrathin insulating layer like LiF
in-between organic/cathode contact.
In conclusion, this research studied the effect of Ag alloyed with Yb and Mg
respectively in the form of thin films in terms of optical, electrical and electronic
properties comprehensively. It is probably the first time in the field of alloy study that
these properties were investigated in a complete series of various composition ratios
for Ag-Yb and Ag-Mg thin films. The study of Ag-Yb and Ag-Mg can be the initiation
on investigating other silver-based alloys. It could also expand to broader on how the
metal components alter various material properties and discover unique phenomena.
There remains many un-resolved physics; such as how unique the Ag alloy system is
the principle behind this kind of metal alloys. These would be the future work for us.
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Appendix A Percentage conversions of composition ratio of Ag-Yb
and Ag-Mg binary alloys
By varying the deposition rates of individual evaporation sources, different
compositions of binary alloy thin films can be prepared using thermal co-deposition.
The composition of an alloy thin film can be expressed in terms of volume percentage
(vol.%), weight percentage (wt.%) and atomic percentage (at.%). For example, a
silver-ytterbium (Ag-Yb) alloy or a silver-magnesium (Ag-Mg) thin film having a
volume ratio of 1:1 would require deposition rates of 1.0 Å/s and 1.0 Å/s for silver and
ytterbium (or magnesium) respectively provided that the total evaporation rate is 2.0
Å/s. But the weight % and atomic % of ytterbium (or magnesium) would have been
very different because the former is referenced to the density of an element and the
latter is referenced to the atomic weight of an element.
A.1 Converting from volume percentage to weight percentage
Considering a binary alloy containing metal A with density  A and metal B
with density  B and the volume percentage of metal B is x % , then
wt.% of metal B 

 B  x%
 100% .
 A  1  x %    B  x %

A.2 Converting from weight percentage to atomic percentage
Considering a binary alloy containing metal A with atomic weight z A and metal
B with atomic weight z B and the weight percentage of metal B is y % , then
at.% of metal B 

y % / zB
 100% .
1  y %  / z A  y % / zB
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A.3 Various compositions of Ag-Yb and Ag-Mg binary alloys in terms of volume,
weight and atomic percentages

vol.% of Yb

wt.% of Yb

at.% of Yb

0%

0.00%

0.00%

10%

6.81%

4.36%

20%

14.12%

9.30%

30%

21.99%

14.95%

40%

30.48%

21.47%

50%

39.68%

29.08%

60%

49.66%

38.08%

70%

60.55%

48.89%

80%

72.46%

62.12%

90%

85.55%

78.68%

100%

100.00%

100.00%

Table A.1 Percentage conversions of Ag-Yb alloys in various compositions.

vol.% of Mg

wt.% of Mg

at.% of Mg

0%

0.00%

0.00%

10%

1.81%

7.55%

20%

3.98%

15.53%

30%

6.63%

23.96%

40%

9.95%

32.89%

50%

14.21%

42.37%

60%

19.91%

52.44%

70%

27.88%

63.17%

80%

39.86%

74.62%

90%

59.86%

86.87%

100%

100.00%

100.00%

Table A.2 Percentage conversions of Ag-Mg alloys in various compositions.
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Appendix B Supplementary experimental results

Figure B.1 Computed normal incidence transmission spectra of 20 nm thin films of (a)
pure Yb, Ag-Yb with (b) 30 vol.% and (c) 10 vol.% of Yb, (d) pure Mg, Ag-Mg with
(e) 20 vol.% and (f) 10 vol.% of Mg using TMM with two-layer modeling.
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(a)

(b)

(c)

Figure B.2 (a) UPS spectra of another 20 nm Ag thin film on glass substrate. (b) and
(c) are the cutoff region and the Fermi edge of (a).
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(a)

(b)

Figure B.3 XPS spectra of (a) C 1s and (b) O 1s regions of 20 nm pure Ag thin film
prepared on plain glass substrates with varying Ar+ sputtering time.
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Sample

Film thickness
(nm)

Analyzed peak
(degree)

Half-width
(degree)

Mean grain
size (nm)

Yb

44

28.17

0.74300

11.51

Yb

100

28.17

0.65490

13.06

Yb

120

28.17

0.59425

14.39

Yb

150

28.17

0.67328

12.70

Yb

200

28.17

0.67480

12.67

Table B.1 Half-width of the major peak profile and the corresponding estimated mean
crystallite size of Yb films with varied thicknesses.
Sample

Deposition rate
(nm/s)

Analyzed peak
(degree)

Half-width
(degree)

Mean grain
size (nm)

Yb

0.1

28.17

0.68835

12.42

Yb

0.2

28.17

0.65490

13.06

Yb

0.4

28.17

0.67982

12.58

Table B.2 Half-width of the major peak profile and the corresponding estimated mean
crystallite size of 100 nm Yb films deposited at varied evaporation rates.
Sample

Yb composition
(%)

Analyzed peak
(degree)

Half-width
(degree)

Mean grain
size (nm)

Ag

0

38.15

0.20272

43.29

Ag:Yb

5

38.15

0.63725

13.77

Ag:Yb

10

38.15

0.69370

12.65

Ag:Yb

20

38.15

1.41004

6.22

Ag:Yb

50

38.15

4.12285

2.13

Yb

100

28.17

0.59425

14.39

Table B.3 Half-width of the major peak profile and the corresponding estimated mean
crystallite size of 120 nm varied sample films.
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